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Abstract − Hydrogen was separated from hydrogen/nitrogen/carbon dioxide mixture gas by electrochemical method using

proton exchange membrane. Separation characteristics, product hydrogen purity and power efficiencies were obtained under

different operating cell temperatures and feed pressures. The purity of hydrogen was enhanced using two-staged separation

process, and the permeation of nitrogen and carbon dioxide was studied. Cell characteristic, hydrogen purity, flux and efficien-

cies was increased as cell temperature was raised. The increase of feed pressure caused rising of flux and efficiencies, but

dropped hydrogen purity. In all cases, power efficiency had the maximum value at 300 mA/cm2. high purity, 97.39%, can be

achieved from low purity feed, 33%, through two-staged separation process at 100 mA/cm2. The permeability of carbon diox-

ide was larger than that of nitrogen, so the purity of hydrogen was more affected by carbon dioxide than by nitrogen.
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�� ��
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��; �� ��/�_ ��� `�J# (� ab
 �C� 01J

A ^( E:	 'c1de�; fBg bI2# $%h, (� iJR


Xjk �� *� CX 4l	 mn( ab
 op(�[1].

4qj rs9� (1JA tUj u*�vWA w� x4�yj u

*�A xi9� Izs%/ J{/, �Q8 �|� j# }~G� �

��h ��
 4�	 }~j *�� �Wj(�. ��� x4�yj%

/ c�Y 8� 4��( *�� ��J�A X�( $�[2-5].
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4�yj u*��+� (1JR ��/��/( ��� ��4�/�_

��*� B�Y ��J��. (/�_ �x�� ��� �� �	 x

4�yj ��, �� ��� � �G, ��Y #�J��.  
, 2¡q

*�� Z
 �� �G	 ¢oY £�J��. ��# �� � ( ��

�	 ¤W¥�( ��	 �G� ¦+A §¢Y ¨©ª«�.

2. ��� ��

2-1. ����� ���	
 �	

�(� ��u -.x8(Proton Exchange Membrane Fuel Cell; PEMFC)

� (1JA x4�yj u*�� 	
 �� *�A anode/ ��2A

4� ��¬ ­ ��� anodex®�;  �UVY ZJR H+(�( ¯

°, �(� ��uY ZJR cathode/ (zJ# �:UVY 3± �²

��/ ��2A UV³´µ¶Y 3+· ¯�. ( ¸ 012A �(�

��u! W¹º5»� l¼  #*E ¬�/ (º�� Du Pont0	

Nafion®Y 01J��. ½� `//�_ ��¯ x¾� 	[ anode�;

��¯ ��(�! �¿4� 	JR ��¯ °(H+(H2O)n), l¼ 4�

; �� l¼ 4/ (z�%/; (���( t�À�[6-8].

x®UV! �(� ��u -.x8O ÁÂ�8/, ÃÄ, UV4�,

x[�( �Å ��A UV Æo)	 Ç�( ­bJ�[12].

� x®�;	 UV! �ÈW É%h, (� Fig. 1� �ÊËÌ�.

  (Catalyst)
Anode) H2→2H++2e− (1)

 dissociation

            (Catalyst)
Cathode) 2H++2e−→H2 (2)

            recombination

2-2. ��


Íz x®	 xiO � x®	 �ÎxiO	 9� Wxr(� Jh

Ï (3)%/ C	¯�.

(3)

(¸, E'! Ízx®	 xi, EA � x®	 �Îxi(h ηA Wx

r(�. Wxr! BX x®UV�;A ÐÑ ¡q� 	JR n�Jh,

c�� Wxr, ÒÓ Wxr, ÔG Wxr Õ%/ I*Ö � $�[8-11].

c�� Wxr(ηa)! x® UV�; ab
 c�� �Q8� xr%

/ ªo×%/ �Ê�h, UV4�� (�( 23� � ÎUV	 
�

� n�
�. c�� Wxr( Í! 
��A �È Ï (4)/ Ø&Ö �

$�.

(4)

R4; R! 4�o�, TA �G, zA �U¯ xE�, FA Faraday o

�, i0A ��x¾ÙG(�.

ÒÓ Wxr(ηr)! x[��;	 (� ÚÛ	 7[O x®Y Z
 x

E (z	 7[/�_ t�À�. Ï (5)/ Ø&Je

(5)

(h, R4; Rr! x� ÒÓ	 �(�.

ÔG Wxr(ηc)! x® Øe�; x4�y UV( t�Ü ¸, UV¬

	 ��( Ð�3� ��¬	 X3� ÐÑ 
� n�Jh, �È Ï%/

Ø&¯�[17].

(6)

 R4; iL! 
qx¾ÙG(�.

2-3. ��

2-3-1. xr��(voltage efficiency)

xr��! ��� ��
 Ý�Q8/�_ Ï (7)Y (1JR IÖ �

$�[9-11].

(7)

Ï (7)�; 1.484 VA ��	 -�Ý	 xrÞ�K(�.

2-3-2. x¾��(current efficiency)

x¾��! �L¯ xE­ BX/ ��¬Y ßAà 01¯ xE	 L

�({/, �� ���	 BXKW (oK	 L/ �Êá � $�. ��

	 (oj ���(â4ã)! x¾ÙG�	 ��(�[5, 8-11].

(8)

R4; n! â�(h, tA ²ä, iA Ízx¾, zA £R2A xE�, F

A å�à( o�(�. ��O ��A 2:E *E(h, � B��; Í

zrs! 3	 or({/, (o4� o<7CÏY 01Ö � $�.

PV = nRT

R4; PA 4� rs, VA �æ, n! â�, TA � �G(�. i ÏY

�æO â	 L/ �ÊËe Ï (9)O É�.

(9)

Ï (4), (5)�; ��	 (oj ���(�æ4ã)! Ï (10)%/�_ I

Ö � $�.

(10)

D, tC �G, rs�; (o���! x¾�	 ��� ¯�.

R4; x¾��! Ï (11)/ Ø&Ö � $�.

(11)

(¸, ! BX dC¯ �� ���, ! Ï (6)�; q ¯

(oj �� ���(�.

2-3-3. xs��(power efficiency)

x[ �	 ç xs��! xr��W x¾��	 è%/ Ø&¯�.

(12)

E′ E η+=

ηa
RT
zF
-------–

i
io
---=

ηr iRr=

ηc
RT
zF
------- 1 i

iL
----– 

 ln=

εv 1 E′
1.484
-------------–=

n· n
t
--- i

zF
------= =

V
n
---- RT

P
-------=

V· o
ideal V

t
---- n·V

t
---- i

zF
------RT

P
-------= = =

ε i
V· o
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V· o
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εp εv ε i⋅=Fig. 1. Schematic diagram of electrode reaction for gas separation.
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2-3. ����

4�A 1[-é ³´µ¶Y ZJR �(���uY ¤WJAà ¤W

B�	 [ê! time-lag 7vY 01J· 2h, (	 tUjk ¤WÏ!

�ÈW É�[13-15].

(13)

R4; Pm! ¤Wq�(h, DA é q�(�.

3. 	
�� 
 ��

3-1. �-�� ���	 ��

x[�u%/A Þ�ë·� 1,100(# ìÅ� 127µmk Du Pont0

	 Nafion® 115� 01J��. #*Eu� í'JA �4H�¬Y X

3J4 iJR uY îA 3% H2O2 1ï�; ð# 1²ä zñ ò�


ó, �² ô�H�¬Y X3�W z²� Nafion	 õ¡4(−SO3)� H+

/ ö�²÷4 iJR îA H2SO4� ð# 1²ä zñ ò�J�%h,

ø ¡q 0(� ù�� 1ï%/ ú¾H�¬Y X3J��[8, 10, 12].

x®! E-TEK0	 o1x®(Vulcan XC-72 carbon black� 20 wt%

0.4 mg Pt/cm2 û8)Y 01J��. x®Ë	 39: UVejY ¿�²

÷4 iJR 5 wt% Nafion® solution(Aldrich Chemical Co.)Y 0.7 mg/cm2

�üý x® i� paintingþ%/ ÿtJ· GöJ�%h, Nafion®

solution	 1Ä/ 01¯ aliphatic alcoholW ¬Y X3J4 iJR 80oC

�; 2²äzñ �\J��. x®ej! 5 cm2/ tCJ· J��[8, 12].

xò�¯ u! Nafion® solution( ��¯ x®0(� ð# 120oC,

120 atm�; 3*ä hot pressingJR M&E assembly� XÍJ��. u-x®

���� X\WCY Fig. 2� �ÊËÌ�[8].

3-2. �� � ��

¡i�! Fig. 3W É( I�J��. u-x® ����� x¾ �x�

k �Ê� �0(� i+²÷# �	O Q	/ #C²
 J�	 ¡i

�Y I�J��. m� ! 4�	 ��W crossover� 78�W z²

� #*Eu	 �oY u4 i
 ^(�.

�Ê� �! x¾�� ÎÖY Jh, z²� ��4�O x®	 
Ã

ejY ®)�J# 4�� �Wj%/ (1J4 iJR parallel-series

Ç%/ �qJ�%h, UVej! 5 cm2� 2G� J��.  
, � Ë

��A x4g_� �+JR �G\fY J��. 

3-3. �� ! ��

Fig. 4A ¡i �	 *�¥� dC�+� �Ê� ^%/, dC�+A

4� ���, ���+, ¡i �, x¾���+ � ��4� *ê�+/

I�2� $�.

ø 4�A mass flow controller(Teledyne Hastings-Raydist Co.)O �

�4� 	[ ��W ��L� \f2G� J��. ��¯ 4�A ��

4�; �¿4O ö�o</ ¡i � Ë/ G�2Ì�. DC power supply

(Hewlett Packard, 6410A)� 	[ ��� x¾A �Ê� Block/ ��

2#, (� 	[ anode�; [�¯ ��A cathode�; '��2h, (¸

DC power supply� (1JR x¾-xr¥�Y dCJ��. ��4O �

�GA �GX�4/ \f2h, ���GA ¡i � ª� 10oC �· �

8JR u( ��2A ^Y 78J��. G� ��¬ rs! ����

-�¯ back pressure regulator(44-2300, Tescom Co.)/ \fJ��. *

�¯ ��A ���	 gas chromatograph(680A, §kWy)%/ �G�

ékJ��.

4. �� 
 ��

4-1. � "#
 $%

� �G� ��¬	 �GO ��� ¦+A §¢Y ¨©ª4 iJR,

� �G� 30oC�; 70oC/ ��²
�h B�J��. (¸, G� 4

�	 ��	 �GA 50%, G� rs! 1 atm%/ #CJ��.

Fig. 5A ��*�² �G� �� �	 x¾-xr ¥�Y �Ê� ^%

Q Pm P∆× A× L⁄( ) t L2 6D⁄–( )=

 

Fig. 2. Preparation of M&E(membrane and electrode) assemblies.

Fig. 3. Schematic diagram of unit cell.

Fig. 4. Schematic diagram of H2 separation test apparatus.
���� �41� �1� 2003� 2�
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/ x¾ÙGA �	 Wxr( 1 V� �8 �A �iË�; dCJ��.

(A �	 Wxr( 1 V� �A 
� �( HñC
 
¢Y �ÊË4

¸�(�. �}( 3	 }Ç%/ �ÊÀ ^! Ï (5)� �� ÒÓ Wx

r	 §¢(h, #x¾ÙG §Î�; �Ê�A ÔG Wxr	 §¢(

3	 �ÈY ¨ � $�. � �G� ¿��� �� ��( ¢o×Y ª

(Aà, (A �G¿�� �� u ÒÓ	 �� � x®	 UVc� ¿

�� 4k
�# �ø¯�. (�
 Wxr	 ÒJ/ �Ê�A � ��

	 ¢o! Ï (7)� 	[ xr��Y ¿�²÷· ¯�.

Fig. 6! *�¯ ��	 �G� x¾ÙG� )[ �Ê� ^%/, H�

¬! ��O ( ���(�. �G¿�� �� �G� ¢oJA 
¢!

x®ÃÄ	 c�Y �R�� ��	 �:UVY Ã�²
; ��	 �

��( ¿�J#, uÒÓ ��� 4k
 u	 conductivity ¿�/ H+(

� xw�( ¿�J4 ¸�k ^%/ 0.¯�. ��	 �GA x¾Ù

G� �� �9 ¿�JAà, (A Fig. 7�; ª (. ��	 ¤W��

�! x¾ÙG� �� }Çj%/ ¿�J· 28�, ��O ( ���

A x¾ÙG� ë£J· tC�( ¤WJ4 ¸�k ^%/ 0.¯�.

(!j%/ cathode�;A ��(�� �:2� ��
 ��� ��2

�" J8� anode� ��¯ �� � ( ��� ­	 t�� uY ¤

W JR cathode/ ��( 2{/ ��	 �G� 100%� 28 �A�.

x¾ÙG	 ¿�A ��	 ���Y }Çj%/ ¿�²÷8� x4j

c�( �A ��A x¾ÙG� ¿�[G uY Z
 ¤W�( 3	 t

CJ4 ¸�� �GA ¿�J· ¯�. Òx¾ÙG�; �G� �#g

$8A ^! ��	 ¤W�� L[ ��	 ���( j� �G� ,8

Fig. 5. Overpotential characteristics with different cell temperatures
(1 atm, feed H2, purity 50%).

Fig. 6. Product purity vs. current density with different cell temperatures
(1 atm, feed H2 purity 50%).

Fig. 7. Product flux vs. current density with different cell temperatures
(1 atm, feed H2 purity 50%).

Table 1. Current efficiency and voltage efficiency with current density at different temperature

Current density
(mA/cm2)

Current efficiency(%) Voltage efficiency(%)

30oC 50oC 70oC 30oC 50oC 70oC

100 70.87 72.16 74.74 96.56 96.63 96.77
200 84.54 85.87 87.19 93.80 94.07 94.95
300 91.10 92.40 94.13 90.90 91.58 93.26
400 91.35 92.66 94.64 87.60 88.88 91.44
500 92.38 93.96 94.75 84.84 86.73 89.49
600 93.45 94.54 95.41 82.28 84.16 87.60
700 93.46 95.34 96.09 79.25 81.06 85.38
800 94.50 95.49 96.15 75.20 78.03 83.29
900 94.97 95.84 96.28 70.28 74.73 81.60
HWAHAK KONGHAK Vol. 41, No. 1, February, 2003
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� x¾ÙG¿�� �� ��	 ���( ¿�Je; �G� �©84

¸�(�. 80oC�; ß! �#�GA 98.95%(Ì�.

ø �G�; x¾ÙG� �� x¾��W xr��Y Table 1� �Ê

ËÌ�. x¾��! Ï (11)� 	[ q ¯ (!j �� ���W BX

�� ���	 L(�. �G� ¿��� �� ��	 ���( ¿�J

· 2{/ x¾��! ¿�JA 
¢Y �ÊË· ¯�.  
 x¾ÙG

� ¿��� �� x¾��! %· ¿�J8� xr��! Wxr	 ¿

�� �� Ízxr	 ¿�/ Ï (7)� �� ��J· ̄ �. x¾��W

xr��/�_ ß! xs��! Ï (12)� 	JR Fig. 8� �ÊËÌ�.

x¾ÙG ¿�� �� xr��! �9 ��J# x¾��! ¿�J{

/, (�	 è%/ Ø&2A xs��! ¥C
 x¾ÙG�; �)KY

&· ̄ �. �'�; � � $ (, 300 mA/cm2CG	 x¾ÙG�; �

) xs ��Y �(%h, (¸� �Q8�L de�; � ¸ �j\�

	 �x \�(�# �ø¯�.  
 � �G¿�� �� xs��( o

)JA 
¢! Table 1�; � � $ ( x¾��W xr��	 ¿�

� 	
 ^%/ 0.¯�.

4-2. #& 
'
 $%

��4� G��	 rsY 1-3 atm%/ ��²*Y 
� R� �8

*� ¥�Y #�J��. G� 4�	 �� \�! 50%, � �GA 70oC

/ #CJ��.

(¸, Fig. 9A 4� *�²	 � �� �}%/, G� rs	 ¿��

�� � ��( ¿��Y ¨ � $�. (A G� rs( ¿��� ��

Fig. 8. Power efficiency vs. current density with different cell temperatures
(1 atm, feed H2 purity 50%).

Fig. 9. Overpotential characteristics with different feed pressures (70oC,
feed H2 purity 50%).

Table 2. Current efficiency and voltage efficiency with current density at different pressure 

Current density
(mA/cm2)

Current efficiency(%) Voltage efficiency(%)

1 atm 2 atm 3 atm 1 atm 2 atm 3 atm

100 74.74 79.89 83.76 96.77 98.11 98.85
200 87.19 89.83 91.15 94.95 95.82 96.83
300 94.13 96.30 97.17 93.26 93.60 94.68
400 94.64 96.61 97.27 91.44 91.91 92.32
500 94.75 97.13 97.66 89.49 89.82 90.16
600 95.41 97.38 98.25 87.60 88.01 88.61
700 96.09 98.72 99.10 85.38 86.25 86.73
800 96.15 98.95 99.61 83.29 83.89 84.16
900 96.28 99.05 99.78 79.58 79.78 80.19

Fig. 10. Product flux vs. current density with different feed pressures
(70oC, feed H2 purity 50%).
���� �41� �1� 2003� 2�
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x®	 ÃÄ ���; ��	 *r( ¿�2� UV( Ã�24 ¸�

(�# �ø¯�. ��� rs¿�� ¿�+! �� %8 �%h, ��

; 4� *�² xr��	 ¿�+G Í�(Table 2). Fig. 10! ��	

���Y �Ê� ^%/, G� rs ¿�� �� ��	 ���( ¦,

J· ¿��Y ¨ � $�. ��� (O É( rs¿�� �� ���

��	 ¿�A �G ¿�� �� �� ���	 ¿��A ¦+8 -J

Aà, (^! rs¿�� u	 conductivity� . §¢Y ¦+8 -J4

¸�k ^%/ R/��.

Fig. 11! �� ��	 �G� x¾ÙG� �� �Ê� ^%/ G�

rs( ¿��� �� �G� 0�8· 2Aà, (A u �¡	 ��	

*r9� ¿�JR ��	 ¤W�( ¿�J4 ¸�(�. 1 atm	 
�

A G� 4�	 Í! rs� 	JR ��� ¦� ¤WJ· 28�, 2

atm, 3 atm	 
� ��	 ¤W�( �� ���	 ¿�� LJR �#

g ¿�J{/ �GA %· ��J· ¯�.

Fig. 10�; ò1, G�� rs¿�� �� �� ���	 ¦,
 ¿

�A x¾��	 ¦,
 ¢oY �>2�(Table 2). � �G	 §¢W

ÁÂ�8/, Fig. 12�; � � $ ( G� rs	 ¿���� �� �

��	 ¿�/ xs��! 3©8h x¾ÙG 300 mA/cm2�; �)�

2Ì�. ��� G� rs	 ¿�A ��	 �G� ÒJ²÷{/ �W

j%/ 4� *��A 38 �! §¢Y ªk�# Ö � $�.

4-3. ��/(�/)*�+� ,-./
 2�0 �	

��	 �G� 50%k ��/��/( ��� ��4�� ì m	 ¡

i�/ -�j%/ *�JR B�J��. Fig. 13! x¾ÙG� �� �

���	 �G� 1¡ �CW 2¡ �C0(� L�JR �ÊËÌ�. �

x\� 70oC, 1 atm t ¸, x¾ÙG 900 mA/cm2�; 1¡ �C�;

98.87%	 �G� ªk Ue, 2¡ �C�;A 99.76%	 ¢o¯ �G�

ª��. 100 mA/cm2	 ,! x¾ÙG�;G 2¡�CY ZJR 97.39%

Fig. 11. Product purity vs. current density with different feed pressures
(70oC, feed H2 purity 50%).

Fig. 12. Power efficiency vs. current density with different feed pressures
(70oC, feed H2 purity 50%).

Fig. 13. Product purity vs. current density between first-stage and sec-
ond stage (70oC, 1 atm, feed H2 purity 50%).

Fig. 14. Relation between purity of input gas and purity of output gas.
(70oC, 1 atm, feed H2 purity 50%, 700 mA/cm2).
HWAHAK KONGHAK Vol. 41, No. 1, February, 2003
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	 �! #�G ����� ßÌ�.

Fig. 14A G� 4�	 ��	 �GO ��4�	 �GO	 £q� �

ÊËÌ�. x¾ÙG 700 mA/cm2�; 33.33%	 G� 4�/�_ 1¡

�CY Z[ 98.69%	 �G� ßY � $#, -�¯ 2¡ �CY Z[

99.72%	 #�G ��� *�Ö � $�.

4-4. (�/)*�+�
 ��

�� � ( ���	 u¤WA ��	 �G� ,�A 4
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$Aà, time-lag7v� 	JR 4}	 484/�_ øø	 ¤Wq�
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A x4�yj u*� B� ² ß�8A �G� �ÊËA 
¢W t

+
�(Fig. 16).

5. � �

�(� ��uY (1
 x4�yv� 	
 ��/��/( ��� �

�4�/�_ �� *� B�Y ZJR �ÈW É! �!Y ßÌ�.

(1) � �G� o)Ö�� u	 conductivity¿�/ k
 �� ��	

�GO xs��( ¿� J��. � �G 70oC, G� ��4� rs 1

atmt ¸ �� 50%	 ��4�/�_ x¾ÙG 900 mA/cm2�;

98.95%	 �# �G� ßÌ�.

(2) G� ��4�	 rs¿�� �� xs��! ¦�J· ¿�J�,

��¬ �GA ,©(�. ��; rs	 ¿�A 4� *�	 ­b
 b

�k }~G� ,�A �W� ù;J{/ 4� *�� 38 �A §¢

Y ¦<�.

(3) �x\� 70oC, 1 atm t ¸, x¾ÙG 900 mA/cm2�; 1¡ �

C�; 98.87%	 �G� ªk Ue, 2¡ �C�;A 99.76%	 ¢o¯

�G� ª��.

(4) ��/��/( ��� �� �� *�² ��	 �G ÒJ� �n

JA 4�¤WA ��ª� ( ���	 §¢( 9= %�. 4� ¤W

B��; ��	 ¤Wq�A 4.7710−9 cm2/cm-sec-cm Hgk Ue, (

 ���	 ¤Wq�A 18710−9 cm2/cm-sec-cm Hg/ 9 :�.

� �

( >�! 2001?G 
@yl�A'¡	 8:� 	JR -I2ÌÈ

(KRF-2001-A1008-2001-005-E00030).
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A : permeating area [cm2]

D : diffusion coefficient [cm2/sec]

e−  : electron

E  : reversible voltage [V]

E'  : voltage of working electrode [V]

F  : faraday constant [96484 C/mol]

i  : net current densities [A/cm2]

L : thickness of membrane [cm]

n : mole [mol]

: molar flow rate [mol/min]

P : total pressure [atm]

n·

Table 3. Permeability, diffusion and solubility by different gas (70oC, 1 atm)

Pm*×109 D** ×108 S*** ×102

N2 4.7 6.20 7.6
N2+CO2 13 11.1 12

CO2 18 14.6 12

    *permeability coefficient(cm3·cm/cm2-sec-cm Hg)
  **diffusivity coefficient(cm2/sec) 
***solubility(cm 3/cm3-cm Hg)

Fig. 16. Comparison of H2 purity among different mixed gases (70oC, 1
atm feed H2 purity 50%).

Fig. 15. Permeation volume of input gas with time at 70oC (3 atm).
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Pm : permeability coefficient [cm3Bcm/cm2
BsecBcmHg]

Q : amount of permeating gas [cm3]

R : gas constant

t : time [min]

T : absolute temperature [K]

V : volume [L]

Vi  : partial molar volume of species i [L]

: product ideal volumetric flow rate [L/min]

: product real volumetric flow rate [L/min]

z : number of electrons involved [−]

εi : current efficiency [−]

εp : power efficiency [−]

εv : voltage efficiency [−]

η : overpotential [V]

ηa : activation overpotential [V]

ηc  : concentration overpotential [V]

ηr  : resistance overpotential [V]
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