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���4 �4°Ce``4 !( ��  =� .^�P�:� �4 �.����� ������� M��N(CH4, H2)�
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8�� �� F1 �G�Pu��	� =T�P� �P( !	�b4 cm/s@���4 �� 

�� v��� -��R����* .=6hb ��� &�\4 !( =�� ��K &(�b
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�����,�h�� �,� �7 

●M9P� S�P�,� 
��� !( 8���E ���  4��� �� /���1 
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��� !� =�� !�C�� t�� �4 
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 �� !��6� )��
P�4 �( �� !��6� ��� �.��
�� cI� X����  5

Micromeretis ASAP 2000 ���4 �4 KBB �uh� ���7 �

P/P0�� HH?/H����B/HS�2�� �*.)4�k
P�� �( �  Y��
� �

��+*�� ��BET �BJH��4�� ����( .

٣-!
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�� 8�9:�� t��"� 

��s,� !( [��7 ����� !�\ �� &E�C ��+���k� ]�:�� 

� �$P� �.�P#�7�� 5!P��1 4�� �( !��1 �$� ��� �( ����

 �P���
�#� W��P������ �P��� �P,���#  !P��1 xP$	� �$�

 =7�� ���b ����(.XP*�1 ��P� !P��6� ���( 4��� t�6� 

4�PP* ���PP�� �PP��( ��hPP�� ���PP6,��/( �PP( �PP�4.&�PP* )?(

�,���#  !��1 �$� �.�#�7��� �P�4 �P� ���� �� .t�P,;6�

 &�* �4)G(=P�� )�* )4�4 ���� �,���#  !��1 x$	� �$� 

4�* �6� )��4 �  �$� ��� �� !�\ ��� !� .t�P�"� ���(

 �$P� �� �P� !P��6� ������ ��� !��4 )����� � [��7 =��:N

 ���� x$	�SEM ���* ����( .=��:PN t����P�� ��$(

 [��PPP74��PPPC �4G4�PPP( ���PPP��� .��PPP( �4 �� FPPP1 -��

 [��P7 5!��1 ���4 !( ������ 8��K ���� =�"( �����,�h��

 ��P"( &PC��� �4 �#� 4�u� )����� &(�b ��N� !( ������

 �����,�hPP�� �PP� �PP�4 XPP*�1 &PPC��� ���PP�� �PP()J��PP( (

=PP7�� X��/PP7� [��PP7 =��:PPN .��PP* �4 ��+)@(�PP#�)�(

����9P�SEM  ���P	
��� ��P� 
��P� ��P� !P�\ � �$P�

 ������ =P�� )�* )4�4 ����.8�9P:�� !uP��R� =P+�

 �� !��6� ���
��� �P� !��6� ��� �.��
�� cI� X����  5

���4KBB �uh� ���7 �P/P0�� HH?/H�P� ��B/HS�P2�� 

�* .��+P*�� �� )4�k
P�� �P( �  Y��P
� �BET �BJH �4 

-���)i(=�� )�� .

1cracks 
2pinholes 

&�*)?: (�,���#  !��1 �$� �.�#�7�� 

&�*)G: (�,���#  !��1 x$	� �$� 

&�*)@: (SEM x$	� �$�Si(CPB) 
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&�*)J: (SEM[��7 �$�Si(TF) 

&�* )�: (SEM[��7 �$�Si(CPB 

-���)G: (������ {�
:� ��� !��6� ���
��� ��+����� 

!��6� S�� 
�$b t������

I7�,�)(nm 
,� [2C I7� 

(cm3g-1)
=C�h� ��$

(m2g-1)

Si(CPB) 18.51 0.343 718 
Si(TF) 0.987 0.0238 121 

��� �( =b4 �( ��4�	� -��� )G(!P0 4�* �� )����� 

8��PkC [2C5 �$� =C�h� 5�R$� -�"7 4��� �� )4�k
��

 ����P� =PR� ����P* �� �����P� !�\ 8��kC t������ )����� �

��4 �� ���b .
7� [� ��� �R$P� -�P"7 4��P� ��+�h��� !

� 8��PkC [P2C 5�$P� =C�hP� ���6�PO X��/P7� �T�(

 44�P� �� 8��kC )����� t�,;6� .� ��P� 5=P"�uU 5 ���P�

 �4 [P+� &P���T �� �R$P� -�"7 4��� �#��#�� S�� )�����

 �,
h� 8����m� t�� .8��PkC t����P�� )���P�� =Pk� ���� �� 

)���"� ��� 
��� 8�9:�� t��
6+� �� (��P� c�:
�� �(

 ��P� � �  �#  X:( !#�u�4 )����� �s� �� �R$� -�"7 )4��

4�( ����� -�
,� &(�b �  �4 4���� �������1 .-�C �� �4

 -�P"7 )4�� ���( !��6� !( !� 8��kC t������ )����� t��
6�

 -�P�R� /
,� ����* ���m� �( �	7 54��4 ��9
�� �R$�

 ��PP6��1)pH��PP� � �#�PP� ��+
uhPP� 5��PP�4 5�����PP,��� 

�*� ���� � X,��� &C��� 5X,��� (4�* �� t��"�.

٢-٣-�����,�4 8�9:�� t��"�%������� �������� ��� 

8��P����  ���P( )�P* )4�k
P�� ���������  [
h��

 &�* �4 )4�� 8��9( 5������� � ���I1 K�k�)>(����

=PP�� )�PP* )4�4 .�PP( �hPP��1� ��PP� MhPPO �PP��� 
��PP�

 �\�( =���	� [
hP�� � 4�* �� M9� -�.�� !( ������

 4�P* ��P,( c  =Pb4 �P( ���( .�4 8��P����  S�P2�� ���P(

 �� �PP���
�#� t���PP� QPP� QPP60 !PP( [
hPP�� 5\�PP( ��PP���4

 4�* �� )4�4 8���C ������1 .�P��� 
��P� ���4 ���7

 4�* �� [�s,� ����� =�4 t���1�4 xb�� ����� ��* .�(

(�PuC Y,P� ��P��� Q� �� )4�k
�� ���P	� 5)�P* )�u�#�P0 �

��PP�� )���PP�� 
��PP� �� )4�PP0 ��PPuT ��PP� �PP62C FPP0D7

4���� .]#�P� ��� ����� ���( 5
��� ���I1 K�k� ��/��

 4�* �� ���� )����� 5)�* -�
,� ����* �4 .�(4 � M����

 �P��� Y,� ����� �6� !( 
��� ���4 !( ����� �����

�PP#�
,�(Mass flow controller)-�PP� 5D5111(M+W)5

4�* �� -�
,� � ���� )����� .����4 �P� Y,P� ��P��� t��

 ���PPuT �PP(4 ��/PP�� �z���PPC lit.min-1 �/H=PPb4 �

cm3.min-1 �,*�( �� .�P62C FP0D7 ��/�� ���� )�����

)��
�4 ���( t�,;6� ���
�� �� ]#�� ������ GC  ��� �

4�4 S�P2�� �(�uC Y,� ����� Q60 �( �#� )�,��4� .�� X�P1

���  c  � -DPC �4�� v��� ��s,� !( 5���I1 K�k� 8���

 8�� !( �� 
��� 5�O�� ��� )�kC ���4 �� )�* cI�?G

��PP�4 �4 =T�PP�C°?AH����PP�� )4�4 ���PPb .��PP+
�� �4

 !PPPskR� ���4 �4 ���PPP�,���#  !PPP#�# ���4 �4 
��PPP�

 4�P�� �P� ���Pb ���U ~�� �N 4\�7 F,� �� )�����+��

 =6� �4 ������ !�\ !� ����� )�P,���#  !#�# ���4 (���Pb

 4���)Z���P� =6P� �4 ��E� =��	� (MhPO �P6� !P( �

!PP#�/�� ��PPR� !PP( \�PP( ���PP��� =PP���	� �PP( �hPP��1�

 
��� �� v��� !( ��� ��+#��#�� K�k� )�� �+,� !0���* ��

�PP*�( 
��PP� ���PP�4 �� ��PPuT .��PP� �PP������ ��PP� ���PP	�

 t���1 &�#4 !( �.����� �$� =C�h� � 8��kC [2C �4�(

 
��� Si(TF)
��P� �P( !h��	� �4)Si(CPB �  ���P	��� 


��� �4)Si(CPB =P�� �
6� .�4 �.���P�� K�Pk� ���P	�

 
���Si(TF) �( �(��( mol/m2 s Pa>%?H×H�/G=P�4 !( 
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��P� �4 �  ���P	� {9P� �u��	� !� �� )Si(CPB =P�� .

�K�PPk� ���IPP1 X,�/PP� ���PP	� H2/CH4)?J� (�H2/CO2

)�/?�(
��� ���(Si(TF) ��  =�4 !( .���P( ��4�P	� t��

Si(CPB) ���PPP( H2/CH4)?@� (���PPP( �H2/CO2)@�(

��  =��( .�#�PT �P������ ��� ���	� t�� �( mol/m2 s Pa 
 >%?H×G/J��� �PP( MPP��,� ���IPP1 X,�/PP� t�P,;6� �

CH4�CO2
��P� !( ^�( ��Si(CPB) !P2�
� ���P� �P� 

���P���� ���P( M��,� c�:
�� �� ����� �� �  !� =7��

 ]#�P� ��P� �PC�� �P� �6�P*��
1 ����C�� �4 �.�����

 �*�( �
��� ��+��1 �4 )4�k
�� ���( �.����� ���� .!(

�P( l��P1����� 
��P� �� �� ������� ��� ��/�� ��� ��U

 �(�� �� X��� 5��� �#��#�� )����� X��/7� .!� �  4��� �(

���PP�� 
��PP� 8��PPkC )���PP�� t�Si(CPB) 
��PP� ��Si(TF)
������� ��� ��/�� ��� 5=�� ��\�(CH4)�#�P�#�� )����� �(

�
��/( (
��P� �4Si(CPB)
��P� �P( !hP��	� �4 Si(TF) 

4��� �4 �  ��/�� !��#�C �4 5=�� �
��(CO2
��P� �4 

Si(CPB) 
��PP� �� Si(TF) =PP�� ��\�PP( .�� 4��PP� tPP��

�� )4�P� ����6�P* 8��E�9� � ="�uU !( !��� �( ���� 


���Si(CPB)
��� �Si(TF)4�4 ��N�� .

&�*)>: (����6* ��4�6� ���9� ��!�������������  !
7� ���( 8������  �4 L������ � ������� ���.

MPP#�b 4��PP� )4�PP� ���4 �� �R$PP� -�PP"7 4��PP� ��PP�

�-.��h�)�#  4��� )��6� !( ���"� �6��1 (���P��� !�/2�

 �,,� �� ��� �� ��R� � � )�* .�P� ���P��� !�/2� 8��uT

 �P#  ��� )��2�� �������1 !� =�� �,"� t�� !( =7������

 !( � )�* !
h�* �R$� -�"7 )4�� ��+#��#�� �4 4����

 t(�����PP�� 8��PPE)CxHy(���PP�( -.��hPP�� )4�PP� �� 

���� �� .���P�4 ��$P� =P7�� !P2�
� ���P� �P� t���(�,(

 !��6� 8��kCSi(CPB)-�P�#�� cIP� !P( ��
�P�( &��6� 

!��6� �( !h��	� �4 ��
�Si(TF) 4��4 .�s� �4 �( )���1 t��

 4��P� �� �R$P� -�P"7 4��P� wIPC !P� 4��P� tP�� t
7��

 !PPP� � )4�PPP( ���PPP��� !PPP�/2� 8��PPPE !PPP( -.��hPPP��

44�PP��� =PP��	� �������hPP�� .PP�� �PP,� �7 S�PP�,� �4 �PP�� �

K�Pk� =hP��( �P� 4�P* S�P2�� �������h�� �����,�h��

CO2�(�� X��/7� .���� !(��� 8������!(�����?]?J[�

�#G]?�[���( CO2=�� )�* '��/� .�P� �4 4��� t�� �(

 
��PP� �4Si(TF)�Si(CPB) ���IPP1 X,�/PP�H2/CH4�� 

H2/CO2=PP�� ��\�PP( .-��PP� �4)@(�"7 !PPED� ��PP+
�#

 ��PP� 
��P� �� �.���P�� ���������PP� 4��P� �4 ���P	�	R�

 ���"�)-��O � &:�:
� (5�P�� )��P�� W�PO !P( �
�P�1 !�

 =�� )�* )4�4 ���� .�4 8��P����  �4�P0 ��P�1 �P,O �P�

 -�C �� !( �#� =�� t�6� ��� �u��	� ��h�� D��0 ����*

 � X���P1 tP�� Y��P
� ��P�� �� !h��	� t�,;6� -��� t��

�����4 �� !���� t�		R� ���4 ���.

1 Kusakabe 
2 Li 
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-���)@: (�N�C !"#�$� � )�* ��
,� 8\�	� �4 �.����� ������� ��� � ���I1 X,�/���4�	� !h��	� 


��� �.����� K�k� ���	� 
(mol/m2sPa) 

���I1 X,�/� (°C) ��4 x��� 

Pd 
��� H�/A × ?H-B BBH(H2/N2) - [?>]

������ (sol-gel, Si(400))  G × ?H-> @@@(H2/CH4) GHH [?B]

??/B × ?H-B �G(H2/CH4) ?>H [?A]
������ (sol-gel, BTE/TEOS) 

 G(H2/CO2) ?>H [?A]

������ (sol-gel)  HB/? × ?H-> A/?A (H2/N2) - [?>]

������ (chemical vapor deposition)           @J/B × ?H-� >�HH(H2/N2) �HH [?�]

������D���(�� ��1 =7�%������ �/� × ?H-B G/B (H2/N2) JHH [?J]

�@(H2/CO2)
������ (polysilazane) 

 
@/? × ?H-A

@G� (H2/CH4)
@HH [?�]

������ (sol-gel)  ��B/? × ?H-> ?/? (H2/He) G�H [?>]

�/?� (H2/CO2)
�N�C !"#�$� -������ [Si(TF)] 

 
H�/G × ?H->

?J� (H2/CH4)
JHH 

�N�C !"#�$� -������ [Si(CPB)]              G/J × ?H-> @�(H2/CO2) JHH 

���IPP1 X,�/PP� ��
��P7 4���PP� �� �P��� �4 �PP,O �P�

 !PP
7�� �PPs� �4 
��PP� ���PP���� ���PP���� ��/PPu� ����PP�( 

X,�/P� !P� 4�P� ��P�1 ���P� �� /�� �4���� ��� 4�* ��

 ���I1 ���P���� ��
��P7 ��4�P	� �P( ����6�PO wD
��

4��4 .��
��PP7 �4�(��PP� �PPs� !PP$	� �� 8��PPE �PP� �4

 ���I1 X,�/� �( !h��	��4 ��
��( =�6�� ������� !P�

4��4 5=�� w��"� �����  ������� ��
��7 !( .-��� �4

)J(���I1 X,�/� ��4�	�?Pi/j )=P(�� ���P7 � ��4 �4(!P� 

�"� ��� !$(�� 8��E !(4�* �� {�5��P���� ���( H2,
H4�CO2=�� )�* !���� {�
:� ��� 
��� �( .

)d(
PPTQ

Q
P

mj

i
ji ∆

=
,,/

αi/j5���PP���� M��PPNG��5���PP� �4 [
hPP�� �4 ��PP� 

=�� )�* !u��R� ��� !$(��:

)i(
retentate
i

retentate
j

permeate
j

permeate
i

ji y
y

y
y

./ =α

1permselectivity 
2separation factor 

!PP$(�� tPP�� �4 i�j��PP��� )�PP,�4 &���PP� 
�/PP�� 

�����5Q���P���� K�Pk� ���P	 iy�#�P� �hP0 i�,P*�u�� .

�P( ���P��4 ��P���� )/P��  ���( ������� M��N ��4�	�

 M�����H� �.����� �E�4 �H�4 �P� ��P
� ��P� �E�4 

=P�� )�P�4�� !uP��R� \�P( !$(�� �( t(�� ��h�� .��4�P	�

 ���( t�4�� ���I1 X,�/�H2/CO2�H2/CH4MP���� !P( 

>�/J�A@/G�*�( �� .!(�4 
�/P�� �uhP� [� =s�� &�#4 


���)��P,� ����Pb ����P* (t�7�PU ��P+����� ����P� �

��4�PP	� !PP( �PP�4/� ���PP���� ��PP���
��7 ��4�PP	� 
��PP�

 =�� )��  =�4 !( ���I1 X,�/� .���IP1 X,�/� t���\�(

 
��P� �P( ���P���� ��
��7 �Si(TF) )���P�� t����P�� �P(

8��kC�AB/H���P( �
����P� H2/CH4!P( �P�  =P�45�P�� 


��PP� �PP( ���PP���� ��
��PP7 � ���IPP1 X,�/PP� t���\�PP(

Si(CPB) 8��PkC t����� �(�?/?A���P( �
����P� H2/CO2

�P�  =�4 !( .���IP1 X,�/P� H2/CO2)�/?�(�H2/CH4

)?J� (
��PP� 4��PP� �4Si(TF) ��4�PP	� !PP( @��?@� �4 


��� 4���Si(CPB) �P�� )�P* )4�4 �P��m� .�P( 4��P� tP(�

�4 8���P:( ��P* v��P� �( )�kC ���� ���m� t
*�4 �s�

 -.��hPP�� 4��PP� �����,�hPP�� �PP,� �7 �PPU �,(�����PP��

 4�PP6� !PP���� �������P� .X,�/PP� � ���PP���� 8��P���� 

 ������� ��
��7 !� ��4 �� ���� 4���� !6� ��� ���I1
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�� =PP�"b�� tPP�� 5=PP�� t���PP1 ���IPP1 X,�/PP� ��4�PP	� ��

 � ��� �4 ���� �� �4 [P� �P( �P���� ��P+#��#�� &(�	
� ����

=h��4 ��� ��7 �4 t�,;6� � 
��� ���4.

-���)J: (������� M��N ���( �K�k� ���I1 X,�/��

���
���Si(TF) �Si(CPB)���4 �4 °CJHH ��( �@/?Pm=

٤-L��� !2�
� 

������ ���	
��� &:�:
� 
��� =��� 5!"#�$� t�� �4%

&� '�� �( �,���# %-.%�P* S�P2�� =P�	7�� �P( =���6� .

��P�( t�,O ���� �� �� X���1 t�� ���4���
�4 t��
6+�

 4�� :t��P
6+� �� �P�� �����P� 8��K ���P� /
,P� ����P*

 
��� 8�9:�� )�,,� t��"� &���T =P�� ������ [��7 ��� .

���P
6� 8��PkC �P( ������� 
��� t
*�4 ���(G5�
����P� 

��P6��1 ��+#��R� /
,� X:( �4 ������ /�� 8��K &����

=hPP����N .�� MPP��,� ��PP� =PPs�� �PP( ��PPs,� t��PP(

 ����� ��R� �4 X,��� 5 �����,���pH �� �
6� GS�P2�� 

�* .�h� �4 �����/��6��1 X,��� ����* t�� �4 &���P� �

4�� �PP� X�PP1 �PP$� ��PP��6��1 .-�PP"7 4��PP� �� )4�k
PP��

 t����P�� )���P�� � 8��PkC [P2C5 �$P� =C�hP� 5�R$�

 �P�4 �� ���b ����� =R� ����* �� ������ !�\ 8��kC .���

 X��/PP7� �PPT�( �R$PP� -�PP"7 4��PP� ��+�hPP��� !PP
7� [PP�

 )���P�� t�P,;6� � 8��PkC [P2C 5�$P� =C�h� ���6�O

4�PP* �PP� 8��PPkC .PP	� ��PP� �PP������ ��PP� ���H2
��PP� �� 

l��P1����Si(TF) ��P�4 �4 °CJHH ���P	� mol/m2 s

Pa>%?H×H�/G�4 �  ���P	� {9P� �Pu��	� !� ��  =�4 !( 


���)Si(CPB =�� .���IP1 X,�/� ���	�H2/CH4)?J� (

�H2/CO2)�/?�(
��� ���(Si(TF) tP�� 5 �P�  =P�4 !( 

���PP( ��4�PP	�Si(CPB) ���PP( H2/CH4)?@� (���PP( �

H2/CO2)@�(��  =��( .�#�PT �P������ ��P� ���P	� t���( 
mol/m2 s Pa>%?H×G/J�( M��,� ���I1 X,�/� t�,;6� �

��� CH4�CO2
��� !( ^�( ��Si(CPB)!2�
� ���
�� 

�P� �P���
�� 
��P� tP�� !� =7�� =P+� MP��,� c�P:
��

 �.����� ������� �4 �PC�� �P� �6�*��
1 ����C�� ��P�

]#�� ���� =P+� �.����� �4 )4�k
P�� ��P+��1 �
��P�

�*�(.
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Experimental study of gas separation and permeation properties of silica-
alumina asymmetric membranes prepared by sol-gel method 

M. Pakizeh 
Chemical Engineering Department, Faculty of Engineering, Ferdowsi University of Mashhad  

A B S T R A C T  

In the present study, templated and non-templated asymmetric 
silica membranes were prepared successfully by sol-gel polymerization 
route using cationic surfactants (CPB) as template agent. Silica 
membranes were characterized using N2 adsorption and SEM 
techniques. SEM results showed that after four times coating process a 
thin film of silica with a thickness of 2µm was deposited on support 
surface. BET and BJH methods using nitrogen physisorption data, 
revealed that the surface area of the membrane was increased 
significantly when a surfactant was used as template also the average 
pore size of the silica membrane was increased when the template was 
added.  The prepared silica membranes were used in single gas 
permeation and mixed gas separation experiments. Permselectivities of 
H2/CH4 (149) and H2/CO2 (15.5) were obtained for free template 
membrane and 135 and 35, respectively for templated membrane at 
400°C. Separation factors for H2/CH4 and H2/CO2 obtained from the 
mixed-gas separation experiments with 50/50 (vol%) gas mixtures 
were 131 and 12.9 for non-templated and 123 and 28.4 for templated 
silica membranes, respectively . 
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