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Synthesis of SUZ-4 Zeolite Membrane Derived from Rice Husk Ash: Study of Physical Properties 
 

Pakkarada Sansuksom1) and Paisan Kongkachaichuy*2) 

 
 

Abstract 
 

 The zeolite SUZ-4 membrane was synthesized for further use in De-NOx reaction.  Firstly, the zeolite SUZ-4 
crystals were synthesized via Sol Gel hydrothermal process using rice husk ash (RHA) as raw material altogether 
with other chemicals.  The mullite tube was used as a support for SUZ-4 membrane.  Before spin-coating in SUZ-4 
colloidal solution, the mullite was modified its surface charge from negative to positive at pH 4 by pretreatment 
with polyamine solution.  After varying coating time and concentration of polyamine solution, it was found that the 

optimum coating time was 15 minutes with 4 wt.% polyamine solution.  The obtained SUZ-4 membrane was 20 µm 
thickness having 0.058 wt.% of the support.  In addition, the thickness of the membrane was increased about 20 

µm for each re-spin-coating.  The synthesized SUZ-4 membranes have the specific surface areas in the range of 
17.6-23.1 m2/g and its pore size distribution reveals tri-modal distribution having the average size in the range of 
20-80 Å. 
Keywords: Zeolite SUZ-4, Zeolite Membrane, Polyamine, Spin-coating 
 
 
 
 
 
 
 
 
 
 
 
 

                                                           
1) Post graduated Student, Department of Chemical Engineering, Kasetsart University, Bangkok,  10900,               
E-mail:   ppll_lee@hotmail.com  
*2) Associate Professor, Department of Chemical Engineering,    Kasetsart University, Bangkok, 10900,  
E-mail: fengpsk@ku.ac.th 
* Corresponding Author 



�����CG���@IJG��G��!K�LMA��J SUZ-4 #��GZQ�?���: ����X�e���������C��$=�B 

 
351 

1. 
%�+� 
 K�LMA��J SUZ-4 G�H!K�LMA��J��CG���@IJ���Za�#>

��� �����L>$ ���e�� British Petroleum P!�
 �.�. 1992  
�����e_@L��C��Q�C��Q�$��� K�LMA��J Ferrierite (FER)  
L��C��Q�C=�$P! SUZ-4 G�H!LB�C�RMG!S�MC��
!�>G�Q!
WR�!�a!$J���C 3.5 ?�@ 4.8 Å  L��C��Q�CW�X����a��R�C
��Q�$G
��  K�LMA��JSUZ-4 G�H!���G�RC�T�����$����������
�RMCA��aC  !�$�!U���PEQG�H!���G�RC�T�����$�W������G���
?�RCP!!FU���!?�@���G���E!�>�R�C � [Asensi et al., 
1998; Gujar et al., 2002] 

�[##���!�����!U�GM�K�LMA��JA�PEQG�H!���G�RC�T�����$�
�U�#�>�V�KA!L��G#!MM�AK>J (NOx) L>$PEQAYL>����J�M!
���GI�SM#�����GW�AI�QG�H!�����>��KJ  G��$���@��!���!�F
�R� Hydrocarbon-Selective Catalytic Reduction (HC-
SCR) KX�C���G�RC�T�����$����R����A>Q��������!P#A>Q?�R       
K�LMA��J������aB��!
!�>���C?�@PIdR M$R�CGER! MFI 
(ZSM-5), MOR, FAU, FER ?�@ IM5 [Hai  et al., 2000] 
���WR�!���?��G����$!AMMM!���AMMM!
MC Cu, Ag, Fe, 
Co, Ce, Rh, Pt, Pd, Ni, Mn ?�@ Ga  KX�CE!�>���A>Q���
����!�$���������>�SM Cu-ZSM-5  G!S�MC#��������
�RMCA� ?�@�����������ZP!���>a>K���aCG�S�MG��$����
���G�RC�T�����$�E!�>MS�!�  ?�@�����Z!U���PEQP!�=��@���
M�_I=a���aCA>Q  ?�RG!S�MC#��     K�LMA��JP!���R�!�F�����Z
�U�C�!A>QP!ER�CM�_I=a�����?�� ?�@������adG��$M�a��!��
P!L��C��Q�C (Dealumination) =�$P�Q�=��@AM!FU�M������
���M�_I=a���aC [Subbiah et al., 2003]  #XC������B$�$��
���#@B��!����G�RC�T�����$�E!�>����������RMCA��aC �����Z
PEQC�!A>QP!ER�CM�_I=a����Q�C ?�@�������C�!            
KX�CK�LMA��JE!�> SUZ-4 ����_�������!�RM�����QM!�aC 
?�@�!�RM����@��$#U�B�����M�!���$JA>Q>� [Souvik et 
al., 2001] 

 P!ER�C�
 �.�. 2000 G�H!�Q!�������!U�K�LMA��J��PEQ
P!�a�?��
MCG��G��! [Wee et al., 2008]  KX�C!U���PEQ
G�H!G��S�MC�T���_JE!�>���G�RC�T�����$�G��G��! (Catalytic 
Membrane Reactor, CMR)  CMR G�H!G��S�MC�T���_J���

GI��@����T�����$���T=���V�K���M�_I=a���aC  L>$�U�I!Q���� 
2 M$R�CB�QM���! �SM G�RC���G��>�T�����$�B�QM����?$�
�V�K���G��>#���T�����$�WR�!��CG��G��!���MM�?��PIQ��

!�>�aB��! ?�@E�F!����I!����GI��@��  GBS�M�U�PIQ���
G��>�T�����$�G��>A>Q���a�_J$��C
XF!  �����!U� CMR A�PEQP!
����U��T�����$�E!�>�R�C� GER! �T�����$�Decomposition 

MC H2S ?�@HI �T�����$� Dehydrogenation 
MC 
Cyclohexane ? � @  Ethylbenzene � T� �� �� $ �
Hydrogenation 
MC Butadiene ?�@ Acetylene 
�T�����$� Oxidative Dehydrogenation 
MC Methanol, 
Propane ?�@ Propene �T�����$� Oxidation 
MC CO 
�T�����$� Water Gas Shift Reaction [Basile et al., 
1996, Gabriele et al., 2003, Vospernik et al., 2004] 
?�@$�C�����!U� CMR A�PEQP!���?$��V�K #��C�!��#�$
A>Q�U����G���$�G��$���@��� �=�B����U�C�!
MCG��S�MC
�T���_JE!�> Fixed Bed ��� G��S�MC�T���_JE!�>G��G��! 
(CMR) B��R� CMR PIQ�R� Conversion ?�@ Selectivity 
�aC��R� Fixed Bed G�S�M�U��T�����$����M�_I=a��G>�$���! 
[Gobina et al., 1996]  >�C!�F!���!U�K�LMA��J��PEQP!
�a�?��
MCG��G��! #XCG�H!���A>Q��������!P#G�H!M$R�C
��� G!S�MC#��G��G��!  K�LMA��JG�H!G��G��!���������
G�Z�$���CG���?�@�����QM!�aC  �����Z�!�RM����U�
�@��$  ?�@L��C��Q�C
MC       G��G��!K�LMA��J!�F!#@��
ERMC�R�C������U�G��M  KX�C����_������G�H!�@?��C�RM!
L�G���� (Molecular sieve) �����Z?$��V�K?�@

MCGI��MM�#����!A>Q  
XF!M$aR���
!�>
MCL�G���� 
[Caro et al., 2000] 

 L>$�R�!���G��G��!K�LMA��J#@��@�M�A�>Q�$          
K�LMA��JG��SM�M$aR�!����MC���GK������J�����
!�>�aB��!
G�H!?��G�LKBM�J I�SM�!����MC���L�I@����U�PIQ���aB��!  
���G���$�G��G��!K�LMA��JG���$�A>QI��$G��!��  KX�C
G��!�����!�$�PEQ �SM ���!U�W�X�K�LMA��J�����CG���@IJA>Q�U�
PIQM$aRP!�a�����@��$�M��M$>J (Colloidal solution) 
?�Q�!U�A�G��SM��!����MC���>Q�$G��!�� Dip-coating 
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I�SM Spin-coating [Silva et al., 2009] I�SMPEQG��!��   
��W�X�K�LMA��JPIQG��SM��!����MC���������aB��!
!�>���C
P!G��S�MC�T���_J����>�! (Autoclave) =�$P�Q�=��@
AYL>�G�M�J��� (Hydrothermal) [Romanos et al., 2001; 
Worathanakul and Kongkachuichay, 2008]. 

 #������S��Q!GM����B��R�$�CA�RG�$������U�#�> NOx 
L>$PEQG��S�MC�T���_JE!�>G��G��! (CMR) ���RM!  >�C!�F!
P!C�!��#�$#XCA>QB��!�G��S�MC�T���_JE!�>G��G��!K�A��J 
SUZ-4 GBS�M#@!U�A�PEQP!����U�#�> NOx L>$�U����
��CG���@IJG��G��!K�LMA��J SUZ-4 �!�RM���A��J  >Q�$
�� �����[\!G��SM� (Spin-coating) ?�@PEQBM��GM��!ER�$
����G����$!�R���@#�A]]̂��!BSF!W�� (Surface charge) 
[Mingkun et al., 2003, Silva et al., 2009] 
MC
�RM���A��JPIQ����@#���C
Q����� SUZ-4 GBS�MGB���?�CP!
���$X>G��@�@I�R�C����MC������A��J��� SUZ-4 A>Q
�U�����X�e�W�
MC���PEQBM��GM��!  �@$@G���?�@
#U�!�!���FC
MC���G��SM��RM��������C=�B
MCG��G��!
K�LMA��J���A>Q 
 

2. �LM��N���	O$P����%)��� 
 

2.1 ����������	
��������� SUZ-4 ����������
 
 �U������CG���@IJ SUZ-4 L>$����>�R�! �SM 3.98K2O 

:Al2O3:21.22SiO2:1.30TEA2O:1,202H2O 
[Worathanakul and Kongkachuichay, 2008] L>$PEQ   
G���@GM����?M�L�G!�$�AY>�M�AK>J (TEAOH, 35 
wt.%, Aldrich) G�H!����RML��C��Q�C  (Structure 
directing agent) K�����LK� (LUDOX AS-40, 40 wt.%, 
Aldrich) ? � @ G ZQ � ? � � � G �H ! ? I �R C 
 M C K� �� � �  
LB?��GK�$�AY>�M�AK>J (KOH, 85 wt.%, Carlo Erba) 
G�H!?I�RC
MCAMMM!LB?��GK�$� ?�@ WCM@�a��!�� (Al, 
99.7 wt.%, Hi Media) G�H!?I�RC
MCM@�a��!��  ���
��CG���@IJG����#�����G���$�����@��$LB?��GK�$�
M@�a��G!�L>$!U�LB?��GK�$�AY>�M�AK>J 10.6 ����
�@��$P!!FU�����! 206 ���� ?�Q��RM$�G���WCM@�a��!�� 
0.76 ���� PIQ�@��$L>$PEQG��S�MC��!?��?�RC?�RGI���

�RMG!S�MCG�H!�@$@G��� 24 E���L�C  G���$�K�����G#����
M�����R�!L>$L��
MCGZQ�?����RMK�����LK�G�R���� 50:50 
[Amarin and Paisan, 2009] PEQK���LK� 22.5 ���� ?��� 
9 ���� W����� TEAOH 15.44 ���� ?�Q�G���!FU�����! 47 
���� ��!����@��$�RMG!S�MCG�H!�@$@G��� 2 E���L�C  ?�Q�
!U�����@��$��FC�MC��W����!?�@��!�RMM�� 3 E���L�C 
#��!�F!!U�A�P�RP!G��S�MC�T���_J����>�! (PARR ��R! 
4843) G�H!�@$@G��� 4 ��!  ��MC?$����W���=�_�J���A>Q
A��Q�C>Q�$!FU�����!#!���R� pH ��@��_ 9  #��!�F!!U�A�
M����M�_I=a�� 120 MC��GK�GK�$� G�H!�@$@G��� 3 E���L�C  
?�Q�GW����M�_I=a�� 550 MC��GK�GK�$�G�H!�@$@G��� 4 
E���L�CGBS�M�U�#�> TEAOH ���GI�SM  ���#�M�E!�>
L��C��Q�CW�X�>Q�$G��S�MCGM�KJG�$J>�]?]��E�! (X-Ray 
Diffraction (XRD), Phillips ��R! PW1830/40) 
 

2.2 �������&���O�����
������� 
 ����MC������PEQG�H!�RM���A��J (Mullite, Techno Asset 

Co. Ltd.) ��
!�>G�Q!WR�!�a!$J���C=�$!M� 15 
�����G��� I!� 2 �����G��� ������B��! (Porosity) 30 % 
!U��RM���A��JA���>PIQA>Q����$�� 4 GK!��G���>Q�$G��S�MC
��>?�� Low speed diamond saw (Buehler)  ?�Q�!U�A�
�Q�CG��S�MC�Q�C����Z���aC (Ultrasonic cleaner)  G�H!
�@$@G��� 4 E���L�C ?�@GW����M�_I=a�� 550 MC��GK�GK�$� 
G�H!�@$@G��� 1 E���L�C 

 

2.3 �������&�����
���������� SUZ-4 
 P!C�!��#�$E�F!!�FA>QPEQBM��GM��! (ATC4150, Eka 

Chemicals) ��ER�$P!�����CG���@IJG��G��!K�LMA��J 
SUZ-4  #�������>�R� Zeta potential 
MC����@��$BM
�� G M �� !  4 wt.% >Q � $ G � �S� M C  Zetasizer ( Malvern 
Instrument ��R! 3000 HAS) A>QW�>�C?�>CP!�a���� 1  
B��R�����@��$BM��GM��!PIQ�R� Zeta potential G�H!���
P!����R� pH �����> (pH 2-14)  L>$�������@��$BM��GM��! 
4 wt.% #@���R� pH ��FC�Q!G�R���� 3.85 ?�@���R� Zeta 
potential G�R���� +20.2 mV  P!
_@������  pH 3.85            
K�LMA��J SUZ-4 ?�@���A��J ���R� Zeta potential G�R����     
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-29.2 ?�@ -7.7 ����U�>�� [Worathanakul and 
Kongkachuichay, 2008]  >�C!�F!���G��SM�BM��GM��!�!
�RM���A��J�RM!!U�A�G��SM�K�LMA��J SUZ-4 #@�U�PIQW��

MC���A��J����@#�A]]̂�G�H!���  KX�C��C��!
Q�������@#�
�!W��
MCM!�=�� SUZ-4  �RCW�PIQ���$X>G��@�@I�R�C���
�MC������A��J ?�@ SUZ-4 >�
XF!  

pH

0 2 4 6 8 10 12 14 16

Ze
ta 
Pt
en
tia
l (m

V)

0

10

20

30

40

50

�RM%�S 1 �	
 Zeta potential ����
����
����������  
 

 ����U�G��G��! SUZ-4 G����#��G���$�����@��$BM
��GM��!L>$PEQ!FU��������@#���U� (Deionized water) G�H!���
�U��@��$  !U�����MC������A��JA�G��SM�����@��$BM��
GM��!>Q�$�� ����#�R�G��SM� (Dip coating) G�H!�@$@G��� 
24 E���L�C ?�@!U�A�M�?IQC���M�_I=a�� 104 MC��GK�GK�$� 
G�H!�@$@G��� 24 E���L�C #��!�F!!U�K�LMA��J SUZ-4 ���
��CG���@IJA>Q ��?
�!�M$P!!FU�PIQM$aRP!�a��M��M$>J  KX�C
��@�M�>Q�$ K�����LK� 1 wt.% �U�I!Q����G�H!�����@��!
�@I�R�C SUZ-4 ������A��J  G����GM�G�M�JK��L]G!� (88 
wt.%, Dallefpra SpA) 0.4 wt.% �U�I!Q����G�H!����>?�C
�XCW�� (ER�$PIQM!�=�� SUZ-4 ?
�!�M$M$aRP!!FU�A>Q>�)  
?�@K�LMA��J SUZ-4 �����CG���@IJA>Q#U�!�! 5 wt.%  ��!
�RMG!S�MCG�H!�@$@G��� 15 !���  ?�Q�!U��RM���A��J��I��!
P!����@��$�M��M$>J>Q�$M����G��� 60 �M��RM!���   
(�l>���$��FC�MC>Q�!>Q�$#��$�C) ����@$@G����R�C�  
#��!�F!�[\!�RMP!M����>Q�$M����G��� 60 �M��RM!��� G�H!
�@$@G��� 10 !��� GBS�MPIQA>QE�F!G��G��!���������I!�
���U�G��M  !U�A�M�?IQC���M�_I=a�� 120 MC��GK�GK�$� 

G�H!G��� 12 E���L�C  �RM>Q�$���GW����M�_I=a�� 550 MC��
GK�GK�$� !�! 4 E���L�C  GBS�MPIQK�LMA��J$X>��>�������MC���
A>Q>�$��C
XF! 

 P!��_�����QMC���G��SM�G��G��!K�LMA��J SUZ-4 
�����R� 1 ���FC �U�L>$!U��RM���A��J���WR�!���G��SM� 
SUZ-4 ?�Q�  ��WR�!
�F!�M!���G��SM�����@��$BM��GM
��!KFU� #!ZXC
�F!�M!��>�Q�$ �SM GW���� 550 MC��GK�GK�$� 
 

3. T����%)�����	O$���N�T� 
 #�����!U�K�LMA��J SUZ-4 �����CG���@IJA>Q��

���#�M�L��C��Q�CW�X�>Q�$>Q�$G��S�MC XRD A>Q pattern 
>�C?�>CP!�a���� 2  KX�CG�S�MG���$�G��$���� pattern 
MCK�
LMA��J SUZ-4 ������! [Robonson and Lillerud, 
2001] B��R���B�� (Peak) I�����C��!���B��  #XC����A>Q�R�
K�LMA��J�����CG���@IJ#��GZQ�?�����L��C��Q�CG�H!E!�> 
SUZ-4   

2 Theta

0 10 20 30 40 50 60
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en
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�RM%�S 2 XRD pattern ���"�#�$�%& SUZ-4 +�,�-����
�.&
/01�"���2
3
2�40
52�6%	�"���2
#"� �+	
2-6 50:50          
(     SUZ-4) 

 

3.1 T�U���	&	�O��V�������W�
 
 #�����!U�G��G��!���WR�!����[\!G��SM�>Q�$G������

?���R�C��!A�I������_ SUZ-4 �����>M$aR�!�RM���A��J
>Q�$���I�!FU�I!�����GB���
XF!I��CWR�!���GW���� 550 MC��
GK�GK�$�?�Q� A>QW�>�C?�>CP!�a���� 3 #���a�#@GI�!�R�G�S�M
GB���G���P!���G��SM�#�� 10 G�H! 15 !���  �RCW�PIQK�
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LMA��J SUZ-4 G��@�!����MC���GB���
XF!#�� 0.016 G�H! 
0.023 wt.%  I��C#��!�F!���R��RM!
Q�C�C���G�S�MGB���G���
���
XF!  >�C!�F!#XC����A>Q�R��@$@G��� 15 !���G�H!G������
GI��@�������>P!����[\!G��SM�K�LMA��J SUZ-4 �!���
�MC������A��J 

Spin Coating Time (min.)
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="�#�$�%&SUZ-4 +�,���>�66�%-1
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?�2
�<AB����>�6%	
�2-� 

3.2 T�U��M�$��N(��$������*�������W�
 
 GBS�M�X�e�W�
MC�����_BM��GM��!�RM����[\!G��SM� 

SUZ-4 �!�RM���A��J  A>Q�>�MC#�R�G��SM��RM���A��JP!
����@��$BM��GM��!�������G
Q�
Q!�R�C��!����� �P!
I��
QM 2.3  I��C#��!�F!!U��RM���[\!G��SM� SUZ-4 >Q�$
�@$@G��� 15 !���  (����� �P!I��
QM 2.3)  G�S�M!U�
�RM���A��JA�E��C!FU�I!��GBS�MI������_ SUZ-4 ���G��SM�
�!�RM  B��R����PEQBM��GM��!G����$!��@#��!W��
�RM���A��JER�$�U�PIQ K�LMA��J SUZ-4 G��@�!�RM���A��JA>Q
���
XF!��������>A�Q (?�>CP!�a����  4)  L>$�������_ 
SUZ-4 ��G��@�!���A��JA>Q�aC��> 0.058 wt % (GB���
XF! 
2.5 G�R�#�����A�RPEQBM��GM��!)  ?�RG�S�MGB�������G
Q�
Q!

MC����@��$BM��GM��!G��! 4 wt.% �����RCW�P!��C
������!  L>$G�B�@���  10 wt.% �� SUZ-4 G��SM�
�!�� �A��J��U � ��R ���� A�R P EQ BM�� G M��!   ��>�R �M�#
G!S�MC��#�����PEQBM��GM��!G
Q�
Q!���G��!A��U�PIQG��>
E�F!BM��GM��!���I!����!�@I�R�C���A��J��� SUZ-4  G�S�M�U�

������AK!J��� 550 MC��GK�GK�$� BM��GM��!���$�����FC
ER M C �R � C A�Q���  �R C W�PIQ �� � G��@�� � 
MC  SUZ-4 
�!���A��JA�R>�  >�C!�F!#XCG�SM�PEQBM��GM��!G
Q�
Q! 4 wt.% 
�U�I������G��SM�I��$E�F!P!����>�MC�U�>��Z�>A�   

Polyamine Content (wt.%)
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�2-�  

 

3.3 ���MXY����W�
�Z+� 
 G�S�M!U��RM���A��J���WR�!����[\!G��SM�K�LMA��J SUZ-4 

�����R� 1 ���FC A���G���@IJI������_ SUZ-4 ���G��SM�  
?�@I�����I!�
MCE�F!G��G��!>Q�$G��S�MC Scanning 
Electron Microscopy (SEM, Philips ��R! XL30CP)  
A>QW�>�C?�>CP!����C��� 1 ?�@�a���� 5  B��R����PEQBM��
GM��!ER�$GB��������_ SUZ-4 ���G��SM��!���A��J ?�@

�RCW�PIQE�F!G��G��!���A>QI!�
XF!M����@��_ 6 µm  
�U�I������G��SM� SUZ-4 KFU� B��R����GB���#U�!�!G�H! 2 
?�@ 3 ���FC �U�PIQA>Q SUZ-4 ��$X>G��@�!����MC������

XF!  L>$GB���
XF! 1.4 ?�@ 1.8 G�R�����U�>��  ?�@PIQG��

G��!I!�GB���
XF!��@��_ 20 µm �RM���G��SM�KFU� 1 
���FC KX�C�M>��QMC���C�!��#�$���G�$���� [Thijs  et al., 
2007] 
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�����%�S 1 <���
=���"�#�$�%& SUZ-4 +�,�C/�2
�6�%-1
����-6�-�$�%&5���1
�.�
���@-D�����6��  

��O�&*�� 
MXY����W�


(���Z�) 
M�$��N SUZ-

4 (wt.%) 
�O��
��b 

(µm) 

M1N 1a 0.023 14±3 
M1 1 0.058 20±4 
M2 2 0.084 48±8 
M3 3 0.158 68±6 

aA�RPEQBM��GM��! 
bG����$#��
QM�a� 13 #�> 

    
 

    
 

 
 

�RM%�S 5 E
�%-/�1
��������6��"�#�$�%& SUZ-4 6�%-1
����-6�-�$�%& (a) %-1����-6�-�$�%&2	�����>�6 (b) M1N 
(c) M1 (d) M2 (e) M3 (2N
�-���
�?��O< a-c 1000 �+	
 
�O< d-e 400 �+	
) 
 

�a���� 6 G�H!=�B SEM 
MCW��>Q�!!M�
MCG��G��!  
#@GI�!W�X��a�G
�����KQM!��!  KX�CG�H!W�X�
MCK�LMA��J 
SUZ-4 [Worathanakul and Kongkachuichay, 2008]   
 

    

 

    
 

�RM%�S 6 E
� SEM 5�/�Q�1/0
�6��������6��"�#�$�%& 
SUZ-4 6�%-1����-6�-�$�%& (a) M1N (b) M1 (c) M2 (d) 
M3 

 #�������G���@IJI�BSF!���W��#U�GB�@ ��������aB��! 
?�@
!�>G����$
MC�aB��!
MCE�F!G��G��!K�LMA��J SUZ-4 
���G��SM��!����MC������A��J>Q�$G��S�MC BET Nitrogen 
Adsorption (Autosorp 1C, Quantachrome) W����
��G���@IJ?�>CP!��C��C��� 2 ?�@ �a���� 7 B��R�E�F!       
G��G��!���A>Q#������[\!G��SM������R� 1 ���FC $�C�C��
BSF!���W��#U�GB�@?�@����������
MC�aB��!A�R?���R�C#��
���G��SM� 1 ���FC���!�� �SM ��BSF!���M$aRP!ER�C 18-23 
����CG���/���� ?�@����������aB��!��@��_ 0.016 
�a�����JGK!��G����RM����  G�S�MB�#��_����]���
��@#�$���
MC�aB��! (�a���� 7a-c) B���@G>�!���!R��!P#
�SM �aB��!
MCG��G��!��FC 3 ���M$R�C���a�?�������@#�$
���?�� Trimodal PIQ�R�G����$ 3 �R� >�C?�>CP!����C��� 2  
L>$����aB��!
!�>G���(21 Å) ��#U�!�!�aB��!��������> 
�MC�C��G�H!
!�>���C (29-38 Å) ?�@PIdR (47-76 Å) 
����U�>�� 
 

�����%�S 2 �>D�+�,Q�13N
��
� <���
%��O��R� 5����
/�O
��R��������6��"�#�$�%& SUZ-4 6�%-1����-6�-�$�%& 

1BJH micropore analysis method 

Sample 

BET 
surface 
area1 

(m2/g) 

Total 
pore 

volume1 

(cm3/g) 

Pore diameter1(Å) 

M1 18.2 0.0167 21±7, 38±12, 76±31 
M2 17.6 0.0161 21±5, 29±7, 47±16 
M3 23.1 0.0168 21±6, 37±7, 47±6 

������� ������� 

������� 

������� 
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a b 

c d 

d 
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�RM%�S 7 2
�2��3
�%-1����O��R��������6�� SUZ-4 6�
%-1����-6�-�$�%& (a) M1, (b) M2, (c) M3 
 

 

4. ��LMT����%)��� 
  ���PEQBM��G�M�J��@#����E!�>BM��GM��!ER�$G����$!

��@#��!W��I!Q�
MC����MC������A��J ER�$GB��������_K�
LMA��J SUZ-4 PIQ$X>G��@�!���A��JA>Q���
XF!ZXC 2.5 G�R�  
G�S�MPEQ����@��$BM��GM��!G
Q�
Q! 4 wt.%  ����[\!G��SM�
KFU� 2 ?�@ 3 ���FC�U�PIQA>QE�F!G��G��!���I!�
XF!��@��_ 

20 µm �RM���G��SM�KFU� 1 ���FC  ?�RA�RA>Q�U�PIQBSF!���W��
#U�GB�@?�@����������
MC�aB��!?���R�C��!M$R�C
E�>G#!  �aB��!
MCE�F!G��G��!��FC 3 ?�����a�?�����
��@#�$���?�� Trimodal L>$��
!�>G����$ 3 �R� �SM  21 
Å , 29-38 Å ?�@ 47-76 Å  
 

�$�$����M�	��! 
  C�!��#�$!�FA>Q�����!�!���!�!#���Z���!��#�$?�@

B��!�?IRC�I����$���$G�e�������J  ?�@�a!$J����
G�H!G���?IRCE���>Q�!�lL��G��$� �lL��G��� ?�@���>�
�F!�aC 
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