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�������� 
SBA-15 *(B����	��
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5) ��	!��������+��
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��"��#�����$� 
�!�����!��'!��
���($:  

���%����!���$��!"� ���������($���!������
��������
�������� SBA-15 *(B�(<����4��)�
��B'��������"!� 7-9 nm ����������� ��
����E�
 CO2 ��
CH4 
9B������E�
��C����
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������������	��
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ABSTRACT 

 

Project Code: RMU4880016 

Project Title: Synthesis of SBA-15 mesoporous silica from rice husk ash and the use as 

catalyst support for clean diesel oil production 

Investigator: Assoc.Prof.Dr. Metta Chareonpanich, Department of Chemical Engineering, 

Faculty of Engineering, Kasetsart University 

E-mail Address: fengmtc@ku.ac.th 

Project Period: 3 years 

Objectives: 1) To study the synthesis of SBA-15 mesoporous silica from rice husk ash  
 2) To synthesize clean diesel oil from CO2 and CH4 using SBA-15  

  mesoporous silica as the catalyst support 

 3) To investigate Structure-reactivity and kinetic information of the catalysis 

 process  

 4) To gain new basic knowledge as the solution for the energy needs 

Methodology: 1) Synthesis of SBA-15 mesoporous silica from rice husk ash 

2) Metal loading and modification of SBA-15 support 

3) Study of catalytic performance of Metal-loaded SBA-15 for diesel 

synthesis from CO2 and CH4  
4) Investigation of catalyst stability  
5) Structure-reactivity study in the FTS reaction 

Results and Discussion: 

It was found that SBA-15 mesoporous silica with uniform pore sizes in the range of 7-9 

nm can be successfully prepared from rice husk ash.  Co-loaded SBA-15 was then used for 

gasoline and diesel synthesis from CO2 and CH4 via hydrogenation and Fischer-Tropsch 

synthesis.  It was found that the conversions of LPG and gasoline and diesel were 25 and 60 %, 

respectively. 

Conclusion:  The Co/SBA-15 catalysts have been successfully synthesized and developed 

 in order to  control and selectively produce the fuels in the ranges of LPG, 

 gasoline, and diesel from CO2 and CH4. 

Suggestions: The operating temperature of hydrogenation process should be focused. 
Keywords: SBA-15 mesoporous silica, rice husk ash, CO2 and CH4, diesel 
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1. ��*+� 

 �G��)����G/������!��O����6�������� ��$�3��
�$"��$�B����<���	���&'�����P�����($� 
���!��$�B�*!(	!���)�������<9&� ���*'�!���$�C&�D����
��
$)�����$�(��Q����$��CB�����G/�������"�! 
��$����$�$������C���(���(B$��������&'�����P�����($� ��
�������������������)"��������*��*� 
���������
��;�*(B�$4"��	!������<�����!���$���G��)����$"�����"���$ �	�����!���$�(& %4�!���$�)"���
��;�
���*'�!���$��CB�-9�8��������	��
���&'�����(�
�����)*+�, ����E�
	������=����=
��
9B������E�
���C����
�������$��E�
 ��
�E�
�(�*� ��$���B�����������	��
����
��A����!��������!��"��#�����$�*(B�(
�	�������*(B����
��<9&���  

 �����
�����6����*'�!���$*(B��(B$!<�������������	��
��
(��=������!���)����"��R ��
���
%��������
���=K���	������*(B�(�4�	"��4����*�&��"�������
�E�
���=
��<��	������ ��
������
<���4��������'��!������� *'����%4�!���$�)"��������*'�!���$�$"��	��!��� ���B����������*���$���*(B�(
�$4"7�$����
�*-��
�������86
*���$���*��*���������  ��$���������������������"�
����� 
-9�8��������	��
��
�����
9B��(�����
��$<����4��)��	���
�$4"���"!����
���� (Mesoporous Silica, 

MS) �(	!�������
��($�<���4��)���
�(	!����)��4� (50–80% �*($����
(��=���
9B��( 30–50%) ��

��
�����!$ active sites ���$��)"�
9B��(�����
��$��!�4� (��� active site ��(B$!) ������*(B
�������
�
���� �(	)6���������-8�����"�! ��
��������
�*-=*$�(���"�*���$���
�����*(B����$4"�����86
 
Renewable source ������*(B��
�*-=*$������
�*-%4�%���<��!�"������$��/"<����� ��
�(����
9B�
����!���)���$=��*(B�(
�����������	���
����4� [1]   �9�*'�����(	!������
�����������	��
������	�(*(B
�(�4�	"��4� �G��)���=���(���*������������������86
��!��������!��"��#�����$��������	��
����C&������
�(�
�����)*+�, %"����
�!���� Fischer-Tropsch synthesis ��
$���(������������
���������������
�'�������
�!���� olefin oligomerization ��
 catalytic dewaxing ������� 

���������	��
����!������
������������
�����(& �"!���/"�$4"��<���<�<���������	��
��
���
���������
�����������	�( ��$��������"�����
�7*=��
��� (micelles) �����"!���/" [2, 3, 4] 

�$"��=��;����(���-9�8��������	��
�����B��������������
��$�
��($�
������ [5, 6] 
9B������!���$�(&
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��C��������������&������"���($!��� ��$���($��������������($��$"����($! �������(& ��CB��������
����	��
����!������
������������
���� ������������(& �)"��������%�����CB���������������������86

<����!��"��#�����$���
��
�!����	���$���� �����!�$"����"� 
��������
�������� SBA-15 �������  

 ���-9�8�����'�
��������
�������� SBA-15 ���������"�����"��#�����$� =����" �������	�����/ 
SBA-15 �������"��#�����$� Fischer –Tropsch synthesis [7-9] �����"��#�����$� N2O decomposition 

��$�������($� ��
���;�������!��"��#�����$�����!������ SBA-15 [10] ��
�����"��#�����$����
����	��
�� glutaraldehyde ��$���*������������!��"��#�����$�����!������ SBA-15 [11] 

��������!������������!"� 	)6������*�������	�������<����!��������!��"��#�����$��(%�
�"�	"��������%����
�����C������<�����%���7�6N� [12,13] ��$*�B!=����!��!��������!��"��#�����$��

�(���86
����%�
9B��
�(<�����
��6 0.5 �9� 10 =��	����� 
9B��
*'���������G/��������'�=�������
��"� *'��������	!������� (Pressure drop) ��
 	!�������
���4���CB��#�����$�*(B����<9&��������	�$
	!������ ��CB�*(B�
���=<�G/���(&��)7�	%��
�4��������(<�����/"<9&� �$"��=��;�����CB���)7�	�(<���
��/"<9&��G/������CB��	!������*��������"��
����"�$�*�!��;�
����<9&�   

�������(& Iglesia ��
	6
 [14] ��$���%�<��<�����)7�	
������"�	"��������%����
���
��C������<�����%���7�6N���$����	���*�������!��"��#�����$� ��!"� ��������(�*���
	������=�-
���=
�����B�<9&����<���<����)7�	��CB�����	!������*��������" ��$*�B!=����!������B�<����4
��)� ��C������<�����)7�	�;�
���������������*��������"=�� ��"���*'���"���&��
���������
�C&�*(B%�!<����!��������!��"���
*'��������	!������� (pressure drop) ��CB�*(B�
���=<�G/���(&�9�	!�
��������!��"�����(�4��)� 2 ���
 ��$����(*�&�<�����/"��
��;� ��$*(B�4��)�<�����/"��
��6 100 

�������� �������
��������	������������ �������!����
��"��
�"!$�������
��$��!<�����
 

!���)*(B�(�4��)� 2 ���
 �
�	���#$���������
��#
���$��� ����
��+������
������ (TEOS) 

�������"�<��
����� ��
����������������	��
�����������"��� [15-17] 
9B��(��	������
�����'��<��
����"����
�*- �����&�%4�!���$$��	��)"�*(B�
�����������
9B�����!���)���$=��
9B�=����"�!=����!<��������
�������	��
�� SBA-15 �������(&&���'���#
���*��#���+�����������"�����CB�-9�8����($��*($� 
��CB����� =	��
���������������������+������� �(��	��4� ������)���+�<��=	���
9B�=������������
������C���)�� ��
�����9� =�"�(	!��������8 ��
������%���=������
�*- [18]  

 ���!��O����6���	����������
��C&���������G��)��� *'�������!���$���	!�������������A��
��
!���$����CB�����%������"��������*��*�  ��CB��'�=�����*��������������"��P�����($� [19-27] 
������������
���G/��7�!
����������G��)��� $�B�*'�������$7�	�"!���������	!���'�	�/�"�
��$��$����'�����������8*(B�
��"�$����4"�7�!
�!������$"���<���!�  �����&��9�=���(��������'����
�*	����$(*����
�!�����	�(
9B����������(B$��E�
+������������&'������C&��������!���$����$"��
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�!���<!�� 
9B�����
�!�����(&��"������������"!� 	C� �"!�<�����%����E�
����	��
�� (Synthesis 

gas) 
9B�	C��E�
%��<���E�
	������������=
����
�E�
=K������ ��
�"!�*(B��� 	C� ���*'�
�#�����$����(B$��E�
����	��
�������&'������C&������ 

 �E�
����	��
����&�����������	��
��<9&�=������E�
�(�*� ��$%"���#�����$���(��(S������B� 
(steam reforming)  ��"<�&����<���#�����$��(&�(<���'�������$�G���$  ��"� �7�!
*(B����������������

�)6�74���4����������'�����=�<���#�����$� ��
������"!��
�!"���E�
=K��������
	���������
���=
�� (H2/CO) *(B	"��<����4�����=� ��
���%����E�
����	��
��*(B7�!
<���#�����$�*(B	"��<���
������$ �����&����G��)������!���$�9�����������
��A����
�!����%����E�
����	��
��%"���#�����$�
�
�!"���E�
	������=����=
����
�E�
�(�*���$��-�$��!��"��#�����$�!�!�+���+)� (heterogeneous 

catalysis) ��CB�����������%����E�
����	��
��*(B�(������"!��
�!"���E�
=K��������
	���������
���=
��*(B����
��  
9B��
�'�=�������������&�����"�=����#�����$�SP�������*���� (Fischer-Tropsch 

synthesis) 
9B������#�����$�*(B���������(B$��E�
����	��
���������%���7�6N�=K���	������ �&'� ��

�����
���<�����
�����CB�R=�� ��
�&'������C&������*(B%���=������#�����$�SP�������*�����(&$���(
	)6������*(B�( 	C� �(	"���<
(�*��4� (Cetane number) ���-����������TU��<������
�������
��

���S���  �9��������'������=���(���	�CB��$����(�
���
���������"���B��!����� 

 �)��)"����$<�����!���$�(& 	C� �������	��
����
��A����!��������!��"��#�����$�*(B�(�	�������*(B
����
��<9&�����CB�������������	��
���&'������C&����������E�
	������=����=
����
�E�
�(�*�
9B�����
�E�
��C����
�� ��$�����
�!�������<�&���� ��$���B����<�&������� �������%����E�
����	��
��
����#�����$��(S������B��
�!"���E�
	������=����=
����
�E�
�(�*� (Carbon dioxide reforming of 

methane) ��
<�&����*(B��� 	C� ������(B$��E�
����	��
�������&'������C&������%"���#�����$�SP������
�*����  

 

2. �
%&�����!�� 

���!���$�(& ��������"��'��������'�������������������"!��"���CB����� =����" �"!����
9B�����
�������	��
��
��������
��������������� (
9B���"��������������� 	C��������	��
��
��������
����
��$�������	�(���������"��� ��
�������	��
��
��������
������$��������"���+�������)  ��
�"!�
*(B��� 
9B��������������!��"��#�����$����
��=���
��������
����*(B����	��
��=����
�������	��
��
�&'�����(�
�����)*+�, ��$�
��($�����"�
<�&���� �(����"�=��(& 
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2.1 ������������$-
!
�����-/��$����"��'�!�  

2.1.1 �������	��
��
��������
�������� SBA-15  

 <�&�����(& �
���B�������������($�
���������)*+�,�4�������� �����&��'�
�����*(B=����*'�����
����
��$�
��($�
������ ���!�9��'��������
��$�
��($�
������=�����	��
������
��������
�������� 
SBA-15 ��$%"����
�!�����
�-��� ����'����  

1) ��������	
�����
�����������������
�����������	���������
����	
������ 

 *'�������($�
���������)*+�,�4� ��$��������������������C��<��<�� ������!$�&'����B�����
��� 
���!�'��������� �����&��'������	!�����������$���-<���E�
���
���� �
=����������
9B��(
�����
������	���
������� �'���������*(B=�����
��$������
��$�
��=S ��������	!�	)��)6�74�����
�
��$��
������"!�<��������=������������   

1.2 �������������
������	�
���� !�� SBA-15 ���# $�����	��%&!����	'�

    

1)  ���($�����
��$<�� Pluronic P123 ��$����
��$ 0.845 ����<�� Pluronic P123 ���&'����B�
������� 60 ���������*(B�)6�74������  

2)  ��������
��$�
��($�
������ �!�*(B	!����;!��� 300 ����"���*( *(B�)6�74�� 40 ��-��
��
($� 
�����&��������=K���	����	 37.5 ������
;�����$�&'������������ 5.4 ��������� ��CB����=��	"� pH 

�*"���� 0.2 ��
�!�*(B	!����;!��� 400 ����"���*(�����!�� 15 ��*( �����&������������	!����;!��� 
300 ����"���*( *(B�)6�74�� 40 ��-��
��
($������!�� 24 ��B!���  

3)  �'����*(B���($�=��=���"�� Teflon-lined autoclave ��
���	!������*(B�)6�74��	�*(B*(B 100 
o
C 7�$���

	!�����=��&'��CB���!�����!�� 24 ��B!��� �
=��%���7�6N�*(B����<���<;� 

4)  �����$�%���7�6N�<���<;�*(B���($�=��  ������!$�&'����B��)"� ������*(B�)6�74�� 140 
o
C �����!�� 3 

��B!���  ��
	��=
�� (calcined) *(B�)6�74�� 500 
o
C �����!�� 6 ��B!��� (����������4�*(B 1) 
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�4�*(B 1  �%�7��������
�!��������	��
��
��������
���� 

 

2.1.2 �������	��
��
�����*(B�(�4��)� 2 ���
  

*'��������	��
��
�����*(B�(�4��)� 2 ���
 ��$���B�����'�=	��
�����
��$������
��$
����
�
�����C���� ���������&���������
��$�
��($�
������*(B���($�=������������� 	�%������<��
������!*'��������	"� pH ��$������=K���	����� ���������&����	!������*(B�)6�74�� 40 ��-�
�
��
($� �����!�� 24 ��B!��� ��
*'�������	!������*(B�)6�74�� 100 ��-��
��
($� 7�$����7�!
*(B
��B���!��!$=��&'� (hydrothermal aging) �����!�� 24 ��B!��� ��CB����������"��������<�������
*'����
�	����������4�6� �'�%���7�6N�*(B=����������� ���!�'�=�������*(B�)6�74�� 120 ��-��
��
($� ����
�!�� 3 ��B!��� ��
*'�����%���CB��'����=	��
��������%���7�6N� (calcined) *(B�)6�74�� 600 ��-�
�
��
($� �����!�� 6 ��B!��� ��CB�*(B�
�<�����*��*<��=	��
��*(B�(�"��	�������<��
����� ���*����
<�������
�4�*'�
&'�*(B pH �

�������������#���
�����'�#���+���:#$;���<������� 

���������&��
*'����!��	��
��%�����	�CB���C�!��	��
��<�&��4� =����" N2-sorption, Scanning 

Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), Thermal gravimetric 

analysis (TGA) 
9B��	�CB���C������"�! �
��������������%�<��=	��
��*(B�(�"��	�������<��
�������$
�
��($�  
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2.2 ������&	��������
0
�
�
	�  

 ��CB����������!���$�(&=���!��#�����$���������<��=!���!$��� ��
*'����-9�8���� 2 <�&����
�"���CB����� 	C� ���%����E�
����	��
������#�����$��(S������B��
�!"���E�
	������=����=
����
�E�

�(�*� ��
�#�����$�������(B$��E�
����	��
�������&'������C&������%"���#�����$�SP�������*���� �����&� �9�
�����!��"��#�����$�����"������������ 
9B��(��$�
��($�������($���!��"��#�����$� ����"�=��(& 

2.2.1 ������($���!��"��#�����$����#�����$�<�&�*(B��9B� (�#�����$��(S������B�) 

 ��!��"��#�����$��'������#�����$��(S������B� (5Ni/Al2O3) �4����($�<9&���$����
�4����������!������ 

(Fluka, 100% purity) ����������=����*�������"�<�����
������
9B����������!��"��#�����$���<�&��(& ��!��"�
�#�����$�
9B���
�����!$���
����������$�
 5 ��$�&'���������!�������
�4�����4����($���$���!�+(�)"�
�)� (Wet impregnation) ��$�'�����
��$�������=����*	"�$R %�����%��
�4������
�!�%��*�&�=!�*(B
�)6�74�����������!�� 1 ��B!��� �����&��'�=�������*(B�)6�74�� 120 ��-��
��
($������!�� 24 ��B!��� 
%���!��"��#�����$�*(B=���'�=�	��=
�� (Calcination) *(B�)6�74�� 550 ��-��
��
($������!�� 4 ��B!��� 

2.2.2 ������($���!��"��#�����$����#�����$�<�&�*(B��� (�#�����$�SP�������*����) 

 ���#�����$�<�&�*(B������
��������� SBA-15 ������!������ ���B������!$������($�����
��$<��
�����"��� (template)  
9B�������(&��� Pluronic P123 �����&��'�����
��$<����"���%������<�����
����
��($�
������ ��
�������=K���	�������
�!�=!�*(B�)6�74�� 40 ��-��
��
($������!�� 24 
��B!���  �����&��'����*(B=��=���"�	�CB���#���6� (Teflon-lined autoclave) *(B�)6�74�� 100 ��-��
��
($�
�����!�� 24 ��B!���  �����&��'�%�<���<;�=�����������!$�&'����B���
�'�=�������*(B�)6�74�� 140 
��-��
��
($������!�� 3 ��B!��� ��
	��=
��*(B�)6�74�� 500 ��-��
��
($������!�� 6 ��B!��� 

 ��!��"��#�����$��	�������%�
��������� SBA-15 (Co/SBA-15) �4����($���$���!�+(��B��)� ��$*(B
����	�����=����* (Fluka, 99.0 % purity) �������"�<�����
�	����� ��
���($���!��"��#�����$�
�	�����*(B���$�
 10 ��
 20 ��$�&'����� ��CB�%������
��$�	�����=����*�<�����%�
�������(�$���$
���! �'�=�������*(B*(B�)6�74�� 120 ��-��
��
($������!�� 24 ��B!��� ���!�'�=�	��=
��*(B�)6�74�� 550 
��-��
��
($������!�� 4 ��B!�������'���� 

2.3  ����
������$���������'!��������
0
�
�
	� 

 ����4�
���E�
=������� (Nitrogen adsorption) <������4��'��������CB�!��	��
���C&�*(B%�!
�'����
��
	!����)���!<����!��"��#�����$� ��������&�!��	��
���������6+��)��	���
��������
��!�$"�� ��$������!�������6����(��;�
�S4������
��� (X-ray fluorescence, XRF) ��
!��	��
�������
���86
��6D��!�*$���$���������)�*��-������;���������"��%"�� (Transmission Electron 

Microscope, TEM) 
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2.4 ����5�6�
���
�%
7�/)���������
0
�
�
	�'!��
������$�!
�7�(8$�&�9�� 

 �����-9�8���
��*+�7�����*'����<����!��"��#�����$�  ��!��"��#�����$�����������
�4���� 
(5Ni/Al2O3) �4��'�=�����)���	�CB���#���6��	�CB��*(B��9B� 
9B�������#�����$��(S������B�
9B�����*"��������*
�	!�������4� <�������%"��-4�$����� 3/8 ��&! 
9B��(	!��$�!<�����	�*(B	C� 4 �
�������  �"!���!��"�
�#�����$��	�������
����� (10Co/SBA-15 ��
 20Co/SBA-15) �4��'�=�����)�����	�CB���#���6�
�	�CB��*(B�����CB�������#�����$�SP�������*�� �"��*(B�
���B����-9�8��#�����$���!��"��#�����$��
�����'�
��!��"��#�����$�*(B���($�=!�=���
�)����CB����������"��������  ��!��"��#�����$��
�4��'�=�	��=
����
���$���-���
����*(B�)6�74�� 500 ��-��
��
($� �����!�� 1 ��B!��� �"������&�*'�����(��!
���
���$���-=K������*(B�)6�74�� 400 ��-��
��
($� �����!�� 2 ��B!��� ���������&��E�
%���
�!"��
�E�
	������=����=
����
�(�*� (CO2/CH4 = 1) �
�4���"�$�<��=�$���	�CB���#���6��	�CB�����
9B��(
��!��"��#�����$� 5Ni/Al2O3 ����)�$4"��CB����(B$���"�����E�
����	��
��  ��$-9�8����"!��)6�74�� 500-700 
��-��
��
($� *(B	!������
���*"���� 10 ���$���-  �E�
%��
9B�����%���7�6N�<���#�����$�����

�4��'�=�*'��#�����$��"����	�CB���#���6�*(B���
9B��(��!��"��#�����$��	���������!������
���������)�$4"  
��<�&�<���#�����$�SP�������*�����(&�
*'����-9�8����"!��)6�74�� 200-280 ��-��
��
($�  �������
��&��
*'������;���!�$"���E�
%���7�6N�*(B<������
�'�=�!��	��
����$����*	��	�E�
�	��������SS? 
(Gas chromatography) ��$���	������ Porapak Q ��CB�!��	��
���E�
	������������=
��  
	������=����=
�� ��
�(�*� ��
%���7�6N�=K���	������*(B�(<������"!� C2-C20 �
�4�!��	��
����!$
	������ OV-1 Uniport HP 

2.5 ����5�6��������
0
�
�
	���	:���������
0
��($ Temporal Analysis of Products (TAP-II 

reactor) 

 *'����-9�8�������(B$�����<����!��"��#�����$� 20Co/SBA-15 ��$�������	�CB���#���6� 
Temporal Analysis of Products (TAP-II reactor) ������%�������(B$����������86
����'��������
��� unsteady-state operation  �'�����7�������	�CB���#���6� TAP-II ��������4�*(B 2 ��
 3 
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�4�*(B 2 �	�CB���#���6� TAP-II (Overview – Control unit) 

 

 

�4�*(B 3 �	�CB���#���6� TAP-II ( Reactor – Pulse valve – Mass Spectroscopy) 
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3. �!�����!��'!��
���($�! 

 

3.1 �!������������$-
!
�����-/��$�*
� SBA-15  

 ���%����*������$!�+(������������*������� 2
k
 �S�*���($� ��CB�-9�8�%�<����!

��� 	C� �����6����	�(�����"��R =����" �&'� ���=K���	�������
����'�����	���������4����	 �( 
123 *(B�(�"��������	��
��
��������
�������� SBA-15 ��$�)"���
��;��������	��
�����=��%���7�6N�*(B�(
�C&�*(B%�!�'����
�4���
�����
��$<����4��)�*(B�	� *(B������"!� 1.0 SiO2 : 0.005-0.035 Pluronic 

P123 : 4-7 HCl : 100-200 H2O ��$*'��#�����$�=K���=�
����
	!���"�*(B�)6�74�� 40
o
C �����!�� 24 

��B!��� ��
 hydrothermal treatment *(B 100 
o
C �����!�� 24 ��B!��� %�<�����!��	��
��	!��������+�

<��������"!�����"��R ��������4�*(B 4 

1

10

100

-100 0 100 200 300

Effects

N
or

m
al

 %
 p

ro
ba

bi
lit

y

A = Plouronic P123
B = HCl
C = water

A

AB

B

ABC BC AC
C

 

�4�*(B 2 	!��������+�<�� Pluronic P123, HCl ��
 H2O ���!�+(���*���������� 23 �S�*���($� 

 

 ������!��	��
��<���4�*(B=������4�*(B 4 �������$�%�������������)"���/"R 	C� ��)"�*(B�$4"��
���������
������������� 
9B���)"�*(B�$4"��������������!<��������� x $�B��"��������S���
��!<��������� x ���<9&��*"�=� $�B��"�����9�	!���(��*+����"�	)6������*���C&�*(B%�!<��%���7�6N�
*(B����	��
��=�� 
9B�=����" 	!��������+�<����!��� A ��
���������$�<�� AB �����&��9���C��-9�8�
%���
*�<�������6��4����	 �(123 ��
���=K���	����� ��$�(������"!����*(B�������(& 

1.0 SiO2 : 0.005-0.035 Pluronic P123 : 4-7 HCl : 200 H2O 
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��CB��'�%���7�6N�*(B����	��
��=��=�!��	��
��	)6������*���C&�%�! ��!"�����C&�*(B%�!*(B�4����"!� 
600-850 ����������"����� ��������4��)� 0.95-2.44 �4���-�������"����� <����4��)� 7.7-13.5 ��
������ �(�����
��$<����4��)��	� ��
����<���<;����6D�� ��$�4�*(B 5 ����=��
�*��*(B�'����
��� IUPAC !"������������)"� IV 
9B��"����!"� <����4��)��$4"���"!����
���� (2-50 ��������) ��

�( hysteresis loop ���� A �"����!"��4��)��(���86
����*����
��� 
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�4�*(B 5   =��
�*��<��
��������
����*(B����	��
��*(B������"!�  

1 SiO2: 0.035 Pluronic P123: 7 HCl: 200 H2O 

 

 ��CB�*'����!��	��
��	)6���86
�C&�%�!7�$���<��%���7�6N���!$�	�CB�� SEM (�4�*(B 6) ��!"�
�
�������
����*(B����	��
��=���(�4��"���	����<�����&�R �!����������)"�������
%�!��($����C��������
��*)�R ���*����  
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�4�*(B 6  7���"�$ SEM <��
��������
����*(B����	��
��=��*(B������"!� 

1 SiO2: 0.00875 Pluronic P123: 4 HCl: 200 H2O 

 

3.1.1 %�<�����=K���	����� 

����4�*(B 7 *(B	!���<��<��<����4����	 �( 123 �B'��!"� 0.002 ��� �����
��$<����4��)��	�
�
��� ��$�(<����'����
���
��*(B 7.7 ��
 9.5 �������� ��
	!���<��<��<�����=K���	�����=�"�(
%��"�<���<���4��)� ��"*(B	!���<��<��<����4����	 �( 123 �4��!"� 0.002 ��� �����
��$<����4��)�
�
�!������ �(<����4��)�=�"�'����
���
�����"!��
�!"�� 7.7 �9� 13.5 �������� ����4�*(B 8 ��
 9  
%����!���$���"��(& ���	�������%����!��	��
����$�*	��	 TEM ����4�*(B 10  
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CC-5; 4 mole of HCl
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9.5 nm

 

�4�*(B 7  �����
��$��!<���4��)�<��
��������
����*(B��4����	�( 123 �<��<�� 0.00875 ��� 
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�4�*(B 8  �����
��$��!<���4��)�<��
��������
����*(B��4����	�( 123 �<��<�� 0.02 ��� 
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CC-13; 4 mole of HCl
CC-14; 5 mole of HCl
CC-15; 6 mole of HCl
CC-16; 7 mole of HCl

12.0 nm

13.5 nm

12.1 nm

9.5 nm

 

�4�*(B 9  �����
��$��!<���4��)�<��
��������
����*(B��4����	�( 123 �<��<�� 0.035 ��� 

 

3.1.2  %�<�������4����	 �( 123 

�����
��$��!<���4��)����4�*(B 7 - 9 ��������"������������"!� 	C� *(B	"�	!���<��<��<��
��4����	 �( 123 �B'��!"� 0.02 ��� (�4�*(B 7 ��
 8) ��
����!"� 0.02 ��� (�4�*(B 9) *(B	!���<��<���B'�R 
��CB����B�	!���<��<��<�������4����	 �( 123 <���<���4��)��
���B�<9&���
��6 23 % ��"���	!��
�<��<���4�R �
=�"������	!�	)�<���<���4��)�=�� 
9B����	�������<���4�*(B=�����7�� TEM (�4�*(B 10)    
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�4�*(B 10  7�� TEM <��
��������
����*(B����	��
��=��*(B	!���<��<��<����4����	 �( 123 ��� (
��$) 
�B'��!"� 0.02 ��
 �4��!"� 0.02 ��� (<!�) 

 

 �����4����	 �( 123 �4������������'�����	�����������������4��)�<�����/" ��$��-�$
�*	��	=��
��� *(B	!���<��<��<�����	�*(B *(B 4, 5, 6 ��
 7 ��� ��CB����B�	!���<��<��<�������4����	 
�( 123 ��� 0.005 ���� 0.035 ��� ��!"� �C&�*(B%�!���B�<9&� 19.4 %, 15.4 %, 22.4% ��
 21.4 % 

����'���� *�&��(&	��!"� ��CB�������4����	 �( 123 
9B������������)"� Amphiphile (�(*�&� hydrophilic head 

��
 hydrophobic tail) ��CB���
��$��!�$4"���4�����
��$���&'� �
�����($���!�$4"���4�<��=��
��� 
(micelles) ����*"� ��
��($���!�!�������� hexagonal micelles ��$�(=��
��� 1 �*"� �$4"������� 
��
���������!$ =��
����(� 6 �*"� ��CB���������
��$�
��($�
��������=� �
����������������!$
��)"� siloxene (�Si-O-Si� ) *(B������
��CB���"���!$��������C��"������)"� silanol (�Si-OH) ��������
�	��<"�$
����� (silica networks) <9&��� �����&� ��CB�	!���<��<��<�������4����	 �( 123 ���<9&� �'��!�
=��
����;���B����<9&���!$ ��
�4��)�*(B����<9&���
������;���B����<9&� *'�����C&�*(B%�! ���B�<9&����=���!$
��B���� �$"��=��;��� ���	!���<��<��<��=��
������&'����<9&������!"�	�9B�<��<���"!�%���CB� =�
�
���
9B����������)"� metastable �����������($���!���"����$4"���7�!
���($�*���)6���-����� 
9B�
*'�����	����������"*(B=��������(B$���� hexagonal micelles ������� ribbon ��
���  bi-layers =�� 

9B�*'����	!�������
��($�<���	��������4��)���($=� ��
�����
��$<����4��)��9��!������ 

���%�<�������
��$��!<���4��)���
7�� TEM ���������;�!"� *(B	!���<��<��<����4����	 
�( 123 �B'��!"� 0.02 ��� ����
���'������������	��
��
��������
����*(B<����4��)� 7.7 �9� 9.5 ����
������
$�����������;��9�	!�������
��($�<���4��)� �!��9���������($��	�������*(B���� hexagonal 
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pore structure ��
��!"� ��CB�*'����!��	��
����!$�*	��	 Low angle X-ray scattering 
��������
����
*(B����	��
��=�� �(�4�������C�����
��������
�������� SBA-15 ����4�*(B 11 
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CC4

 

�4�*(B 11  Low angle X-ray scattering pattern <��%���7�6N�*(B�����4����	 �( 123 �B'��!"� 0.02 ��� 

 

 ��CB�*'������
�!�%����<���4�*(B=�������"�!<������ %4�!���$�9�=����C��������"!� 1 SiO2: 

0.00875 ��4����	 �( 123 : 4 HCl : 200 H2O (CC5) ��CB����-9�8�	!���'�	�/<���)6�74����
�!����
<�&���������#�����$�=K���=�
����
	������
��B� ��
���*'� Hydrothermal treatment  �"�=� 

 

3.1.3 %�<���7�!
�'������������
�!�����
�-��� 

 ���"!��(& �������-9�8��9�%�<���)6�74����
�
$
�!����<�&��#�����$�=K���=�
����
	�����
�
��B�*(B�(�"�	)6������*����$7��<��
��������
���� ���� SBA-15 ��$����-9�8������)��� 	C� 
-9�8��)6�74��*(B����
�����������	��
���"�����!�9�-9�8��
$
�!������'���� 

1) ��(�)�	�#!%*�������+,���+�
�������!��!�
 �.! 

 �)6�74��*(B��������-9�8���<�&��#�����$��(&	C� 30, 40, 50 ��
 70 
o
C <6
*(B����
$
�!�����

����	��
�� 24 ��B!��� ��
*'����������)�	)67����!$�	�CB�����=��&'���B���!*(B 100 
o
C ��
 24 ��B!��� 

�4�*(B 12 �����9�%�<���)6�74��*(B�(�"�<���<���4��)� ��$*(B*(B�)6�74���B'��!"� 40 
o
C <����4

��)��
���B�<9&� 22 % ��CB��)6�74�����B�<9&� ��*��������� ��CB��)6�74������!"� 40 
o
C <���<���4��)�

���� 22%    *�&��(&  ��CB�������	!��������+��
�!"������'�����	�����������)6�74�����������	��
��   
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�4�*(B 10  �C&�*(B%�!��
<���<���4��)�<��
��������
���� ���� SBA-15 ����"�
�)6�74�� 

 

��$<���<��=��
����
������CB��)6�74���4�<9&� ��"��CB�*(B�)6�74������!"� 40 o
C  �������������(B$�

�7��<���"!� PEO <����4����	 �( 123 ���� �"!�*(B=�"����&'����B����<9&� *'����=��!���� PPO <��
��4����	 �( 123 (=�"����&'�) �������<��!����*'����<�������%"��-4�$�������;��� *'����<����4��)�
��;��� �������(& ��6(*(B����
��$�$4"���4�=��
��� �7�!
�'��������*(B�)6�74���4� �
��"���=��������
���=�
�<�� silanol ��������	��<"�$<��
������$"��=�"�����
��($� �"�%�����C&�*(B%�!�'����
*(B=�����B'��� 

 

2) �����/��0��0�2!%*������� 

 ���%�<���)6�74�����#�����$�=K���=�
����
	������
��B� ��!"��)6�74��*(B����
���'�����
�������	��
���(&	C� 40 o

C %4�!���$�9�*'����-9�8�%�<���
$
�!��*(B 6, 12, 24 ��
 48 ��B!��� 7�$���
�7�!
�C&�D�� ��!"�<���<���4��)�<��
��������
���� ���� SBA-15 ���(B$��������$�����CB�
�
$
�!�����B�<9&� ��
��
��$��!<���4��)��	��(��� ����������4�*(B 13 ��������&��C&�*(B%�!�'����

$��	�*(B *(B�!�� 24 ��B!���<9&�=� ��$�(	"��*"���� 630 m

2/g 
9B�$C�$��!"� �7�!
����������=�
������
������	��<"�$
���������<9&��$"�����4�6���B���� 
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�4�*(B 13  �C&�*(B%�!��
<���<���4��)�<��
��������
���� ���� SBA-15 *(B�
$
�!���������	��
���"��R 

 

3) �)�/�����6� Hydrothermal treatment 

 ��CB������7�!
�����*'� Hydrothermal treatment *(B����
��*(B�
�"�%��������%���7�6N�
���
�����
�������� SBA-15 ��&� �(�"!�	"�*(B�	���� ��"�!	C� *(B�)6�74����
��6 100 ± 5 oC �����&� 
%4�!���$�9�=���'�������*'����-9�8�%�<�����*'� Hydrothermal treatment *(B�)6�74�� 100 o

C �*"���&� 
��$���	"��
$
�!��*(B��� ��
��!"� *(B�
$
�!������ 24 ��B!��� 
��������
�������� SBA-15 *(B
����	��
��=�����(B$��������$��� (�(	!�����4�6�<���	����������B�<9&����$���) �����&� �9�=����C�����
�)6�74�� ��
�
$
�!�����*'� Hydrothermal treatment *(B 100 oC ��
 24 ��B!��� ����'���� 

��������
�!�%�<���4�*�&����*(B=�������"�!<������ %4�!���$�9�=����C��������"!� 1 SiO2: 

0.00875 ��4����	 �( 123 : 4 HCl : 200 H2O ��
�'�����)6�74�����#�����$�=K���=�
����
	�����
�
��B� *(B 40 ��-��
��
($� �����!�� 24 ��B!��� �!�*�&���C������)6�74�� ��
�
$
�!�����*'� 
Hydrothermal treatment *(B 100 oC ��
 24 ��B!��� ����'���� ��CB��������	��
��
��������
�������� 
SBA-15 �'��������������!��������!��"��#�����$� �����&������!���$�"�=��
*'����-9�8��	�����/ SBA-

15 �������"��#�����$� Fischer –Tropsch synthesis 

 

3.2 �!������������$-
!
���&��&��/�#* 2 )*�� 

��CB��'�%���7�6N�*(B=��=���!����	)6������*����$7����$����*	��	 N2-physisorption��$
*'�������($��*($��
�!"��%���7�6N�*(B�����
=�"���=	��
�����������"�����!"� 
�����*(B=�"���=	��

�����������"��� (�4�*(B 14a) �
�(=��
�*���������� I *(B	"� pH 2 ��
�(=��
�*���������� IV *(B	"� 
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pH 3-6 �"�����9��	�������<��
�����*(B�������=��	�������
���
��������'���� ��CB����($��*($����

�����*(B���=	��
�����������"��� (�4�*(B 14b) ��!"� =��
�*��*(B=���
�(���86
%������
�!"�� 2 =�
�
�*�� ��$�������%������
�!"��=��
�*������ I ��
 IV �'�����*(B pH 2 
9B��"�����	�������<��
=��	�������
���
���� ��
�������%�����<��=��
�*������ II ��
 IV �'�����*(B pH 3-6 
9B��"����
�	�������<�����	�������
���
���� 

�����
��$��!<���4��)�<��
�����*(B=�"��������"��� (�4�*(B 14c) �
�$4"���"!�=��	�����
�'����� 	"� pH 2 ��
�$4"���"!����
�����'�����	"� pH 3-6 
9B��)� peak <�������
��$��!�
��CB��=�
*��<!���CB� pH ���B�<9&��"�����9�<���<���4*(B��/"<9&� ��<6
*(B�����
��$��!<���4��)�<��
�����*(B���
=	�
������������"��� (�4�*(B 14d) �
�( 2 �"!�	C� �"!����
������
���	����� 
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�4�*(B 14 =��
�*����
�����
��$��!<���4��)�<��
�����*(B����	��
����$��� (C-X) ��
=�"������
��"��� (P-X) *(B	"� pH �"��R ��$*(B X �*�	"� pH <������
��$ 
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��$�
��($��'������C&�*(B%�!�'����
<����4��)��3�(B$ ��
�������<���4��)�<��
�����*(B
����	��
����$�����
=�"��������"��� ����=!��������*(B 1 
9B���!"�<����4��)��3�(B$<��
�����*(B������
��"������B�<9&���� 3.4 �9� 17.5 ����������CB����B�	"� pH ��� 2 �9� 6 
9B�
�����*(B=�"��������"����;�(
��!������($!��� �$"��=��;�����CB������6���������!�<���4��)� ��!"�
�����*(B��������"����(
��������4��)��!�����!"�
�����*(B=�"��������"����$4"��
��6 2 �*"� *�&��(&��CB��������4��)�<�����	
�����
9B��(<�����/"*'����=����������4�=���!$ 

 

�����*(B 1 	)6������*����$7��<��
�����*(B����	��
����$�����
=�"��������"���*(B	"� pH �"��R

	)6������*����$7�� 
%���7�6N� 

�C&�*(B%�! (m2/g) <����4��)��3�(B$ (nm) ��������!�<���4��)� (cm3/g) 
P-2 43 3.4 0.05 

P-3 467 4.3 0.54 

P-4 410 5.6 0.65 

P-5 345 7.8 0.78 

P-6 235 12.4 0.95 

C-2 588 3.8 0.65 

C-3 489 4.3 1.08 

C-4 421 6.5 1.29 

C-5 340 9.5 1.36 

C-6 260 17.5 1.70 

 

��CB�*'����!��	��
���	�������<��
�����*(B����	��
��=����!$�	�CB�� TEM (�4�*(B 15) ��!"�
�����
���
����*(B����	��
����$=�"��������"��� (�4�*(B 15a, c ��
 e) �(���86
����!����<����)7�	<���
��;�������)"������$"�������"���$<���<����)7�	�
��<9&���CB��(������B�	"� pH ��CB������6�*(B
�����
*(B���=	��
�����������"���*(B����	��
��*(B pH ����!"� 2 (�4�*(B 15d ��
2f) ��!"��(�"����P�<�����/"
�$4"
9B��"����P��(&�;	C� �4��)�<������	�����
9B�%�*(B=���(&���	�������%�<�� N2-physisorption 
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�4�*(B 15 7�� TEM <��
�����*(B����	��
����$=�"��������"��� (a, c and d) ��
 ��� (b, d and e)  

*(B	"� pH 2, 3 ��
 5 ����'���� 
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���%�<�� N2-physisorption ��
7�� TEM �"����!"�=	��
���<��=��*�����	�������<��

������*'���������"����P�<������	�����<9&� �������(&	"� pH <�����%��$���"�%��"�����*����!<��
=	��
�����	�������<��
������(���!$ ��CB�*(B�
$C�$������(�$4"<��=	��
�����	�������<��
����� 
%���7�6N�*(B=�����������������
�4�!��	��
����!$�*	��	 Thermal gravimetric analysis (TGA)  

����4�*(B 16 ����������(B$������&'�����<��<��%��
�������
=	��
������������ ����
*(B	"� pH 2-6 
9B���!"�������(B$������&'�����<��%���7�6N����������� 3 �"!��)6�74��=����" �"!�
�)6�74���B'��!"� 100 ��-��
��
($� �"!��)6�74���
�!"�� 100-200 ��-��
��
($� ��
�"!��)6�74���4�
�!"� 200 ��-��
��
($� 
9B��"!��)6�74�����"��(&�����9�����
��$<���&'�*(B ���C��$4" ����
��$<���&'�*(B
�(���+
�	�(�����)"�<��
������ (Si-OH) ��
������$��!<��=	��
�� ����'���� 
9B���!"������6
������$��!<��=	��
�����B�<9&���������CB�<9&�<��	"� pH <��<��%�� (*�&�R*(B��"�����6=	��
��
���B�����*"����) ����#���6��(&�������+���$=�������
�)<��
�������
=	��
�������%�� *(B pH 2 

��
�)<��=	��
���
�����!��4���� ��<6
*(B��
�)<��
������<������-4�$� 
9B�����%�*'�����	�������
<��=	��
�������� ��CB������������%���������<�������)�=	��
�� ��
�
�����#�����$��"!����
�$"���B'����
����� �����&�=	��
���9��������4��'�������=���&���"<�&����<���������%���7�6N�  

�'�����*(B pH 3-6 ��
�)<��=	��
���
�(	"������!� ��<6
*(B��
�)<��
������(	"������� 
�����&��9�����������(B$!<���
�!"��
�������
=	��
�� *'����=	��
���*���$4"���	�������
�������

���C��$4"����������������&���� 
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�4�*(B 16 ������(B$������&'����������������<��
�����*(B����	��
��*(B	"� pH �"��R  

��$���=	��
�����������"���  

 

3.3 �!���:����*�������
0
�
�
	�  

1) ��
��*+�7��<����!��"��#�����$� 5Ni/Al2O3  

 �����-9�8��#�����$��(S������B����"!��)6�74�� 500-700 ��-��
��
($� *(B	!������
�� 10 
���$���- ��
�'����������"!��E�
%��<���(�*���
	������=����=
��<��<���*"���� 1 (CO2/CH4 

= 1) ��!"��)6�74���"�%��$"������"��������=�����%���7�6N� (conversion) 
9B��(	"��4��)�	C� ���$�
 
75 <��	������=����=
����
���$�
 76 <���(�*� *(B�)6�74�� 750 ��-��
��
($� (����������4�*(B 
17) 
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�4�*(B 17  %�<���)6�74���"�	"�������(B$���������%���7�6N� (Conversion) <�� CO2 ��
 

CH4 ���#�����$��(S������B� ��CB������!��"��#�����$� 5Ni/Al2O3 

 

��CB��)6�74�����(B$�=��
�"�%��"���	���
���<���E�
����	��
����!$ 	C� ��CB��)6�74���4�<9&��

$�B�*'����������"!�<���E�
	������������=
����%���7�6N����B�<9&���!$ (��������������*(B 2) 

 

�����*(B 2 ����%�<���)6�74��*(B�(�"���	���
���<���E�
%���7�6N� (Synthesis gas) �� 

    �#�����$��(S������B���$�����!��"��#�����$� 5Ni/Al2O3 

��	���
���<���E�
<���� (���$�
��$�&'�����) �)6�74��        
(��-��
��
($�) CO2 CH4 CO 

500 64.2 21.9 13.9 

600 55.4 18.5 26.1 

700 37.5 17.1 45.4 

750 23.8 17.8 58.7 
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2) �#�����$�������(B$��E�
����	��
������%���7�6N�=K���	������ 

 ���-9�8�	!��!"��=!<���#�����$�SP�������*����<����!��"��#�����$� 10Co/SBA-15 ��
 20 

Co/SBA-15 =���4�*�������"!��)6�74�� 200-280 ��-��
��
($� 	!����� 10 ���$���- ��!"�
�����6<�����
�	������"�%��$"������"�	"�������(B$���������%���7�6N� ��$	"�������(B$�����
����%���7�6N��(	"����B�<9&���CB������!��"��#�����$�*(B���
�	��������B�<9&�������$�
 10 �������$�
 20 
��$�!� ����4�*(B 18 ��!"�	"�������(B$���������%���7�6N���CB������!��"��#�����$����� 20Co/SBA-15 �(
	"��4��!"���CB���� 10Co/SBA-15 ��*)��)6�74�����*������
�(	"��4��)�*(B�)6�74�� 280 ��-��
��
($� 
�*"�������$�
 66.8 

 

 
�4�*(B 18  %�<���)6�74���"�	"������(B$���������%���7�6N�<����!��"��#�����$� 

10Co/SBA-15 ��
 20Co/SBA-15  ���#�����$�SP�������*���� 

 

 	"������C������<��%���7�6N����#�����$�SP�������*������<����!��"��#�����$� 10Co/SBA-15 

��
 20Co/SBA-15 ���"!��)6�74�� 200-280 ��-��
��
($������������*(B 3 ��
 4 ����'���� 

�
��;�=��!"�%���7�6N�=K���	������*(B����<9&�����#�����$�*(B�����!��"� 10Co/SBA-15 ��
 
20Co/SBA-15  �(	!��	���$	�9���� ��$*(B	"������C�����������E�
�(�*��
�(	"����B�<9&���CB��)6�74��
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���B�<9&� ��
=K���	��������!*(B��/"<9&� (C2+) �
��������'������CB����B��)6�74��  ��
��%���7�6N�
���"!�<���(�
�=��*(B�)6�74�� 200 ��-��
��
($��*"���&� 

 

�����*(B 3 ��
��*+�7��<����!��"��#�����$� 10Co/SBA-15 ���#�����$�SP�������*���� 

�����C������<��%���7�6N� (���$�
��$�!�) 

�)6�74�� (��-��
��
($�) 

%���7�6N�
=K���	������ 

200 220 240 260 280 

C1 78.8 83.1 76.6 86.2 81.1 

C2 4.7 3.7 5.1 3.9 10.2 

LPG 6.1 9.1 9.5 9.0 8.6 

Naphtha 5.3 1.6 6.4 0.7 0.1 

Gasoline 5.1 2.6 2.4 0.1 0.0 

 

�����*(B 4 ��
��*+�7��<����!��"��#�����$� 20Co/SBA-15 ���#�����$�SP�������*���� 

�����C������<��%���7�6N� (���$�
��$�!�) 

�)6�74�� (��-��
��
($�) 

%���7�6N�
=K���	������ 

200 220 240 260 280 

C1 82.8 70.0 86.2 88.6 93.6 

C2 1.4 4.5 4.9 2.8 2.0 

LPG 4.5 10.8 7.2 8.5 4.3 

Naphtha 3.5 3.6 0.4 0.2 0.1 

Gasoline 6.7 11.1 1.3 0.1 0.0 

Diesel 1.0 0.0 0.0 0.0 0.0 
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 %�<�����-9�8������6���
�"������C������������C&���������! ��"������������"!��)6�74�� 
	C� *(B�"!��)6�74���B'� (200-220 ��-��
��
($�) ��
�"!��)6�74���4� (240-280 ��-��
��
($�) ��

��!"����"!��)6�74�� 200-220 ��-��
��
($�  %���7�6N��
��C������������C&���������!���<9&����
�)6�74�� ��
���"!��)6�74�� 240-280 ��-��
��
($� %���7�6N��
��C������������C&���������!����
�!�*������)6�74��*(B�4�<9&��9�����
�(�����6<�����
�	��������<9&�������$�
 10 �������$�
 20 
��$�!��;���  �����&����#�����$�SP�������*���� �)6�74����
�����6<����!��"��#�����$��(	!���'�	�/
�����
�(�"!��"!�����"�%�<�������������%���7�6N�*(B������� 

 ���*(B%����*�������	"������C������*(B	"��<����B'�*�&�*(B�)6�74��	"��<����B'� �����CB�������!"�
�E�
%���7�6N�*(B������	�CB���#���6��	�CB�������&��(�)6�74��	"��<����4� ��
�
$
�!��*(B�����&�����$4"
���	�CB���#���6�	"��<�����&� ��CB��*($�����������������#�����$�*(B=�"�4����<���#�����$�SP�������*���� 
��������&��
$
*���
�!"���	�CB���#���6�*�&�����	�CB����&�����������  ��CB���%���
*�����G/��
���"��(&�����	�	!��
�(���������)���$���B��
$
�
�!"���	�CB���#���6�*�&����  ��CB����B��
$
�!��
�"��*(B�E�
�
�<���4"�	�CB���#���6�*(B�����
*'�����E�
�$;���!���"�� 

 

3.4 �!����5�6��������
0
�
�
	���	:���������
0
��($ Temporal Analysis of Products (TAP-II 

reactor) 

 ������-9�8�������(B$�����<����!��"��#�����$� 20Co/SBA-15 ��$�������	�CB���#���6� 
Temporal Analysis of Products ��CB�������%�������(B$����������86
����'����������� 
unsteady-state operation ��!"� ��!��"��#�����$� 20Co/SBA-15 ���<���4�*(B�"������������"<�����
�4�
���E�
 �������<���4� Temperature program desorption <���E�
�����"��R ����!��"��#�����$� 
20Co/SBA-15 ��CB�	!�	)������������	!������ (�4�*(B 19) �
��;�=��!"� ��CB�*'�������
� (pulse) �E�

=K�������<��=�����!��"��#�����$� 20Co/SBA-15 ����B���! �����&��9����
��E�
	�����������=
���<��
=�����!��"��#�����$� 20Co/SBA-15 ��!"� ��CB����B��)6�74��<����!��"��#�����$� =����9� 220o

C �
���B�
��������;����	��
��<���E�
 4 ����=����" �E�
=K������ �(�*� 	�����������=
�� ��

	������=����=
����C������� ����*(B�"�������!"� �E�
	�����������=
��*(B���
��<��=� ������*'�
�#�����$�����E�
=K������*(B��!��"��#�����$� 20Co/SBA-15 �4�
��=!� ��
���������E�
�(�*� ��

	������=����=
����C�������=��  
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 �������(& $��������=���$"����"����!"� ���	�$
��<���E�
=K������ �(���86
����	�CB� 
9�
	��!"� �"�%������������(�*���
�������	�$
��<���E�
�(�*�����������86
SG���B�	�CB���"���� ��

	6
%4�!���$$�����(�!"� ���!"��
�'�����������	!������*(B�)6�74�� 370o

C �"���CB��=��(���
��6 30 
��*( ��$�
�!"����&� *'�����9��E�
����$"���"���CB����$��� �G`��)//���- $�������	�$
��<���E�

=K�������$"���"���CB����$�(��!����������;����$ *'����������*'���$=��!"� ��!��"��#�����$� 
20Co/SBA-15 �������
���������������!��"��#�����$�����
�!����SP�������*�������! $��������
��
$)��������86
���������� Hydrogen gas storage =���$"���(�$(B$��(���!$ 

 

0

1

2

3

4

5

6

7

8

9

200 220 240 260 280 300 320 340 360 380

Temperature *(C)

M
ax

im
um

 P
oi

nt

H2
CH4
CO
CO2/propane

 

�4�*(B 19 Temperature program desorption <���E�
�����"��R ����!��"��#�����$� 20Co/SBA-15 

 

 

 

 

 

 



 

 28

3.5 �!����5�6����������":*�������
0
�
�
	�=>�����$���
�$)���������
0
�
�
	� Co/MS '!� 
Co/BS 

 ��CB�*'����-9�8�	!���������������"��#�����$�SP�������*����<����!��"��#�����$� Co/MS-X 

��
��!��"��#�����$� Co/BS-X (X �*���!$ 1, 2, 3 �'�����<����4��)��3�(B$ 4, 6, 8 nm �'�������!��"�
�#�����$� Co/MS-X ��
<����4��)��3�(B$ 4, 6, 9 �'�������!��"��#�����$� Co/MS-X ����'����) *(B�7�!
 
H2/CO = 2/1, 230 

o
C, 10 bar ��$���*����	!�����������������%���E�
 CO ��
�����C������

%���7�6N����"!��E�
�
�(���
�(�
� ��!"� %����-9�8���������4�*(B 20  
����4�*(B 20 �
��;�=��!"� ������������%��<���E�
 CO <����!��"��#�����$� Co/MS-X �(	"��4��!"�<��
��!��"��#�����$� Co/BS-X ��$*(B������������%��<���E�
 CO �4��)���
�B'��)���*(B��!��"��#�����$� 
Co/MS-2 ��
 Co/BS-3 ����'����  ��
��CB��
$
�!�����*'��#�����$����B����<9&� ������������%��
<���E�
 CO <��*)���!��"��#�����$� �
��������'���� $��!��������������%��<���E�
 CO <�� 
Co/BS-2 
9B�������CB��
$
�!�����*'��#�����$�%"��=� 5 ��B!���  

 �����)*(B��!��"��#�����$� Co/BS-X ������������%��<���E�
 CO �B'��!"� ��!��"��#�����$� 
Co/MS-X ��CB�����������(���	��������	�������<����!��"��#�����$� Co/BS-X 
9B��"�%�����������
����<���C&�*(B%�!�������"��#�����$� �������(& ��CB������6�<���4�����4�
���E�
=K������ (�����*(B 
5) ��!"� �����6����4�
���E�
=K������<����!��"��#�����$� Co/BS-X �(	"��B'��!"�<����!��"��#�����$� 
Co/MS-X �$"��=��;��� ��CB������6������C������%���7�6N� ������!"� �����C������%���7�6N�
�����
���=K���	����������)"� C5+ �(��!�������B�<9&���CB����B�<���<���4��)�����6(<����!��"�
�#�����$� Co/BS-X ���������;�!"� ��!��"��#�����$� Co/MS-X ��C��*(B�
�����E�
�(�*�����!"� ��!��"�
�#�����$� Co/BS-X *�&��(& 	��!"���CB������� <(��'����������"�$�*�!���
	!������<����!��"��#�����$� 
��CB����������"�$�*�!���
	!���������� �
�"�%��������	!�������
��*(B����!6��!��"���
*'����
������"!�����<��*'��#�����$�<�� H2/CO ���B��4�<9&� ��
�"�%��"���CB�������������%���7�6N��E�
�(�*�
���<9&���B���� 
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�����*(B 5 �����6����4�
���E�
=K��������
 % Co dispersion <����!��"��#�����$� Co/MS-X ��

Co/BS-X 

��!��"��#�����$� H2 adsorbed (μmol/g) % Co dispersion 

Co/MS-1 122.2 7.2 

Co/MS-2 151.0 8.9 

Co/MS-3 130.7 7.7 

Co/BS-1 108.6 6.4 

Co/BS-2 132.4 7.8 

Co/BS-3 88.2 5.2 

 

 ��*��������� ��!��"��#�����$� Co/BS-X �(���	��������	������� �"�%��������"�$�*�!���

	!����������=���( ��
=�"����	!�������
��*(B����!6��!��"� �9��"�%���������#�����$�����"���$�
"
=K���	������=���( �9���C������%���7�6N� C5+ �������6�4� 

 

4. ��#
 

 ������-9�8�%�<���)6�74�����#�����$��(S������B� ��
%�<���)6�74����
�����6<�����

�	�����*(B���������!��"��#�����$����#�����$�SP�������*������<�&�*(B�����!"�  *(B�)6�74�� 750 ��-�
�
��
($����#�����$��(S������B� 	"��������%��=�����%���7�6N��4�*(B�)�	C����$�
 75 <��
	������=����=
����
���$�
 76 <���(�*� ��
�E�
����	��
��*(B=������#�����$�<�&�����
�4��'�=����
�"����������&�������#�����$�SP�������*�����"�=�  
9B���!"��)6�74�������*'��#�����$���
�����6<��
���
�	���������!��"��#�����$���&� �"�%��$"������"�	"�������(B$�=�����%���7�6N�<���E�
	������
������=
�� ��
�(	"��4��)�	C����$�
 68 *(B�)6�74�� 280 ��-��
��
($���
�����!��"��#�����$����� 
20Co/SBA-15 *�&��(&�)6�74��$���"�%��"�	"������C������<��%���7�6N� ��!"����������B��)6�74�������
*'��#�����$� �
*'��������"!������������=K���	������*(B�(<�����/"������!$ ��
���)6�74��*'�
�0�����$�*(B����
�����������B������6<�����
�	�����������<9&�  �;�"�%����	"�������(B$�=�����
%���7�6N��(	"����<9&�������  
9B������!���$�(&��!"� 	"��������%�����%���7�6N��4��)���CB������!������

��������
��������4��)�<�����($!���� Co/MS-2 
9B��(	"��*"�������$�
 84 ��
	"������C������=�
����=K���	���������"!�<���&'�����E���
�(���
�(�
��4�*(B�)� (���$�
 70) ��CB������!������
��������

��������4��)� 2 <������� Co/BS-2 
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Abstract

Mesoporous silica SBA-15 was synthesized from rice husk ash via the ultrasonic technique in the hydrolysis–condensation stage. The effect of
the time period in this stage on the mesoporous silica SBA-15 structure and physical properties was investigated and compared with those of the
SBA-15 prepared by the conventional technique. It has been shown that the ultrasonic technique can be successfully applied for the synthesis of
mesoporous silica SBA-15 with highly ordered hexagonal pore-arrangement and narrow PSD within the much shorter hydrolysis–condensation
period. The SBA-15 products synthesized via the ultrasonic technique for the time period of 3 h have higher specific surface area, total pore
volume, and microporosity than those prepared by the conventional technique for the time period of 24 h.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Mesoporous Silica SBA-15; Synthesis; Ultrasonic; Nanomaterials; Sol–gel preparation

1. Introduction

Mesoporous silica SBA-15 with high specific surface area
and pore wall thickness, 2D hexagonal pore-arrangement, and
controllable uniform mesopore diameters has attracted much
attention for numerous applications in catalysis and separation
[1–3]. Mesoporous silica SBA-15 can be synthesized by
incorporating self-assembly templates into the silica precursor
to create a mesostructured hybrid form [4]. Synthesis of
mesoporous silica SBA-15 involves two stages including the
hydrolysis–condensation stage and the aging stage with the
overall process requiring a long time period over 40 h [5–7]. It
has been reported that highly ordered mesoporous silica SBA-
15 can be prepared with a synthesis period of 48 h [7]. Recently,
an ultrasonic technique has been applied to the syntheses of
several types of zeolites [8–10] providing uniform microstruc-
ture and comparative properties of products. This technique is

supposed to promote the mixing of liquids at a microflow level
within a short period.
In the present work, mesoporous silica SBA-15 was

synthesized from rice husk ash (RHA) using the ultrasonic
technique in the hydrolysis–condensation stage. The effect of
sonication duration on the structural and physical properties of
mesoporous silica SBA-15 was investigated. The synthesized
material was characterized using N2-sorption measurements,
Transmission Electron Microscopy (TEM) and Scanning
Electron Microscopy (SEM). The properties were also com-
pared with those of the SBA-15 prepared by the conventional
technique.

2. Experimental

An appropriate chemical composition of materials used to
synthesize mesoporous silica SBA-15 from rice husk ash [11],
i.e., the molar ratio of SiO2: Pluronic P123: HCl: H2O of 1:
0.0875: 4: 200, was applied. In the first step of the procedure,
Pluronic P123 was dissolved in water. Subsequently, rice husk
ash derived sodium silicate was slowly added to the Pluronic
P123-water solution that was being sonicated at 40 °C. HCl was
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then rapidly added into the solution in order to initiate the
hydrolysis–condensation reaction and sonication was continued
for 1 to 6 h. The obtained gel was transferred to a Teflon-lined
autoclave in which the hydrothermal aging was taken place at
100 °C for 24 h. The solid products were collected by filtration,
dried at 140 °C for 3 h, and calcined in air at 500 °C for 6 h.
When applying the conventional technique, the same conditions
were used except that the sonicator was replaced by a magnetic
stirrer and the time period in the first stage after addition of HCl
was 24 h.

3. Results and discussion

Fig. 1 shows type-IV N2-sorption isotherms of synthesized products
from the two techniques indicating mesoporous silica (MPS) with a
cylindrical pore shape for all products. The conventional technique
(CT-24) provides H1 hysteresis loop consisting one capillary
condensation step at P/P0 of 0.65–0.95. When the ultrasonic technique
was used (UT-1 to UT-6), more complex mesopore structures
consisting two capillary condensation steps in the P/P0 ranges of
0.46–0.65 and 0.65–0.95, are observed. Without the hydrothermal
aging (HT) stage, a relatively broad capillary condensation step at P/P0
of 0.46–0.95 is obtained.
Fig. 2 shows that all products have narrow pore size distributions

(PSD) at the maximum peak of 9.5 except that obtained from the
6-h ultrasonic period without the hydrothermal aging (UT-6 without
HT). The hexagonal pore-arrangement of SBA-15 had the same

small angle X-ray diffraction patterns at (100), (110) and (200)
reflections as reported by Zhao and co-workers [12].
Details of product properties including specific surface area,

micropore area, total volume, and micropore volume are shown in
Table 1. The properties of SBA-15 prepared from conventional
technique are comparable to those of Zhao and co-workers [7]. When
the ultrasonic technique was applied, the specific surface area and the
micropore area of SBA-15 products were increased with increasing
hydrolysis–condensation periods. The specific surface area and the
micropore area of MPS products were increased by approximately 60%
and 350%, respectively when the hydrolysis–condensation periods
were prolonged from 1 to 6 h. At the period of 3 h, the specific surface
area and the micropore area of the MPS products were higher than that
of the conventional technique at 24 h. Similar trends were found for the
total volume and the micropore volume. Table 1 also shows that the
synthesis without the hydrothermal aging (UT-6 w/o HT) gives low
specific surface area and microporosity in addition to a broad PSD as
shown in Fig. 2. The hydrothermal aging plays a key role in improving
the structural properties of the obtained gel products from the
hydrolysis–condensation stage by means of the polymerization
reaction. Without the aging stage, micropore structures in the silicate
framework easily collapse during the calcination.
The TEM images of MPS products prepared by conventional

synthesis, and ultrasonic syntheses with and without the aging stage
are shown in Fig. 3. A highly ordered hexagonal pore arrangement
of the mesoporous silica SBA-15 prepared by the conventional

Fig. 1. N2-sorption isotherms of MPS products prepared from the ultrasonic
technique at 40 °C for 1, 2, 3, 4 and 6 h (UT-x) and the conventional technique at
40 °C for 24 h (CT-24). The sorption isotherms are shifted by 0, 100, 400, 700,
1000, 1300 and 1600 cc/g, corresponding to the lowest and the highest values of
volume of gas adsorbed.

Fig. 2. PSDs of MPS products prepared from the ultrasonic technique at 40 °C
for 1, 2, 3, 4 and 6 h (UT-x), and the conventional technique at 40 °C for 24 h
(CT-24).

Table 1
Physical properties of MPS products prepared from various synthesis periods at
40 °C via conventional and ultrasonic techniques, and the post-synthesis at
100 °C

Product a Physical properties

SBET (m
2/g) Vt (cm

3/g) Smi (m
2/g) Vmi(cm

3/g)

CT-24 630 0.95 90 0.05
UT-1 530 0.96 47 0.02
UT-2 590 0.96 52 0.09
UT-3 670 1.13 93 0.04
UT-4 710 1.05 169 0.13
UT-6 860 1.27 212 0.13
UT-6 b 330 2.38 4 0.01
a MPSs were synthesized via conventional (CT) and ultrasonic (UT)
techniques, designated as CT-x and UT-x where x is the synthesis time periods
in hour.
b Without the hydrothermal aging stage.
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synthesis can be observed in Fig. 3(a) and (b), corresponding to the
a-axis and the perpendicular c-axis orientations of TEM images,
respectively. When the ultrasonic technique was applied, the more
ordered mesoporous silica products were obtained when the

hydrolysis–condensation period was increased from 1–3 h (Figs. 3
(c–e)). At the periods of 3–6 h, the MPS products with comparable
order to that of the conventional technique were observed, as shown
in Figs. 3(e–g). However, at the ultrasonic period of 6 h without the

Fig. 3. TEM images of MPS products obtained from the conventional technique at 40 °C for 24 h (CT-24): (a) a-axis and (b) c-axis; and the ultrasonic technique at
40 °C at hydrolysis–condensation periods of 1 h, 2 h, 3 h, 4 h, 6 h and 6 h without the hydrothermal aging (UT-x): (c)–(h), respectively.
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hydrothermal aging (Fig. 3(h)), the disordered mesoporous silica was
obtained.
The shapes of the MPS products obtained from the conventional

and the ultrasonic techniques are quite different as can be seen in Fig. 4.
The segregate U-shape cylindrical particles of uniform size are visibly
observed in Fig. 4(a) for the conventional synthesis. When the
ultrasonic technique was applied for 1 h (UT-1), the aggregate spherical
particles with the average particle diameter of lower than 1 μm are
synthesized as shown in Fig. 4(b). When the ultrasonic periods were
increased, aggregate MPS products with larger particle sizes are
obtained (Figs. 4(b–d)). The difference in shape of MPS products can
be attributed to the mixing/stirring method [13,14]. The products
prepared by ultrasonic techniques mainly consist of spherical particles
of submicron-size aggregating particles.

4. Conclusions

It has been shown that the ultrasonic technique can be
successfully applied for the synthesis of mesoporous silica
SBA-15 with highly ordered hexagonal pore-arrangement and
narrow PSD within a much shorter hydrolysis–condensation
period compared to the conventional technique. Besides, the
obtained products have higher specific surface area, total pore
volume, and microporosity.
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Abstract

In the present work, rice husk ash was used as a low cost raw material and chitosan was used as a template for the bimodal porous silica (BPS)
synthesis. The obtained products exhibited type II isotherm of which revealed the existence of macroporous structures. When the pH of mixture
was higher than pH 3, the BPS products with wormhole-like mesopore were formed as the result of the loose agglomeration of silica nanoparticles,
and macropore structures were occurred from the chitosan template removal. Depending on the pH of mixtures, the BPS products synthesized with
the chitosan template had higher specific surface areas (in the range of 366–627 m2/g), total pore volumes (0.65–1.70 cm3/g) and greater thermal
stability than those synthesized without the template.
© 2007 Elsevier B.V. All rights reserved.

Keyword: Bimodal; Rice husk; Chitosan; pH of mixture; Sol–gel preparation

1. Introduction

Porous materials with both mesopores and macropores have
excellent advantages in industrial solid catalysis reaction [1–4].
Several preparation methods were applied to synthesize bimodal
porous catalyst supports where the active raw materials such as
tetraethyl orthosilicate (TEOS) and the templates such as nonionic
surfactants were used [5–8]. These rawmaterial and templates are
fairly expensive and/or toxic to environment in some extent.
In this work, an attempt to reduce the cost of raw materials by

the use of environmental safety, renewable resources has been
focused. Rice husk ash (RHA) was used as the silica source and
chitosan was used as the template for the bimodal porous silica
(BPS) synthesis. The effect of pH of mixtures on the structure
and physical properties of BPS was investigated.

2. Experimental

2.1. Materials preparation

Sodium silicate (Na2Si3O7: 27 wt.% SiO2; 4 wt.% NaOH)
was prepared from rice husk ash and the preparation detail was
presented elsewhere [9].

Available online at www.sciencedirect.com
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The BPS products were synthesized using sodium silicate as
the silica source and chitosan (90% deacetylation) as the
template. In the first step of the procedure, 0.8 g of chitosan was
dissolved in 60 ml of 2% v/v acetic acid in water at room
temperature. Consequently, 3.7 g of sodium silicate (based on
1 g of SiO2) was slowly added to the chitosan solution that was
being stirred and heated at 40 °C in a water bath. In order to
simultaneously initiate the hydrolysis-condensation reaction
and control the pH of mixtures in the range of 2–6, various
amounts of 1 M HCl or 1 M NaOH were rapidly added into the
mixture. After the reaction had continued for 24 h, the obtained
gel was transferred to a Teflon-lined autoclave in which the
hydrothermal aging was taken place at 100 °C for 24 h. The

products were filtered, dried at 120 °C for 3 h, and calcined in
air at 800 °C for 5 h. The similar conditions were repeated
without the use of the chitosan template.

3. Results and discussion

The elemental determination using X-ray fluorescence spectrosco-
py confirmed the high purity of porous silica products (99.7 wt.% SiO2,
0.15 wt.% CaO, 0.07 wt.% Fe2O3 and other trace metals). As shown in
Fig. 1, TGA patterns of silica/chitosan composites synthesized at
different pH of mixtures exhibit a three-step weight loss at temperatures
below 100 °C, between 100 and 200 °C and above 200 °C which are
attributed to the desorption of the residual moisture, the evaporation of
bound water molecules and the chitosan degradation, respectively. The
amounts of chitosan in the silica/chitosan composites were increased
with increasing pH of solutions. At pH 2, positive charges of chitosan
were dominant whereas the charge of silicate was close to zero,
resulting in a high degree of chitosan swelling and low crosslinking
between chitosan and silicate. Therefore, the chitosan template was
mainly removed during the washing stage. On the other hand, at pH 3–
6, the protonation of chitosan was decreased meanwhile the charge of
silicate was negative, so the stronger interactions between silicate
species and chitosan were formed. As a result, greater amounts of
chitosan were remained in the silica/chitosan composites and were
removed during the calcination process. Similar trends of the degree of
chitosan swelling were reported by Yan et al. [10] and Berger et al. [11],
and the charge of silicate by Knoblich et al. [12] and Brinker et al. [13].
The N2-sorption isotherms and pore size distributions of silica

products prepared with and without the chitosan template at various pH
of mixture are shown in Fig. 2(a) and (b), respectively. Without the
chitosan template, type I isotherm was observed for the products
synthesized at pH 2 (P-2), and type IV isotherm was observed for the
products synthesized at pH 3 and 5 (P-3 and P-5), indicating the
existences of microporous and mesoporous structures, respectively
[14,15]. With the chitosan template, the characteristics of micro-meso
and meso-macro porous materials of which indicated by the composite
isotherms type I–IV (obtained at pH 2; C-2) and type IV–II (obtained
at pH 3 and 5; C-3 and C-5) were found, respectively [14,16].
As shown in Fig. 2(b), the porous silicas synthesizedwith the template

revealed two ranges of the BJH pore diameters at 4.3 and N10 nm at pH 3,

Fig. 2. Nitrogen sorption isotherms (a) and pore-size distribution (b) of porous
silica products synthesized with (C) and without (P) chitosan template at various
pH of mixtures, designated as C-x and P-x where x is the pH of mixture. All
samples were calcined at 800 °C except that of P-2⁎ (calcined at 450 °C). The
isotherms are shifted by 0, 300, 650, 1000, 1250, 1700 and 1750 cc/g,
corresponding to the lowest and the highest values of volume of gas adsorbed.

Table 1
Physical properties of porous silicas prepared with and without the chitosan
template at various pH of mixtures

Producta Physical properties

SBET (m
2/g) D (nm) Vt (cm

3/g)

P-2⁎ 783 3.4 0.51
P-2 43 3.4 0.05
P-3 467 4.3 0.54
P-4 433 3.8 0.44
P-5 345 7.8 0.78
P-6 235 12.4 0.95
C-2 588 3.8 0.65
C-3 489 4.3 1.08
C-4 627 3.4 0.95
C-5 380 7.7 1.36
C-6 366 14.1 1.70
aPorous silica products were prepared with (C) and without (P) chitosan template
at the calcination temperature of 800 °C, designated as C-x and P-x where x is
the pH of mixture.
⁎The sample was calcined at 450 °C.
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and 7.7 nm and N30 nm at pH 5. The porous silicas synthesized with the
chitosan template had broader pore size distribution (PSD) than those
synthesized of without the template. However, the opposite result was
found with the product synthesized at pH 2 due to the sintering of silica
and the collapsing of their porous structures during the calcination at
800 °C (P-2). The result was confirmed by the much narrower PSD of the
product calcined at 450 °C (P-2⁎).
Details of product properties including BET surface area, pore

diameter and pore volume are shown in Table 1. The mesopore diameter
can be tuned from 3.4 to 14 nm by varying the pH of solution. The
interparticle channels of the porous silica products synthesized without
template were much easier to collapse. With the chitosan template, not
only the products with higher surface area, but also larger total pore
volume compared to those prepared without the template could be

clearly observed. Moreover, the existence of chitosan greatly improved
the thermal stability of porous silica products.
Fig. 3(a), (c) and (e) show the TEM images of the template-free

porous silica products synthesized at pH 2, 3 and 5, respectively. The
products prepared without template are much denser than those
prepared with the chitosan template (Fig. 3(b), (d) and (f)). Similar to
the explanation concerning the BJH pore diameter, it can be clearly
seen that the size of silica nanoparticles was increased with increasing
the pH of mixture. Fig. 3(d) and (f) revealed the bimodal pore structure
of silica products synthesized with the chitosan template at pH 3 and 5
which consisted of the wormhole-like mesopores and the macropores
caused by the template removal during the calcination process.
The particle size and packing geometry greatly affect the porous

structure of silica products.Without the chitosan template, the aggregate

Fig. 3. TEM images of MPS products synthesized with (C) and without (P) chitosan template at various pH of mixtures, designated as C-x and P-x where x is the pH of
mixture. (a) P-2, (b) C-2, (c) P-3, (d) C-3, (e) P-5 and (f) C-5.
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spherical silica particles of very small size were obtained at pH 2 due to
the relatively low solubility and low condensation rate of silica
precursors [13,17]. The wormhole-like micropore of silica products
were formed as the interparticle channels between each nonporous silica
particles. When the pH of mixture was increased, the solubility and
condensation rate gradually increased, whereas the hydrolysis rate
approached a minimum at an approximately neutral pH [13]. Under this
condition, the larger silica particles were obtained and therefore, the
broader interparticle channels than those of the porous silica
synthesized at pH 2 were observed, resulting in the mesoporosity of
silica products.
With the chitosan template, the hierarchical porous materials includ-

ing micro-meso and meso-macropores were obtained. At pH 2, high
chitosan dispersion and low crosslinking between chitosan and silicate
were occurred; accordingly the micro-meso porous silicas were formed.
When the pH of mixture was increased, the structure of chitosan became
shrinking, and the higher crosslinking between chitosan and silicate was
then occurred, resulting in the meso-macro porous silicas.

4. Conclusions

Bimodal porous silica materials composed of wormhole-like
mesopore formed by the loose agglomeration of silica nanopar-
ticles, and macropore obtained from the removal of the chitosan
template were successfully synthesized. The mesopore diameter
can bemodified by tuning the pH ofmixtures. These porous silica
products had greater thermal stability, higher specific surface area
and larger total pore volume than those prepared without the
template.
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Abstract

In this study, the bimodal porous silicas were synthesized from rice husk ash 

derived sodium silicate by using chitosan as a template.  The effects of pH of mixture 

and chitosan concentration on structural properties of chitosan-templated bimodal 

porous silica (CBPS) products were investigated by using N2 sorption analysis, 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), 

thermogravimetric analysis (TGA) and Fourier transform infrared spectroscopy 

(FTIR).  Without the chitosan template, a random agglomeration of silica 

nanoparticles was formed, resulting in porous silica products with unimodal inter-

particle pore channels.  With the chitosan template, the bimodal pores consisting of 

smaller pore channels formed by similar agglomeration of silica nanoparticles, and the 

larger pores (macropore) caused by the chitosan removal during the calcination 

process were formed.  With increasing the pH of mixture and the chitosan 

concentration, the greater amount of chitosan could incorporate into the silica 

framework due to the interaction between chitosan and silicate species and hence the 

amount of macropores was increased.  The bimodal porous silica structure can 

precisely controlled by tuning pH value of mixture and chitosan concentration.  The 

CBPS products showed greater thermal stability than the porous silica products 

prepared without the chitosan template. 

* Corresponding author. Tel.: +66 2579 2083; Fax: +66 2561 4621. 

  E-mail address: fengmtc@ku.ac.th (M. Chareonpanich). 
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1. Introduction

The synthesis of porous inorganic materials with bimodal pore size 

distribution is of technical importance in the preparation of solid supports for 

heterogeneous catalysis [1–6].  According to the fact that the catalytic reaction can 

occur at active sites of the catalysts, therefore a high internal surface area of the 

porous catalysts or supports is of essential significance.  This can be achieved by a 

large number of micropores within the sub-nanometer to nanometer size ranges.  In 

addition, the pore connectivity and the presence of meso to macropores are 

considerably important parameters, as they provide the pathway framework to achieve 

a fast accessibility of molecules toward and away from the active sites on the surfaces 

of small pores.  The bimodal porous silica structures with mesopores and macropores 

was applied as catalyst supports in many applications such as Fischer-Tropsch 

synthesis [3], cracking of cumene [7], and CO2 reforming of methane [8].  Takahashi 

et al. [8] found that the bimodal porous silica could be appropriately used as the 

support of Ni catalyst for CO2 reforming of methane as it showed outstanding 

catalytic activity and thermal stability. 

The bimodal porous silica with well-controlled pore structure can be prepared 

via a sol-gel process through a phase-separation technique by using the addition of 

suitable organic templates [9-12].  Regarding this process, expensive raw materials, 

i.e. tetraethyl orthosilicate (TEOS) and organic surfactants are typically used as the 

silica source and the pore structure-directing agent (template), respectively [11-15].  

In view of potentially industrial applications of these materials, the less-expensive and 

less toxic alternatives are became a challenging task. 

Rice husk, an abundantly available waste in all rice producing countries, can 

be used as an excellent raw material for the production of the highly reactive 

amorphous silica under controlled conditions [16-18].  The amorphous silica with a 

high specific surface area could be prepared from rice husk by the heat treating at 700 
oC in air and could easily dissolved in aqueous sodium hydroxide solution to form the 

sodium silicate solution [19,20].  Moreover, chitosan that is a low-cost nontoxic and 

renewable biomaterial was applied as the template in porous materials synthesis [21].  
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Ayers et al. [22] prepared chitosan/silica hybrid gels to improve the uniformity and 

dimensional stability of aerogels.  Chang et al. investigated the effect of chitosan on 

different stages of the silica polymerization.  They found that the addition of chitosan 

not only increased the rate of turbidity change, but also increased the rate of size 

enlargement of silica nanoparticles [23]. 

The result of our preliminary study [24] indicated that rice husk ash derived 

sodium silicate and chitosan show strong potentials for use as the natural silica source 

and the template for bimodal porous silica synthesis, respectively.  In the present 

work, the effect of pH value of mixture and calcination temperature were extensively 

investigated by using nitrogen sorption technique, scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), Fourier transform infrared (FTIR) 

spectroscopy, and thermogravimetric analysis (TGA).  The formation mechanism of 

the bimodal porous silica in the presence of chitosan was proposed.  Moreover, we 

found that the mesopore diameter together with the amount of macropores could not 

be precisely controlled by using only the pH value of mixture.  The novelty of the 

control of the CBPS structure by using pH value of mixture and chitosan 

concentration have been reported.  The results were also investigated by using 

nitrogen sorption technique, SEM and TGA.

2. Materials and methods 

2.1. Materials 

 Sodium silicate (Na2Si3O7: 27 wt.% SiO2; 4 wt.% NaOH) was prepared from 

rice husk by acid treatment with 1 M HCl at 100 oC for 2.5 h.  After that, the treated 

rice husk was washed thoroughly with distilled water, dried at 120 oC and calcined in 

air at 600 oC for 1 h.  The obtained residual ash (99.6 wt. % silica) was then dissolved 

in NaOH solution to obtain a desired composition of the sodium silicate solution [20]. 

2.2. Chitosan-templated bimodal porous silicas synthesis 

 In the first stage of the bimodal porous silicas synthesis process, the chitosan 

solution was prepared by dissolving 0.8 grams of 90% deacetylated chitosan in 60 ml 

of 2% v/v acetic acid in water.  Then, the 3.7 grams of the sodium silicate solution 

(based on 1 gram of SiO2) was slowly added into the chitosan solution and stirred at 

40 oC for 5 min.  After that, the hydrolysis-condensation reaction was initiated by 

quickly adding 1 M HCl solution.  The hydrolysis-condensation reaction was carried 
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out at 40 oC for 24 h, and then the obtained gel was hydrothermally heated in the 

Teflon-lined autoclave at 100 oC for 24 h.  The products were filtered, washed with 

distilled water, dried in air at 120 oC for 3 h, and calcined in air at 600 oC for 5 h to 

remove the organic template. 

 In order to investigate the effect of pH of mixture and role of the chitosan 

template, the hydrolysis-condensation reaction was initiated without and with the 

chitosan template in the pH range of 2–6.  Furthermore, to examine the effect of 

chitosan concentration, the similar synthesis procedure was applied except that the 

amounts of chitosan were varied in the range of 0.5-1.6 grams. 

2.3. Characterization of porous silica products 

The BET surface area, pore volume, BJH pore diameter, and pore size 

distribution of the porous silica products were determined by N2 physisorption using a 

Quantachrome Autosorb-1C instrument at -196 oC.  Samples were degassed at 200 oC

for 12 h before each measurement.  The amount of chitosan in the silica/chitosan 

composite was investigated by using FTIR spectroscopy (Perkin Elmer System 2000 

using KBr pellet) and simultaneous DSC-TGA analyzer in air at a heating rate of 10 
o
C/min.  Pore structures of the products synthesized without and with the chitosan 

template were analyzed by using SEM (JEOL JSM-6301F with Au-coated, operated 

at 15 keV) and TEM (JEOL JEM-2010 microscope with the acceleration voltage of 

120 kV).  The samples were prepared by suspending the porous silica products in 

ethanol and followed by thermal evaporation of ethanol on a copper grid coated with a 

carbon film. 

3. Results and discussion 

3.1. Effect of pH of mixture on structural properties of porous silica products 

The N2-sorption isotherms and pore size distributions of the porous silica 

products synthesized without and with the chitosan template at various pH values are 

shown in Fig. 1.  Without the chitosan template, the microporous silica of the type I 

isotherm was observed at pH 2 (Fig. 1a; P-2).  The sorption isotherm changed to the 

type IV with H2 hysteresis loop for the products synthesized at pH 3-6 (P-3, P-4, P-5 

and P-6), indicating the mesoporous structure [25].  Moreover, it can be clearly 

observed that the capillary condensation steps shifted to higher relative pressures 
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when increasing the pH values, due to the increase in the mean pore size of silica 

products.

Comparing to the products synthesized without the chitosan template, the 

characteristics of microporous-mesoporous materials confirmed by the type I-IV 

composite isotherms were found for the silica product synthesized with chitosan at pH 

2 (Fig. 1b; C-2).  For the products synthesized at pH values of 3-6 (C-3, C-4, C-5 and 

C-6), the isotherms exhibit two well-defined adsorption steps.  The first adsorption 

step at the intermediate relative pressure (0.5 > P/P0 > 0.9) was the characteristics of a 

type IV isotherm, representing the existence of the capillary condensation of nitrogen 

gas inside the inter-particle mesopores.  Similar to the products synthesized without 

the chitosan template, the capillary condensation steps also shifted to a higher relative 

pressure when increasing the pH values.  The second adsorption step at a high relative 

pressure (P/P0 > 0.9) was the characteristics of a type II isotherm, corresponding to 

the adsorption of liquid nitrogen on the large inter-particle voids or macropores.   

As shown in Fig. 1c, the template-free porous silicas exhibited the unimodal 

pore size distribution of which became broader as the pH values increased.  The mean 

pore sizes gradually shifted from 3.4 to 12.4 nm when the pH values increased from 2 

to 6.  On the contrary, the porous silicas synthesized with the chitosan template show 

the bimodal pore size distribution (mesopore-macropore) at pH values higher than 2 

(Fig. 1d).  Compared to those of the template-free porous silicas, the first peaks of the 

chitosan-templated bimodal porous silicas (CBPS) were slightly shifted toward larger 

pore diameters at lower pH values, while they were greatly shifted at higher pH 

values.  This may be caused by the interaction between the chitosan template and 

silicate species. 

The BET surface area, BJH pore diameter and pore volume of the porous 

silica products prepared without and with the chitosan template at various pH values 

are shown in Table 1.  Without the chitosan template, the BJH pore diameter and pore 

volume of the porous silica products were increased with increasing pH values while 

the BET surface area was gradually decreased, except that of the pH 2.  With the 

chitosan template, the similar trend of the BET surface area was observed, however 

the markedly larger BJH pore diameter and higher total pore volume compared to 

those prepared without template were obtained (approximately 21-40% and 74-80%, 

respectively at pH 5-6).
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The effect of calcination temperature on the physical properties of porous 

silica is also given in Table 1.  The BET surface area and total pore volume of all 

porous silica products were decreased with increasing the calcination temperature, 

especially porous silica synthesized without chitosan at pH 2 (P-2).  The BET surface 

area and the total pore volume of P-2 decreased from 620 to 43 m2/g and 0.47 to 0.05 

cm3/g, respectively.  The isotherm of P-2 (Fig. 1a) indicated that the structure of P-2 

mainly composed of micropores.  The aggregation of silica nanoparticles of P-2 was 

clearly seen and therefore, the sintering and collapsing of their structure could be 

easily occurred after calcination at 800 oC.  On the other hand, the isotherm of C-2 

(Fig. 1b) was composite isotherms between micropores and mesopores.  The 

mesopore channels could provide the broader distance between silica nanoparticles 

which could reduce the effect of sintering. According to this occurrence, the greater 

thermal stability of the CBPS products at other pH values can be similarly explained. 

SEM micrographs of the products prepared without the chitosan template at 

pH 2, 3 and 5 are shown in Figs. 2a-2c, respectively.  The silica xerogels with dense 

surface caused by an agglomeration of fine silica nanoparticles were formed, and 

these nanoparticles became larger when the pH value of mixture was increased.  The 

porous silica products with different morphologies were obtained when synthesized 

with the chitosan template at various pH values (Figs. 2d-2h).  At pH 2, two different 

structures including the densely packed (Fig. 2d, circle) and the loosely packed 

aggregates of silica nanoparticles (Fig. 2d) were found.  At pH 3, the macroporosity 

was slightly formed as the inter-particle voids of silica nanoparticle clusters (Fig. 2e).

The bimodal pores of interconnected nanoparticles clusters and macropores were 

entirely formed in the pH range of 4-6 (Figs. 2f-2h).  The primary cluster size (smaller 

than 1 micron) was constantly decreased with increasing the pH values.  This 

observation revealed that the greater amount of the chitosan template could 

incorporate into the silica framework at higher pH values; this result was also 

confirmed by the TGA and FTIR analyses to be shown in the next section. 

TEM images of the porous silica products synthesized at pH 2-6 are shown in 

Fig. 3.  Similar to the results of the pore size distribution (Figs. 1c and 1d) and BJH 

pore diameter (Table 1), the mean pore size of the products was increased with 

increasing the pH values.  Without the chitosan template, the interparticle, connected 

wormhole-like mesoporous structures formed by an agglomeration of silica 

nanoparticles were observed (Figs. 3a-3e). With the chitosan template, the uniform 
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wormhole-like, unimodal mesoporous silica was synthesized at pH 2 (Fig. 3f), while 

the bimodal porous silicas which consisted of the wormhole-like mesopores formed 

by the primary agglomeration of silica nanoparticles and the macropores resulting 

from the secondary cluster-cluster agglomeration were synthesized at pH 3-6 (Figs. 

3g-3l).  It was clearly observed that the silica cluster sizes decreased while the amount 

of macropores increased when increasing the pH values from 3-6.   

3.2. Incorporation of chitosan template into porous silica products synthesized at 

various pH values of mixtures

As mentioned in the previous section, the existence of the chitosan template 

during the formation of silica framework had significant effect on the structural 

properties of porous silica products.  The chitosan templates were incorporated into 

the silica framework during the hydrolysis-condensation reaction of the sodium 

silicate solution.  It was also clearly observed that pH values played major roles in the 

incorporation and the distribution of the chitosan template in the silica framework.  In 

order to confirm the existence of chitosan in the porous silica products, TGA and 

FTIR techniques were applied. 

As shown in Fig. 4, the TGA patterns of silica/chitosan composites 

synthesized at different pH values illustrated a three-step weight loss at temperatures 

below 100 oC, between 100 and 200 oC and above 200 oC; these could be ascribed to 

the residual moisture desorption, evaporation of bound water molecules, and chitosan 

degradation, respectively.  The great differences in weight losses of silica/chitosan 

composites caused by the chitosan degradation during the calcination process were 

found.  At pH 2 (C-2), the charge of silicate species was close to zero whereas the 

positive charge of chitosan was dominant, resulting in a high degree of chitosan 

swelling and low cross-linking between chitosan and silicate species.  Therefore, the 

chitosan template was primarily removed during the washing stage.  At higher pH 

values (C-3 to C-6), the positive charge of chitosan was gradually weakened whereas 

the charge of silicate was negative; consequently the stronger interactions between 

chitosan and silicate species were formed.  As a result, greater amounts of chitosan 

remained in the silica/chitosan composites of which were removed during the 

calcination process.  Similar results of the degree of chitosan swelling and silicate 

interaction were reported by Berger et al. [26], and Brinker et al. [27] and Knoblich et 

al. [28], respectively. 
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 Fig. 5 shows the FTIR spectra of the as-synthesized silica/chitosan composites 

prepared from different pH values of mixtures.  The strong absorption band around 

1100 cm-1 and small bands around 780 and 460 cm-1 represented the characteristics of 

Si-O-Si groups [29,30].  The small vibration band at 960 cm-1 revealed the existence 

of Si-OH [31].  The intensity of this Si-OH band was constantly decreased with 

increasing the pH value; this was due to the formation of hydrogen bonds between 

silanol groups of silica framework, and amide- and oxy-groups of the chitosan 

template when increasing pH values of mixtures [32].  In addition, two small 

absorption bands at 2880 and 1420 cm-1 represented the characteristics of the 

symmetric stretching and bending of CH2 bonding, respectively.  These absorption 

bands were attributed to the alkyl chains of the chitosan template.  The increase in the 

intensity of these peaks confirmed that the greater amounts of the chitosan templates 

were remained in the obtained products while increasing the pH values, which is 

consistent with the results of the thermal analysis. 

3.3. Formation mechanism of porous silica products synthesized without and with 

chitosan at various pH values of mixtures 

The proposed formation mechanisms of the porous silica products synthesized 

without and with chitosan template are shown in Fig. 6.  Without the chitosan 

template, silica sols are formed as the result of the hydrolysis-condensation reaction 

of the sodium silicate solution.  After that, these sols are stick together in such a way 

as to form a framework of silica gels when the attractive dispersion forces are greater 

than the repulsive forces.  During the drying process, pore liquids are removed; 

resulting in the shrinkage of the gel framework and silica xerogel is formed.  The 

particle size, which depended on the pH of mixture, and packing geometry greatly 

affect the porous structure of silica products.  The aggregate silica particles of very 

small size are obtained at pH 2 due to the relatively low solubility and condensation 

rate of silica precursors [27,33,34].  The wormhole-like micropores of silica products 

are formed as the interparticle channels between each nonporous silica particles.  

When the pH of mixture is increased, the solubility and condensation rate are 

gradually increased, whereas the hydrolysis rate approaches a minimum at an 

approximately neutral pH [27,34].  Under this condition, the larger silica particles are 

formed and therefore, the larger interparticle channels than those of the porous silica 

synthesized at pH 2 are obtained, resulting in the mesoporosity of silica products. 
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With the chitosan template, the conformation of chitosan chains in the aqueous 

solution strongly depends on the pH of mixture [26].  At low pH, chitosan chains are 

dispersed by an electric repulsion according to the high protonation of their amino-

groups.  After adding the sodium silicate solution into the chitosan solution, similar to 

that of the template-free porous silica preparation, silica sols and then silica gels are 

formed in sequence.  Under this condition, the weak interactions between chitosan 

and silica species are observed due to high positive charges of chitosan and nearly 

zero charges of silicate species.  As a result, chitosan chains mainly exclude from 

silica nanoparticles rather than incorporating into the silica framework.  Therefore, the 

chitosan template is easily removed during the washing stage; accordingly the CBPS 

products consisted of micropores and mesopores are formed. 

When the pH of mixture is increased, the protonation of chitosan is decreased 

meanwhile the charge of silicate is negative.  The chitosan structure becomes 

aggregate and stronger interactions between chitosan and silica species are formed, 

resulting in the more chitosan incorporating into the silica framework and remaining 

after the washing stage.  After the calcination process, the CBPS products consisted of 

mesopores caused by the agglomeration of the silica nanoparticles and macropores 

caused by the template removal are formed. 

From the above results, the macropores can be formed at pH higher than 2.  The 

mesopore diameter and the amount of macropores were increased with increasing the 

pH of mixture.  However, in order to obtain the porous silica products with larger 

amounts of macropores while small mesopore diameters can be maintained at low pH 

of mixture, this limitation can be overcome by the manipulating the chitosan 

concentration. 

3.4. Effect of chitosan concentration on structural properties of porous silica 

products

The isotherms and pore size distribution of the CBPS products synthesized at 

pH 3 and pH 5 are shown in Fig. 7.  The isotherms of the CBPS products (Fig. 7a and 

7c) revealed the composite isotherms consisted of type II and IV, indicating 

macroporous and mesoporous structures, respectively.  It could be observed that the 

type II isotherm gradually appeared when the chitosan concentration was increased.

The pore size distributions of the CBPS samples in each pH value were quite similar 

(Fig. 7b and 7d); however the amount of macropores was higher when increasing the 
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chitosan concentration.  Physical properties of the bimodal porous silica products 

prepared with different chitosan concentrations are presented in Table 2.  The BET 

surface areas of the CBPS products were slightly decreased with increasing the 

chitosan concentration, while the total pore volume was steeply increased. 

 Fig. 8 shows the scanning electron micrographs of the bimodal porous silica 

products prepared with different chitosan concentrations at pH 5.  It was found that 

the size of the clusters, formed by the agglomeration of primary silica nanoparticles 

(2-12 nm), decreased with the increasing of the chitosan concentration.  This 

observation is similar to the result of increasing the pH values of the mixture (section 

3.1; Figs. 2d-2h), indicating the large amount of chitosan incorporating into the silica 

framework.  The thermal analysis was then performed in order to confirm this 

observation.

3.5. Incorporation of the chitosan template into porous silica products synthesized 

at various chitosan concentrations 

 The amount of residual chitosan in silica/chitosan composites remaining after 

washing with distilled water was determined as the weight loss of the sample during 

thermogravimetric analysis at the temperature above 200 oC (Fig. 9).  It was found 

that weight losses of silica/chitosan composites increased from 11.1 % to 11.4 with 

the chitosan concentrations of 0.5 and 0.8 grams, respectively, and significantly 

increased to 21.1% with the chitosan concentration of 1.5 grams, according to the 

largest macroporosity which can also be observed by N2-sorption measurement (Fig. 7 

and Table 2). 

 It was clearly indicated that the amount of macropores could be tuned by 

varying the chitosan concentration.  At pH 3, the positive charge of chitosan was quite 

strong.  However, the increase of the chitosan concentration strongly promoted the 

aggregation of chitosan clusters.  As a result, chitosan was extensively incorporated 

into the silica framework and the larger macropore amounts were then obtained.  The 

effect of chitosan concentration in the silica aerogel synthesis was also investigated by 

by Hu et al. [35] using small angle neutron scattering (SANS) and transmission 

electron microscopy (TEM).  With increasing the chitosan concentration, the fractal 

dimension decreased and the cut-off-length increased, resulting in more open aerogel 

structure and the increase of the inter-particle correlation.  However, it should be 

noted that there was a limit of chitosan soluble in the mixture and the strong chitosan 
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gel could be formed when an excessive amount of chitosan was added into the 

mixture.  After addition of the sodium silicate solution, it could not be substantially 

homogeneously mixed with the strong chitosan gel and the bimodal porous silica was 

rarely synthesized at this condition. 

4. Conclusions 

The bimodal porous silicas structure can be precisely controlled by tuning pH 

value and chitosan concentration.  The pH of mixture showed dual effects on the 

porous silica structure including the size of mesopores and the formation of 

macropores.  With increasing the pH of mixture, the size of mesopores was increased, 

whereas macropores could be formed when the greater amount of chitosan 

incorporating into the silica framework.  Moreover, the amount of macropores can be 

controlled by varying the chitosan concentration. 
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FIGURE CAPTIONS 

Fig. 1. Nitrogen sorption isotherms (a and b) and pore-size distributions (c and d) of 

porous silica products synthesized without (P) and with chitosan template (C) at 

various pH values, designated as P-x and C-x where x is the pH value. 

Fig. 2. SEM micrographs of porous silica products synthesized without (P) and with 

chitosan template (C) at various pH values. (a) P-2, (b) P-3, (c) P-5, (d) C-2, (e) C-3, 

(f) C-4, (g) C-5, (h) C-6. 

Fig. 3. TEM micrographs of porous silica products synthesized without (P) and with 

chitosan template (C) at various pH values. (a) P-2, (b) P-3, (c) P-4, (d) P-5, (e) P-6, 

(f) C-2, (g) C-3, (h) C-3, (i) C-4, (j) C-5,(k) C-5 and (l) C-6. 

Fig. 4. TGA curves of silica/chitosan composites synthesized at pH 2-6. 

Fig. 5. FTIR spectra of silica/chitosan composites synthesized at pH 2-6. 

Fig. 6. Schematic illustration of the formation of porous silica products synthesized 

without and with chitosan template at various pH values. 

Fig. 7. Nitrogen sorption isotherms (a) and pore-size distribution (b) of porous silica 

products synthesized with different chitosan concentrations, designated as C-x_y 

where x is the pH value and y is the amount (in grams) of chitosan. 

Fig. 8. SEM micrographs of porous silica products synthesized with different chitosan 

concentrations.  (a) C-5_0.5 and (b) C-5_1.6. 

Fig. 9. TGA curves of silica/chitosan composites synthesized with different chitosan 

concentrations. 
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Table 1

Physical properties of porous silica products prepared without and with the chitosan 

template at various pH values of mixture

SBET (m2/g) Dd (nm) Vt (cm3/g)Producta

600oCb 800 oCc 600oCb 800 oCc 600oCb 800 oCc

P-2 620 43 3.4 3.4 0.47 0.05 

P-3 630 467 4.3 4.3 0.58 0.54 

P-4 611 410 5.6 5.6 0.82 0.65 

P-5 400 325 7.8 7.8 1.01 0.78 

P-6 - 235 - 12.4 - 0.95 

C-2 668 588 3.8 3.8 0.58 0.65 

C-3 602 489 4.3 4.3 1.08 0.98 

C-4 489 421 6.5 6.5 1.29 1.09 

C-5 350 330 9.5 9.5 1.36 1.23 

C-6 - 220 - 17.5 - 1.56 

a The porous silica products were prepared without (P) and with (C) chitosan 

template at various pH values of mixtures, designated as P-x  and C-x, where x is 

the pH value of mixture. 
b The samples was calcined at 600 oC
c The samples was calcined at 800 oC
d Measured by the BJH desorption method in the range of mesopores. 
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Table 2

Effect of chitosan concentration on physical properties of chitosan-templated bimodal 

porous silica products 

Physical properties 
Product

SBET (m2/g) Da (nm) Vt (cm3/g)

C-3_0.5 620 4.3 0.92 

C-3_0.8 602 4.3 1.08 

C-3_1.6 540 4.3 1.24 

C-5_0.5 340 9.5 1.18 

C-5_0.8 330 9.5 1.36 

C-5_1.6 318 9.5 2.23 

a Measured by BJH desorption method in the range of mesopores. 
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Abstract

In the present study, the catalytic behaviors of monomodal and bimodal porous 

silica-supported cobalt catalysts via Fischer-Tropsch synthesis were investigated.  The 

catalysts were characterized by N2 physisorption, X-ray diffraction (XRD), 

thermogravimetric analysis (TGA), scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM).  The results showed that the larger cobalt 

particle size, the easier decomposition of cobalt nitrate and the dense agglomeration 

of cobalt particles were found for the bimodal porous silica-supported cobalt catalysts 

at the same small pore size.  Base on the reaction study, it revealed that the presence 

of large pore in bimodal porous silica supports resulted in decreased activities 

dramatically.  However, longer chain hydrocarbons, lower methane and carbon 

dioxide selectivity could be obtained substantially with using the bimodal porous 

silica as the support. 

 

* Corresponding author. Tel.: +66 2579 2083; Fax: +66 2561 4621. 

E-mail address: fengmtc@ku.ac.th (M. Chareonpanich) 

Keyword: Bimodal porous silica; Fischer-Tropsch synthesis; Pore size 

 

1. Introduction 

The Fischer-Tropsch (FT) synthesis involves the conversion of synthesis gas 

(CO/H2), which can be produced from coal, natural gas, petroleum coke and any other 

carbonaceous materials, into high quality and environmentally clean transportation 

fuels [1].  Cobalt based catalysts are widely applied for FT synthesis because of its 

high activity, low water-gas shift activity and high C5+ selectivity [2,3].  Silica is 



 2

commonly used as the support material due to its high surface area and its inertness 

[4].  The chemical and textural properties of the supported cobalt catalysts have 

significant influence on catalytic activity and product selectivity [5-7].   

The support materials are usually in the form of fine powders with particle 

sizes of 0.5-10 μm which become practical drawbacks to their use in the industrial 

processes, including separation handling for liquid-phase reactions or large pressure 

drops for gas phase reaction.  Therefore, fine powders system is generally compressed 

in the form of macroscopic beads or pellets [8,9].  In theses various macroscopic 

forms, however, diffusive resistances to mass transport can be significant problem, 

particularly when large pellet size, fast chemical reactions, or slowly diffusing 

molecular species are present.  Iglesia et al. [10] reported the effect of pellet size on 

the activity and selectivity with Co/SiO2 catalyst.  For the range of catalyst diameter 

from 130 μm to 1.5 mm, the largest pellet size (1.5 mm) provided the maximal 

methane and carbon dioxide selectivity and minimal C5+ selectivity.  In practicable 

process, the increase of the mean pore size and the decrease of the catalyst pellet size 

can be mitigated the diffusion resistance, however, resulting in the reductional overall 

surface area per unit mass of catalyst or reintroduce pressure drop, respectively.   

To overcome this limitation has been the objective of a diversity of alternative 

ways to design the support with pore sizes on two independently adjustable length 

scales, one in the micrometer range to enhance mass transport and the other in the 

nanometer range to maintain high surface area.  Hierarchically structured porous 

materials such as these, comprised of an interconnected macroporous inorganic 

framework structure with mesoporous walls, are expected to be especially desirable 

for promoting catalytic reactions that involve large molecular species.  The effect of 

bimodal porous materials were extensively studied in liquid phase FT synthesis [11-

13], liquid phase Friedel-Crafts alkylation reaction [14,15], liquid phase 

hydrogenation of 2-butenol [16] and vapor phase cracking of cumene [17].  However, 

the physical and chemical properties of bimodal porous silica supported cobalt 

catalysts have been reported only a few literatures and their catalytic performance 

have not been investigated for fixed bed FT synthesis.   

 In our latest work, we were successfully synthesized the bimodal porous silica 

with controlled pore structure [18].  The small pore sizes could be varied in the range 

of 3-12 nm while the large pore size (macropore) was about 100-200 nm.  In this 

work, we focused on the investigation of the effect of bimodal porous silica support 
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and the structural properties of cobalt species on the catalytic behavior in FT 

synthesis.  The results were compared with monomodal porous silica supported cobalt 

catalysts.  Nitrogen physisorption, X-ray diffraction (XRD), H2 chemisorption, 

thermogravimetry, differential scanning calorimetry and differential thermal analysis 

(TGA-DSC-DTA), scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) were used to characterize the properties of catalysts.  In order to 

investigate the deactivation of catalysts caused by the carbon deposition, the used 

catalysts were examined using XRD and TGA-DTA. 

  

2. Experimental 

2.1. Catalyst preparation  

The monomodal and bimodal porous silica with different pore sizes were 

performed according to our recent report [18].  All porous silicas were characterized 

using nitrogen physisorption and the results were given in Table 1.  The monomodal 

and bimodal porous silica supports were designed as MS-X and BS-X, respectively 

where X was the order of the pore sizes of the supports.  

Series of Co/MS-X and Co/BS-X catalysts were prepared by incipient wetness 

impregnation method.  The calcined MS-X and BS-X were impregnated with the 

appropriate Co(NO3)2·6H2O solution.  The cobalt loading was approximately 20 % by 

weight of catalyst. The catalysts were dried at 120 oC for 12 h and were calcined in air  

at 400 oC for 6 h.   

2.2 Catalyst characterization 

2.2.1  Scanning electron microscopy 

  SEM (JEOL JSM-6301F with Au-coated operated at 15 keV) was used to 

observe the morphologies of monomodal and bimodal porous silica supports.  

2.2.2.  Surface area, pore size distribution and pore volume 

The specific surface area, pore volume, BJH pore diameter, and pore size 

distribution of the porous silica products were determined by N2 physisorption using a 

Quantachrome Autosorb-1C instrument at -196 oC.  Samples were degassed at 200 oC 

for 12 h before each measurement.  The pore size distribution and pore volume were 

determined by BJH method and the specific surface area was estimated by BET 

method.   

2.2.3 X-ray powder diffraction  
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X-ray powder diffraction measurement was performed at room temperature in 

a Phillips powder diffractometer with monochromatized Cu K� radiation.  The scan 

was ranged from 10� to 80� with 0.1 � steps.  Cobalt phases were detected by 

comparing the diffraction patterns with those in the standard powder XRD file 

compiled by the joint committee on powder diffraction standards (JCPDS) published 

by the International Center for Diffraction Data.  Co3O4 crystallite diameters were 

calculated using the Scherrer equation from the most intense Co3O4 peak at 2� = 

36.9�. 

��
� o

B
d 180

cos
89.0

��  

where d is the mean crystallite diameter, � is the X-raywave length (1.54056 A° ), and 

B is the full width half maximum (FWHM) of the Co3O4 diffraction peak. 

2.2.4. Thermal gravimetric analysis and differential scanning calorimetry  

 The cobalt catalysts and used catalysts were investigated using the 

simultaneous DSC-TGA and DTA-TGA analyzer, respectively in air at a heating rate 

of 5 oC/min.  The samples weight was between 20 and 25 mg.   

2.2.5. Hydrogen chemisorption 

 Hydrogen adsorption isotherms were recorded on a Autosorb 1, Quantachrome 

at 100 oC.  The samples were evacuated at 120 oC for 3 h, and then reduced in situ in 

flowing hydrogen at 400 oC for 6 h.  After reduction, the samples were evacuated for 

2 hr at 400 oC to remove any residual H2, and then were cooled to 100 oC for analyses.  

The adsorption isotherm was recorded in the pressure interval ranging from 50 to 750 

mm Hg.  The number of exposed metal atoms on the surface was calculated by 

extrapolating the total adsorption isotherm to zero pressure.  Furthermore, in order to 

calculate the dispersion, it was assumed that two cobalt surface atoms are covered by 

one hydrogen molecule [19]. 

2.2.6. Transmission electron microscopy 

The structures of cobalt particle on monomodal and bimodal supports were 

revealed by transmission electron microscopy (JEOL JEM-2010 microscope with the 

acceleration voltage of 120 kV).  The samples were prepared by suspending the in 

ethanol and followed by thermal evaporation of ethanol on a copper grid coated with a 

carbon film. 

2.3. Fischer-Tropsch synthesis 
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Fischer-Tropsch synthesis was performed in a fixed bed reactor (3/8 inch) at 

230 oC and 10 atm.  The powder supports were used in all experiments in order to 

investigate the role of bimodal porous materials heat and mass tranfers.  1 g of fresh 

catalysts (Co/MS-X and Co/BS-X) was mixed with 1 g of inert silica in order to 

minimize the temperature gradient [20,21] and was reduced in situ in flowing H2 (60 

cc min-1) at 400 oC for 12 h prior to the reaction.  The syngas (H2/CO =2) was 

introduced to the reactor and the pressure was increased to 10 bar.  The reactor 

temperature was increased to 230 oC in 2 hr.  After the start up, samples were taken at 

1-h intervals and analyzed by gas chromatography.  CO, CO2 and C1-C4 hydrocarbon 

gas were analyzed using GC 2014 with a TCD detector.  C5+ hydrocarbon were 

analyzed using GC 8A with a FID detector.   

 

3. Results and discussion 

3.1. Characterization of both Co/MS-X and Co/BS-X catalysts 

 The SEM images in Fig. 1 are representative of the monomodal porous silica 

(MS-3, Fig. 1a) and the bimodal porous silica (BS-3, Fig 1b).  The monomodal porous 

silica image showed dense surface morphology of silica xerogel caused by an 

agglomeration of fine silica nanoparticles was observed.  On the other hand, the 

loosely packed aggregates of silica nanoparticles and the macropores were found for 

bimodal porous silica support.  The macropores, approximately 100-200 nm, were 

interconnected with window opening from each macropore into its surrounding 

neighbors.   

 Fig. 2 clearly revealed that Co/MS-X catalysts were well defined the 

monomodal pore size distribution in the range of mesopore diameter and the 

maximum distribution centered at 4.3, 5.6 and 7.8 nm designed as Co/MS-1, Co/MS-2 

and Co/MS-3, respectively.  Song et al. [22] found that the Co catalysts with pore size 

of 6-10 nm provided higher FT activity and C5+ selectivity because they had enough 

active sites and favored bridge-type CO adsorption.  Saib et al. [23] also studied the 

effect of pore diameter of the support.  With the supports with a very small pore 

diameter (2 nm), the cobalt crystallites size was too big and was located on the 

external surface of the support.  As mentioned above, the porous silica supports with 

mesopores diameter in the range of 3-10 nm were selected to study in this paper.  In 

order to equitably compare the physical and chemical properties of monomodal and 

bimodal porous silica supported cobalt catalysts and their catalytic performance, the 
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mesopores diameter of the bimodal porous silica supports should be the same size as 

that of the monomodal porous silica supports.  As shown in Fig. 2, Co/BS-X catalysts 

showed the pore size distribution in two different length scales (mesopores and 

macropores).  In the range of mesopores diameter, the maximum distribution centered 

at 3.8, 5.6 and 9.5 nm designed as Co/BS-1, Co/BS-2 and Co/BS-3, respectively 

which were similar to Co/MS-X catalysts.  However, the pore size distribution peak 

of Co/MS-X catalysts was higher and sharper than that of Co/BS-X catalysts, 

indicating the uniform pore structure of Co/MS-X catalysts.   

 

 The BET surface area, pore size and pore volume data of both supports (MS-X 

and BS-X) and cobalt catalysts (Co/MS-X and Co/BS-X) are listed in Table 1.  The 

surface area of all supports decreased with increasing pore size and pore volume.  It 

should be noted that the surface area of MS-X supports was higher than that of BS-X 

supports when comparing at the same mesopore pore size.  After cobalt loading, the 

mesopore diameter of all catalysts was unchanged except that of Co/BS-1 and Co/BS-

2 slightly decreased while the surface area and the pore volume of all catalysts 

significantly decreased.   

X-ray diffraction patterns of the different catalysts were measured in order to 

study the cobalt species and average Co3O4 particle size.  As shown in Fig. 3, all 

catalysts mainly composed of Co3O4 spinel phase with 2� values of 31.3, 36.9, 44.8, 

59.4 and 65.3.  The particle sizes of Co3O4 calculated using Scherrer equation were 

listed in Table 2.  With the use of monomodal porous silica as support, the Co3O4 

particle sizes increased with increasing support pore size.  Similar result has been 

reported by Song [22].  When bimodal porous silica was used, the similar trend of the 

Co3O4 particle sizes was observed.  However, the Co3O4 particle sizes of bimodal 

porous silica support slightly increased compared to those of monomodal porous 

silica support at the same small pore size.  Generally, the Co3O4 particle sizes 

depended on the pore size of the supports and they usually increased with increasing 

the pore size [22-24].  Regarding the pore size distribution of all catalysts (Fig. 1), 

although, the mean pore size of both Co/MS-X and Co/BS-X catalysts was quite 

similar but the broader pore size distribution and also its shift to larger pore diameter 

of Co/BS-X catalysts were observed.  This is reason that why cobalt particle size of 

Co/BS-X catalysts was larger than that of Co/MS-X catalysts. 
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There are a few publications studied the decomposition of cobalt salts over the 

various supports [25-29].  The main objectives were in order to investigate the 

temperature and type (endothermic and exothermic reaction) of decomposition and 

the effect of the second metallic addition.  However, there are only a few publications 

which observe the enthalpy of decomposition. 

Fig. 4 displays TGA and DSC curves in air of both Co/MS-X and Co/BS-X 

catalysts.  The weight loss curves (Fig. 3a) for both Co/MS-X and Co/BS-X catalysts 

exhibited a two-step weight loss at temperatures below 100 oC, and between 150 and 

200 oC which were attributed to the endothermic loss of water molecules in the cobalt 

hydrate shell and the decomposition of cobalt nitrate, respectively [25].  When the 

same small pore size of both Co/MS-X and Co/BS-X catalysts was compared, the 

Co/MS-X catalysts showed a slightly higher weight loss than Co/BS-X catalysts due 

to the greater extent of hydration.  This may be affected by the different amount of 

water that used in the impregnation preparation and the different diffusion and 

desorption of water in the Co/MS-X and Co/BS-X catalysts.  In order to study this 

effect in more details, the diffusion and desorption characteristic at specified 

conditions must be further investigated with more powerful techniques such as the 

temporal analysis of product (TAP) which has been reported by Li et al. [30] and the 

temperature program desorption (TPD) which has been successfully done by Li et al. 

[31], respectively.   

The heat flow data (Fig. 3b) confirm that decomposition of cobalt nitrate is 

endothermic.  It is known that the decomposition of cobalt nitrate leads to the release 

of nitrogen dioxide, water, and oxygen [25]:  It was observed that the endothermic 

peak represented the decomposition of cobalt nitrate (150oC-200oC) slightly shift to 

higher temperature with decreasing the pore size in each series of catalysts, indicating 

stronger interaction between cobalt nitrate and the supports.  This can be ascribed that 

the small pore size with high surface area of the support usually consists of the large 

amounts of silanol group caused by the fast hydrolysis reaction [32].  The silanol 

group can react with nitrate ion and/or cobalt ion in the different species which can be 

decomposed at higher temperature.  This observation may relate with the reduction of 

cobalt oxide to cobalt.  Many researchers found that the temperature peak of reduction 

significantly shifted towards higher temperature with decreasing pore size of the 

support [22,23,33,34].  If this hypothesis is reasonably correct, the interaction 

between the cobalt salts and the supports can be initially studied using TGA-DSC 
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analysis in a flow of air.  When the same small pore size between two series of 

catalysts was compared, the decomposition temperature of cobalt nitrate on 

monomodal supports was higher than that of the bimodal supports.  Moreover, during 

TGA experiment, the monomodal porous silica supported cobalt catalysts showed 

higher residual water despite all samples were equivalent the dried time.  The 

enthalpy of all catalysts due to the decomposition of cobalt nitrate was calculated 

from the area of DSC profiles [35] and the results were given in Table 2.  In each 

catalyst series, the enthalpy increased with increasing the pore size of the supports and 

thus, the formation of the larger cobalt crystallite size was occurred.  Comparing 

between two series of catalysts, the enthalpy of the decomposition of Co/BS-X 

catalysts was lower than that of Co/MS-X catalysts despite the pore size of Co/BS-X 

catalysts were equivalent or larger than that of Co/MS-X catalysts.  Heat transfer has 

significant influence on the decomposition of cobalt nitrate [36].  Regarding the pore 

structure in SEM micrographs (Fig. 1), the large amount of open channels was 

observed in BS-3 samples.  As mentioned above, it may be concluded that the 

macropores in the bimodal porous silica can throughout provide heat to contact with 

cobalt nitrate.   

It is known that the active form of supported cobalt FT catalysts is cobalt 

metal (Co0).  Thus, reduction of cobalt oxides species is essentially performed in 

order to transform cobalt oxide species obtained after calcinations process into the 

active cobalt metal atoms for catalyzing the reaction.  Therefore, the static H2 

chemisorption on the reduced cobalt samples was used to determine the number of 

reduced cobalt metal surface atoms.  This is usually related to the overall activity of 

the catalyst during carbon monoxide hydrogenation.  The resulted H2 chemisorption 

for all samples is shown in Table 2.  It revealed that the amount of chemisorbed H2 of 

reduced catalysts and Co dispersion decreased with increasing the pore diameter of 

the supports which is also consistent with the results reported by Lapszewicz et al [37] 

and Song et al. [22].   

 TEM micrographs of both calcined Co/MS-X and Co/BS-X are shown in Fig. 

5.  In all the TEM figures, the darker spots (arrow 1) on the catalyst granules represent 

a high concentration of cobalt and its compounds while the lighter areas (arrow 2) 

indicate the support with minimal or no cobalt present.  It can be clearly seen that the 

structure of monomodal and bimodal porous silica support was quite different [18].  It 

seem to be that TEM images of monomodal porous silica represented one powder 
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particle (Fig. 5e) caused by the dense agglomeration of silica nanoparticles so there is 

no macropores while TEM images of bimodal porous silica showed the agglomeration 

of many clusters (Fig. 5f) and also the open pores (macropores) were observed.  For 

all catalysts, Co3O4 deposits were agglomerated in form of drop-like structures.  With 

increasing the pore diameter, the cluster size was found to increase. Similar result was 

reported by Saib et al. [23] and Storsæter et al. [38].  Moreover, the cluster size of 

Co/BS-X catalysts was larger than that of Co/MS-X catalysts affected by the structure 

of the supports.   

3.2. Fischer-Tropsch synthesis 

In order to determine the catalytic behaviors of Co/MS-X and Co/BS-X 

catalysts, The FT synthesis (H2/CO = 2/1, 230 oC, 10 bar) was performed determine 

the overall activity and selectivity of the catalyst samples.  The activity and selectivity 

results in FT synthesis for the six different catalysts are plotted as functions of time in 

Fig. 6.  The CO conversion of Co/MS-X catalysts was higher than that of Co/BS-X 

catalysts.  The highest and lowest initial CO conversions belong to Co/MS-2 and 

Co/BS-3, respectively.  The CO conversion of all catalysts gradually declined with 

increasing the reaction time except the CO conversion of Co/BS-2 instantly decreased 

after 5 hr.  The lower CO conversion of Co/BS-X catalysts can ascribe that the 

formation of macropores in bimodal porous silica supports reduced the surface area 

and also the mesopores when comparing with the same material which does not have 

macropores (Fig. 2 and Table 1).  Base on the H2 chemisorption, the lower amount of 

chemisorbed H2 and lower Co dispersion of Co/BS-X catalysts could lead to the low 

catalytic activity.  However, when considering the selectivity of product, it showed 

that the C5+ selectivity essentially increased with the existence of the large pore in 

bimodal porous silica supports.  It means that the Co/MS-X catalysts favored the 

formation of CH4.  Mass and heat transfer limitations are reported in literature as 

possible reasons for high methane selectivity.  The intraparticle diffusion affects 

differently intraparticle concentrations of carbon monoxide and hydrogen.  This leads 

to different H2/CO ratios at the outer surface and in the bulk of catalyst particles.  

Intraparticle diffusion limitations generally lead to a higher H2/CO internal ratio and 

consequently a higher probability of methanation [39-40].  Regarding the macropores 

in bimodal porous silica supports (Fig. 1), the new pathway can reduce the distance 

between bulk fluid and active site and thus decreased the mass transfer resistance.  

The existence of hot spots, due to high reaction rate, may result in a decrease of the 
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chain growth parameter and a higher yield of methane [41 dye ME].  Base on TGA-

DSC results, it is possible that exothermic heat in bimodal porous silica materials can 

easily removed using the macropores pathways. 

 

4. Conclusions 

 Catalytic and characterization results show that the support porosity strongly 

influenced the structure of cobalt crystalline and the FT catalytic performance.  The 

bimodal porosity can cause the formation of larger and dense agglomeration of Co3O4 

crystallite.  CO conversion of the Co/BS-X catalysts is lower than the Co/MS-X 

catalysts because of the low dispersion of cobalt particle.  At specified conditions, the 

selectivity of the longer chain hydrocarbons is more pronounced with the presence of 

large pore in the bimodal porous silica supports.  It can be concluded that the presence 

of large pore in the bimodal porous silica supports diminish the diffusion resistance. 
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Table 1 Physical and chemical properties of SiO2 supports and Co/SiO2 catalysts  

 

Catalysts Surface area a 

(m2/g) 

BJH pore b 

diameter (nm) 

Mesopore c 

volume (cm3/g) 

Macropore d 

volume (cm3/g) 

MS-1 630 4.3 0.51 0.01 

MS-2 611 5.6 0.80 0.02 

MS-3 400 7.8 0.96 0.05 

BS-1 602 4.3 0.64 0.25 

BS-2 489 6.5 0.78 0.31 

BS-3 303 9.5 0.72 0.51 

Co/MS-1 376 4.3 0.30 0.01 

Co/MS-2 371 5.6 0.49 0.03 

Co/MS-3 274 7.8 0.61 0.13 

Co/BS-1 360 3.8 0.44 0.18 

Co/BS-2 327 5.6 0.53 0.22 

Co/BS-3 168 9.5 0.44 0.33 

 
a Specific surface area calculated by BET method. 
b Pore diameter measured by BJH desorption method. 
c Volume of pores smaller than 50 nm in diameter. 
d Volume of pores larger than 50 nm in diameter. 
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Table 2 Enthalpy of the decomposition of cobalt nitrate on various supports, average 

Co3O4 crystallite diameter for calcined catalysts and % Co dispersion 

 
a Enthalpy calculated by area of endothermic peak.  
b Mean diameter of Co3O4 crystallite as determined by XRD (Scherrer equation) . 
c H2 adsorbed and % Co dispersion as determined base on H2 chemisorption. 

 

Catalysts Enthalpy a 

(J/g) 

Co3O4 crystallite  

diameter b (nm) 

H2 adsorbed c 

(μmol/g) 

% Co dispersion c 

Co/MS-1 120.9 8.7 122.2 7.2 

Co/MS-2 133.3 13.4 151.0 8.9 

Co/MS-3 154.0 14.9 130.7 7.7 

Co/BS-1 119.1 9.5 108.6 6.4 

Co/BS-2 125.1 14.6 132.4 7.8 

Co/BS-3 148.7 20.6 88.2 5.2 
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���  

��������������������������������
������ SBA-15 ����!��"��#"��$��%&�'(����)���������������*� 

�����
�������	���	����������������

��� 
 ���+����,.���*����/�	�
���#��	�������:���������;��<���������/�	�
���#���#���������������5

����=	�*��>� ��/�?���
/<��/��������������
������ SBA-15 $<�����#��������-��� ��/;���!��"��#�+@�
���%�*�%��;�������������� 

 �!"
#������$
���#����
�������	���	����������������

��� 
 ���������+����:)�/�+@�+����:$>�$��%	����<�

���/;�C<	
���� ;�"%<��+D����+����'"��#
�������������#�����$��%�+@��
������� "��������
������/����$� ��E
FG���# �+@�%�� ����
�"��#��10

;��+���/����#E*
�%�� )��"�< ;��;����$��%���"�)HHI� +����'�!��"��#������E
�������$�)�����
�<�+����' 22 �+
����J�%���/�*
�����	
�"��#%�*�%�� "����+����'	
��������>�!K�+����' 99.7 
�+
����J�%�����
�"��#��$<�����#�������H��������/����<
��
�����$�;��������
�  ���������)�������!
�
�)+;���+@���%!=��#��������:;����$��%��������>��<������;���=<����%�
�;���������+@���%!=��#)�� �����*�         
�����E
�$��%�����������
������ SBA-15 ������='�<�������'��/��>� "���+@�%�
����	
���=<�
=%�������15

+M�%����/�"��+M�%������>�;�+G��=#�� ��E�
������>��<� ��+����'	/���������,%� "����%���=�;�
���#�����$��%��* �K��+@����#���������<���;�"��/��)�<��$>�;��
����<
� 
 �����������
�� (Silica Mesopore) �E
 ���+���
#	
�"	J�
��'.������������E�
�%<
����<��

�%
�	
������
���#

������ (Si-O-Si) ��������������	
��>��=�"##�������/� �
���%� ��/��	����>��=�
�
���������<�� 2 - 50 ������%� "�������������/�%��	
��>��=�
/<���+@����#�/# (periodic mesoporous silica) 20

������
������������
��)+;��+���/������
/<�������	���;�"�<	
�%����<�+R�����/�"�����"/���� )��"�< 
;���+@�%����<�;�+R�����/�HM���
�����+�� (Fischer Tropsch reaction) %�"����<
������=� (molecular 
separation)  %���>���# (absorbent)   "��%��%�����#�������"�����&�� (chemical and biological sensors) 
�+@�%��  ��*���*��E�
���������������
�����>��=�;�C<  ������������������;��;�����>���#�����,�����
�����=�	���;�C<)��   25

 ;�
��% #��,����#��	
�+����:����.
������ )������#���$��%���+���
#�����������
������
��K����/#���
�C "���)��%�*��E�
�<�  �
J����
J� 41 (Mobil Composition of Matter, MCM-41)  �
J����
J� 41 ��      
�>��=�	���  2  !K�  5 ������%�  �����������/�%��	
��>��=�
/<���+@����#�/#�>� �����������	
��>��=�
"##�>+����������/� "%<��E�
�������%�*�%�����;�� ��<� ���"��<������� "������
��������������������>� 
�K�)���������X��
/<��%<
��E�
���!K�+G��=#�� )��������/�/��������
�������������%��;��<Y ���)�<�+@�30


��%��/ ����!>� ��!�/�&���>� "���
�;��	����>��=�;�C<	K*� �K��)��"�< ��=<�	
����#�J
����
����
�� 
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(Block Copolymer, BC) ;������*�E
 ��>����� �� 123 (PEO20PPO70PEO20)   �K���+@�)%�#�J
����
����
��   
(Tri-block copolymer) ����������E�
�%<
����<�������
������

�)���  (polyethylene oxide, PEO)  "��       
������������

�)��� (Poly-propylene oxide, PPO)  �
�;������#�%����:, �E
 )�<��+���=��E�
����/�*
�     
��/�����������
������

�)����+@��<������
#�*
� (hydrophilic) "������������������

�)����
��������
�+@�"������	
�)������ (micelle) ��E
�<�����)�<�
#�*
� (hydrophobic) �
������*��������<��/�������!5

�
����

���������������
���������������)����/�<�/ ��/������������/�*
�
=<���E
�
���
� �+@�%�� 
;�+G��=#����=<�
=%�������$��%�*
������E*
������
�������)��;��������;���#���+���
#������

�����
��  ��E�
;��;����#�����$��%�*
�������+��:�������H
�� "����������  ��/���������\������!>�
"���\������, )��"�<  �����"������#
�)�

�)���  "���
�����+���/�;���+@��\������#
��
�
)���
"��)]��������E
���/��<� �\������������ (synthesis gas) �K��;���+@����%�*�%��;����#�����HM���
��10

���+�� �
����#$��%�*
����"������ ��E
�*
���������%<
)+ 
 ������%����
�����#�<� �����������
������
����$��%;�+G��=#���������>����  ������������;��
;�����#��
�+R�#�%������<���*� ��*���*��E�
����;����%!=��#����������>�;����#�����$��% �!��"��#�K��+@�    

�������E
�����������+@�)+)���>���*����������� �:�,.:��%�� "������"����
�+���
#��� ��/�����!
�
�)+;����"�����%�*�%��;���=<��%%���
���

��"����������%)���+@�
/<���� ��/$<�����#�����15

+��#+�=�
�%���<������ &�/;%��&�������������������
���%�����/)
�*
�  �����*������E
�$��%�����������
��
��/�?���
/<��/������� SBA-15 �
����#;���+@�%���
���#	
�%����<�+R�����/������	���"����������/	
�    
�>��=����
����
����!��"��#  ��E�
%
#��
�����%�
��������
=%������� "�����;�����������E*
�����
��"��  �K���+@�+����J�����<���;� "��/��)�<������
�����/���<
�  

����%����&��""'(�#"�����������

��� 20

  ��������������������������������
������ SBA-15 ����!��"��#%�����+����,.���* �
��������
��/����
��!��"��#�%��/��+@��������/�����/�������%  "��;���+@����%�*�%��;�������������� ��/��
�������/)%�#�J
����
����
���+@�����
������������� "�����)]�����
����	��	���+@�%����<�+R�����/� 
&�/;%��&�������
������������
���� 
 ���+����,.���*�=<�������������������
����#������������������������
������ SBA-15 ����!��25

"��#�K���+@�����=�:,���E
��������,%� ���>��<�;�������'��/�%�
� "%<��+����'������
/><;�����#�>� 
��"�����������������/;�����������"��<�
E�� �K���
�;�������!���<�;���<�/;����#�����$��%������   
�����
��)���+@�
/<���� 
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&)��*
����!���	�+,
��(� 
 �>+��� 1   &��!<�/ Transmission Electron Microscope (TEM) "��������+@����#�/#"����������� 
          ���������/�%��	
��>��=�	
������������
������ SBA-15 (�) &��%��	���  (	) &��%��"��/�� 
 �>+��� 2   "���&����������/	���	
��>��=�	
������������
������ SBA-15  

 �����-
�.�������

���,
��"�!�%� 5

���#��������������������������
������ SBA-15 ����!��"��#  ������������
�"��#���
��������
��+��  �:,���"�����

�)+  �����*��
�"��#���)���
���� 100 ������%����#���)]�����
��� 1 �
���
� 
+����%� 1 ��%� ���
='�&>�� 110 
�:�������/� �+@� 3 ������� �����*��
����������*
��������<����
��+@����� 
�K��
�"��#���)����
#"������ 120 
�:�������/� �+@����� 4 ������� ��E�
���J�"����
�)+�$����
='�&>�� 700 

�:�������/� &�/;%�#��/���:

�������+@����� 1 �������  �����*��
��������������!��"��#�#�<�               10

����������/	
�	����>��=� (Pore Size Distributions)  )�<�
�����������
/<��/���  	����>��=�%�
���<�           
2 ������%� ��+����%��>��=�"���E*����$��%�
�  ���������������
���+���
#�������	
��!��"��#���/
���E�
��
J�����/�H�>�
������%���+��%����+D  (X-ray Fluorescence Spectroscopy, XRF)  �#�<�   �!��"��#
+���
#���/������+����'��
/�� 99.7 ��/�*
�����  "��
��>������
/��  0.10 ��/�*
�����  "��$����
�
J�����/���H"H��������+��%����+D  (X-ray Diffraction Spectroscopy, XRD)  �#�<�  �!��"��#�������+@�  15


��'.����
/�� 100 ��/�*
�����  ���	�
�>���*��*;�����#�<� �������+@�)+)���>�;����������/������;�
�!��"��#��/�������/����)H (NaOH) ����&���)�<�=�"��  �K��;��
='�&>��"���������%�
��J�����!       
������/)��   

�
��!��"��#���)����$����#�������/����)H����������	��	��  1  �
���
�  ;�
�%���<���!��"��#
%<
����)H �+@�  2 : 1 - 8 : 1  ��/�*
�����   �K�������!����������  ;��!��"��#

���
/><;��>+	
�20

�������/�����/�������% ��E�
�
�)+;���+@����%�*�%��;����#��������������������������
�� ���� SBA-15 
�����*��
��������/�����/�������% $����#����
������������� (Structure-directing agent)  

�
����)%�#�J
����
����
�� ��E�
�
����	����>��=� "�������+@����#�/#;���������� ;������*�E
        
��>������� 123 (Pluronic P 123)  ��/;��
�%���<����/�*
���������<�������� : ��>������� 123 : �*
�  �+@�       
1 : 0.2-8.0 : 10-100  ��$��;���	�����    ;��������
�"�<�������/�����<�����
='�&>����
�!K�    30-90 25


�:�������/�  "�����;���	���+@���E*
���/����  �����*��%�����)]�����
����	��	��  ;�
�%���<����/
�*
�����	
������� : ���)]�����
���  �+@�  1: 3-15   ���$��;���	��������  12 – 36 ������� 

�
����+��#+�=��='&�����/���E�
�+R���'�+M� &�/;%��&����������
���%��)
�*
� ���
='�&>�� 70-130 

�:�������/� �+@�������� 12-36 �������  �����*��
������
�"�������*
����*
��������<����
��+@�����         
�
�$��%&�'(����)����
#"������ 100-140 
�:�������/�   �+@�������� 2-6 �������   "���=����/;��������
�30

��� 400-600  
�:�������/�   �+@�����  3-12  �������  



�������  4  	
��
����  5  ���� 

������+����,.��
�;�����#�<� ;����#��������������������������
������ SBA-15 ���         
�!��"��#��/;��
�%���<��	
����%�*�%��"%�%<����� ��$�%<
��#�%������/&�� )��"�< �E*����$�� 	����>��=� 
"��+����%��>��=� �+@�%��  ���+����'	
���>������� 123 ��<���� ��E�
�����+����'	
����)]�����
��� 
�<�$�;���E*����$�������	K*� ;�	'����	����>��=�)�<������+���/�"+��"%<
/<��;�  "����E�

�%���<����/
�*
�����  	
���>�������123  ���<�;��<�� 0.35 "�� 0.85 �#�<������������
������ SBA-15   �������������  5

)����������/�%��	
��>��=�����+@����#�/#�>���� ���"���;�&��!<�/������������������/���E�
����� 
��������
���J�%�
���+��%����+D (Transmission Electron Spectro-scopy, TEM)  ;��>+��� 1  �K��"���!K�
���������/�%��	
��>��=��+@��>+����������/� "������������/	
�	����>��=����"�#"���������
�����
�������>�  ���$����������������/���E�
�����������E*����$��"��	����>��=�	
�
�=&�� (Surface area and 
pore-size analyzer) ;��>+��� 2  10

 �
�����<��+���
#	
����;�����	���
�+R�����/�"��� ������
�"����/�����;��������+R�����/�
/����$�%<
���+��#+�=�	����>��=� �#�<� ��E�
�����
='�&>��;���������������<�$�;��	���"��+����%��>��=�
;�C<	K*�  �<����/�����;�����	���
�+R�����/���$��+@�����<����/%����#�E*����$�� "%<	����>��=���<����� 
 ������)����<����"���	���%�� ������������������������
������ SBA-15 ����!��"��#�K��
��+@�%�
�
��#�=��&�������
�������� )��"�< 
�%���<�����%�*�%�� 
='�&>�� ��/����� "���&���������������������15

$�%<
��#�%�	
������������
������ SBA-15 ���)�� ;��������� 

 %��
/<�����%<
)+��* "���;����J�������%��!K����+����,.� 

/����(���	� 1 
 �
��!��"��# 1 ����  ����	�����%�
���<�  0.074  �������%�  
#;��"������
='�&>�� 120 
�:�
������/� �+@����� 1 ������� "����
����$����#�������/����)H����������	��	��+����' 1 �
���
� ;�20


�%���<���!��"��#%<
����)H�+@�  3.4 : 1 ��/�*
����� �
���� 7.38 �������%� �����*��
��������/
�����<��;��������
� 120 
�:�������/� ��+����%�	
��������/������K����K�� ��)���������/�����/�
������% "����
�)+$����#�������/��>������� 123 �
���� 0.845 ����"���*
������ 59.93 �������%� ����
�������/�+@���E*
���/���� �����������
�;����#�������/��!K� 40  
�:�������/� ���
������/
�%����J� 
500 �
#%<
���� "���%�����)]�����
���   ��
/��  37.5 �
���� 5.40 �������%� �
+����' 10 ���� "���25

��
�%����J����E
 300 �
#%<
����    ��*�)�� 24 ������� ��E�
��#����"����
���+��#+�=��='&�����/���E�
�
+R���'�&�/;%��&����������)
�*
�
���%����� 100 
�:�������/� �+@�  24  �������  �����*���
�  �������/�*
�
�����;����
��"���
�)+
#"������/������
� 140 
�:�������/� �+@����� 3 ������� "���
����;������
��
���� 500 
�:�������/� �+@����� 6 ������� �����!���������������������
������ SBA-15 �����             
���������/�%��	
��>��=�����������+@����#�/#�>����"���;��>+��� 1 "����	����>��=��������
�����������30
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+����' 9.5 ������%� ����>+��� 2 ���E*����$��+����'  630  %������%�%<
����   "��+����%��>��=�
+����'   0.94   �������%�%<
���� 

/����(���	� 2  
  �
�%����������
/<�����/�������
��#�/)��;�%��
/<����� 1 ��/�+���/�+����'	
���>����� ��123 
�+@� 0.845 ����"�����)]�����
����+@� 9.40 �������%� �#�<������!���������������������
������ 5

SBA-15 ��������������/�%��	
��>��=�����������+@����#�/#�>���<����/���� ��	����>��=��
�����������
+����' 9.5 ������%� (����>+��� 2) ���E*����$��+����' 720 %������%�%<
���� "��+����%�>��=�+����' 
1.20  �������%�%<
����  

/����(���	� 3 
�
�%����������
/<�����/�������
��#�/)��;�%��
/<����� 1 ��/�+���/�+����'	
���>�����  ��123 10

�+@� 0.483  ���� �#�<� �����!���������������������
������ SBA-15 ��������������/�%��	
��>��=������
�����+@����#�/#�>���<����/���� ��	����>��=��
�����������+����' 7.8 ������%� (����>+��� 2) ���E*����$��
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