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Abstract 

 
This report summarizes the outputs from the project entitled “Application of 

Catalysts and Chemical Reactors for Petrochemical Industry” under the research 

promotion scholarship sponsored by the Thailand Research Fund. This project was aimed 

to explore new basic knowledge necessary for the development of petrochemical industry. 

In addition, it focused on publishing the acquired knowledge in peer-review international 

journals, producing talent and skillful master-degree and doctoral-degree graduates, 

developing and strengthening the collaborations with Thai researchers and foreign 

professors from famous universities, promoting the establishment of a private research 

laboratory and developing co-research with Thai industries.  

The overall outputs from the project can be summarized as follows. There are 42 

international publications which are 75% higher than the expected values. The numbers of 

master- and doctoral-graduates are 48 and 13, higher than the expected values by 60% 

and 44%, respectively. The research collaboration was strongly established between our 

center of excellence and SCG Chemical Co. Ltd., leading to one research lab founded. In 

addition, the project also supported two companies; i.e., TUNTEX PETROCHEMICALS 

(THAILAND) and Rayong Olefins Co. Ltd, on catalyst screening. It is noted that the 

success from this project was very beneficial to the development of Petrochemical Industry 

of Thailand.   

 

 

Keywords: Catalyst; Catalysis; Nanocatalysis; Chemical reactor; Petrochemical  
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2. B!��� 

2.1 �,������	
������
����.
���������     

2.1.1 �,����,%#C.��
�����$��
��!��     ������ 42 ����� 

1. S. Sombatchaisak, P. P. Praserthdam, C. Chaisuk and J. Panpranot, “An 

Alternative Correlation Equation between Particle Size and Structure Stability of H-

Y Zeolite under Hydrothermal Treatment Condition”, Ind. Eng. Chem. Res. 43 

(2004) 4066-4072. (Impact factor 2004 = 1.424) (������%��!
�/
' 1) 

2. W. Sangtongkitcharoen, S. Assabumrungrat, V. Pavarajarn, N. Laosiripojana, and 

P. Praserthdam, “Comparison of Carbon Formation Boundary for Different Types of 

Solid Oxide Fuel Cells with Methane Feed”, J. Power Sources, 142 (1-2) , 75-80 
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(2005) (Impact factor 2005 = 2.770). (������%��!
�/
' 2) 

3. B. Jongsomjit, C. Sakdamnuson, and P. Praserthdam, “Dependence of crystalline 

phases in titania on catalytic properties during CO hydrogenation of Co/TiO2 

catalysts”, Materials Chemistry and Physics 89 (2005) 395-401. (Impact Factor 

2005 = 1.136) (������%��!
�/
' 3) 

4. B. Jongsomjit, E. Chaichana and P. Praserthdam, “LLDPE/nano-silica composites 

synthesized via in situ polymerization of ethylene-1-hexene with MAO/metallocene 

catalyst” Journal of Materials Science 40 (8), 2043-2045 (2005) (Impact factor 

2005 = 0.901). (������%��!
�/
' 4) 

5. B. Jongsomjit, T. Wongsalee and P. Praserthdam, “Study of Cobalt Dispersion on 

Titania Consisting Various Rutile Anatase Ratios” Materials Chemistry and Physics 

92 (2-3), 572-577. (2005) (Impact factor 2005 = 1.136). (������%��!
�/
' 5) 

6. B. Jonsomjit, S. Ngamposri, and P. Praserthdam, “Catalytic activity during 

copolymerization of ethylene/1-hexene via mixed TiO2/SiO2-supported MAO with 

rac-Et[Ind]2ZrCl2 metallocene catalyst”, Molecules, (2005), 10, 603-609 (Impact 

factor 2005 = 1.113) (������%��!
�/
' 6) 

7. P. Praserthdam, C. Chaisuk, W. Kongsuebchart, S. Thongyai, S.K.N. Ayudhya, 

New concepts in material and energy utilization, Korean Journal of Chemical 

Engineering 22 (1) , 115-120 (2005) (Impact factor 2005 = 0.750) (������%��!
�/
' 

7) 

8. B. Jongsomjit, S. Ngamposri, and P. Praserthdam, “Role of titania in TiO2-SiO2 

mixed oxides-supported metallocene catalyst during ethylene/1-octene 

copolymerization”, Catalysis Letters, 100 (3-4) 139 – 146 (2005) (Impact factor 

2005 = 2.088) (������%��!
�/
' 8) 

9. J. Panpranot, S. Kaewgun, and P. Praserthdam, “Metal-Support Interaction in 

Mesoporous Silica Supported Cobalt Fischer-Tropsch Catalysts”, Reaction Kinetics 

and Catalysis Letters, 85, (2005) 299-304. (Impact factor 2005 = 0.670) (������

%��!
�/
' 9) 

10. P. Soisuwan, P. Praserthdam, Dean C. Chambers, David L. Trimm, O. 

Mekasuwandumrong, and J. Panpranot, “Characteristics and Catalytic Properties of 

Alumina-Zirconia Mixed Oxides Prepared by the Modified Pechini Method”, 

Catalysis Letters, 103 (2005) 63-68. (Impact factor 2005 = 2.088) (������%��/
'!
�

/
' 10) 

11. B. Jongsomjit, A. Khotdee, and P. Praserthdam, “Behaviors of ethylene/norbornene 
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copolymerization with zirconocene catalysts”, Iranian Polymer Journal, 14, 559 - 

564 (2005). (Impact factor 2005 = 0.316) (������%��!
�/
' 11) 

12. S. Assabumrungrat, W. Sangtongkitcharoen, N. Laosiripojana, A. Arpornwichanop, 

Sumittra Charojrochkul and P. Praserthdam, “Effects of Electrolyte Type and Flow 

Pattern Mode on Performances of Methanol-Fueled Solid Oxide Fuel Cells” J. 

Power Sources 148 (2005) 18-23 (Impact factor 2005 = 2.770)  (������%��!
�/
' 

12) 

13. J. Panpranot, L. Nakkararuang, B. Ngamsom and P. Praserthdam, “Synthesis, 

Characterization, and Catalytic Properties of Pd and Pd-Ag Catalysts Supported on 

Nanocrystalline TiO2 Prepared by the Solvothermal Method”, Catalysis Letters, 103 

(2005) 53-58. (Impact factor 2005 = 2.088) (������%��/
'!
�/
' 13) 

14. J. Panpranot, K. Pattamakomsan, and P. Praserthdam, “Deactivation of Silica 

Supported Pd Catalysts during Liquid-Phase Hydrogenation” Reaction Kinetics and 

Catalysis Letters, 86 (2005) 141-147. (Impact factor 2005 = 0.670) (������%��!
�

/
' 14) 

15. J. Panpranot, K. Toophorm, and P. Praserthdam, “Effect of Particle Size on the 

Hydrothermal Stability and Catalytic Activity of Polycrystalline Beta Zeolite” Journal 

of Porous Materials, 12 (2005) 301-307 (Impact factor 2005 = 0.698) (������%��

!
�/
' 15) 

16. J. Panpranot, N. Taochaiyaphum, and P. Praserthdam, “Glycothermal Synthesis of 

Nanocrystalline Zirconia and their Applications as Cobalt Catalyst Supports” 

Materials Chemistry and Physics, 94 (2005) 207-212 (Impact factor 2005 = 1.136) 

(������%��!
�/
' 16) 

17. B. Jongsomjit, S. Phoowakeereewiwat, S. Thongyai, T. Shiono, and P. 

Praserthdam, “Impact of diene addition on properties for ethylene-propylene 

copolymerization with rac-Et[Ind]2ZrCl2/MAO catalyst”, Materials Letters, 59, 3771 – 

3774 (2005)  (Impact factor 2005 = 1.299) (������%��!
�/
' 17) 

18. B. Jongsomjit, T. Wongsalee, and P. Praserthdam, “Characteristics and catalytic 

properties of Co/TiO2 for various rutile:anatase ratios”, Catalysis Communications, 

6, 705 – 710 (2005) (Impact factor 2005 = 2.098) (������%��!
�/
' 18) 

19. Joongjai Panpranot, Nuttakarn Taochaiyaphum, Bunjerd Jongsomjit, and Piyasan 

Praserthdam “Differences in Characteristics and Catalytic Properties of Co 

Catalysts Supported on Micron- and Nano-Sized Zirconia” Catalysis 

Communications 7 (2006) 192-197. (Impact factor 2005 = 2.098) (������%��!
�/
' 
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19) 

20. J. Klongdee, W. Petchkroh, K. Phuempoonsathaporn, P. Prasertdam, A.S. 

Vangnai, and V. Pavarajarn, “Activity of Nanosized Titania Synthesized from 

Thermal Decomposition of Titanium (IV) n-Butoxide for the Photocatalytic 

Degradation of Diuron”, Science and Technology of Advanced Materials, 6 (3-4 

SPEC. ISS.), 290-295. (Impact factor 2005 = -) (������%��!
�/
' 20) 

21. B. Jongsomjit, T. Wongsalee, and P. Praserthdam, “Catalytic behaviors of mixed 

TiO2-SiO2-supported cobalt Fischer-Tropsch catalysts for carbon monoxide 

hydrogenation”, Materials Chemistry and Physics 97 (2006) 343-350 (Impact factor 

2005 = 1.136) (������%��!
�/
' 21) 

22. T. Wongsalee, B. Jongsomjit and P. Praserthdam, “Effect of Zirconia-Modified 

Titania Consisting of Different Phases on Characteristics and Catalytic Properties 

of Co/TiO2 Catalysts”, Catalysis Letters 108 (2006) 55-61 (Impact factor 2005 = 

2.088) (������%��!
�/
' 22) 

23. Joongjai Panpranot, Nuttakarn Taochaiyaphum, and Piyasan Praserthdam “Effect 

of Si Addition on the Properties of Nanocrystalline ZrO2-Supported Cobalt 

Catalysts” Reaction Kinetics and Catalysis Letters 87 (2006) 185-190. (Impact 

factor 2005 = 0.670) (������%��!
�/
' 23) 

24. Patta Soisuwan, Joongjai Panpranot, David L. Trimm and Piyasan Praserthdam “A 

Study of Alumina-Zirconia Mixed Oxides Prepared by the Modified Pechini Method 

as Co Catalyst Supports in CO Hydrogenation” Applied Catalysis A. General 303 

(2006) 268-272. (Impact factor 2005 = 2.728) (������%��!
�/
' 24) 

25. Patta Soisuwan, Piyasan Praserthdam, Joongjai Panpranot, and David L. Trimm 

“Effects of Si- and Y-Modified Nanocrystalline Zirconia on the Properties of Co/ZrO2 

Catalysts” Catalysis Communications 7 (2006) 761-767 (Impact factor 2005 = 

2.098) (������%��!
�/
' 25) 

26. Bunjerd Jongsomjit, Chitlada Sakdamnuson, Joongjai Panpranot, and Piyasan 

Praserthdam “Roles of ruthenium on reduction behaviors of ruthenium-promoted 

cobalt/titania Fischer-Tropsch catalyst”, Reaction Kinetics and Catalysis Letters, 88 

(2006), 65-71 (Impact factor 2005 = 0.670). (������%��!
�/
' 26) 

27. Bunjerd Jongsomjit, Tipnapa Wongsalee, and Piyasan Praserthdam “Elucidation of 

reduction behaviors for Co/TiO2 catalysts with various rutile/anatase ratios”, Studies 
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in Surface Science and Catalysis, 159 (2006), 285-288. (Impact factor 2005 = 

0.307). (������%��!
�/
' 27) 

28. Watcharapong Khaodee, Bunjerd Jongsomjit, Suttichai Assabumrungrat, Piyasan 

Praserthdam, and Shigeo Goto, “Investigation of isosynthesis via CO 

hydrogenation over ZrO2 and CeO2 catalysts: effects of crystallite size, phase 

composition and acid-base sites” Catalysis communications 8 (2007) 548-556 

(Impact factor 2005 = 2.098). (������%��!
�/
' 28) 

29. Joongjai Panpranot, Kunyaluck Kontapakdee, and Piyasan Praserthdam “Selective 

Hydrogenation of Acetylene in Excess Ethylene on Micron-Sized and 

Nanocrystalline TiO2 Supported Pd Catalysts” Applied Catalysis A: General 314 
(2006) 128-133 (Impact factor 2005 = 2.728). (������%��!
�/
' 29) 

30. Wilasinee Kongsuebchart, Piyasan Praserthdam, Joongjai Panpranot, Akawat 

Sirisuk, Piyawat Supphasrirongjaroen, and Chairit Satayaprasert “Effect of 

Crystallite Size on the Surface Defect of Nano-TiO2 Prepared via Solvothermal 

Synthesis” Journal of Crystal Growth 297 (2006) 234-238 (Impact factor 2005 = 

1.681). (������%��!
�/
' 30) 

31. Jongsomjit, B., Sakdamnuson, C., Panpranot, J., Praserthdam, P., “Role of 

ruthenium in the reduction behavior of ruthenium-promoted cobalt/titania Fischer-

Tropsch catalysts”, Reaction Kinetics and Catalysis Letters 88 (2006) 65-71 

(Impact factor 2005 = 0.670). (������%��!
�/
' 31) 

32. Jongsomjit, B., Wongsalee, T., Praserthdam, P., “Elucidation of reduction behaviors 

for Co/TiO2 catalysts with various rutile/anatase ratios”, Studies Surface Science 

and Catalysis 159 (2006) 285-288 (Impact factor 2005 = 0.307). (������%��!
�/
' 

32) 

33. Chaichana, E., Jongsomjit, B., Praserthdam, P., “Effect of nano-SiO2 particle size 

on the formation of LLDPE/SiO2 nanocomposite synthesized via the in situ 

polymerization with metallocene catalyst”, Chemical Engineering Science 62 (2006) 

899-905 (Impact factor 2005 = 1.735). (������%��!
�/
' 33) 

34. Okorn Mekasuwandumrong, Varong Pavarajarn, Masashi Inoue and Piyasan 

Praserthdam, “Preparation and phase transformation behavior of �-alumina via 

solvothermal synthesis”, Materials Chemistry and Physics 100 (2006) 445-450 

(Impact factor 2005 = 1.136). (������%��!
�/
' 34) 
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35. Chalermpol Wonglert, Supakanok Thongyai, Piyasan Praserthdam, “Effect of Aging 

on Synthesis of Graft Copolymer of EPDM and Styrene”, J. Applied Polymer 

Science, 102 (5), pp. 4809-4813 (Impact factor 2005 = 1.072).  (������%��!
�/
' 

35) 

36. Satit Thanyaprueksanon, Supakanok Thongyai, Piyasan Praserthdam, “New 

synthesis method for polypropylene co ethylene-propylene rubber”, J. Applied 

Polymer Science, 103 (6), pp. 3609-3616 (Impact factor 2005 = 1.072). (������

%��!
�/
' 36) 

37. Lerdlaksana Ubonnut, Supakanok Thongyai, Piyasan Praserthdam“ 

Interfacial adhesion enhancement of polyethylene-polypropylene mixture”, J. 

Applied Polymer Science, 104 (6), pp. 3766-3773 (Impact factor 2005 = 1.072). 

(������%��!
�/
' 37) 

38. Bunjerd Jongsomjit, Joongjai Panpranot, and Piyasan Praserthdam “Effect of 

nanoscale SiO2 and ZrO2 as the fillers on the microstructure of LLDPE 

nanocomposites synthesized via in situ polymerization with zirconocene”, Materials 

Letters, 61 (2007) 1376-1379 (Impact factor 2005 = 1.299). (������%��!
�/
' 38)  

39. Kamonchanok Pansanga, Okorn Mekasuwandumrong, Joongjai Panpranot, and 

Piyasan Praserthdam “Synthesis of Nanocrystalline Al2O3 by Thermal 

Decomposition of Aluminum Isopropoxide and its Application as Co Catalyst 

Support for Carbon Monoxide Hydrogenation” Korean Journal of Chemical 

Engineering, in press (Impact factor 2005 = 0.750). 

40. Sujittra Kittiruangrayab, Tanuchnun Burakorn, Bunjerd Jongsomjit, and Piyasan 

Praserthdam, ”Characterization of cobalt dispersed on various micro- and 

nanoscale silica and zirconia supports”, Catalysis Letters, in press (Impact factor 

2005 = 2.088).  

41. Parawee Tonto, Okorn Mekasuwandumrong, Suphot Phatanasri, Varong 

Pavarajarn and Piyasan Praserthdam, “Preparation of ZnO nanorod by 

solvothermal reaction of zinc acetate in various alcohols”, Ceramics International, 

in press (Impact factor 2005 = 0.702).  

42. Kamonchanok Pansanga, Joongjai Panpranot, Okorn Mekasuwandumrong, Chairit 

Satayaprasert, and Piyasan Praserthdam “Effect of Mixed � and � Crystalline 
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Phases in Nanocrystalline Al2O3 on the Dispersion of Cobalt on Al2O3” Catalysis 

Communications, accepted June 2007 (Impact factor 2005 = 2.098). 

 

2.1.2 �,����,%#$�����'����������C+    ������ 2 ����� 

1. Piyawat Supphasrirongjaroen, Piyasan Praserthdam, Joongjai Panpranot, and 

Duangkamol Na-Ranong “Effect of Quenching Medium on Photocatalytic Activity of 

Nano-Sized TiO2 Prepared by Solvothermal Method" Chemical Engineering 

Journal, Submitted Revised Manuscript. 

2. Kamonchanok Pansanga, Nattaporn Lohitharn, Andrew C. Y. Chien, Edgar Lotero, 

Joongjai Panpranot, Piyasan Praserthdam, and James G. Goodwin, Jr. “Copper-

Modified Alumina as a Support for Iron Fischer Tropsch Synthesis Catalysts” 

Applied Catalysis A. General, June (2007). Submitted Revised Manuscript. 
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 4. �.�.�)�!�� �����#� 

 5. ����"����
���� �
���� 

'����'�� ��������	����11���� �
������� 4 �� ����	��������Z����5-�A� �	����!&'��#�.��
� 

1. ������
(�� ~��	������  �������/����2�~� ����&���	����� 2550 

2. �.�.�������
 ���&�!���  �������/����2�~� ����&���	����� 2550 

3. �.�.����� %�#)5	����  �������/����2�~� ����&��)
���) 2551 

4. �.�.5��!1� �
1!� ( ��
~��  �������/����2�~� ����&��)
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5. ��������  ��	
����
�	
���  �������/����2�~� ����&��)
���) 2551 

6. ����������  ������ (���)  �������/����2�~� ����&��)
���) 2551 
7. ��������  ����
� (����)  �������/����2�~� ����&��)
���) 2551 
8 ���!"�#$�%�&  '��'����*
�����  �������/����2�~� ����&��)
���) 2551 

 

2.3 B��
&���>	���/F�H���.
����**��,           ������ 48 �� 

1. ����
/~� ��)�2~�5�
 

2. �.�.5���2� .25�����*� 

3. �.�. �	�/��   ���	3�2�A�2	�~�      

4. �.�.����
 �/�����  
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5. �.�.��/	� �	������	3�����  

6. �.�.�/	��	��� ��
!��
/~5����  

7. ���2��!A}�  2*
2�5�/�	2��  

8. �.�.���.22��( 5�����!!���  

9. �.�.�	!B�6�(� ����2!�  

10. ����
�2�A� �	3����
(  

11. �.�.�)��	���  �*)&��6	����  

12. �.�.��5�
�� !	��	���  

13. �.�.�	��(�  ������&��   

14. �.�.(	}����� ��"�!	�60)�  

15. ����
��A� �*2	3��)�	�� 

16. �.�.�(��� ~��)�������5� 

17. �.�.+��,-� !�#��.+�$�%�'��/�0 
18. �.�. .���&��� $
�&�2� 
19. ��������	
���  �	�	�
 

20. �.�.������ ����������
��� 

21. �.�.�����  ����������
���� 

22. ������� �������� 

23. �.�.!"���  #������ 

24. �������$�%��  	��	
�&�'� 

25. �.�.������*�   #
�+�;������ 

26. ����<����>   $*��;��'� 

27. ���?��*>  �
��*�*
��	
� 

28. �.�.+��!�   ���@�� 

29. ����
	�*�'�  ���+� 

30. �������>��  Q��?����%�%��� 

31. �.�.���!�����  QX��+��?�� 

32. ����������  ����*��	" 

33. ���#������  ����
?���> 

34. �����
	�
��?� �����!� 

35. �����
�*�#�  �@�<��$*��; 

36. ���*��*>  �
�Q�[� 
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37. �.�.�>�#>
�'!�  ���>��	 

38. ������*>  *�@��� 

39. �.�.����*�  Q������ 

40. �.�.�
���>�  #����*>�� 

41. ���\�
*
���   ?������
�+�; 

42. ���*�	��   ?�#?���
��� 

43. �.�.���%*� ��<�����
�� 

44. ������! ���>�]���� 

45. �.�.\��!� �+<��^�� 

46. �.�.�
>��>
�'!� ����
�+� 

47. �.�.��%���� �������<���
�
� 

48. �������� �
��*&�'���?� 
 

3. ��	����$"#�I ,%#��%#��+�$� 

3.1 ����&��
�$B!�����,%#��������.
��������� 

3.1.1 The 13th International Congress on Catalysis, July 11-15, (2004) Paris, France. 

1. J. Panpranot, S. Kaewgun, and P. Praserthdam “Metal-Support Interaction in 

Mesoporous Silica Supported Cobalt Fischer-Tropsch Catalysts”.  

 

3.1.2 Regional Symposium on Chemical Engineering (RSCE 2004), Bangkok, 

December 1 – 3, 2004 

1. W. Sangtongkitcharoen, S. Assabumrungrat, V. Pavarajarn, N. Laosiripojana and 

P. Praserthdam “Prediction of Boundary of Carbon Formation for Different Types of 

Solid Oxide Fuel Cells with Methane Feed”. 

2. N. Taochaiyapoom, J. Panpranot, and P. Praserthdam “Characteristics of Cobalt 

Catalysts Supported on Zirconia Nanoparticles Prepared by Glycothermal Method”.  

3. O. Tungjitwattakarn, J. Panpranot, and P. Praserthdam “Liquid Phase 

Hydrogenation on Silica Supported Pd Catalysts: Effects of Pd Precursors and 

Reduction Temperature”. 

4. L. Nakkararuang, J. Panpranot, B. Ngamsom, and P. Praserthdam "Selective 

hydrogenation of acetylene on Pd catalysts supported on solvothermal-derived 

TiO2”. 
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5. S. Ngamposri S, B. Jongsomjit, and P. Praserthdam, “Ethylene/1-octene 

copolymerization using mixed titania/silica-supported MAO with zirconocene 

catalyst”. 

6. E. Chaichana, B. Jongsomjit, and P. Praserthdam, “Synthesis of LLDPE/silica-

nanocomposites by in situ polymerization with MAO/zirconocene catalyst”. 

7. T. Wongsalee, B. Jongsomjit, and Praserthdam P., “Dependence of crystalline 

forms of titania on catalytic properties of Co/TiO2 catalysts”. 

8. C.Wonglert, S.Thongyai, P.Praserthdam, “Blend Properties and Synthesis of Graft-

copolymer between Ethylene-Propylene-Diene Terpolymer and Styrene”. 

9. E.Singnoo, S.Thongyai, P.Praserthdam, “Effects of Low Molar Mass Liquid Crystal 

and Lubricant Additive on the Crystallinity of Isotactic Polypropylene”. 

10. A.Buasri, S.Thongyai, P.Praserthdam, “Effects of Low Molar Mass Liquid Crystal 

and Lubricant Additive on the Crystallinity of Syndiotactic Polystyrene”. 

11. J.Klongdee, V.Pavarajarn, O.Mekasuwandumrong and P.Praserthdam, 

“Photocatalytic Degradation of Methylene Blue by TiO2 Nanocrystals Synthesized 

via Thermal Decomposition of Titanium (IV) n-Butoxide in Organic Solvents”. 

12. R.Precharyutasin, V.Pavarajarn and P.Praserthdam, “Effects of the Reaction 

Parameters on the Carbothermal Reduction and Nitridation of Rice Husk Ash for 

Silicon Nitride Synthesis”. 

 

3.1.3 International Symposium on Nanotechnology in Environmental Protection and 

Pollution (ISNEPP 2005), Bangkok, January 12 – 14, 2005 

1. J. Klongdee, W. Petchkroh, K. Phuempoonsathaporn, P. Prasertdam, A.S. 

Vangnai, and V. Pavarajarn, “Activity of Nanosized Titania Synthesized from 

Thermal Decomposition of Titanium (IV) n-Butoxide for the Photocatalytic 

Degradation of Diuron” 

 

3.1.4  Regional Symposium on Chemical Engineering (RSCE 2005) Hanoi Horison 

Hotel, Hanoi, VIETNAM (November 30th –December 2nd, 2005)  

1. Rungroj Chanchairoek , Piyasan Praserthdam , Pitt Supaphol ,and Varong 

Pavarajarna) “Effect of Synthesis and Calcination Parameters on Cristobalite 

Nanofibers by Combined Sol-Gel and Electrospinning Techniques” 

2. Garun Tanarungsuna, Suttichai Assabumrungrata, ,Worapon Kiatkittipongb, 
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Piyasan Praserthdama, Hiroshi Yamadac and Tomohiko Tagawac “Direct 

hydroxylation of benzene to phenol with hydrogen peroxide catalyzed by Fe/TiO2” 

3. Teerawut Ruangsanama, Okorn Mekasuwandumrongb, Piyasan Praserthdama 

and Varong Pavarajarna, “Physical and Optical Properties of Gallium-Doped Zinc 

Oxide Nanoparticles Synthesized via Glycothermal Method” 

4. Kanyaluck Kontapakdee, Joongjai Panpranot, and Piyasan Praserthdam 

“Effect of Titania Polymorph on the Characteristics and Catalytic Properties of 

Pd/TiO2 in Selective Hydrogenation of Acetylene” 

5. Kunnika Phandinthong, Joongjai Panpranot, Wandee Luesaiwong, and Piyasan 

Praserthdam, “A Comparative Study of Liquid Phase Hydrogenation on Pd/SiO2 in 

Organic Solvents and Under Pressurized Carbon Dioxide” 

 

3.1.5   Technology and Innovation for Sustainable Development Conference (TISD  

            2006), 25-27 January 2006 Khon Kaen, Thailand  

1.   Songphol Angkapipattanachai, Thanapon Sangvanich, Pawin Boonyaporn, Joongjai 

Panpranot
*
, and Piyasan Praserthdam “Study of Acetylene Hydrogenation 

Catalysts: Role of Coke Deposits” 

 

3.1.6  Regional Symposium on Chemical Engineering (RSCE 2006) Singapore, 

(December 3-5, 2006)  

1. Terachai Sirikajorn
*
 and Joongjai Panpranot “Synthesis and Catalytic Behavior of 

Pd supported on nanocrystalline ZnAl2O4 in Liquid-Phase Semihydrogenation”  

2. Patcharaporn Weerachawanasak* and Joongjai Panpranot
+ 

Characteristics and 

catalytic properties of micron- and nano-sized TiO2 supported Pd catalysts in liquid-

phase hydrogenation of phenylacetylene  

3. Sirima Somboonthanakij
a,*

, Joongjai Panpranot
+
, and Okorn Mekasuwandumrong

b
 

“Characteristics and Catalytic Properties of Nano-Pd/SiO2 Catalysts Prepared by 

Flame Spray Pyrolysis”  

4. Pimchanok Tupabut, Bunjerd Jongsomjit, and Piyasan Prasethdam, 

“Characterization of Co/SiO2-B catalyst and catalytic properties during CO 

hydrogenation”. 

5. Nithinart Chitpong, Bunjerd Jongsomjit, and Piyasan Praserthdam, “Effect of boron-

modified zirconia-supported cobalt catalysts and their catalytic properties via CO 

hydrogenation”. 
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6. Thidarat Boosamsaiy, Bunjerd Jongsomjit and Piyasan Praserthdam, “Study of 

cobalt dispersion on the nanoscale Al2O3 and SiO2 supports”. 

7. Sirinlak Bunchongturakarn, Bunjerd Jongsomjit, and Piyasan Praserthdam, “Impact 

of MCM-41 pore structure on ethylene/1-octene copolymerization using MCM-41-

supported dried MMAO with zirconocene catalyst”. 

8. Chanathip Desharun, Bunjerd Jongsomjit, and Piyasan Praserthdam, “Synthesis of 

LLDPE-Al2O3 polymer nanocomposites via in situ polymerization with zirconocene 

catalyst”. 

9. Supaluk Jiamwijitkul, Bunjerd Jongsomjit, and Piyasan Praserthdam, 

“Copolymerization behaviors of ethylene/1-octene via boron-modified MCM41-

supported zirconocene catalyst”. 

10. Chanintorn Ketloy, Bunjerd Jongsomjit, and Piyasan Praserthdam, “Supporting 

effect of [t-BuNSiMe2Flu]TiMe2 complex during ethylene/1-octene 

copolymerization”. 

11. Akawat Sirisuk and Kulapong Boonyawes, “Improving efficiency of dye-sensitized 

solar cell by modification of TiO2 electrode layer”.  

12. Akawat Sirisuk and Sutthirut Charatsaengchirachot, “Synthesis of TiO2 hollow 

spheres using spraying technique”.  

13. Akawat Sirisuk and Sorathon Wattanamalachai, “Novel method for deposition of 

copper on zinc oxide by using supercritical carbon dioxide”.  

14. Akawat Sirisuk, Prasert Pavasant, and Narakorn Chanprasert, “Photocatalytic 

degradation of organic dyes using TiO2 in an air-lift reactor”. 

 

3.1.7    The 4rd Asia-Pacific Congress on Catalysis (APCAT4), December 6-8, 2006,  

            Singapore 

1. Nitikon Wongwaranon, Joongjai Panpranot, and Piyasan Praserthdam
  “

Effect of Ni-

modified Al2O3 on the Properties of Pd/�-Al2O3 Catalysts in Selective 

Hydrogenation of Acetylene”  

2. Akawat Sirisuk, Peerapon Buakaew, and Piyasan Praserthdam, “Photocatalytic 

oxidation of ethylene over gold-deposited titanium dioxide nanoparticles. 

 



 17

3.2 �����"#$����,����������
�$��
�'���� 

 

3.2.1 ���������"$�
����H
,����$��\!%�$,,�!%� 	&��
. (�'���) 

�	��%�#���')����������	��
�50����!
'��!�1[ .�")
�������#�����������	��	����	����

50������	�%��2	3��������A	/[ �&� ��. ����� %,#��� %���
(�
!�	�/� �
/	��	��� ,-'���\�*	�*�"�

%�������	��
(6�2 ��������%����5����) ���A	/�������2�
��//
�
� ���%�����/
'.�"

����������.�%�"� �&� ����*"���)!#���*�&�%�����)�#�))&�������	������*��	���#��$�������

�)/	���,
� (Metallocene catalysis) /
'��\�����������!��,"�!"�������*�./�/��
�),-'�)
���)

�#��.��#��$�������2����)���.��,!	����2�������Y+� ������
�)�	���#��$�������!����
���\���'�/
'

�����&'��������)	~�	�*� (Intermediates) /
'�����-����)
���)�#��.��#���'���&��� (Impurity) 

���)!&�� %������5 ��#��.��Z��)��&'�����/��50����!
'��!�1[ ����Z.�")
���)�#�))&��	�

�0"�!
'��!�1�#������/5��0#%�"� �&� Professor Takeshi Shiono ( Hiroshima University ����/5

1
'�
�� 6����"����������4#��/���/������
./�-1
'�
�� (Thailand-Japan Technology Transfer 

Project) /���*".�"�	����%�����%���/������������
�)/
'�
 /	���
�������)�#�))&��	���#��/��

���A	/[ ����	�.�"�#��	����	�������A	/)���
���0"%��/������	������*��	���#��$��������)/	���,
�

�	���#��/
'*"���$��	��������50���[ ������
�	�������
�)�	���#��$��������	���#��.�"����
����)

��9�*)��/
'���.�"%�"�  

��!#��/
'��������*���&��/
'�#��)�50���[ .�"�#���������11��/,-'�.�"�	�/
����5-�A���

���	�)*��	(=��������A	/[ �&� �����~�� 5�
������ .�/�����	�/
'���A	/��!#���+��/�)/
'�#��

)� (�
���) - 2�5������ 2549) ��������.�"/������	������*��	���#��$��������)/	���,
� �&� 

����������!��,"�� Bis[N-(3-tert–butylsalicylidene)anilinato] zirconium(IV) dichloride /
')
*)0#

��%������\���
#)��� Phenoxy-Imine ���)
�	���*��,�������
�) (Zr) ��\���*�����)���� 

���*�	���������� Ethylene Polymerization ,-'�)
����	��!&'���\���
#) FI catalyst  ������5-�A�

/
'�#��)�2��#���
#) FI catalyst   �
����*"�#� activity ������������ Ethylene Polymerization 

/
'�0�%���*"����6	(=��2�
��//
�
�/
')
�	�A(�%����*)# �!#� )
����*�	��)���
�/
'�'����4-��0�)�� 

�	��	���-�)
���)��\�.�.�"�0�/
'������	���#��$�������!����
�.��!"��/���
���*���)�#�.� �	�����

��������
�)���"��/��������
�)��%�����#��%�"��-���#����)������.� ����	���-����.�/����

���$�������2����)���.��,!	������/��
��#�.� �����)��4��
��	�����.�"��)�0��"���#���	��
� 
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?��$����

������'�!����.� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

���,%# 1 ������%��!����.� 

The mixture was filtered 

Remove filtrates to flask C ( by syringe)

Molecular sieves washed with ethyl acetate 20ml

Flask C 

Evacuate

Purified ( use hexane:ethyl acetate,10:1 as eluent

N-(3-tert-butylsalicylidene)aniline  ( orange oil )

Flask A (250ml)

Molecular sieve 3 Aº  2.0 g 

Ethanol 20ml

Flask B (250ml) 

Aniline 1.38 ml , 15.1mmol

Ethanol 10ml

3-tert-butylsalicyaldehyde  
2.34g,13.4 mmol 

The mixtrue was stirred for 16 h
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+
?��$�������%���
�������������� 

Complex Synthesis (Bis [N-(3-tert-butylsalicylidene) anilinatotitanium(IV)dichloride 
 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

���,%# 2 �
.�������%���
�������������� 

 

Dried diethyl ether 50ml 

N-(3-tert-butylsalicylidene)aniline 
  ( orange oil ) 1.552g, 6.13mmol 

1.6N butyllithium hexane solution 
3.80 ml,6.08mmol 

Warm to r.t.& stirred 4 hr to prepare lithium salt salt solution 

Do at -78º C 

Flask D 

  Flask E 

TICl4 0.336ml, 3.06mmol 

Dried diethyl ether 90ml 

Flask D 

Warm to rt & stirred overnight

evacuate

Died dichloromethane 80 ml 
to remove insoluble 

Stirred 10 min 

Filtrate to flask H 

Do at -78º C 

Evacuate

Complex Catalyst 
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���������5-�A��)�	������	���#��$����������������2	�~�%�"� ������
�	��	�.�")
�������	���#�

�$��������	���#��.��!"����������~2	�~�,-'�)
�	�����	���\�,����� ./�/��
� %�����.,����)

��*�#��,������	�./�/��
� �2&'�5-�A�%����Z��"�)0��#�.� �������#����������������	�/
'.�".�

��
����/����2�~�%�������Z����5-�A������	�)*��	(=��.�"6���������5-�A��
� 

 

3.2.2 ���������"$�
����H
,���$��$�!](�
� 	&��
.  

��������D 2547-2549  

����������	��#�)��*�#��50����!
'��!�1��2��/���"������.�,��%����5����)�$�������

/
'�!"�	���#��$�������%�� �.���������Y+��� ����	� )
�	�4
�������������2�')�����/~�6�2���

�	���#��$����������*�	��$�������.��������!	�������,/��
�,-'���\��	�����*�-'�/
'����	1��

�������������2�����/��
� ����$�������.��������!	�������,/��
���\��������	����,���,/��
�

/
'��������������	���"� (��/��
�) ����#��/
'����"��0#���/���$�������2���)�.��,!	�.���\�2�����

/��
����,���,/��
�/
'���������
���������.�/���*"���)�#��.�����	���#��$�������/
'�!"���$�������

2����)�.��,!	�)
�#�����%�"��	���)��4�������������/
'��\��	����� �!#� �)/	����,/���.���

,-'�/���*"�������������.�"�
��"�� �	��	���������	����,/��
��*"�����*�&����)�(.)#���� 5 ppm 

�-�)
���)�����\���#����'� �	���#��$�������/
'�!"���$�������.��������!	�������,/��
�/
'�!"��0#��

����
�	���� �. ���������Y+��� .�"%�#�	���#��$�������%2�����
�)�����0)���/
'����)�"����*�,��

����� (Pd-Ag/Al2O3)  

������	���)��4%�#���\�*	��"��#���.�"�	��
� 

1) ����2�')�����/~�6�2����	���#��$��������*)# (Fresh Pd-Ag/Al2O3 catalyst) ������

�!"%���.���	������/�
�/��)����	���#��$������� Pd-Ag/Al2O3 ,-'�������5-�A�������	�/
'��
'���"��

2��#�2��#�%����	���#����.��	���������0�,	������/��
���2&���������	���#��$�������/���*".�"

����6	(=�/
')
�#������&�����������/��
��0��-��%������������
�/�.�" ���/�����*��6���/
'

�*)���)�����/�
�/��)��� 2��#�/
'����!"���)�(%���.���	���*�#�� 50-100 .)������� /
'

�
(*60)� 90-100
o
C /���*".�"���)�(���,/��
�������!	�%������6	(=���/��
��0�/
'�
� 

2) ���5-�A��������"��#������/~�6�2����	���#��$�������%��5-�A�%��/������� 

��	���
����������Y���Y0�6�2����	���#��$�������6��*�	��������!"������$����������,/��
�

.��������!	�2��#��	���#��$�������/
'�#������!"���%��Y���Y0�6�2%�"����/�������Z�����
�

�#���������&'���$���(� C2-Reactor ��������� ROC )
���)�(��"�*���*�&���0#/���*"�	���#�

�$�������)
�����/~�6�2���� �����*��6���/
'�*)���)�����Y���Y0�6�2����	���#��$�������.�"

5-�A��	�%���#����&� �
(*60)� ���)��")�"�������,����%���#� GHSV 2��#�/
'�
(*60)� 500
o
C 

�-��.��-���/���*"����������.*)"��"�/
'�)�0�(� ���)�(���)��")�"�������,����/
'�*)���) 10-

21% �#� GHSV = 8000-17000 h
-1
 ����!"���,����/
'���)��")�"��'������.�%���#� GHSV �0�

����.���/���*"��"����.*)".)#*)�*�&��"���!"������������.*)"���)�� 
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�0�%����	���#���	���#��$�������/
'���)�/�����������	���"�/
'�6����#��� 

 

 3) ���5-�A����)��\�.�.�"���������	���#��$�������/
'�#������!"���%��Y���Y0�6�2%�"�

)�/�����/�
��)����"��%���.���	� 2��#�.)#��)��4/��.�"4-�%)"�#��	���#��$���������.)#)
��"�

*���*�&���0#%�"��Z��) .�"/�����/�����"�����&'��)&��������*��#�����/� X-ray Diffraction %�� 

X-ray photoelectron spectroscopy 2��#��)&'��	���#��$��������#�����������Y���Y0�6�2/
'

�
(*60)�)����#� 500
o
C ��/���*"��*�,�����������������&'��/
'%��)
������Z���/���*"�6�2

2&���������	���#��$����������
'��.�%��.)#��)��4/�����/�
��"��%���.���	�.�"�
� ��#��.��Z��)

4"�/�����Y���Y0�6�2�	���#��$������� (/
'.)#.�"�#������!"���) /
'�
(*60)� 300
o
C ����)��4�2�')

�����/~�6�2������/�
��)����"��%���.���	�.�" 

��������	�����#��.�")
������.�������/
'���!
)��!�������	�����!��� Technology 

and Innovation for Sustainable Development Conference (TISD) 2006 �	����

)*���/���	����%�#��#�)�	���5����)�4��%*#�����/5./���2����)��!0�4	)6� �4���	����

%����
�	�A�2�	����)*���/���	����%�#� 50������	�%��2	3��������"��)0�}����#���	'��&� 
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B!���,.!$�,%#
_�������I�.����'!
����$$�������,.!$���� 25 factorial design 

(benzene concentration; A, amount of catalyst; B, hydrogen pressure; C, reaction 

temperature; D, reaction time; E, and coded value; X.) 

 

Run 
number 

A (°C) B (bar) C (minutes) D (%wt) E (g) 
Benzene 

Conversion (%) 

1 1 5 30 100 30 5.4 

2 10 15 30 150 120 20.7 

3 10 15 30 100 30 42.0 

4 1 15 10 100 30 28.2 

5 10 5 30 150 30 5.3 

6 1 15 30 150 30 41.6 

7 1 5 10 150 30 25.0 

8 6 10 20 125 75 23.0 

9 6 10 20 125 75 27.6 

10 1 15 30 100 120 38.8 

11 1 5 30 150 120 100.0 

12 1 15 10 150 120 17.2 

13 1 5 10 100 120 26.7 

14 10 5 10 100 30 5.6 

15 10 15 10 100 120 32.3 

16 6 10 20 125 75 21.1 

17 10 5 10 150 120 20.8 

18 10 5 30 100 120 14.8 

19 10 15 10 150 30 37.8 
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Abstract

A detailed thermodynamic analysis is employed as a tool for prediction of carbon formation boundary for solid oxide fuel cells (SOFCs)
fueled by methane. Three operating modes of SOFCs, i.e. external reforming (ER), indirect internal reforming (IIR) and direct internal
reforming (DIR), are considered. The carbon formation boundary is determined by finding the value of inlet steam/methane (H2O/CH4) ratio
whose equilibrium gas composition provides the value of carbon activity of one. It was found that the minimumH2O/CH4 ratio requirement for
which the carbon formation is thermodynamically unfavorable decreases with increasing temperature. For SOFCs with the oxygen-conducting
electrolyte, ER-SOFC and IIR-SOFC show the same values of H2O/CH4 ratio at the carbon formation boundary, independent of the extent of
electrochemical reaction of hydrogen. In contrast, due to the presence of extra H2O from the electrochemical reaction at the anode chamber,
DIR-SOFC can be operated at lower values of the H2O/CH4 ratio compared to the other modes. The difference becomes more pronounced at
higher values of the extent of electrochemical reaction.
For comparison purpose, SOFCs with the hydrogen-conducting electrolyte were also investigated. According to the study, they were

observed to be impractical for use, regarding to the tendency of carbon formation. Higher values of the H2O/CH4 ratio are required for the
hydrogen-conducting electrolyte, which is mainly due to the difference in location of water formed by the electrochemical reaction at the
electrodes. In addition, with this type of electrolyte, the required H2O/CH4 ratio is independent on the SOFC operation modes. From the
study, DIR-SOFC with the oxygen-conducting electrolyte seems to be the promising choice for operation.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Solid oxide fuel cell; Carbon formation; Thermodynamics analysis; Methane

1. Introduction

Solid oxide fuel cell (SOFC) is an energy conversion unit
that produces electrical energy and heat with greater energy
efficiency and lower pollutant emission than the conventional
heat engines, steam and gas turbines, and combined cycles.
Due to its high operating temperature, SOFCoffers thewidest
potential range of applications, flexibility of fuel choices and

∗ Corresponding author. Tel.: +662 218 6868; fax: +662 218 6877.
E-mail address: suttichai.a@eng.chula.ac.th (S. Assabumrungrat).

possibility for operation with an internal reformer. Recent
developments on SOFCs seem to move towards to two main
issues: intermediate temperature operation and use of other
fuels instead of hydrogen. The uses of various alternative fu-
els, i.e. methane, methanol, ethanol, gasoline and other oil
derivatives, in SOFCs have been widely investigated [1–3].
To date, methane is a promising fuel as it is an abundant
component in natural gas and the methane steam reforming
technology is relatively well established. As SOFC is oper-
ated at such a high temperature, methane can be reformed
effectively by either catalytic steam reforming or partial oxi-

0378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2004.10.009
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Nomenclature

a inlet moles of methane (mol)
b inlet moles of steam (mol)
c extent of the electrochemical reaction of hy-

drogen (mol)
K1 equilibrium constant of reaction (25) (kPa−1)
K2 equilibrium constant of reaction (26) (kPa)
K3 equilibrium constant of reaction (27) (kPa−1)
ni number of moles of component i (mol)
pi partial pressure of component i (kPa)
x converted moles associated with reaction (1)

(mol)
y converted moles associated with reaction (2)

(mol)

Subscripts
R reforming chamber
F fuel cell chamber

Greek letter
αc carbon activity

dation to produce a H2/CO rich gas, which is eventually used
to generate the electrical energy and heat. However, several
major problems remain to be solved before such SOFCs can
be routinely operated on the direct feed of alternative fuels
other than hydrogen. One of them is the problem of carbon
deposition on the anode, causing loss of active site and cell
performance as well as poor durability. The growth of carbon
filaments attached to anode crystallites can generate massive
forceswithin the electrode structure leading to its rapid break-
down [4].
A number of efforts have been carried out to alleviate this

problem. One approach is to search for appropriate anode
formulations and operating conditions. A number of addi-
tives were added to the anode in order to lower the rate of
carbon formation. For example, the addition of molybdenum
and ceria-based materials to Ni-based anode was reported to
reduce carbon deposition, and in some cases, to increase the
fuel conversion [5,6]. Addition of alkali, such as potassium,
can accelerate the reaction of carbon with steam and also
neutralize the acidity of the catalyst support, hence reducing
carbon deposition [7].
For the steam reforming, addition of extra steam to the

feed is a conventional approach to avoid carbon deposition.
Selection of a suitable steam/hydrocarbon ratio becomes an
important issue. Carbon formation can occur when the SOFC
is operated at low steam/hydrocarbon ratio. However, use of
high steam/hydrocarbon ratio is unattractive as it lowers the
electrical efficiency of the SOFC by steam dilution of fuel
and the system efficiency [6]. Consequently, it is necessary to
optimize the suitable steam/hydrocarbon ratio at the carbon

formation boundary whose value represents the minimum
steam/hydrocarbon ratio required to operate the SOFC at
carbon-free condition.Our previousworks employed thermo-
dynamic calculations to predict the required steam/alcohol ra-
tio for direct internal reforming SOFCs fed by ethanol [8] and
methanol [9]. It was found that the SOFCs with an oxygen-
conducting electrolyte require less steam/alcohol ratio than
that with a hydrogen-conducting electrolyte because extra
steam generated from the electrochemical reaction is avail-
able for use in the anode chamber.
In this paper, a detailed thermodynamic analysis is car-

ried out to predict the carbon formation boundary for SOFCs
fueled bymethane. Three operating modes of SOFCs, i.e. ex-
ternal reforming (ER), indirect internal reforming (IIR) and
direct internal reforming (DIR), with two electrolyte types,
i.e. oxygen- and hydrogen-conducting electrolytes, are inves-
tigated to compare the required steam/methane (H2O/CH4)
ratios between different SOFC operating modes.

2. Theory

Themain reactions involved in the production of hydrogen
from methane and water are the methane steam reforming
and water gas shift reactions as shown in Eqs. (1) and (2),
respectively.

CH4 + H2O = 3H2 + CO (1)

CO + H2O = H2 + CO2 (2)

The former is strongly endothermic while the latter is mildly
exothermic. Methane steam reforming is commercially op-
erated at 1000–1100K and 2.17–2.86MPa over nickel based
catalysts [10]. The feed contains steam in excess of the sto-
ichiometric amount with H2O/CH4 molar ratios of 3–5 to
prevent soot formation [11].
When SOFCs are operated with a fuel, such as hydro-

carbon and alcohol, three modes of operation, i.e. external
reforming SOFC (ER-SOFC), indirect internal reforming
SOFC (IIR-SOFC) and direct internal reforming SOFC
(DIR-SOFC) as shown in Fig. 1, are possible. For ER-SOFC
operation, the endothermic steam reforming and the elec-
trochemical reactions are operated separately in different
units, and there is no direct heat transfer between both units.
High energy supply to the outside reformer is required due
to the high endothermic over this part. In contrast, for both
IIR-SOFC and DIR-SOFC, the endothermic reaction from
the steam reforming reaction and the exothermic reaction
from the oxidation reaction are operated together in a single
unit. Therefore, the requirement of a separate fuel reformer
and energy supply to this unit can be eliminated. This
configuration is expected to simplify the overall system
design, making SOFC more attractive and efficient means
of producing electrical power.
For IIR-SOFC, the reforming reaction occurs in the vicin-

ity of the cell stack. This enables heat transfer from the fuel
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Fig. 1. Configurations of various SOFCmodes. (a) ER-SOFC, (b) IIR-SOFC
and (c) DIR-SOFC.

cell chamber to the reformer, which leads to energetic econ-
omy. However, part of heat may not be efficiently utilized due
to its limited heat transfer rate. ForDIRoperation, the reform-
ing reaction takes place at the anode of the fuel cell. Heat and
steam released from the electrochemical reaction upon power
generation is effectively used for the endothermic reforming
reaction since both processes take place simultaneously at
the anode. Therefore, in term of energy aspect, DIR-SOFC is
more attractive than the others. It should be noted that state-
of-the-art SOFC nickel cermet anodes can provide sufficient
activity for the steam reforming and shift reactions without
the need for additional catalysts [4,12].
Two types of solid electrolytes can be employed in the

SOFC, i.e. oxygen- and hydrogen-conducting electrolytes.
The reactions taking place in the anode and the cathode can
be summarized as follows:

• Oxygen-conduction electrolyte:
anode : H2 + O2− = H2O + 2e− (3)

cathode : O2 + 4e− = 2O2− (4)

• Hydrogen-conducting electrolyte:
anode : H2 = 2H+ + 2e− (5)

cathode : 2H+ + 1
2O2 + 2e− = H2O (6)

The difference between both electrolyte types is the lo-
cation of the water produced. With the oxygen-conducting
electrolyte, water is produced in the reaction mixture in the
anode chamber. In the case of the hydrogen-conducting elec-
trolyte, water appears on the cathode side. The number of

moles of each component involved in different SOFC modes
is discussed in the following sections.

2.1. ER-SOFC and IIR-SOFC

For ER-SOFC and IIR-SOFC, the methane steam reform-
ing and water gas shift reaction take place initially at the
reforming chamber. Then the exit gas from the reformer is
fed to the fuel cell chamber where all the methane steam
reforming, water gas shift reaction and electrochemical reac-
tions occur. If required, additional water feed can be added to
the reformer exit gas before being fed to the fuel cell cham-
ber. The number of moles of each component is given by the
following expressions:

• Reforming chamber
nCH4 = a− xR (7)

nCO = xR − yR (8)

nCO2 = yR (9)

nH2 = 3xR + yR (10)

nH2O = bR − xR − yR (11)

ntotal =
5∑

i−1
ni (12)

where a and bR represent the inlet moles of methane and
water, respectively, and xR and yR are the converted moles
in the reforming chamber associated to the reactions (1)
and (2), respectively.

• Fuel cell chamber
nCH4 = a− xR − xF (13)

nCO = xR − yR + xF − yF (14)

nCO2 = yR + yF (15)

nH2 = 3xR + yR + 3xF + yF − c (16)

nH2O = bR − xR − yR + bF − xF − yF
(for hydrogen-conducting electrolyte)

nH2O = bR − xR − yR + bF − xF − yF + c

(for oxygen-conducting electrolyte)

(17)

ntotal =
5∑

i−1
ni (18)

where bF is the additional mole of water fed to the fuel cell
chamber, xF and yF the converted moles in the fuel cell
chamber associated to the reactions (1) and (2), respec-
tively and c is the extent of the electrochemical reaction of
hydrogen. It should be noted that only hydrogen is assumed
to react electrochemically with oxygen supplied from the
cathode side. Then, the overall inlet H2O/CH4 ratio for
these modes is equal to (bR + bF)/a.
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2.2. DIR-SOFC

For DIR-SOFC, as described, there is no requirement of
the separated reforming chamber in the system. All the reac-
tions mentioned earlier take place simultaneously in the fuel
cell chamber. The number of moles of each component is
given by the following expressions:

nCH4 = a− xF (19)

nCO = xF − yF (20)

nCO2 = yF (21)

nH2 = 3xF + yF − c (22)

nH2O = bF − xF − yF + c

(for oxygen-conducting electrolyte)
nH2O = bF − xF − yF

(for hydrogen-conducting electrolyte)

(23)

ntotal =
5∑

i−1
ni (24)

Calculations of the thermodynamic equilibrium composition
are accomplished by solving a system of non-linear equations
relating the moles of each component to the equilibrium con-
stants of the reactions.
The following reactions are the most probable reactions

that lead to carbon formation in the reaction system [13]:

2CO = CO2 + C (25)

CH4 = 2H2 + C (26)

CO + H2 = H2O + C (27)

The Boudard reaction (Eq. (25)) and the decomposition of
methane (Eq. (26)) are the major pathways for carbon for-
mation at high operating temperature [14]. It should be noted
that due to the exothermic nature of the water gas shift reac-
tion (Eq. (2)), the amount of CO becomes significant at high
temperature [15]. All reactions are employed to examine the
thermodynamic possibility of carbon formation. The carbon
activities, defined in Eqs. (28)–(30), are used to determine
the possibility of carbon formation.

αc,CO = K1
p2CO
pCO2

(28)

αc,CH4 = K2
pCH4
pH2

2 (29)

αc,CO H2 = K3
pCOpH2
pH2O

(30)

where K1, K2 and K3 represent the equilibrium constants of
the reactions (25), (26) and (27), respectively, and pi is the
partial pressure of component i. When αc > 1, the system is
not in equilibrium and carbon formation is observed. The sys-
tem is at equilibrium when αc = 1. It is noted that the carbon

activity is only the indicator for the presence of carbon in the
system. It does not give the information regarding the amount
of carbon formed. Finally, when αc < 1, carbon formation is
thermodynamically impossible.
In order to identify the range of SOFC operation, which

does not suffer from the formation of carbon, the operating
temperature and the extent of the electrochemical reaction of
hydrogen are specified. Then the initial value of theH2O/CH4
ratio is varied and the corresponding values of αc are calcu-
lated. The carbon formation boundary is defined as the value
ofH2O/CH4 whose value of (1−αc) is approaching zero. This
value represents the minimum inlet H2O/CH4 mole ratio at
which carbon formation in the equilibriummixture is thermo-
dynamically impossible. For ER-SOFC and IIR-SOFC, the
calculations for both reformer and fuel cell chambers are re-
quired. It should be noted that although recent investigators
estimated the carbon concentration in the steam reforming
reactions by the method of Gibbs energy minimization, the
principle of equilibrated gas to predict the carbon formation
in this study is still meaningful because the calculations are
carried in order to determine the carbon formation boundary
where the carbon starts forming on the surface. In addition,
other possible factors such as mass and heat transfer or rate
of reactions may also affect the prediction of the carbon for-
mation boundary. Local compositions, which allow the local
carbon formation, may exist although the carbon formation
is unfavorable according to the calculation based on equilib-
rium bulk compositions. Moreover, other forms of carbona-
ceous compounds such as CnHm may be formed and result
in comparable damages.

3. Results and discussion

The influence of inlet steam/methane (H2O/CH4) ratio on
equilibrium composition of species at the reformer section
was firstly carried out as illustrated in Fig. 2. The molar frac-
tions of CO2, H2O and H2 increased with increasing the inlet
steam/methane ratio, whereas the decrease in CO production

Fig. 2. Effect of inlet H2O/CH4 ratio on each component mole in the re-
former (a= 1mol, P= 101.3 kPa and T= 1173K).
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Fig. 3. Effect of inlet H2O/CH4 ratio on carbon activity in the reformer
(a= 1mol, P= 101.3 kPa and T= 1173K).

is observed. Apparently, the increasing of inlet H2O/CH4 ra-
tio moves both methane steam reforming (Eq. (1)) and water
gas shift reaction (Eq. (2)) into the forward direction. The
number of mole for methane is very small since it is the re-
actant of the endothermic reaction, which proceeds in great
extent at high temperature. It should be noted that accord-
ing to Eqs. (25)–(27), the presence of high molar fractions
of CO2, H2 and H2O is effective for preventing the carbon
formation in the system.
Fig. 3 shows the influence of inlet H2O/CH4 ratio on the

corresponding values of the carbon activity calculated from
the equilibrium compositions. The initial high slope at the
low H2O/CH4 ratio implies that the opportunity of the car-
bon formation is rapidly decreased with an addition of steam
into the system. The carbon formation becomes thermody-
namically unfavored, as the carbon activity is less than one,
when theH2O/CH4 ratio is approximately greater than one. It
is therefore indicated that the carbon formation is less likely
as theH2O/CH4 ratio is increased. It should also be noted that
the values of carbon activities calculated from Eqs. (28)–(30)
are equal because the calculations are based on the gas phase
compositions at equilibrium. This is also observed by other
investigator [16].
Fig. 4 shows the H2O/CH4 ratio at the carbon forma-

tion boundary for typical SOFCswith the oxygen-conducting
electrolyte for different operating modes and various extents
of electrochemical reaction of hydrogen. It can be seen from
the figure that the required inlet H2O/CH4 ratio for avoid-
ing carbon formation decreases with increasing operating
temperature and becomes constant at high temperature. This
similar behavior was reported in our previous works with
other types of fuel including ethanol [8] and methanol [9].
Therefore, raising the SOFC operating temperature is one
possibility to prevent carbon formation at the anode, how-
ever, the cost of high temperature materials as well as the
problem of cell sealing must also be considered. Compari-
son between different operating modes indicates that the re-
quired H2O/CH4 ratios for ER-SOFC and IIR-SOFC are the
same, independent of the extent of electrochemical reaction

Fig. 4. Influence of the operationmode on the requirement of inlet H2O/CH4
ratio at different operating temperatures (oxygen-conducting electrolyte,
a= 1mol and P= 101.3 kPa).

of hydrogen. In contrast, for DIR-SOFC, hydrogen from the
electrochemical reaction is converted to steam at the anode
side,where the reforming reaction simultaneously takes place
and, consequently reduces the requirement of H2O/CH4 ra-
tio in the feed. It is particularly pronounced whenDIR-SOFC
is operated at high current density. Nevertheless, due to the
fact that DIR-SOFC requires anode material with sufficient
catalytic activity for both reforming and electrochemical re-
actions whereas ER-SOFC and IIR-SOFC can employ two
separated materials readily available for each reaction, ER-
SOFC and IIR-SOFC may be preferred at the moment. In
case that either ER-SOFC or IIR-SOFC with the oxygen-
conducting electrolyte is employed, it should be noted that
the damage from carbon deposition in the fuel cell chamber
would be less likely, comparing to that in the reformer. Water
produced from the electrochemical reaction in the fuel cell
chamber in addition to the amount ofwater in the inlet stream,
which is already adjusted to avoid the formation of carbon
in the reformer, further decreases the possibility of carbon
deposition in the fuel cell chamber.
For comparison, the requirement of H2O/CH4 ratios to

prevent the carbon formation for ER-SOFC, IIR-SOFC, and
DIR-SOFCwith thehydrogen-conducting electrolyte are also
carried out as shown in Fig. 5. Independent of the operating
modes, more inlet steam is required when the cell is operated
at high extents of electrochemical reaction of hydrogen. It
should be noted that the benefit of steam generation at the
cathode by the electrochemical reaction is not recognized for
this system. The disappearance of hydrogen from the anode
side by electrochemical reaction favors the carbon formation
and, consequently required higher steam in order to prevent
the formation of carbon species.
From the above results, DIR-SOFC with the oxygen-

conducting electrolyte seems to be a promising operation
mode due to the good heat utilization within the system and
the reduction of inlet H2O/CH4 ratio requirement. This sum-
mary is in contrast to one previous work, which reported
that the SOFCwith the hydrogen-conducting electrolyte pro-
vides higher electrical efficiency than that with the oxygen-
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Fig. 5. Influence of operation mode on the requirement of inlet H2O/CH4
ratio at different operating temperatures (hydrogen-conducting electrolyte,
a= 1mol and P= 101.3 kPa).

conducting electrolyte because high partial of hydrogen is
maintained at the anode side [17]. However, since the com-
parison in that work was based on the calculations using the
same value of inlet H2O/CH4 ratio, the benefit from the re-
duced steam requirement was not taken into account. This
subject will be discussed in more details in our next paper
dealing with the efficiency of the overall SOFC system.

4. Conclusion

Theoretical thermodynamic analysis was performed to
predict the carbon formation boundary for the SOFCs with
different operating modes. It was observed that the required
H2O/CH4 ratio to prevent the carbon formation mainly de-
pended on the operating temperature, SOFC operation mode,
and electrolyte type. In general, operation at high tempera-
ture reduces the required inlet H2O/CH4 ratio in all cases.
The oxygen-conducting electrolyte is more attractive than
the hydrogen-conducting electrolyte as the former system
requires less steam. This is directly related to water gener-
ated from the electrochemical reaction of hydrogen at elec-
trodes. The difference in steam requirement is particularly
pronounced at high extent of the electrochemical reaction
of hydrogen. The required H2O/CH4 ratio is independent
of the SOFC operating modes for those with the hydrogen-
conducting electrolyte. On the other hand, for the SOFCwith
the oxygen-conducting electrolyte, DIR-SOFC requires less
steam than both ER-SOFC and IIR-SOFC. In summary, the
DIR-SOFC with the oxygen-conducting electrolyte seems to
be a favorable choice for SOFC operation in the point of view
of the amount of steam required.

It should be noted that although the thermodynamic cal-
culations can be used to predict the minimum inlet H2O/CH4
ratio for which carbon formation is not favored, the deacti-
vation of anode is not solely the result from the deposition
of carbon. Deposition of other forms of carbonaceous com-
pounds such as polymeric coke (CnHm) may result in com-
parable damage. Therefore, the results obtained in this study
should be considered only as crude guideline for operating
condition of SOFC.
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Abstract

The present research showed dependence of crystalline phases in titania on the catalytic properties of Co/TiO2 catalysts during CO
hydrogenation. A comparative study of anatase TiO2- and rultile-anatase coupled TiO2-supported Co catalysts was conducted. It was found
that the presence of rutile phase (19mol%) in titania resulted in a significant increase in the catalytic activity during CO hydrogenation. It
was proposed that the role of rutile phase was to increase the stability of the support. The impact of water vapor produced during reduction on
the formation of cobalt species strongly interacted with the support was probably inhibited by the presence of rutile phase in titania leading
to a decrease in the reducibility loss during reduction.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Supported catalyst; Cobalt catalyst; CO hydrogenation; Titania; Reducibility

1. Introduction

In Fischer–Tropsch (FT) catalysis, supported cobalt (Co)
catalysts are preferred because of their high activities dur-
ing FT synthesis based on natural gas [1], high selectivity
to linear long chain hydrocarbons and also low activities for
the competitive water–gas shift (WGS) reaction [2,3]. Many
inorganic supports such as SiO2 [4–8], Al2O3 [9–14], TiO2
[15–17] and Zeolites [18] have been extensively studied for
supported Co catalysts for years. It is known that in gen-
eral, the catalytic properties depend on reaction conditions,
catalyst compositions, metal dispersion, and types of inor-
ganic supports used. Thus, changes the catalyst compositions
and/or even though the compositions of supports used may
lead to significantly enhance the catalytic properties as well.
During the past decade, titania-supported Co catalysts

have beenwidely investigated bymany authors, especially for
the application of FT synthesis in a continuously stirred tank
reactor (CSTR) [15–17]. However, it should be noted that
titania itself has different crystalline phases such as anatase

∗ Corresponding author. Tel.: +66 2 2186869; fax: +66 2 2186877.
E-mail address: bunjerd.j@chula.ac.th (B. Jongsomjit).

and rutile phases. The different crystalline phase composi-
tions of titania could play an important role on the catalytic
performance of titania-supported Co catalysts during CO hy-
drogenation as well. Thus, the main objective of this research
was to investigate influences of different crystalline phases
of titania supports on the catalytic properties during CO hy-
drogenation of Co/TiO2 catalysts. In the present study, the
Co/TiO2 catalysts were prepared using different crystalline
phase compositions of titania supports. The catalysts were
pretreated, characterized and tested in order to evaluate the
catalytic properties during CO hydrogenation.

2. Experimental

2.1. Catalyst preparation

A 20wt.% of Co/TiO2 was prepared by the incipient
wetness impregnation. A designed amount of cobalt ni-
trate [Co(NO3)·6H2O] was dissolved in deionized water and
then impregnated onto TiO2 (contained 100mol% of anatase
phase calcined at 500 ◦C, obtained from Ishihara Sangyo,
Japan) and onto TiO2 (contained 81mol% of anatase phase

0254-0584/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2004.09.019
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and 19mol% of rutile phase, also obtained from Ishihara
Sangyo, Japan). The catalyst precursor was dried at 110 ◦C
for 12 h and calcined in air at 500 ◦C for 4 h.

2.2. Catalyst pretreatments

2.2.1. Standard reduction
Standard reduction of the calcined catalyst was conducted

in a fixed-bed flow reactor under differential conditions at
1 atm using a temperature ramp from ambient to 350 ◦C at
1 ◦Cmin−1 and holding at 350 ◦C for 10 h in a gas flowhaving
a space velocity of 16,000 h−1 and consisting of H2. The high
space velocity of the H2 flow was applied to insure that the
partial pressure ofwater vapor in the catalyst bed produced by
cobalt oxide reductionwould be essentially zero. The reduced
catalyst was then passivated at room temperature with air for
30min prior to taking it out.

2.2.2. Hydrothermal treatment
In order to evaluate the stability of catalysts and impacts

of water vapor during reduction, hydrothermal treatment was
also conducted during standard reduction above. In addi-
tion, besides using pure H2, mixtures of H2 and water va-
por (5–10 vol.%) were also applied separately at the same
reduction condition as mentioned in Section 2.2.1.

2.3. Catalyst nomenclature

The nomenclature used for the catalyst samples in this
study is as follows:

• Co/T1: titania (100mol% of anatase phase)-supported Co
catalyst;

• Co/T2: titania (81mol% of anatase phase and 19mol% of
rutile phase)-supported Co catalyst;

• (C): calcined catalyst sample;
• (RW0), (RW5) and (RW10): reduced catalyst sampleswith
no water vapor, 5 vol.% of water vapor, and 10 vol.% of
water vapor, added during standard reduction, respectively.

2.4. Catalyst characterization

2.4.1. BET surface area
BET surface area of the samples after various pretreat-

ments was performed to determine if the total surface area
changes upon the various pretreatment conditions. It was de-
termined using N2 adsorption at 77K in a Micromeritics
ASAP 2010.

2.4.2. X-ray diffraction
XRD was performed to determine the bulk crystalline

phases of catalyst following different pretreatment condi-
tions. It was conducted using a SIEMENS D-5000 X-ray
diffractometer with CuK� (λ= 1.54439 Å). The spectra were
scanned at a rate of 2.4◦min−1 in the range 2θ = 20–80◦.

2.4.3. Scanning electron microscopy and energy
dispersive X-ray spectroscopy
SEM and EDX were used to determine the catalyst mor-

phologies and elemental distribution throughout the catalyst
granules, respectively.TheSEMof JEOLmode JSM-5800LV
was applied. EDX was performed using Link Isis series 300
program.

2.4.4. Raman spectroscopy
The Raman spectra of the samples were collected by pro-

jecting a continuous wave laser of argon ion (Ar+) green
(514.532 nm) through the samples exposed to air at room
temperature. A scanning range of 100 to 1000 cm−1 with
a resolution of 2 cm−1 was applied. The data were analyzed
using the RenishawWiRE (Windows-based Raman Environ-
ment) software, which allows Raman spectra to be captured,
calibrated, and analyzed using system 2000 functionality via
Galactic GRAMS interface with global imaging capacity.

2.4.5. Temperature-programmed reduction
TPR was used to determine the reduction behaviors and

reducibilities of the samples. It was carried out using 50mg
of a sample and a temperature ramp from 35 to 800 ◦C at
5 ◦Cmin−1. The carrier gas was 5%H2 in Ar. A cold trap was
placed before the detector to remove water produced during
the reaction. A thermal conductivity detector (TCD)was used
to determine the amount of H2 consumed during TPR. The
H2 consumption was calibrated using TPR of Ag2O at the
same conditions. The reduced samples were recalcined at
the original calcination conditions prior to performing TPR.
The calculation of reducibilities was described in elsewhere
[9,19–22].

2.5. Reaction

CO hydrogenation (H2/CO= 10/1) was performed to de-
termine the overall activity of the catalyst samples reduced at
various conditions. Hydrogenation of CO was carried out at
220 ◦Cand1 atm.Aflow rate ofH2/CO/He = 20/2/8 ccmin−1
in a fixed-bed flow reactor under differential conditions was
used. A relatively high H2/CO ratio was used to minimize
deactivation due to carbon deposition during reaction. Typ-
ically, 20mg of a catalyst sample was re-reduced in situ in
flowing H2 (30 ccmin−1) at 350 ◦C for 10 h prior to the re-
action. Reactor effluent samples were taken at 1 h intervals
and analyzed by GC. In all cases, steady-state was reached
within 5 h.

3. Results and discussion

The present study was conducted in order to investigate
the dependence of crystalline phases in titania on the
catalytic properties during CO hydrogenation of Co/TiO2
catalysts. As mentioned, in general titania used contains
mainly two phases; anatase and rutile phases. Phase transfor-



B. Jongsomjit et al. / Materials Chemistry and Physics 89 (2005) 395–401 397

mation of titania depends on the preparation of titania such
as sol–gel or solvothermal methods and also calcination
temperatures. However, it was proposed that the different
phase compositions in titania could play an important
role on the catalytic properties during CO hydrogenation
of Co/TiO2 catalysts. Section 3 is divided into two parts
as follows:

3.1. Catalyst stability during reduction under
hydrothermal treatments

It is known that Cometal rather than its oxide or carbide is
the active form of supported Co catalysts during CO hydro-
genation. Thus, reduction of Co oxide precursor is required
in order to reduce it into Co metal form. Water vapor is a
byproduct of reduction of metal oxide. It is also known that
water vapor also has impacts on the reduction of alumina-
supported Co oxide probably in two ways: (i) facilitation of
the migration of Co ions into tetrahedral sites of alumina
to form a non-reducible (at temperatures <900 ◦C) spinel;
and (ii) inhibition of well-dispersed CoO interacting with the
alumina support, posssibly by increasing the cobalt–alumina
interaction [22].Moreover, Co-Support compound formation
(Co-SCF) can be formed during reduction, especially, when
alumina [19] and silica [21] are used as the supports for Co
catalysts. Thus, in order to evaluate the impacts ofwater vapor
on the stability ofCo/TiO2 catalysts, hydrothermal treatments
during reduction of the catalysts was also performed. After
various pretreatments, the catalysts were characterized using
different techniques. XRD patterns of samples are shown in
Fig. 1. It can be observed that the T1 support contained pure
anatase TiO2, whereas the T2 support is composed of rutile
(19mol%) and anatase (81mol%) forms. XRD patterns of
T1 showed strong diffraction peaks at 26, 37, 48, 55, 62, 69,
71 and 75◦ indicating the TiO2 in its anatase form. The addi-
tional diffraction peaks at 27, 36, 42 and 57◦ can been seen
in XRD patterns of the T2 support indicating the presence
of rutile phase in titania. The cobalt species on both sup-
ports exhibited the similar XRD patterns regardless of the
pretreatment conditions. As expected, Co3O4 were detected
at 36, 46 and 65◦ after calcination of samples. However, after
reduction and passivation, only diffraction peaks at 37 and
63◦ corresponding to CoO were observed. Basically, after
reduction of the calcined samples, Co3O4 species was re-
duced to Co0 metal. However, after passivation with air, thin
layer of CoO species was formed at the catalyst surface to
prevent rapid oxidation by Co0 metal when exposed to air as
also reported [19,20]. As mentioned above, Co0 metal was
formed after reduction. However, Co0 was present in a highly
dispersed form, thus, invisible by XRD. The similar results
were also reported [19,20]. Reduction process is conducted
in order to transform Co-oxide species into the active Co0
metal for catalyzing CO hydrogenation. Raman spectra of
all pretreated samples are shown in Fig. 2. The similar trend
in Raman spectroscopy was also observed as seen for XRD
results. It was found that T1 support exhibited Raman bands

Fig. 1. XRD patterns of T1 and T2 supports, and catalyst samples pretreated
under various conditions.

at 640, 514 and 397 cm−1 for TiO2 in its anatase form. Be-
sides the identical Raman bands as shown for the T1 support,
the T2 support additionally exhibited a shoulder band around
445 cm−1 indicating TiO2 in its rutile form. The Raman spec-
tra for calcined samples in both T1 and T2 supports exhibited
similar Raman bands at 640, 514 and 397 cm−1 as seen in
those for T1 and T2 supports solely including two shoulders
at 690 and 480 cm−1, assigned to Co3O4 [9,19,20]. Raman
spectra of all reduced samples showed the Raman bands of
titania (T1 or T2) and the shoulders at 690 and 480 cm−1.
These can be assigned to Co3O4 present on catalyst surface
rather than CoO (detected in the bulk by XRD) since Raman
spectroscopy is more of surface technique [20]. SEM and
EDXwere also performed in order to study the morphologies
and elemental distributions of catalyst after various pretreat-
ments. However, no significant changes in morphologies and
elemental distributions (not shown) were observed upon var-
ious pretreatment conditions used in this study. In summary,
it should be noted that upon the various pretreatments even
with or without hydrothermal treatments, the cobalt species
on both T1 and T2 supports, essentially, exhibited the sim-
ilar characteristics detected by XRD, Raman spectroscopy,
and SEM/EDX. No surface compound species between Co
and titania, if present, can be detected using those above
techniques.
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Fig. 2. Raman spectra of T1 and T2 supports, CoO, Co3O4, CoTiO3, and
catalyst samples pretreated under various conditions.

TPR was performed to study reduction behaviors and to
measure reducibility of catalysts. TPR profiles of all samples
and Co3O4 are shown in Fig. 3. It was found that TPR
profile of titania supports (not shown) for both T1 and T2
supports exhibited no reduction peak at this TPR condition.
Only one strong reduction peak (max. at 430 ◦C) can be
observed for bulk Co3O4 assigned to the overlap of two-step
reduction of Co3O4 to CoO and then to Co0 [22–24]. Upon
the TPR conditions, the two-step reduction may or may not
be observed. For T1 support, only one reduction peak located
at ca. 370–620 ◦C (max. at 520 ◦C) can be observed for the
calcined sample (Co/T1-C) indicated that no residual cobalt
nitrates remain on the calcined samples upon calcination
condition used in this study. TPR profiles for all reduced
samples with T1 support were also similar exhibiting only
one reduction peak located at ca. 400–620 ◦C. The maximum
temperature at ca. 520 ◦C for Co/T1-RW0 was shifted about
10 and 20 ◦C when hydrothermal treatment was performed
during reduction as seen for Co/T1-RW5 and Co/T1-RW10
samples, respectively. The shift of a reduction peak to a
higher temperature (ca. 10–20 ◦C) indicates stronger interac-
tion between cobalt and titania support. It is known that the
amounts of Co species strongly interacted with the support

Fig. 3. TPR profiles of catalyst samples pretreated under various conditions.

are also proportional to the partial pressure of water vapor
present during reduction [9,19–22]. For the T2 support, all
pretreated samples also exhibited only one reduction peak
(max. at 510 ◦C). However, it should be mentioned that there
was no significant shift of the reduction temperatures upon
the hydrothermal treatment during reduction indicating a
lesser degree of cobalt-support interaction compared to what
we have seen for the cobalt species on the T1 support. It was
suggested that the presence of rutile phase (19mol%) in T2
should result in an increase in stability of the titania support
even though hydrothermal treatment was applied during
reduction. An increase in stability of T2 support could be
the cause for a difficulty of cobalt to interact with it.
Besides reduction behaviors obtained from TPR results,

reducibilities of samples can be measured based on the peak
areas below TPR curve (calibrated using Ag2O), which are
related to the amounts of hydrogen consumed during TPR
[9,19–22]. The calculated reducibilities along with the BET
surface areas of samples are shown in Table 1. There was no
significant change in surface areas upon the pretreatment con-
ditions used in this study. It was observed that for both T1 and
T2 supports, the reducibilities decreased when the calcined
samples were reduced and performed TPR indicating a loss
in reducibility of cobalt oxide species after reduction [25].
The loss in reducibilities can be probably attributed to a non-
reducible (at temperatures <800 ◦C) “Co-titanate” species
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Table 1
Surface areas, reducibilities and reducibility loss after reduction of samples
after various pretreatments

Samples Surface area
(m2 g−1)

Reducibility during
TPR at 35–800 ◦C
(%)ab

Reducibility loss
after reduction
(%)c

T1 70 0 –
T2 49 0 –
Co/T1 (C) 52 92 n/a
Co/T2 (C) 37 78 n/a
Co/T1 (RW0) 49 70 24
Co/T2 (RW0) 37 74 5
Co/T1 (RW5) 46 68 26
Co/T2 (RW5) 37 72 8
Co/T1 (RW10) 46 64 30
Co/T2 (RW10) 36 68 13
a The reduced samples were recalcined at the original calcination condi-

tions prior to performing TPR. The reducibility was calculated based on the
area below TPR curve, which was related to the amounts of H2 consumed
during TPR (calibrated using Ag2O).
b Measurement error is ±5%.
c Reducibility loss (%) after reduction was calculated from [(reducibility

of calcined sample− reducibility of reduced sample)× 100]/reducibility of
calcined sample.

formed during standard reduction [25]. However, when con-
sidering the reducibility loss of the reduced samples without
hydrothermal treatment (RW0 samples), it was found that the
reducibility loss after reduction for Co/T2-RW0 sample was
only 5%, whereas the 24% reducibility loss after reduction
was observed for Co/T1-RW0 sample. A degree of reducibil-
ity loss also increased with the amounts of water vapor added
during reduction for both T1 and T2 supports. In order to
illustrate the reducibility loss upon the hydrothermal treat-
ment during standard reduction for both T1 and T2 supports,
Fig. 4 is also present. This is to provide a better idea how
the presence of rutile phase leads to an increase in stability
of the catalysts upon reduction and hydrothermal treatments
in term of the reducibility loss after reduction under various
conditions.

Fig. 4. A comparison of reducibility loss (%) during reduction with hy-
drothermal treatment for Co/T1 and Co/T2 catalyst samples.

3.2. Catalytic properties

In order to determine the effect of crystalline phases of tita-
nia on the catalytic properties of Co/TiO2, CO hydrogenation
was also conducted in a fixed-bed flow reactor under differen-
tial conditions. Results obtained from the reaction study are
shown in Table 2. It was found that both initial and steady-
state rates increased significantly upon the presence of rutile
phase in titania as seen for catalysts on the T2 support. How-
ever, the increased activities for catalysts on the T1 support
strongly depended on the pretreatment conditions used. For
catalysts on the T1 support, it was shown that decreases in
both initial and steady-state activities were proportional to
the amounts of water vapors added during standard reduc-
tion. It should be also noted that decreases in activities were
also related to the loss in reducibilities after standard reduc-
tion as well. Considering both initial and steady-state rates
for catalysts on the T2 support, the phenomenon was essen-
tially different from those for the T1 support. It was found
that activities for catalysts on the T2 support exhibited much
higher activities than those on the T1 support, especially, at
the same hydrothermal treatment conditions. Moreover, the

Table 2
Reaction study during CO hydrogenation of catalyst samples pretreated under various conditions

Samples CO conversion (%)a Rate (×102 gCH2 gcat h−1)b CH4 selectivity (%)

Initialc SSd Initial SS Initial SS

Co/T1 (C) 3.7 2.1 1.4 0.8 71 68
Co/T2 (C) 67.4 54.9 25 21 94 96
Co/T1 (RW0) 1.5 0.7 0.6 0.3 68 65
Co/T2 (RW0) 60.8 53.1 23 20 94 94
Co/T1 (RW5) 0.8 0.5 0.3 0.2 71 70
Co/T2 (RW5) 60.6 52.8 23 20 98 98
Co/T1 (RW10) 0.3 0.1 0.1 0.03 73 69
Co/T2 (RW10) 60.2 52.6 23 19 95 96
a CO hydrogenation was carried out at 220 ◦C, 1 atm and H2/CO/He = 20/2/8 ccmin−1.
b Error ±5%. Rate of -CH2- formed as same as moles of CO converted represented the repeating unit of all hydrocarbon chains in product stream.
c After 5min of reaction.
d After 5 h of reaction.
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Table 3
Influence of surface area of TiO2 on catalytic properties of supported cobalt catalysts during CO hydrogenation

Samples Surface area (m2 g−1) CO conversion (%)a Rate (102 gCH2 gcat h−1)b

Initialc SSd Initial SS

Co/T1 (C) 70 3.7 2.1 1.4 0.8
Co/T3 (C)e 145 42.7 9.4 16 4
Co/T4 (C)f 170 59.6 12.2 22 4
Co/T2 (C) 49 67.4 54.9 25 21
a CO hydrogenation was carried out at 220 ◦C, 1 atm and H2/CO/He = 20/2/8 ccmin−1.
b Error ±5%.
c After 5min of reaction.
d After 5 h of reaction.
e T3 is TiO2 (pure anatase) which has surface area of 145m2 g−1.
f T4 is TiO2 (pure anatase) which has surface area of 170m2 g−1.

initial activities of catalysts on the T2 support exhibited a
lesser degree of decreased rates until they reached the steady-
state rates compared to those on the T1 support. In addition,
for catalysts on the T2 support, both initial and steady-state
rates showed consistency in rates regardless of the pretreat-
ment conditions used indicating high stability of catalysts.
This is suggested that the hydrothermal treatment conditions
used have no effect on the catalytic activities during CO hy-
drogenation of catalysts on the T2 support. This can be ex-
plained by the increased stability of T2 support due to the
presence of rutile phase in titania resulting in an inhibition
of Co-support compound formation (Co-SCF) [19,20] in the
titania support [25].
Since the surface areas of the T1 (70m2 g−1) and T2

(49m2 g−1) supports were slightly different, one might think
that a change in surface areas of the supports probably has the
effect on rates as well. In order to elucidate this doubt, reac-
tion study was also conducted using titania supports (anatase
form only) with various surface areas. Results obtained from
the reaction study are shown in Table 3. It was found that ba-
sically, both initial and steady-state activities increased with
increasing surface areas from 70 to 170m2 g−1 for catalysts
on pure anatase titania. This should be due to higher Co
dispersion in larger surface areas of supports leading to an
increase in the number of reduced surface Co metal atoms
available for catalyzing the reaction. Thus, if one considered
the dependence of rates based on the surface areas solely,
catalysts on the T2 support, which had smaller surface areas
would result in lower activities due to a decreased surface
area. However, it is not true for what we have found in this
present study. Essentially, even though the surface area of
the T2 support was only 49m2 g−1, which was smaller than
that for the pure anatase titania, activities of catalysts on the
T2 support were still exceptional high with the presence of
rutile phase in titania. This indicated that the presence of ru-
tile phase in titania can result in an enhancement of catalytic
activities of Co/TiO2 catalyst during CO hydrogenation. In-
creases in activities were probably due to: (i) high stability
to the hydrothermal treatment of the support used; and (ii)
the presence of a higher number of reduced Co metal atoms
resulted from the lesser amounts of Co-SCF.

Considering the selectivity of products during methana-
tion, which is also shown in Table 2. It was found that cata-
lysts on theT2 support exhibited higher selectivity tomethane
compared to those on the T1 support. This was suggested that
catalysts on the T1 support produced more long chain hydro-
carbons than those on the T2 support. This indicated that
the presence of rutile phase on titania probably resulted in
a lesser amounts of long chain hydrocarbons. In general, it
has been known that catalytic activities of supported Co cat-
alyst depend only on the number of surface reduced cobalt
atoms available for catalyzing the reaction. Mostly, changes
in catalytic activities do not alter the selectivity of products
since only the number of active sites change, but the nature
of active sites would be the same. However, in this case, we
found a slight change in product selectivity. This indicated
that the presence of rutile phase in titania affected not only
on activities of Co/TiO2 catalysts, but perhaps also on the se-
lectivity of products as well. In order to give the best answer
for how the presence of rutile phase affects the selectivity of
products during CO hydrogenation, a rigorous study should
be further investigated in more details. It is recommended
that techniques such as steady-state isotropic transient ki-
netic analysis (SSITKA) or other surface analysis techniques
must be applied in order to provide more details on the sur-
face intermediates. Thus, this is not the main focus of our
present study at this time. Besides, influences of rutile phase
in titania on product distributions, an investigation of how
the mole ratios of rutile per anatase phase affect the catalytic
properties will be our main focus in the near future.

4. Conclusions

The present study has shown the dependence of crystalline
phases in titania on the catalytic properties during CO hydro-
genation of Co/TiO2 catalysts. The presence of rutile phase
(19mol%) in titania resulted in significant increases in the
catalytic activities during CO hydrogenation. This is mostly
due to an increase in stability of the titania support with the
presence of rutile phase. It was found that the presence of
rutile phase enhanced the stability of the titania support and
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also catalysts themselves leading to lesser degrees of a loss
in reducibility after hydrothermal treatments during reduc-
tion of catalysts. It was proposed that the presence of rutile
phase in titania stabilized the catalysts probably due to two
reasons: (i) block the formation of Co species strongly inter-
acted with the titania support or Co-SCF; and (ii) inhibition
of the impact of water vapor produced during reduction.

Acknowledgements

We gratefully acknowledge the financial support by the
National Research Council of Thailand (NRCT), the Thai-
land Research Fund (TRF) and Thailand-Japan Transfer
Technology Project (TJTTP-JBIC). We would like to thank
Prof. James G. Goodwin, Jr. at Clemson University for ini-
tiating this kind of project. We would like to extend our
thanks to the National Metal and Materials Technology Cen-
ter (MTECH) for Raman spectroscopy analysis.

References

[1] H.P. Wither Jr., K.F. Eliezer, J.W. Mechell, Ind. Eng. Chem. Res. 29
(1990) 1807.

[2] E. Iglesia, Appl. Catal. A 161 (1997) 59.
[3] R.C. Brady, R.J. Pettie, J. Am. Chem. Soc. 103 (1981) 1287.
[4] A. Martinez, C. Lopez, F. Marquez, I. Duaz, J. Catal. 220 (2003)

486.
[5] J. Panpranot, J.G. Goodwin Jr., A. Sayari, Catal. Today 77 (2002)

269.

[6] J. Panpranot, J.G. Goodwin Jr., A. Sayari, J. Catal. 211 (2002) 530.
[7] S.L. Sun, I. Isubaki, K. Fujimoto, Appl. Catal. A 202 (2000) 121.
[8] S. Ali, B. Chen, J.G. Goodwin Jr., J. Catal. 157 (1995) 35.
[9] B. Jongsomjit, J. Panpranot, J.G. Goodwin Jr., J. Catal. 215 (2003)

66.
[10] T. Das, G. Jacobs, P.M. Patterson, W.A. Conner, J.L. Li, B.H. Davis,

Fuel 82 (2003) 805.
[11] G. Jacobs, P.M. Patterson, Y.Q. Zhang, T. Das, J.L. Li, B.H. Davis,

Appl. Catal. A 233 (2002) 215.
[12] M. Rothaemel, K.F. Hanssen, E.A. Blekkan, D. Schanke, A. Holmen,

Catal. Today 38 (1997) 79.
[13] V. Ragaini, R. Carli, C.L. Bianchi, D. Lorenzetti, G. Vergani, Appl.

Catal. A 139 (1996) 17.
[14] V. Ragaini, R. Carli, C.L. Bianchi, D. Lorenzetti, G. Predieri, P.

Moggi, Appl. Catal. A 139 (1996) 31.
[15] J.L. Li, G. Jacobs, T. Das, B.H. Davis, Appl. Catal. A 233 (2002)

255.
[16] G. Jacobs, T. Das, Y.Q. Zhang, J.L. Li, G. Racoillet, B.H. Davis,

Appl. Catal. A 233 (2002) 263.
[17] J.L. Li, L.G. Xu, R. Keogh, B.H. Davis, Catal. Lett. 70 (2000)

127.
[18] X.H. Li, K. Asami, M.F. Luo, K. Michiki, N. Tsubaki, K. Fujimoto,

Catal. Today 84 (2003) 59.
[19] B. Jongsomjit, J. Panpranot, J.G. Goodwin Jr., J. Catal. 204 (2001)

98.
[20] B. Jongsomjit, J.G. Goodwin Jr., Catal. Today 77 (2002) 191.
[21] A. Kogelbaue, J.C. Weber, J.G. Goodwin Jr., Catal. Lett. 34 (1995)

269.
[22] Y. Zhang, D. Wei, S. Hammache, J.G. Goodwin Jr., J. Catal. 188

(1999) 281.
[23] D. Schanke, S. Vada, E.A. Blekkan, A. Hilmen, A. Hoff, A. Holmen,

J. Catal. 156 (1995) 85.
[24] B.A. Sexton, A.E. Hughes, T.W. Turney, J. Catal. 97 (1986) 390.
[25] B. Jongsomjit, C. Sakdamnuson, J.G. Goodwin Jr., P. Praserthdam,

Catal. Lett. 94 (2004) 209.








