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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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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) (LaﬂmiLLu‘Ll@(ﬂﬁ 1)

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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11.
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B. Jongsomijit, C. Sakdamnuson, and P. Praserthdam, “Dependence of crystalline
phases in titania on catalytic properties during CO hydrogenation of Co/TiO,
catalysts”, Materials Chemistry and Physics 89 (2005) 395-401. (Impact Factor
2005 = 1.136) (LoNAMIUHLLAT 3)

B. Jongsomijit, 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). (tONETUULTAT 4)

B. Jongsomijit, 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). (LaﬂmiLLuU"qmﬁ 5)

B. Jonsomijit, S. Ngamposri, and P. Praserthdam, “Catalytic activity during
copolymerization of ethylene/1-hexene via mixed TiO,/SiO,-supported MAO with
rac-Et[Ind],ZrCl, metallocene catalyst”, Molecules, (2005), 10, 603-609 (Impact
factor 2005 = 1.113) (.aNAIUULUTAT 6)

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) (Laﬂmﬂmumﬁ
7)

B. Jongsomijit, S. Ngamposri, and P. Praserthdam, “Role of titania in TiO,-SiO,
mixed oxides-supported metallocene catalyst during ethylene/1-octene
copolymerization”, Catalysis Letters, 100 (3-4) 139 — 146 (2005) (Impact factor
2005 = 2.088) (taNEIUHLTAT 8)

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) (LdN&1T
uHuTaR 9)

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) (Laﬂa’liLLuuﬁQQ
7 10)

B. Jongsomijit, 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) (Laﬂa’l‘iLLuUQ(ﬂﬁ 11)

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) (Laﬂa’liLLu‘Uﬁﬂ‘ﬁ
12)

J. Panpranot, L. Nakkararuang, B. Ngamsom and P. Praserthdam, “Synthesis,
Characterization, and Catalytic Properties of Pd and Pd-Ag Catalysts Supported on
Nanocrystalline TiO, Prepared by the Solvothermal Method”, Catalysis Letters, 103
(2005) 53-58. (Impact factor 2005 = 2.088) (tanasuULTATAN 13)

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) (Lan&IUUHUYA
7 14)

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) (L8aNRITLIU
10l 15)

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)
(Laﬂa’mmuq@ﬁ' 16)

B. Jongsomijit, S. Phoowakeereewiwat, S. Thongyai, T. Shiono, and P.
Praserthdam, “Impact of diene addition on properties for ethylene-propylene
copolymerization with rac-Et[Ind],ZrCl,/MAQO catalyst’, Materials Letters, 59, 3771 —
3774 (2005) (Impact factor 2005 = 1.299) (LaﬂmiLLuU"g@ﬁ 17)

B. Jongsomijit, T. Wongsalee, and P. Praserthdam, “Characteristics and catalytic
properties of Co/TiO, for various rutile:anatase ratios”, Catalysis Communications,
6, 705 — 710 (2005) (Impact factor 2005 = 2.098) (Laﬂm‘iuuuqmﬁ 18)

Joongjai Panpranot, Nuttakarn Taochaiyaphum, Bunjerd Jongsomijit, 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) (Laﬂmnmquﬁ'
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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 = -) (Laﬂmmqu@ﬁ 20)

B. Jongsomijit, T. Wongsalee, and P. Praserthdam, “Catalytic behaviors of mixed
TiO,-SiO,-supported cobalt Fischer-Tropsch catalysts for carbon monoxide
hydrogenation”, Materials Chemistry and Physics 97 (2006) 343-350 (Impact factor
2005 = 1.136) (L@ﬂﬁ’]iLL%U“Q@]‘ﬁI 21)

T. Wongsalee, B. Jongsomijit and P. Praserthdam, “Effect of Zirconia-Modified
Titania Consisting of Different Phases on Characteristics and Catalytic Properties
of Co/TiO, Catalysts”, Catalysis Letters 108 (2006) 55-61 (Impact factor 2005 =
2.088) (anansuULTAT 22)

Joongjai Panpranot, Nuttakarn Taochaiyaphum, and Piyasan Praserthdam “Effect
of Si Addition on the Properties of Nanocrystalline ZrO,-Supported Cobalt
Catalysts” Reaction Kinetics and Catalysis Letters 87 (2006) 185-190. (Impact
factor 2005 = 0.670) (1aNaN3ULLTAN 23)

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) (LaﬂmiLLuuq@'ﬁ' 24)

Patta Soisuwan, Piyasan Praserthdam, Joongjai Panpranot, and David L. Trimm
“Effects of Si- and Y-Modified Nanocrystalline Zirconia on the Properties of Co/ZrQO,
Catalysts” Catalysis Communications 7 (2006) 761-767 (Impact factor 2005 =
2.098) (Laﬂm‘muumﬁ 25)

Bunjerd Jongsomijit, 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). (L@ﬂﬁ’]iLL%U‘g@ﬁ 26)

Bunjerd Jongsomiit, Tipnapa Wongsalee, and Piyasan Praserthdam “Elucidation of

reduction behaviors for Co/TiO, catalysts with various rutile/anatase ratios”, Studies
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33.
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in Surface Science and Catalysis, 159 (2006), 285-288. (Impact factor 2005 =
0.307). (Laﬂmnmumﬁ 27)

Watcharapong Khaodee, Bunjerd Jongsomijit, Suttichai Assabumrungrat, Piyasan
Praserthdam, and Shigeo Goto, “Investigation of isosynthesis via CO
hydrogenation over ZrO, and CeO, catalysts: effects of crystallite size, phase
composition and acid-base sites” Catalysis communications 8 (2007) 548-556
(Impact factor 2005 = 2.098). (Laﬂmsl,l,uumﬁ 28)

Joongjai Panpranot, Kunyaluck Kontapakdee, and Piyasan Praserthdam “Selective
Hydrogenation of Acetylene in Excess Ethylene on Micron-Sized and
Nanocrystalline TiO, Supported Pd Catalysts” Applied Catalysis A: General 314
(2006) 128-133 (Impact factor 2005 = 2.728). (Laﬂmnmmg@ﬁ' 29)

Wilasinee Kongsuebchart, Piyasan Praserthdam, Joongjai Panpranot, Akawat
Sirisuk, Piyawat Supphasrirongjaroen, and Chairit Satayaprasert “Effect of
Crystallite Size on the Surface Defect of Nano-TiO, Prepared via Solvothermal
Synthesis” Journal of Crystal Growth 297 (2006) 234-238 (Impact factor 2005 =
1.681). (Laﬂmnmuq@ﬁ 30)

Jongsomijit, 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 2006 = 0.670). (1ana3ULLTAN 31)

Jongsomijit, 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). (Laﬂmmuuq@‘ﬁ'
32)

Chaichana, E., Jongsomijit, 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). (LaﬂmiLLuU"g@ﬁ 33)

Okorn Mekasuwandumrong, Varong Pavarajarn, Masashi Inoue and Piyasan
Praserthdam, “Preparation and phase transformation behavior of X-alumina via
solvothermal synthesis”, Materials Chemistry and Physics 100 (2006) 445-450

(Impact factor 2005 = 1.136). (LaﬂmiLLu‘Ll"gﬂﬁ 34)



35.

36.

37.

38.

39.

40.

41.

42.

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). (LaﬂmiLLuuqew‘ﬁ
35)

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). (tan{17
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Interfacial adhesion enhancement of polyethylene-polypropylene mixture”, J.
Applied Polymer Science, 104 (6), pp. 3766-3773 (Impact factor 2005 = 1.072).
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Bunjerd Jongsomijit, Joongjai Panpranot, and Piyasan Praserthdam “Effect of
nanoscale SiO, and ZrO, 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). (LaﬂmiLLuug@ﬁ 38)
Kamonchanok Pansanga, Okorn Mekasuwandumrong, Joongjai Panpranot, and
Piyasan Praserthdam “Synthesis of Nanocrystalline ALO, 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).

Sujittra Kittiruangrayab, Tanuchnun Burakorn, Bunjerd Jongsomiit, 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).

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,
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Phases in Nanocrystalline Al,O; on the Dispersion of Cobalt on Al,O5;” Catalysis

Communications, accepted June 2007 (Impact factor 2005 = 2.098).
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Nano-Sized TiO, Prepared by Solvothermal Method" Chemical Engineering
Journal, Submitted Revised Manuscript.

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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3.1.1 The 13" 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

TiO,”.
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E. Chaichana, B. Jongsomijit, and P. Praserthdam, “Synthesis of LLDPE/silica-
nanocomposites by in situ polymerization with MAO/zirconocene catalyst”.

T. Wongsalee, B. Jongsomijit, and Praserthdam P., “Dependence of crystalline
forms of titania on catalytic properties of Co/TiO, catalysts”.

C.Wonglert, S.Thongyai, P.Praserthdam, “Blend Properties and Synthesis of Graft-
copolymer between Ethylene-Propylene-Diene Terpolymer and Styrene”.
E.Singnoo, S.Thongyai, P.Praserthdam, “Effects of Low Molar Mass Liquid Crystal
and Lubricant Additive on the Crystallinity of Isotactic Polypropylene”.

A.Buasri, S.Thongyai, P.Praserthdam, “Effects of Low Molar Mass Liquid Crystal
and Lubricant Additive on the Crystallinity of Syndiotactic Polystyrene”.

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

“Photocatalytic Degradation of Methylene Blue by TiO, Nanocrystals Synthesized
via Thermal Decomposition of Titanium (IV) n-Butoxide in Organic Solvents”.
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
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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”

Regional Symposium on Chemical Engineering (RSCE 2005) Hanoi Horison
Hotel, Hanoi, VIETNAM (November 30" —December 2", 2005)

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”

Garun Tanarungsuna, Suttichai Assabumrungrata, ,Worapon Kiatkittipongb,
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3.1.6

Piyasan Praserthdama, Hiroshi Yamadac and Tomohiko Tagawac “Direct
hydroxylation of benzene to phenol with hydrogen peroxide catalyzed by Fe/TiO2”
Teerawut Ruangsanama, Okorn Mekasuwandumrongb, Piyasan Praserthdama
and Varong Pavarajarna, “Physical and Optical Properties of Gallium-Doped Zinc
Oxide Nanoparticles Synthesized via Glycothermal Method”

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”

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”

Technology and Innovation for Sustainable Development Conference (TISD
2006), 25-27 January 2006 Khon Kaen, Thailand

Songphol Angkapipattanachai, Thanapon Sangvanich, Pawin Boonyaporn, Joongjai
Panpranot*, and Piyasan Praserthdam “Study of Acetylene Hydrogenation

Catalysts: Role of Coke Deposits”

Regional Symposium on Chemical Engineering (RSCE 2006) Singapore,
(December 3-5, 2006)

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

Pd supported on nanocrystalline ZnAl,O, in Liquid-Phase Semihydrogenation”

. Patcharaporn Weerachawanasak* and Joongjai Panpranot+ Characteristics and

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

phase hydrogenation of phenylacetylene

. Sirima Somboonthanakija’*, Joongjai Panpranot+, and Okorn Mekasuwandumrongb

“Characteristics and Catalytic Properties of Nano-Pd/SiO, Catalysts Prepared by
Flame Spray Pyrolysis”

. Pimchanok Tupabut, Bunjerd Jongsomijit, and Piyasan Prasethdam,

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

hydrogenation”.

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

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

hydrogenation”.
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3.1.7

6. Thidarat Boosamsaiy, Bunjerd Jongsomijit and Piyasan Praserthdam, “Study of
cobalt dispersion on the nanoscale Al,O; and SiO, supports”.

7. Sirinlak Bunchongturakarn, Bunjerd Jongsomijit, 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 Jongsomijit, and Piyasan Praserthdam, “Synthesis of
LLDPE-AI,O5 polymer nanocomposites via in situ polymerization with zirconocene
catalyst”.

9. Supaluk Jiamwijitkul, Bunjerd Jongsomijit, and Piyasan Praserthdam,
“Copolymerization behaviors of ethylene/1-octene via boron-modified MCM41-
supported zirconocene catalyst”.

10. Chanintorn Ketloy, Bunjerd Jongsomijit, and Piyasan Praserthdam, “Supporting
effect of [--BuNSiMe,Flu]TiMe, complex during ethylene/1-octene
copolymerization”.

1. Akawat Sirisuk and Kulapong Boonyawes, “Improving efficiency of dye-sensitized
solar cell by modification of TiO, electrode layer”.

2. Akawat Sirisuk and Sutthirut Charatsaengchirachot, “Synthesis of TiO, hollow
spheres using spraying technique”.

3. Akawat Sirisuk and Sorathon Wattanamalachai, “Novel method for deposition of
copper on zinc oxide by using supercritical carbon dioxide”.

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

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

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

Singapore

1. Nitikon Wongwaranon, Joongjai Panpranot, and Piyasan Praserthdam “Effect of Ni-

modified AlLO; on the Properties of Pd/a-Al,O; Catalysts in Selective
Hydrogenation of Acetylene”
Akawat Sirisuk, Peerapon Buakaew, and Piyasan Praserthdam, “Photocatalytic

oxidation of ethylene over gold-deposited titanium dioxide nanoparticles.
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Flask A (250ml)

««—— 3-fert-butylsalicyaldehyde
2.349,13.4 mmol

| Flask B (250ml) | «—— Molecular sieve 3 A° 2.0 g

««— Ethanol 20ml
<«—— Aniline 1.38 ml, 15.1mmol

<«——  Ethanol 10ml

»
»

v
The mixtrue was stirred for 16 h

The mixture was filtered

««—— Remove filtrates to flask C ( by syringe)

<+—— Molecular sieves washed with ethyl acetate 20ml

y
Flask C

——» Evacuate

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

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

P> a a s
E'].I‘YI 1 NFLATLNALNUA
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Complex Synthesis (Bis [N-(3-tert-butylsalicylidene) anilinatotitanium(IV)dichloride

Do at-78°C <

Do at -78° C

‘

Flask D

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

<¢—— Dried diethyl ether 50ml

1.6N butyllithium hexane solution
< 3.80 ml,6.08mmol

v

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

Flask D

Flask E

<«4—— TICIl,0.336ml, 3.06mmol

<«—— Dried diethyl ether 90mi

»
| o

L

Warm to rt & stirred overnight

—» evacuate

«¢—— Died dichloromethane 80 ml
to remove insoluble

v
Stirred 10 min

v
Filtrate to flask H

l

Evacuate

l

Complex Catalyst

AI r= | L 1 s Aan
31]71 2 UFEMINISTLOTBNALIIUGNIBN
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Han1INAaaInan1Izae laglananniseanuuunisnaaasuuy 2° factorial design

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

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

Run Benzene
A (°C) B (bar) C (minutes) D (%wt) E (9)
number Conversion (%)
1 1 5 30 100 30 54
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 10 100 120 323
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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Normal Probability Plot of the Residuals

(Response is Conversion of benzene (%))
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An Alternative Correlation Equation between Particle Size and
Structure Stability of H-Y Zeolite under Hydrothermal Treatment

Conditions

Somyod Sombatchaisak,” Piyasan Praserthdain,*"‘ Choowong Chaisuk,! and

Joongjai Panpranot’

Center of Excellence on Catalysis and Catalytic Reaction Engineering, Department of Chemical Engineering,
Chulalongkorn University, Bangkok 10330, Thailand, and Department of Chemical Engineering, Faculty of
Engineering and Industrial Technology, Silpakorn University, Nakon Pathom 73000, Thailand

The effect of particle size in the range of 0.16—2.01 gm on the hydrothermal stability of H-Y
zeolite under hydrothermal treatment conditions similar to those used in FCC processes was
investigated. The average particle size of 0.45 um was found to be the optimum particle size of
H-Y zeolite to retain a high percent crystallinity upon hydrothermal treatment. A new
correlation was developed by plotting the relative crystallinity (C/(p) against the reciprocal of
the square root of the particle size (dp) of Y zeolite. The correlation accurately predicts the
hydrothermal stability of Y zeolite in small to medium particle sizes for a given temperature.
For the larger particle sizes of Y zeolite (>0.45 um), no exact correlation between particle size
and hydrothermal stability was found, probably because of the presence of more structural defects
in the zeolite, as shown by higher Bronsted/Lewis acid ratios.

I

1. Introduction

Fluid catalytic cracking (FCC) produces approxi-
mately one-third of the world’s gasoline supply using
faujasite-type zeolites. The commercial FCC catalysts
consist of 1—2-um Y zeolite embedded in a matrix of 40—
80-um spherical amorphous aluminosilicate particles.
While circulating in an FCC unit, zeolites encounter
severe hydrothermal conditions, resulting in physical
and chemical changes that affect the surface area, pore
volume, and catalytic cracking performance of the
zeolites. Several factors influencing the hydrothermal
stability of Y zeolite have been reported, including the
Si/Al ratio,! the dealumination procedure,?~¢ and the
hydrothermal aging conditions.”8 Zeolites with higher
hydrothermal stability can be obtained by using higher
Si/Al ratios or by incorporating rare earth or noble
metals into the zeolite framework to help prevent
dealumination upon hydrothermal treatment.®~12

Particle size has been found to affect the performance
of zeolites for many catalytic reactions. For examples,
Rajagopalan et al.!3 studied the effect of the particle size
of NaY zeolite in the range of 0.06—0.65 um on its
activity and selectivity in FCC reaction. It was found
that catalysts containing smaller-particle zeolites ex-
hibited higher activities in the cracking of gasoil and
higher selectivities to gasoline and light cycle oil than
those containing larger-particle zeolites. Gianetto et al.!4
found similar results for ultrastable submicron Y (USSY)
zeolites. Changes in the zeolite particle size significantly
affect the amounts of total aromatics, benzene, C4
olefins, and coke during FCC. Al Khattaf and de Lasal®
reported that the cracking conversion of 1,3,5-triisopro-
pylbenzene using 0.4-um Y zeolite was higher than that
obtained using 0.9-um zeolite because of the constrained

* To whom correspondence should be addressed. Tel.: +662-
218-6766; Fax: +662-218-6769 E-mail: piyasan.p@chula.ac.th.

' Chulalongkorn University.

* Silpakorn University.
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diffusional transport in the larger Y zeolite particles.
However, smaller-particle zeolites have often been found
to be less stable than larger-particle ones. The optimum
size of the zeolite crystal is, therefore, required to
achieve the desired performance.1%17 In a previous study
reported by our laboratory, Praserthdam et al.!® inves-
tigated the effect of crystal size on the durability of Co/
HZSM-5 in the selective reduction of NO. The Co/
HZSM-5 with the smaller crystal size showed the
greater durability. The critical diameter of the crystal
size of Co/HZSM-5 for this reaction was determined to
be 2 um.

In this study, an alternative correlation between the
particle size and structure stability of H—Y zeolite under
hydrothermal treatment conditions is developed. The
effects of particle size and hydrothermal conditions
similar to those used in the FCC process on the
structural changes of Y zeolite were investigated by
means of X-ray diffraction (XRD), BET surface area
measurements, nuclear magnetic resonance (NMR})
spectroscopy, scanning electron microscopy (SEM), tem-
perature-programmed desorption (TPD) of NHs, and
Fourier transform infrared (FTIR) spectroscopy of ad-
sorbed pyridine.

2. Experimental Section

2.1. Preparation of H-Y Zeolite Catalysts. H-Y
zeolite catalysts with different particle sizes in the range
of 0.16—2.01 um were prepared in our laboratory
according to the method of Miyanohara et al.!® The Si/
Al ratio of 4.5 was used for all catalyst samples. The
initial materials for the synthesis of zeolite Y are sodium
silicate (Merck), sodium hydroxide (Merck), sodium
aluminate (Fuka), and distilled water. The molar com-
position of the gel was 3.68 NayO/1 Al,03/12 Si0O,/148
H:0. The gel was aged at room temperature for various
aging times (0.5, 2, 4.5, or 6.5 days). Then, it was heated
to a specified temperature (363, 373, or 383 K) in an

© 2004 American Chemical Society
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oven for 24 h. After being cooled to ambient tempera-
ture, the sample was washed thoroughly several times
with deionized water until the pH was 7. The obtained
samples were dried at 383 K overnight and calcined at
773 K in an air flow for 2 h. The hydrogen form of Y
zeolite was then obtained by first exchanging Na® with
NH,* using an aqueous sclution of NH;NO; and sub-
sequently decomposing the NHy* by calcination in air
at 773 K for 2 h.

2.2. Hydrothermal Treatment. Hydrothermal treat-
ment of the catalysts was performed in a homemade
system. Approximately 0.5 g of catalyst sample was
placed in the reactor and was first heated in a nitrogen
flow to the specified temperature (873, 973, 1073, 1173,
or 1273 K) using a ramp rate of 10 K/min. The sample
was kept at this temperature for a specified time period
(0.5, 1, 2, 3, or 5 h) while steam at different partial
pressures (0.05, 0.1, 0.2, 0.5, or 1.0) was added. Finally,
the sample was cooled to room temperature in a
nitrogen stream.

2.3. Catalyst Characterization. 2.3.1. Scanning
Electron Microscopy (SEM). The average particle
sizes and particle size distributions of the catalysts
before and after hydrothermal treatment were deter-
mined visually from SEM micrographs obtained using
a JEOL JSM-35 CF model scanning electron microscope.

2.3.2. BET Surface Area Analysis. The specific
surface areas of the samples were calculated using the
Brunauer—~Emmett—Teller (BET) single-point method.
Approximately 0.3—0.5 g of the catalyst sample was
placed in the sample cell, heated to 473 K, and held at
that temperature for 10 h under a 30% Nz/He flow. The
catalyst sample was then cooled to room temperature
and dipped into liquid nitrogen. After the adsorption of
nitrogen reached equilibrium, the sample cell was then
dipped into a water bath at room temperature. The
amount of nitrogen desorbed was measured by a gas
chromatograph (GOW-MAC).

2.3.3. X-ray Diffraction (XRD). X-ray diffraction
patterns of the catalysts were obtained using a Seimens
D5000 X-ray diffractometer with monochromatized Cu
Ka radiation (10 kV, 20 mA). The relative crystallinity
was estimated by comparing the peak intensities of the
treated samples with those of fresh samples. The total
intensities of the eight peaks assigned to the (331),
(511), (440), (533), (642), (822), (5655), and (664) reflec-
tions were used for comparison according to ASTM
D3906 method.

2.3.4. Nuclear Magnetic Resonance (NMR) Spec-
troscopy. The chemical state of Al was measured by
Z7TA1 MAS NMR spectroscopy using a Bruker DPX-300
NMR spectrometer operated at 78.2 MHz at the magic
angle. The relative area of tetrahedral 27Al was calcu-
lated from the area of tetrahedral aluminum per sum-
mation area of tetrahedral and octahedral aluminum.

2.3.5. NHz Temperature Program Desorption
(NH; TPD). The amount of acidic sites on the catalysts
was measured using the NH; temperature-programmed
desorption (TPD) technique. Approximately 0.25 g of Y
zeolite catalyst was placed in a U-shape quartz tube,
incorporated in a temperature-controlled oven, and
connected to a thermal conductivity detector (TCD).
Prior to ammonia adsorption, the catalyst was first
heated to 773 K at a ramp rate of 10 K/min in a nitrogen
flow and held at this temperature for 1 h to remove any
remaining water or other organic compounds. It was
then cooled to 353 K before saturation of catalyst surface
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Table 1. Effect of Preparation Conditions on the
Average Particle Size of HY Zeolite

aging time reaction average particle
(day) temperature (K) size (um)?
0.5 363 1.19
373 amorphous
383 amorphous
2.0 363 0.82
373 1.81
383 2.01
45 363 031
373 0.45
383 0.40
6.5 363 0.16
373 0.25
383 0.45

2 Average particle size was evaluated using SEM. Measurement
error = +£5%.

with ammonia using 10% NHs/He (high purity grade,
Thai Industrial Gas Co., Ltd.) at a flow rate of 60 mL/
min.

The temperature-programmed desorption was per-
formed with a constant heating rate of ca. 10 K/min from
363 to 973 K. The amount of NH3z desorbed was
measured by analyzing the effluent gas with a thermal
conductivity detector.

2.3.6 Fourier Transform Infrared (FTIR) Spec-
troscopy. IR spectra of adsorbed pyridine were re-
corded to distinguish and measure the two types of
acidic sites on the zeolite surface, i.e., Lewis and
Broensted acid sites. FTIR experiments are performed
on a Nicolet model Impact 400 instrument with deu-
terated triglycine sulfate (DTGS) detector in the same
manner as used by Linjie et al.?’> Approximately 0.06 g
of catalyst powder was pressed into wafers (1 c¢m in
diameter) and pretreated in a vacuum of 107* Torr at
room temperature for 1 h. Then, pyridine was intro-
duced into the IR cell by self-vaporizing in a vacuum
and was circulated through the system by electromag-
netic pump. After saturation, the adsorbed pyridine was
evacuated at room temperature for 5 h or until no
change in IR spectrum was observed. Then, FTIR
measurement of the spectrum of the pyridine-adsorbed
sample was started at room temperature.

3. Results and Discussion

3.1. Effect of Preparation Conditions on Particle
Size of H-Y Zeolite. The Y zeolites with different
particle sizes ranging from 0.16 to 0.21 um used in this
study were prepared by varying the aging time of
nucleation and the gel reaction temperature. The aver-
age particle sizes of the Y zeolites obtained under
various synthesis conditions are reported in Table 1.
Reaction temperatures in the range 363—383 K were
found to be optimum for producing Y zeolite.?! The
minimum time required to obtain a zeolite crystal
structure was determined to be ca. 2 days; otherwise,
amorphous materials were produced. It was found that
lower reaction temperature (lower crystal growth rate)
and longer aging time of nucleation resulted in smaller
zeolite crystals. A similar result was reported by Zh-
danov et al® for the synthesis of Na—A zeolite. Typi-
cally, the particle size of zeolites depends on the relative
rates of the two competing phenomena occurring during
synthesis, namely, nucleation and crystal growth. Both
rates decrease with decreasing temperature;22 however,
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Table 2. Characteristics of HY Zeolite before and after
the Hydrothermal Treatment?

BET surface area® (m?/g)
relative BET

particle size® (um)

before after before after SA (%)
0.16 0.16 521 322 38
0.31 0.31 546 366 33
0.45 0.45 511 441 14
0.82 0.82 531 397 25
2.01 2.01 550 339 38

2 Treatment conditions were 1073 K, 10 mol % steam, and 1 h.
% Average particle size was evaluated using SEM. Measurement
error = +5%. ¢ Measurement error = £10%.

the impact of decreasing temperature is more pro-
nounced on the crystal growth rate than on the nucle-
ation rate, resulting in smaller particle size at lower
temperature.?3 Another factor influencing the size of
zeolite crystals is the aging time of nucleation. The
longer the aging time of nucleation, the lower the
uniformity of nucleus precursors in the reaction mix-
ture, and consequently, the smaller the zeolite particles
formed.24

3.2. Effect of Hydrothermal Treatment on the
Physical Properties of H-Y Zeolite. The particle
sizes and BET surface areas of Y zeolites before and
after hydrothermal treatment are reported in Table 2.
The Y zeolites prepared under different preparation
conditions resulted 4in spherical particles with average
particle sizes varying from 0.16 to 2.01 um. The particle
sizes and shape remained unaltered after the samples
underwent hydrothermal treatment at 1073 K and 10
mol % steam for 1 h. It is known that the BET surface
area of Y zeolite decreases upon hydrothermal treat-
ment because of the collapse of the zeolite framework.?®
However, in this study, it was found that changes in
BET surface areas were more pronounced for smaller-
or larger-particle-size Y zeolites compared to the medium-
particle-size samples (0.45 um).

The crystallinity of Y zeolite was also affected during
hydrothermal treatment as a result of aluminum ex-
traction and dehydroxylation.?® Figure la—c shows the
effect of particle size on the crystallinity of Y zeolite
when the aging parameters are varied as follows: (a)
temperature (873—1273 K), (b) aging time (30—300
min), and (c) steam partial pressure (5—100%). The
relationships between the percent crystallinity and the
particle size of Y zeolite when the aging parameters are
varied follow similar volcano trends. The percentages
of crystallinity decreased significantly with increasing
hydrothermal temperature, steam partial pressure, and
aging time, which is typical hydrothermal behavior for
zeolites in FCC catalysts.? In this study, the lowest
percent crystallinity was observed for the most severe
hydrothermal conditions (1273 K, 100% steam partial
pressure, and 300 min).

The hydrothermal stability of the Y zeolites was also
found to be strongly dependent on their particle size.
For the particle sizes ranging from 0.16 to 0.45 um, the
percent crystallinity increased with increasing particle
sizes, and the maximum percent crystallinity of ca. 80—
90% was observed for the particle size of 0.45 um. This
trend is in agreement with the literature findings that
smaller-crystallite zeolites are more active but less
stable than those with larger crystallites.?’28 The
percent crystallinity of the Y zeolites, however, gradu-
ally decreased for particle sizes larger than 0.45 um.
The hydrothermal behavior of larger-particle Y zeolite
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Figure 1. Relationship between percent crystallinity and particle
size of Y zeolite after hydrothermal treatment with different
treatment parameters: (a) 873—1273 K, 10 mol % steam, and 60
min; (b) 30—300 min, 10 mol % steam, and 1073 K; (c) 0.05—1
P/Py, 60 min, and 1073 K. Measurement error was +5%.

is still unclear; however, the decrease in percent crys-
tallinity is probably due to a larger amount of defects
in larger-particle-size Y zeolite. In addition, there might
be an influence from the average distance between
acidic and metallic sites?® or the various pore sizes in
large-particle shape-selective zeolite. In a previous
study, Praserthdam et al.!® reported that the larger-
particle Co/HZSM-5 catalysts experienced significant
losses of crystallinity and tetrahedral aluminum upon
hydrothermal treatment whereas those characteristics
for the smaller-particle catalysts remained unaffected.

3.3. Dealumination after Hydrothermal Treat-
ment. 27A1 MAS NMR spectra for all of the catalyst
samples in this study were collected. Figure 2a—c shows
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Table 3. Relative Areas of 27Al NMR Peaks and Acid
Properties of HY Zeolite with Various Particle Sizes

relative area of

tetrahedral Z7Al« acid site?

particle ratio

size (wm) before after Bronsted Lewis of B/L¢
0.16 83.69 69.14 62 201 0.31
0.31 85.06 77.99 86 245 0.35
0.45 84.52 * 83.63 79 243 0.33
0.82 90.64 78.97 120 259 0.46
2.01 94.63 71.35 189 284 0.67

2 Relative area of tetrahedral 27Al was calculated {rom the area
of tetrahedral aluminum per summation area of tetrahedral and
octahedral aluminum. Measurement error = £10%. ? Acid site was
calculated using the area of the Bronsted band at 1540 cm~! and
the area of Lewis band at 1450 cm™! from FTIR experiments.
¢ Ratio of B/L was calculated from area of Brensted sites per area
of Lewis sites.

the 27Al1 MAS NMR spectra of Y zeolites with particle
sizes of 0.16, 0.45, and 2.01 um before and after
hydrothermal aging. In the fresh samples, a strong
signal at ca. 56 ppm and a weak signal at ca. 0 ppm
were detected. These peaks correspond to tetrahedrally
coordinated Al species (Al"Y) in the zeolitic framework
and octahedrally coordinated extraframewark Al (A1VY),
respectively.303! After hydrothermal aging at 1073 K for
1 h, a decrease in tetrahedral aluminum and an increase
in octahedral aluminum were observed for Y zeolites in
all particle sizes used in this study except for the
medium size (0.45 um). The loss in crystallinity is due
to framework dealumination of the zeolite.'®3! For
strongly dealuminated samples, another peak or a small
shoulder is often visible between 30 and 50 ppm in the
27A1 MAS NMR spectra, which has been assigned to
pentacoordinated aluminum atoms®? or distorted tetra-
hedrally coordinated aluminum atoms in extraframe-
work species.33-3¢

The relative areas of tetrahedral 27Al before and after
hydrothermal treatment are reported in Table 3. They
were found to be in accordance with the percentages of
crystallinity. Medium-particle-size Y zeolite (0.45 um)
exhibited the lowest amount of dealumination; subse-
quently, the highest percent crystallinity was obtained
with these samples.

3.4. Characterization of Acidic Sites. The NH3
temperature-programmed desorption (TPD) technique
provides information on the amount and strength of

]
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TCD signal a.u.
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Figure 3. NH; TPD of fresh Y zeolite at various particle sizes:
(a) 0.16, (b} 0.31, (c) 0.45, (d) 0.82, and {e} 2.01 um.

acidic sites. The peak area of a TPD profile represents
the amount of desorbed NH3, whereas the peak position
corresponds to the strength of acidity. The NH; TPD
profiles of Y zeolites with various particle sizes are
shown in Figure 3. All catalyst samples exhibited
similar TPD profiles. The first desorption peak at ca.
473 K is assigned to the weak acid sites, whereas the
second peak at ca. 653 K corresponds to strong acid
sites.®® The amount of weak acid sites was determined
to be much higher than the amount of strong acid sites.
Interestingly, higher amounts of strong acid sites were
detected on larger-particle-size of Y zeolite.

Pyridine adsorption IR spectroscopy is another pow-
erful technique for measuring and distinguishing the
acidic sites on a zeolite surface. Figure 4 shows the
pyridine adsorption behaviors of fresh Y zeolites with
different particle sizes. The two bands at ca. 1450 and
1540 cm™! are assigned to pyridine molecules adsorbed
on Lewis acid sites and Bronsted acid sites, respectively.
The integrated areas of the bands are proportional to
the numbers of corresponding acid sites. The type of acid
sites has been found to depend on the synthesis condi-
tions. Kumar et al.3 reported that fresh H-ZSM-5
catalysts synthesized at the longest aging time used in
the study exhibited the highest number of Brensted acid
sites. The ratio of Brensted to Lewis (B/L) acid sites, as
well as the relative area of 27Al obtained from 27A1 MAS
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Figure 4. Pyridine adsorption at room temperature of fresh Y
zeolite with various particle sizes: (a) 0.16, (b) 0.31, (c) 0.45, (d)
0.82, and (e) 2.01 gm.

NMR spectra, as functions of the particle size of Y
zeolites are summarized in Table 3. All Y zeolite catalyst
samples contained both Lewis and Brensted acid sites
with higher amounts of Lewis acid sites than Brensted
acid sites. It was' found that the larger-particle-size Y
zeolites exhibited higher Bronsted/Lewis acid site (B/
L) ratios than the smaller-particle-size ones. The results
from FTIR spectroscopy are in accordance with the NH;
TPD results that higher amounts of strong acid sites
were detected on larger-particle Y zeolites.

Because a significant loss of crystallinity and a high
level of Bronsted acid sites were observed for larger
particles, it is suggested that more defects in larger
particles might result in the difference in acidity and
play a role in crystallinity loss upon hydrothermal
treatment. The higher amount of Bronsted acid sites has
been ascribed to a higher density of hydroxyl groups.3?
A shorter distance between hydroxyl groups increases
the probability of dehydroxylation and dealumination
resulting in loss of crystallinity.

3.5. Correlation between Particle Size and Hy-
drothermal Stability of Y Zeolites. The hydrother-
mal stability of the Y zeolites was determined in terms
of changes in crystallinity (C/Cy) where (p is the
catalyst’s initial crystallinity and C is the crystallinity
observed after hydrothermal treatment. Figure 5a—c
shows plots of C/Cy vs 1/(do) 12, where dj is the particle
size of the Y zeolite, for different hydrothermal treat-
ment conditions: {a) 0.1 steam partial pressure, 60 min,
873—1273 K: (b) 0.1 steam partial pressure, 1073 K, 30—
300 min; and (¢} 1073 K, 60 min, 0.1—1.0 steam partial
pressure. It was found that all of the plots exhibit the
same characteristics consisting of two parts. The first
parts represent the correlation between hydrothermal
stability and particle size for larger particles and have
irregular shapes, whereas the second parts represent
the correlation for the smaller particles and show fairly
the same linear trend. The irregular shape in the first
part of each figure was probably caused by structure
defects as stated in a preceding paragraph.

However, the existence of the linear trend in the
second part of Figure 5a provides new insight into the
effect of particle size on the hydrothermal stability of Y
zeolite. The hydrothermal stability of Y zeolite can be
predicted from particle size and operating temperature
using the following empirical correlation of observed
changes in zeolite crystallinity as a function of particle
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Figure 5. Correlation between C/Cy and 1/(dg)'? at different
treatment parameters: (a) 873—1273 K, 10 mol % steam, and 60
min; (b) 30—300 min, 10 mol % steam, and 1073 K; {c) 0.05—1
P/Ps, 60 min, and 1073 K.

size and temperature

C _ ( 1
C_ L

&~ "4,

where (p is the catalyst's initial crystallinity, C is the
crystallinity observed after hydrothermal treatment, dj
is the particle size before treatment (um), nis the slope
of the graph, and T is treatment temperature (K). The
value of nn was determined by averaging the slopes of
the graphs. The function of 7, 7), was determined by
plotting the intercept values of each plot versus tem-
perature. Therefore, eq 1 can be written as

)+ A7) W

< _ —0.3937(L) +498 4 h881 2)

This correlation was found to correctly predict the
hydrothermal stability of Y zeolites of small to medium
particle size (0.1—-0.45 um). The square root of the
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Figure 6. Comparison of the hydrothermal stability of a com-
mercial HY zeolite and the synthesized catalysts (the treatment
conditions were 873—1273 K, 10% mol steam, and 1 h).

particle size of the Y zeolite prior to hydrothermal
treatment in our correlation probably includes the
effects of the nucleus density in amorphous gel at the
reaction temperature and/or the initial pseudo-cell
concentration in the gel phase as these two factors have
been determined to be proportional to the gel reaction
temperature and the crystal size during the crystalliza-
tion of zeolites.®

The validity of this correlation was tested by perform-
ing the hydrothermal treatment of a commercial Y
zeolite catalyst obtained from Tosoh Corporation, Tokyo,
Japan, with a particle size of 0.47. The results are shown
in Figure 6. Similar profiles were observed for the
catalysts prepared in our laboratory and the commercial
one. However, for a similar particle size, a slightly
higher hydrothermal stability was observed for the
commercial catalyst, probably because of a higher Si/
Al ratio. Therefore, the correlation proposed in this
study might be limited to a Si/Al ratio of 4.5. The results,
however, offer interesting possibilities for developing a
more versatile correlation that can be applied to Y
zeolites with different Si/Al ratios and/or that were
prepared under different reaction conditions.

4. Conclusion

The hydrothermal stability of Y zeolite was found to
strongly depend on the particle size. The maximum
percent crystallinity after hydrothermal treatment was
obtained for Y zeolite with a particle size 0.45 um. By
plotting the relative percent crystallinity (C/Cp) versus
the particle size of Y zeolite (dp, #um) in the form of
1/‘/30 for a given treatment temperature (7, K), an
alternative correlation was found

oo —0.3937(L) + 198 5881
CO

Ja) T

This correlation can be applied for small to medium
particle sizes ranging from 0.1 to 0.45 ym. For larger
particle sizes, the defects in the Y zeolite structure, as
indicated by higher Bronsted acid site contents, were
probably responsible for a decrease in crystal stability
upon hydrothermal treatment.
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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 (H, O/CH,) ratio
whose equilibrium gas composition provides the value of carbon activity of one. It was found that the minimum H, O/CHj, 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 H,O/CH, ratio at the carbon formation boundary, independent of the extent of
electrochemical reaction of hydrogen. In contrast, due to the presence of extra H,O from the electrochemical reaction at the anode chamber,
DIR-SOFC can be operated at lower values of the H,O/CHy 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 H,O/CH, 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 H,O/CHy 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, SOFC offers the widest
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).

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

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-
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Nomenclature

a inlet moles of methane (mol)
inlet moles of steam (mol)

c extent of the electrochemical reaction of hy-
drogen (mol)

K equilibrium constant of reaction (25) (kPa™!)

K> equilibrium constant of reaction (26) (kPa)

K3 equilibrium constant of reaction (27) (kPa™!)

n; number of moles of component i (mol)

Di 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

o carbon activity

dation to produce a Hy/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
forces within 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 previous works 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 by methane. 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 (H,O/CHjy)
ratios between different SOFC operating modes.

2. Theory

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

CH4 + H,O = 3H, + CO D
CO + H;O = Hp + CO, 2)

The former is strongly endothermic while the latter is mildly
exothermic. Methane steam reforming is commercially op-
erated at 1000—1100 K and 2.17-2.86 MPa over nickel based
catalysts [10]. The feed contains steam in excess of the sto-
ichiometric amount with H»O/CHy4 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 SOFC modes. (a) ER-SOFC, (b) IR-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. For DIR operation, 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:

e Oxygen-conduction electrolyte:

anode: Hp + 0¥ = H>O + 2e™ 3)

cathode : Oy 4 4e~ = 20%~ 4)

e Hydrogen-conducting electrolyte:

anode: H, = 2H" + 2¢” 5)

cathode : 2H' + 10, +2¢~ = H,0 (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:

e Reforming chamber

NCH, = a — XR (7

nco = XR — YR (®)

nco, = YR ©)

ny, = 3xr + YR (10)

nH,0 = br — XR — IR (11)
5

Ntotal = Zni (12)
i—1

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

e Fuel cell chamber

nCH, = @ — XR — XF (13)
nco = XR — YR + XF — JF (14)
nco, = YR + JF (15)
nH, =3xR + YR +3xF+ yF — ¢ (16)

nH,0 = bR — XR — YR + DF — XF — YF
(for hydrogen-conducting electrolyte)

17
nH,0 = bR —XR — YR +bF — XF — yF + ¢ (17)
(for oxygen-conducting electrolyte)
5
Ntotal = Zni (18)
i—1

where br is the additional mole of water fed to the fuel cell
chamber, xp and yg 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 HyO/CHy ratio for
these modes is equal to (bR + bp)/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:

NCH, = G — XF (19)
nCO = XF — VF 20)
nco, = YF 21
nH, =3xF+ yF—¢ (22)

nH,0 = bp —xp —yr+c¢
(for oxygen-conducting electrolyte)

23
nH,0 = bF — XF — YF (23)
(for hydrogen-conducting electrolyte)
5
Ntotal = Zni (24)
i—1

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 = CO, + C (25)
CHs = 2H, + C (26)
CO 4+ H, = H,0 + 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 Eqgs. (28)—(30), are used to determine
the possibility of carbon formation.

2

P
ac.co = K1 =2 (28)
PCo,
CH
oo cy = Ko Pl (29)
PH,
PcopPH
oc,co—H, = K3——= (30)
PH,0

where K1, K> and K3 represent the equilibrium constants of
the reactions (25), (26) and (27), respectively, and p; is the
partial pressure of component i. When «, > 1, the system is
not in equilibrium and carbon formation is observed. The sys-
tem is at equilibrium when « = 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 o <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 the HyO/CHy
ratio is varied and the corresponding values of «, are calcu-
lated. The carbon formation boundary is defined as the value
of H, O/CH4 whose value of (1 —«.) is approaching zero. This
value represents the minimum inlet HO/CH4 mole ratio at
which carbon formation in the equilibrium mixture 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 C,H,, may be formed and result
in comparable damages.

3. Results and discussion

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

Mole of species i at anode side

[Steam/Methane] mole ratio

Fig. 2. Effect of inlet HyO/CHy ratio on each component mole in the re-
former (a=1mol, P=101.3 kPa and 7=1173 K).
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Carbon activity

(]

1.5

[Steam/Methane] mole ratio

Fig. 3. Effect of inlet HyO/CH4 ratio on carbon activity in the reformer
(a=1mol, P=101.3kPaand T=1173K).

is observed. Apparently, the increasing of inlet HyO/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 Egs. (25)—(27), the presence of high molar fractions
of CO,, Hy and H,O is effective for preventing the carbon
formation in the system.

Fig. 3 shows the influence of inlet HyO/CH4 ratio on the
corresponding values of the carbon activity calculated from
the equilibrium compositions. The initial high slope at the
low H,O/CHy4 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 the H, O/CHy ratio is approximately greater than one. It
is therefore indicated that the carbon formation is less likely
as the HoO/CHy4 ratio is increased. It should also be noted that
the values of carbon activities calculated from Eqgs. (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 HyO/CHy4 ratio at the carbon forma-
tion boundary for typical SOFCs with 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 HyO/CHy4 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 HyO/CHy ratios for ER-SOFC and IIR-SOFC are the
same, independent of the extent of electrochemical reaction
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Fig. 4. Influence of the operation mode on the requirement of inlet H O/CHg4
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 H,O/CHy ra-
tio in the feed. It is particularly pronounced when DIR-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 of water 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 HyO/CHj4 ratios to
prevent the carbon formation for ER-SOFC, IIR-SOFC, and
DIR-SOFC with the hydrogen-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 H;O/CHjy ratio requirement. This sum-
mary is in contrast to one previous work, which reported
that the SOFC with 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 H,O/CHy4
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 HyO/CHy 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
H;O/CHy 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 HyO/CHy4 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 HyO/CH4 ratio is independent
of the SOFC operating modes for those with the hydrogen-
conducting electrolyte. On the other hand, for the SOFC with
the oxygen-conducting electrolyte, DIR-SOFC requires less
steam than both ER-SOFC and [IR-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 HyO/CHy
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 (C,H,,) 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/TiO, catalysts during CO
hydrogenation. A comparative study of anatase TiO,- and rultile-anatase coupled TiO,-supported Co catalysts was conducted. It was found
that the presence of rutile phase (19 mol%) 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 SiO, [4-8], Al,O3 [9-14], TiO,
[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 been widely investigated by many 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).

0254-0584/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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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/TiO; catalysts. In the present study, the
Co/TiO; 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/TiOy was prepared by the incipient
wetness impregnation. A designed amount of cobalt ni-
trate [Co(NO3)-6H, O] was dissolved in deionized water and
then impregnated onto TiO; (contained 100 mol% of anatase
phase calcined at 500 °C, obtained from Ishihara Sangyo,
Japan) and onto TiO; (contained 81 mol% of anatase phase
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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~! and holding at 350 °C for 10 hin a gas flow having
aspace velocity of 16,000 h~! and consisting of H. The high
space velocity of the Hy flow was applied to insure that the
partial pressure of water vapor in the catalyst bed produced by
cobalt oxide reduction would be essentially zero. The reduced
catalyst was then passivated at room temperature with air for
30 min 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 H,, mixtures of Hy and water va-
por (5-10vol.%) 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:

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

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

e (O): calcined catalyst sample;

e (RWO0), (RW5)and (RW10): reduced catalyst samples with
no water vapor, 5vol.% of water vapor, and 10vol.% 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 N, 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 Cu Ko (A = 1.54439 A). The spectra were
scanned at a rate of 2.4° min~! in the range 26 =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. The SEM of JEOL mode 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 1000cm™! with
a resolution of 2 cm™! was applied. The data were analyzed
using the Renishaw WiRE (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 50 mg
of a sample and a temperature ramp from 35 to 800 °C at
5°Cmin~!. The carrier gas was 5% H, 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 Hy consumed during TPR. The
Hj consumption was calibrated using TPR of Ag,O 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 (H,/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°C and 1 atm. A flow rate of Hy/CO/He =20/2/8 cc min™!
in a fixed-bed flow reactor under differential conditions was
used. A relatively high H,/CO ratio was used to minimize
deactivation due to carbon deposition during reaction. Typ-
ically, 20 mg of a catalyst sample was re-reduced in situ in
flowing Hy (30 ccmin™!) 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/TiO,
catalysts. As mentioned, in general titania used contains
mainly two phases; anatase and rutile phases. Phase transfor-
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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/TiO; catalysts. Section 3 is divided into two parts
as follows:

3.1. Catalyst stability during reduction under
hydrothermal treatments

It is known that Co metal 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 of water vapor
on the stability of Co/TiO; 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 TiO;, whereas the T2 support is composed of rutile
(19 mol%) and anatase (81 mol%) forms. XRD patterns of
T1 showed strong diffraction peaks at 26, 37, 48, 55, 62, 69,
71 and 75° indicating the TiO; 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, Co304 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, Co304 species was re-
duced to Co® metal. However, after passivation with air, thin
layer of CoO species was formed at the catalyst surface to
prevent rapid oxidation by Co® metal when exposed to air as
also reported [19,20]. As mentioned above, Co® metal was
formed after reduction. However, Co® 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 Co’
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
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Fig. 1. XRD patterns of T1 and T2 supports, and catalyst samples pretreated
under various conditions.

at 640, 514 and 397 cm™! for TiO; 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™! indicating TiO; 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™! as seen in
those for T1 and T2 supports solely including two shoulders
at 690 and 480 cm™!, assigned to Coz0O4 [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™".
These can be assigned to Co304 present on catalyst surface
rather than CoO (detected in the bulk by XRD) since Raman
spectroscopy is more of surface technique [20]. SEM and
EDX were 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, Co304, 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 Co304 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 Co304 assigned to the overlap of two-step
reduction of Co304 to CoO and then to Co® [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-RWO0 was shifted about
10 and 20 °C when hydrothermal treatment was performed
during reduction as seen for Co/T1-RWS5 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
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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 (19 mol%) 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 Ag,O), 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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Surface areas, reducibilities and reducibility loss after reduction of samples
after various pretreatments

Samples Surface area  Reducibility during  Reducibility loss
m?g TPR at 35-800°C after reduction
) %)

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 (RWO0) 37 74 5

Co/T1 (RW5S) 46 68 26

Co/T2 (RW5) 37 72 8

Co/T1 (RW10) 46 64 30

Co/T2 (RW10) 36 68 13

? 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 Hy consumed
during TPR (calibrated using Ag,0).

® Measurement error is £5%.

¢ Reducibility loss (%) after reduction was calculated from [(reducibility
of calcined sample — reducibility of reduced sample) x 100]/reducibility of
calcined sample.

formed during standard reduction [25]. However, when con-
sidering the reducibility loss of the reduced samples without
hydrothermal treatment (RWO0 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-RWO0 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.

Table 2
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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/TiO,, 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

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

Samples CO conversion (%)* Rate (x 102 gCH, geqch™1)P CHy4 selectivity (%)
Initial® 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

2 CO hydrogenation was carried out at 220 °C, 1 atm and H,/CO/He =20/2/8 cc min~!.

Y Error +5%. Rate of -CH,- formed as same as moles of CO converted represented the repeating unit of all hydrocarbon chains in product stream.

¢ After 5 min of reaction.
4" After 5 h of reaction.
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Table 3

Influence of surface area of TiO; on catalytic properties of supported cobalt catalysts during CO hydrogenation

Samples Surface area (m?> g~ ') CO conversion (%)* Rate (10% gCH> geat h—1yb
Initial® Ss¢ Initial SS
Co/T1 (C) 70 3.7 2.1 1.4 0.8
Co/T3 (C)¢ 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

2 CO hydrogenation was carried out at 220 °C, 1 atm and H,/CO/He =20/2/8 ccmin™".

b Error £5%.

¢ After 5 min of reaction.

4 After 5 h of reaction.

© T3 is TiO; (pure anatase) which has surface area of 145m? g~
f T4 is TiO, (pure anatase) which has surface area of 170m? g~!.

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 (70m?g~') and T2
(49 m? 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 170 m? g~ ! 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 49 m? g~!, 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/TiO; 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 the T2 support exhibited higher selectivity to methane
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/TiO; 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/TiO; catalysts. The presence of rutile phase
(19 mol%) 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.
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LLDPE/nano-silica composites synthesized via in situ polymerization
of ethylene/1-hexene with MAO/metallocene catalyst
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It is known that the copolvmerization of ethylene with
higher 1-olefins is a cyrromercial importance for produc-
tions of elastomer and i:near low-density polyethylene
(LLDPE). LLDPE (dersity 0.920 to 0.940) is one of the
most widely used polyniefins in many applications, es-
pecially, for plastic filr.s. However, in some cases, the
use of polyolefins or [LLLDPE is limited by their draw-
backs such as low mechanical strength, low thermal
resistance, poor opticz. properties and so on. Thus, in
order to improve the sp=cific properties of these poly-
mers, some addjtives need 1o be blended with them.

It has been reported that blending polymer with in-
organic materials is <onsidered as a powerful method
to produce new mater:als called polymer composites
or filled polymers. Heraever, due to the significant de-
velopment in nano-tcchnologies in the recent years,
nano-inorganic materizis such as Si0,, AlbO3 and TiO;
have brought much azention to this research field.
Therefore, the poiymzr compcsites filled with nano-
morganic materials arz well recognized as polymer
nano-composites. E<szntially, addition of the nano-
materials into polym=rs may lead to overcome the draw-
backs and produce ne.. materials, which are consid-
ered to be robust. Ezs:callv, there are three methods
used to produce thz f.lied polymer; (i) melt mixing,
(ii) solution blending. znd (iii) in situ polymerization.
Due to the direct synthzsis via polymerization along
with the presence of nano-materials, the in situ poly-
merization is perhaps considered to be the most pow-
erful techniques to produce polymer nano-composites
with good dispersion of the nano-particles into poly-
mer matrix. Although. many authors [1-6] have stud-
ied LLDPE composites only synthesized via melt mix-
ing and solution blending, no further reports have
been done on synthesizing polymer nano-composites
via the in situ polvmerization with metallocene
catalysts.

In the present studyv, LLDPE/nano-SiQO; compos-
ites synthesized via the in situ polymerization with
MAO/metallocene catalvst was investigated for the first
time. The nano-SiO- and nano-Si0; doped Al O; filled
materials were synthesized using sol-gel method [7] to
obtain the nano-Si0, with particle size of ca. 50 nm.
The amounts of nano-materials filled were also var-
ied. Yields, activities, and polymer morphologies were
discussed.

*Author to whom all correspondence should be addressed.

0022-2461 © 2005 Springer Science + Business Media, Inc.

The preparation of LLDPE/nano-composites via
in situ polymerization was performed as follows;
all chemicals [nano-SiO;, nanoSiO; doped Al;O3,
toluene, rac-ethylenebis (indenyl) zirconium dichlo-
ride "[Et(Ind);ZrCl,], methylaluminoxane (MAQ),
trimethylaluminum (TMA) and 1-hexene] were manip-
ulated under an inert atmosphere using a vacuum glove
box and/or Schelenk techniques. The nano-materials
were heated under vacuum at 400 °C for 6 hr prior to
impregnation with MAOQ. In order to impregnate MAO
onto the nano-materials, the method was described as
follows. One gram of the nano-materials was reacted
with the desired amount of MAOQ at room temperature
and stirred for 30 min. The solvent was then removed
from the mixture. About 20 ml of toluene was added
into the obtained precipitate, the mixture was stirred for
5 min, and then the solvent was removed. This proce-
dure was done for five times to ensure the removal of
impurities. Then, the solid part was dried under vac-
uum at rooin temperature to obtain white powder of
nano-materials/ MAC.

Polymerization was conducted upon the methods as
follows. The cthylene/l-hexene copolymerization re-
action was carried out in a 100-ml semi-batch stainless
steel autoclave reactor equipped with a magnetic stirrer.
At first, 0.1, 0.2, and 0.3 g of the nano-materials/yMAO
([Allmao/[Zr] = 1135, 2270, and 3405) and 0.018
mole of 1-hexene along with toluene (to make the total

Nano-8i0,-A1,0,

Intensity (a.u.)

Nano-SiO,

0 10 20 30 40 S0 60 70 80 90 100
Degrees (2 theta)

Figure 1 XRD patterns of nano-SiO; and nano-SiO;-AL0;.
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volume of 30 ml) were put into the reactor. The de-
sired amount of Et(Ind)>ZrCla (5 x 1077 M) and TMA
([Al}rmafl[Zr] = 2500) was mixed and stirred for 5-
min aging at room temperature, separately. and then
was injected into the reactor. The reactor was frozen
in liquid nitrogen to stop reaction for 13 min and then
the reactor was evacuated 10 remove argon. The reactor
was heated up to polymerization temperature (70°C).
To start reaction. 0.018 mole of ethylens was fed into
the reactor containing the comonomer and catalyst mix-
wres. After all ethylene was consumed, the reaction was
terminated by addition of acidic methanol (0.1% HCI
in methanol) and stirred for 30 mn. After tilration,
the obtained copolymer (white powder) was washed
wiih methanol and dried ar room 1emperainre. The
LLDPE/Mano-Si0» composites obtained were charac-
terized using scanning clectron microscopy (SEM)
and encrgy dispersive X-ray spectroscopy (EDX)

TABLE [ Aciivity and yield of LLDPE/mano-composiles via i sifu
polymerization with metallocene catalyst

Amounts/Run  Yicld Time  Activily

Nano-filled {g) {g} {s) (kg pol./mol. Zr.h)
Si0:-AlOx 0L 0.2006 450 1234
Si0» 0.1 0.2147 360 1652
Si0» 02 06070 318 5288
Si0» 03 0.8382 315 7369

to study morphologics and elemental distribution,
respectively.

XRD patterns of nano-Si0> and nano-Si0>-Al05
are shown in Fig, 1. It was found that XRD patterns
for both materials exhibited similar patterns assign-
ing to amorphous silica. No XRD peaks of AlO;
were detected indicating highly dispersed forms of it
After impregnation of MAQO onto the nano-particles,
copoelymerization of ethylene/1-hexene was performed
with varicus conditions based on changing types and/or
amounis of the nano-particles used. Activitics and
yields of LLDPE/nono-composites are shown in Ta-
ble 1. It was observed that activities and yields dramat-
ically increased with increasing the amounts of 510,
particles used due to increased MAO as a cocatalyst.
However, at the same amount (0.1 g) of particles, the
Si0;3-A103 exhibited the lowest yield and activity of
any other samples. A comparison of activities is also
shown in Fig. 2. It should be noted that activities of
LLDPE/nano-Si0; composites obiained in this present
study were much lower (about theee times) compured
to the LLDPE/micron-510; composite as reported by
our group [§). This was probably duc to more steric
hindrance arising from the naro-particles. Morpholo-

s

ges of LLDPE/nano composites are shown in Fig. 3.

Figire 3 Morphologies of LLDPEfnanoe composites with: (10 8i02=Al203 (U1 g} (b) SiO; (0.1 g). (c) 5i02 (0.2 g). and (d) SiOx (0.3 2).
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Figure 4 EBX mapping of LLDPE/nano-Si0: composite with Si0; (0.3 g) indicating distribution of Si and O,

It can be observed that with using §i0;-Al1;03 (0.1 g),
Si0; {0.1 g), and Si0> (0.2 g). morphologies [Fig. 3a—
c] were found 1o be similar indicating only the polymer
texture as seen in ref. [8]. However, with increasing
the #mount of nano-SiO; to 0.3 g, the morphology as
shown in Fig. 3d was sienificantly ehanged indicating
better combination between the silica and polymer tex-
tures. This was suggested that the LLDPE/nano-Si0,
composite can be obtained at & certain amount of the
nano-Si0s» particles used. In order to identify the dis-
tribution of $i0; particles in the polymer matrix, EDX
mapping was performed on the distribution of Si and
O clements as shown in Fig, 4. It can be observed that
Si and O ¢lements exhibited good distribution all over
the polymer matrix indicating good dispersion of nano-
Si0> panicies.

In summary., LLDPE/nano-SiO2 composites can
be obtained via the in sim polymerization with
MAOQO/merallocene catalyst. It was found that silica
particles were well dispersed in the polymer matrix
at some certain amounts of them. However, activ-
ities and vields of polymerization were apparently
low probably due to more steric hindrance arising
from the nano-particles. Thus, polymerization con-
ditions, catalysts used, and types of nano-particles
need to be further investigated in order 1o increase
productivity.
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Abstract

The number of reduced cobalt metal surface atoms in Co/TiO, was found to increase with the presence of rutile phase. It was suggested that
the increased number of reduced cobalt metal surface atoms be attributed to highly dispersed cobalt oxide species as seen by the transmission
electron microscopy (TEM) technique. Besides the dispersion of cobalt oxide species, it should be noted that the presence of rutile phase in
titania could facilitate the reduction of highly dispersed cobalt oxides species into the reduced cobalt metal surface atoms. It was concluded
that both highly dispersed cobalt oxide species and the presence of rutile phase could result in the large number of reduced cobalt metal

surface atoms.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Titania; Cobalt; Catalyst; TEM; Chemisorption

1. Introduction

Inorganic materials such as silica (SiO;), alumina
(Al03), and titania (TiO,) are commonly used as a carrier
or support for catalytic materials due to their high surface
areas, high thermal stability and high mechanical resistance.
Thus, an active catalytic phase such as metal or metal oxide
species can be highly dispersed on the high surface area sup-
ports. It is noted that high dispersion of the active catalytic
phase may lead to great accessibility to utilize the active sites
for surface reaction. Supported cobalt (Co) catalysts are pre-
ferred for Fischer—Tropsch synthesis (FTS) based on natural
gas [1] due to their high activities for FTS, high selectiv-
ity for long chain hydrocarbons and low activities for the
competitive water—gas shift (WGS) reaction [2,3]. Many in-
organic supports such as silica [4-8], alumina [9-14], titania
[15-17] and zeolites [18] have been extensively studied for
supported Co catalysts for years. It is known that in general,
the catalytic properties depend on reaction conditions, cata-
lyst composition, type of inorganic support and the degree of
metal dispersion as well.

* Corresponding author. Tel.: +66 2 2186869; fax: +66 2 2186766.
E-mail address: bunjerd.j@chula.ac.th (B. Jongsomyjit).

0254-0584/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2005.02.016

It is reported that during the past decades, titania-
supported Co catalysts have been investigated widely by
many authors, especially for the application of FTS in a
continuously stirred tank reactor (CSTR) [15—17]. However,
it should be noted that titania itself has different crystalline
phases such as anatase, brookite and rutile phase. Thus,
the differences in compositions of crystalline phases could
result in changes on physical and chemical properties of
titania, then consequently for the dispersion of cobalt. In
order to give a better understanding of those, the focus of
this present study was to investigate the cobalt dispersion
on titania consisting various ratios of rutile:anatase. The
Co/TiO; was prepared and then characterized using different
characterization techniques.

2. Experimental
2.1. Material preparation

2.1.1. Preparation of titania support consisting various
rutile:anatase ratios

The various ratios of rutile:anatase in titania support were
obtained by calcination of pure anatase titania (obtained from
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Ishihara Sangyo, Japan) in air at temperatures between 800
and 1000°C for 4h. The high space velocity of air flow
(16,000h~!) insured the gradual phase transformation to
avoid rapid sintering of samples. The ratios of rutile:anatase
were determined by XRD according to the method described
by Jung et al. [19] as follows:

1
- %100
[(£)0.884 + 1] %

where, A and R are the peak area for major anatase (260 =25°)
and rutile phase (26 =28°), respectively.

%Rutile =

2.1.2. Preparation of Co/TiO; samples

A 20wt.% of Co/TiO, was prepared by the incipient
wetness impregnation. A designed amount of cobalt ni-
trate [Co(NO3)-6H,O] was dissolved in deionized water and
then impregnated onto TiO; containing various ratios of ru-
tile:anatase obtained from Section 2.1.1. The sample was
dried at 110°C for 12h and calcined in air at 500 °C for
4h.

2.2. Nomenclature

The nomenclature used for Co/TiO, samples in this study
is following:

e Rn: titania support consisting #% of rutile phase (R);
e Co/Rn: titania support containing #% of rutile phase (R)-
supported cobalt.

2.3. Characterization

2.3.1. BET surface area

BET surface area of the samples with various ru-
tile:anatase ratios of titania was performed to determine if
the total surface area changes. It was determined using N>
adsorption at 77 K in a Micromeritics ASAP 2010.

2.3.2. X-ray diffraction

XRD was performed to determine the bulk crystalline
phases of samples. It was conducted using a SIEMENS D-
5000 X-ray diffractometer with Cu Ko (A =1.54439 A). The
spectra were scanned at a rate of 2.4°min~! in the range
260=20-80°.

2.3.3. Scanning electron microscopy and energy
dispersive X-ray spectroscopy

SEM and EDX were used to determine the sample mor-
phologies and elemental distribution throughout the sam-
ple granules, respectively. The SEM of JEOL model JSM-
5800LV was applied. EDX was performed using Link Isis
series 300 program.

2.3.4. Hydrogen chemisorption
Static Hy chemisorption at 100 °C on the reduced samples
was used to determine the number of reduced surface cobalt

metal atoms. This is related to the overall activity of the sam-
ples during CO hydrogenation. Gas volumetric chemisorp-
tion at 100 °C was performed using the method described
by Reuel and Bartholomew [20]. The experiment was per-
formed in a Micromeritics ASAP 2010 using ASAP 2010C
V3.00 software.

2.3.5. Transmission electron microscopy (TEM)

The dispersion of cobalt oxide species on the titania sup-
ports were determined using a JEOL-TEM 200CX transmis-
sion electron spectroscopy operated at 100kV with 100k
magnification.

3. Results and discussion

The present study focused on investigation of cobalt dis-
persion on titania consisting various ratios of rutile:anatase.
After calcination of the pure anatase titania under calcina-
tion temperatures ranged between 800 and 1000 °C for 4 h,
the phase transformation from anatase to rutile phase in tita-
nia technically occurred. The amounts of rutile phase formed
during calcination depend on temperatures used. The high
space velocity of the air flow at 16,000 h~! was applied dur-
ing the calcination process in order to minimize the rapid
sintering due to the phase transformation of titania. It was
found that after calcination of the pure anatase sample, the
amounts of rutile phase obtained ranged between 3 and 99%.
The titania supports containing rutile phase of ca. 0, 3, 19,
40, 96, and 99% were named as R0, R3, R19, R40, R96, and
R99, respectively. The surface areas of titania containing vari-
ous rutile:anatase ratios essentially decreased from 70 m? g~!
for the RO sample (pure anatase titania) to 49 m? g~! for
the R99 sample (99% rutile titania). XRD patterns of tita-
nia samples calcined at various temperatures between 800
and 1000 °C are shown in Fig. 1. For the pure anatase tita-
nia (RO), XRD peaks of the anatase phase of titania at 25°
(major), 37°, 48°, 55°, 56°, 62°, 71°, and 75° were evident.

ﬂ R99
N~ N~

Intensity (a.u.)

20 30 40 50 60 70 80
Degrees (2 theta)

Fig. 1. XRD patterns of titania consisting various ratios of rutile:anatase
phase.
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After calcination of pure anatase titania sample, it was ob-
served that besides the XRD peaks of pure anatase titania
as shown above XRD peaks at 28° (major), 36°, 42°, and
57° were gradually seen. These peaks were assigned to the
rutile phase essentially formed after calcination of the pure
anatase titania. Apparently, the major peak at 28° of ru-
tile phase gradually increased with increasing the calcina-
tion temperatures indicating higher content of rutile phase in
titania was obtained. It was shown that the transformation
from anatase to rutile phase (R99) was almost complete at
temperature of ca. 1000 °C resulting in the disappearance of
XRD peaks for the anatase phase of titania. After various ti-
tania supports were obtained, the preparation of Co/TiO; via
various rutile:anatase ratios of titania was consequently con-
ducted in order to investigate the effect of various ratios of
rutile:anatase in titania supports on characteristics, especially
the cobalt dispersion of Co/TiO5.

A 20 wt.% of cobalt supported on titania consisting of vari-
ous ratios of rutile:anatase phase was prepared by the conven-
tional incipient wetness impregnation method. The XRD pat-
terns for all calcined samples (Co/TiO,) are shown in Fig. 2.
After calcination, all calcined samples exhibited XRD peaks,
which were identical with those for the corresponding titania
supports. This indicated that there was no further phase trans-
formation from anatase to rutile occurred after calcination (at
temperature ca. 500 °C for 4 h) of the samples. Besides the
XRD peaks of the corresponding titania supports detected,
all calcined samples also exhibited weak XRD peaks at 31°,
36°, and 65°, which were assigned to the presence of Co304.
However, at high content of rutile phase, the XRD peaks of
Co304 were gradually diminished due to the hindrance of
strong intensity of XRD peaks for the rutile phase of titania.

é o

z | ;

. Co/R40

g S

) U 5 SO O — .S
J—% Com
‘J\\_&_/\_“—’\_" Co/R0

20 30 40 50 60 70 80

Degrees (2 theta)

Fig. 2. XRD patterns of calcined Co/TiO, with various ratios of ru-
tile:anatase phase.

Based on the XRD results, it was clear that Co3O4 species
was definitely present in a highly dispersed form.

SEM and EDX were also conducted in order to study the
morphologies and elemental distribution of the samples, re-
spectively. Apparently, SEM micrographs and EDX mapping
for all samples exhibited similar trends of morphologies and
elemental (Co, Ti, and O) distributions. The typical SEM
micrographs along with the EDX mapping (for Co, Ti, and
O) for Co/R19 sample are illustrated in Fig. 3 indicating
the external surface of the sample granule. It can be seen
that the cobalt oxide species were well dispersed and dis-
tributed (shown on EDX mapping) all over the sample gran-
ule. Thus, SEM and EDX can not differentiate morphologies
and elemental distributions of Co/TiO; consisting of various

<+—»15um

Fig. 3. SEM micrograph and EDX mapping of Co/R19 sample.
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Fig. 4. TEM micrographs of Co/TiO, with various ratios of rutile:anatase phase.

ratios of rutile:anatase. In order to determine the dispersion
of cobalt oxide species on titania, a more powerful technique
such as TEM was applied to all samples. The TEM micro-
graphs for all samples are shown in Fig. 4. The dark spots
represented cobalt oxide species present after calcination of
samples dispersing on titania consisting of various ratios of
rutile:anatase. It can be observed that cobalt oxide species
were highly dispersed on the titania supports for Co/RO,
Co/R3, and Co/R19 samples resulting in an appearance of
smaller cobalt oxide patches present. However, the degree
of dispersion for cobalt oxide species essentially decreased
with increasing the rutile phase in titania from 40 to 99% as
seen for Co/R40, Co/R96, and Co/R99 samples resulting in
the observation of larger cobalt oxide patches. It is suggested
that the presence of the rutile phase in titania from 0 (pure
anatase phase) to 19% exhibited the highly dispersed forms
of cobalt oxide species for the calcined samples.

It is known that the active form of supported cobalt FTS
catalysts is cobalt metal (Co®). Thus, reduction of cobalt ox-
ide species is essentially performed in order to transform
cobalt oxide species obtained after calcination process into
the active cobalt metal atoms for catalyzing the reaction.
Therefore, the static H, chemisorption on the reduced cobalt
samples was used to determine the number of reduced Co
metal surface atoms. This is usually related to the overall
activity of the catalyst during carbon monoxide (CO) hydro-
genation. The resulted Hy chemisorption for all samples is
shown in Fig. 5. It was found that the number of the reduced
cobalt metal surface atoms increased with the presence of ru-

tile phase in titania up to a maximum at 19% of rutile phase
(Co/R19) before decreasing with the greater amounts of rul-
tile phase. Considering the number of cobalt metal atoms for
Co/RO (pure anatase titania), the number was apparently low
even though highly dispersed cobalt oxides species. This was
suggested that highly dispersed forms of cobalt oxide species
be not only the factor that insures larger number of reduced
cobalt metal surface atoms in Co/TiO;. On the other hand,
it can be observed that the number of reduced cobalt metal
surface atoms for Co/R40 and Co/R96 (with the low degree
of dispersion of cobalt oxide species as seen by TEM) was

3
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3 o]
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s 2
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g o Co/R3 ¢
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Fig. 5. A plot of the total H, chemisorption vs. % rutile in titania.
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Increase A . . Decrease
Dispersion of Cobalt Oxides
<
Anatase A Rutile

Number of Reduced Cobalt Metal Surface Atoms

Fig. 6. A conceptual model on dependence of dispersion along with rutile
phase on the number of reduced cobalt metal surface atoms for Co/TiO,.

larger than that for Co/R0. This was due to the presence of ru-
tile phase in Co/R40 and Co/R96. It should be mentioned that
the largest number of reduced cobalt metal surface atoms for
the Co/R19 sample was attributed to both highly dispersed
cobalt oxide species and the presence of rutile phase in tita-
nia. In order to provide a better understanding for effects of
both dispersion of cobalt oxide species and the presence of
rutile phase in titania on the number of reduced cobalt metal
surface atoms, a conceptual model of those is illustrated in
Fig. 6. Thus, a large number of reduced cobalt metal surface
atoms in Co/Ti0; can be obtained with an optimum amount of
rutile phase along with highly dispersed cobalt oxide species
prior to reduction. It was suggested that the presence of rutile
phase in titania can facilitate the reduction of cobalt oxide
species as shown in Fig. 7. It was observed that the presence
of rutile phase resulted in lowering the reduction tempera-
ture. However, the large amounts of rutile phase can result in
a small number of reduced cobalt metal surface atoms. This
is due to the low degree of dispersion for cobalt oxide species

)/N&_’__ﬁ__ﬁ Co/RY9
Co/R96
—_ ______/—'-L______’_/_"L—
3
2
= __../"‘--._____ Co/R40
g ———
'S
=9 | —
E _—_/ \& Co/R19
w
g e
S| —— k___——-——-— Co/R3
=
_/\K Co/RO

0 200 400 600 800 1000
Temp. ("C)

Fig. 7. TPR behaviors of Co/TiO, with various ratios of rutile:anatase phase.

with large amounts of rutile phase present. It should be also
noted that part of the reason for the lower dispersion of Co
is the lower BET surface area, especially for the rutile rich
titania.

4. Conclusions

The present study showed dependence of both highly dis-
persed cobalt oxide species and the presence of rutile phase
in titania on the number of reduced cobalt metal atoms in
Co/TiO;. It was found that the presence of rutile phase with
optimum amounts in titania up to 19% resulted in highly dis-
persed cobalt oxide species as seen by TEM. Although with
highly dispersed cobalt oxide species, Co/RO (pure anatase
titania) gave the low number of reduced cobalt metal surface
atoms. On the other hand, Co/R40 and Co/R96 with a low
degree of cobalt oxide dispersion apparently gave the higher
number (compared to Co/Ro) of reduced cobalt metal sur-
face atoms. Thus, both highly dispersed cobalt oxide species
along with the presence of rutile phase in titania could play an
important role on the number of reduced cobalt metal surface
atoms for Co/TiO;.
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Abstract: Activities during ethylene/1-hexene copolymerization were found to increase
using the mixed titania/silica-supported MAO with rac-Et[Ind],ZrCl, metallocene
catalyst. Energy Dispersive X-ray spectorcopy (EDX) indicated that the titania was
apparently located on the outer surface of silica and acted as a spacer to anchor MAO to
the silica surface. IR spectra revealed the Si-O-Ti stretching at 980 cm™ with low content
of titania. The presence of anchored titania resulted in less steric hindrance and less
interaction due to supporting effect.

Keywords: Metallocene catalyst, titania, silica, supports, copolymerization

Introduction

Commercial interest in using metallocene catalysts for olefin polymerization has brought about an
extensive effort towards utilizing metallocene catalysts more efficiently. It is known that the
copolymerization of ethylene with higher 1-olefins is of commercial importance for production of
elastomers and linear low-density polyethylene (LLDPE). Metallocene catalysts with MAO have been
studied for such a copolymerization. In fact, zirconocene catalysts along with MAO have been
reported to be potentially useful for polymerizing ethylene with 1-olefins [1-2].
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However, it was found that homogeneous metallocene catalytic systems have two major
disadvantages; the lack of morphology control of polymers produced and reactor fouling. Therefore,
binding these metallocene catalysts onto inorganic supports can provide a promising way to overcome
these drawbacks. Many inorganic supports such as SiO;, Al;O; and MgCl, have been extensively
studied for this purpose [3-13]. Silica is perhaps the most widely used support for metallocene
catalysts so far, but the properties of Si0O; itself may not be completely satisfactory for all purposes
based on activities and quality of polymer produced. For instance, it was found that the activity of the
heterogeneous system was lower compared to the homogeneous one. Therefore, a modification of the
support is required in order to maintain high activity. TiO>-SiO; mixed oxide has been considered to
be very attractive as combined catalyst and support, which have attracted much attention in recent
years. It was reported that TiO,-SiO; mixed materials have been used as catalysts and supports for
various reactions [14]. This TiO,-SiO; mixed oxide would lead to robust catalytic supports of
metallocene catalysts for olefin polymerization.

In this present study, the ecthylene/1-hexene copolymerization using Ti0O,-Si0O, mixed oxides
supported-MAO with a zirconocene catalyst was investigated for the first time. The mixed oxide
supports and catalyst precursors were prepared, characterized and tested for ethylene/l-hexene
copolymerization.

Results and Discussion

The present study showed the influences of titania/silica mixed oxide supports on the catalytic
activities in a heterogeneous metallocene catalytic system. The mixed oxide supports containing
various amounts of titania and silica were characterized. It was found that at low concentrations (20 to
60 wt %) of titania, the latter was apparently located on the outer surface of silica. A typical EDX
(Energy Dispersive X-ray spectroscopy) mapping for the cross sectional area of the mixed oxide
support containing low concentrations of titania is shown in Figure 1, indicating the location of titania
on the outer surface of silica. However, it can be observed that with high concentrations of titania, it
started to segregate from silica probably due to its adsorption ability.

Figure 1. A typical EDX mapping of titania/silica mixed oxide support at low
concentrations of titania.

IR spectroscopy was also performed in order to identify chemical species and bonding of the
mixed oxide supports. The IR spectra of samples are shown in Figure 2. It revealed that at low
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concentrations of titania, the IR band at ca. 980 cm™ assigning to Si-O-Ti connectivity was observed
as also reported by Dutoit et al. [15]. This indicated that the Si-O-Ti bond was formed at the
titania/silica ratios of 20/80 and 40/60 suggesting an anchor or a spacer effect. Strong IR bands were
also seen at ca. 1100 cm™ and assigned to asymmetric Si-O-Si stretching vibration.

Figure 2. IR spectra of titania/silica mixed oxide supports
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Copolymerization of ethylene/1-hexene via various titania/silica mixed oxides-supported MAO
with a zirconocene catalyst was performed in order to determine the catalytic activities influenced by
the various supports. The resulting reaction study is shown in Table 1 and Figure 3. The activities of
the supported system were much lower than the homogeneous one, as expected. However, considering
only the supported system, it was found that activities increased with increasing the amounts of titania
up to 60% in the supports. The maximum activity can be obtained with the presence of 20% titania in
the mixed support. However, increasing the amounts of titania more than 60% resulted in lower
activities compared to the pure silica. It was also found that the activity for the pure titania is the
lowest due to the strong support interaction between MAQO and titania. Thus, due to the strong support
interaction, it was more difficult for MAO to be released from the surface and reacted with the catalyst
resulting in a low activity. Based on the resulted activities, the role of titania in titania/silica mixed

oxide supports can be proposed.
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Table 1: Catalytic activities during ethylene/1-hexene copolymerization via TiO,-S10,
mixed oxides supported-MAQ with zirconocene catalyst

T;(\Z;lel?z wt% of TiOzin Polymer Yield® Polymerization Catalytic Activity”
) Mixed Support (2 time (s) (x 10™* kg polymer/mol Zr - h)

Ratios

homogeneous 0 1.13 81 34
0/100 0 1.19 148 1.9
20/80 20 1.16 109 2.6
40/60 40 1.18 128 2.2
60/40 60 1.17 142 2.0
80/20 80 1.15 151 1.8
100/0 100 1.16 165 1.7

*The polymer yield was fixed [limited by ethylene fed and 1-hexene used (0.018 mole equally)]
® Activities were measured at polymerization temperature of 70°C, [ethylene] = 0.018 mole, [1-hexene] = 0.018
mole, [Allyao/[Zr] 1135, [Al]lmma/[Z1] = 2500, in toluene with total volume = 30 ml, and [Zr] =5 x 10° M.

Figure 3. Activities of EH copolymerization via various mixed oxides-supported MAO
and homogeneous system.
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In order to give a better understanding for the role of titania, a conceptual model for titania effect is
illustrated in Scheme 1.




Molecules 2005, 10 676

Scheme 1 Suggested conceptual model as a spacer of titania

MAO

Si--OH + TiO, —_— Si--O~Ti-O~MAO

As known, when the supported system was conducted, activities decreased significantly compared
to the homogeneous one. This should be due to a loss of active species by support interaction and/or
the steric hindrance arising from the support. It can be observed that activities on the supported system
can be divided into three levels; (i) moderate activity with the pure silica support, (ii) high activity
with the certain amounts of titania present in the mixed oxide support, (iii) low activity with the pure
titania support (due to strong support interaction). In Scheme 1, it showed that the presence of certain
amounts (20 to 60 wt%) of titania enhanced activities. The contribution of titania can be drawn as
MAO anchored on silica with titania as a spacer group. It can be also seen from SEM and EDX
mapping that at low content, titania was decorated on silica surface and acted as a spacer to anchor
MAO to the silica support. Thus, activities increased up to 30% with the presence of titania between
20 and 40 wt% in the mixed oxide supports. It should be mentioned that increased activities with the
presence of titania as a spacer were observed because of less steric hindrance and less interaction on
the support surface when a spacer was introduced. On the other hand, titania present would result in
more homogeneous-like in terms of activities obtained. Investigation of a spacer such as silane in
copolymerization of ethylene/1-olefins was also reported [16, 17]. However, when high amounts of
titania were added, activities decreased because of the strong support interaction in titania compared to
silica. Morphologies of polymers (not shown) produced via various supports were also investigated. It
indicated that there was no significant change in polymer morphologies upon various mixed oxide
supports used. Other characteristics of polymers produced need to be further investigated for future
work.

Conclusions

The present study revealed influence of various titania/silica mixed oxides-supported MAO on the
catalytic activities during copolymerization of ethylene/1-hexene with a zirconocene catalyst. It was
found that with certain contents of titania ranged between 20 and 40 wt% in the mixed oxide supports,
activities essentially increased up to 30% compared to one with the pure silica. It was proposed that
titania added acted as a spacer to anchor MAO to the silica support resulting in less steric hindrance
and less interaction on the support surface. On the other hand, titania present led to a more
homogeneous-like catalytic system. However, larger amounts of titania resulted in lower activities due
to the strong support interaction.
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Experimental

General

All chemicals [TiO, (anatase, Ishihara), SiO, (Cariact P-10), toluene, rac-ethylenebis(indenyl)
zirconium dichloride [Et(Ind),ZrCl,], methylaluminoxane (MAQ), trimethylaluminum (TMA) and 1-
hexene] were manipulated under an inert atmosphere using a vacuum glove box and/or Schelenk
techniques.

Preparation of TiO>-SiO; mixed oxides support

Ti0,-Si0O, mixed oxide supports [surface areas of SiO, = 300 m%/g and TiO, (anatase form) = 70
m°/g] for MAO were prepared according to the method described by Conway et al. [18]. The TiO.:
Si0; ratios were varied from 0:1, 2:8, 4:6, 6:4, 8:2, and 1:0. The supports were heated under vacuum at
400°C for 6 h.

Preparation of TiO,-Si0; mixed oxides-supported MAO

The TiO,-Si0, mixed oxide support obtained above (1 g) was reacted with the desired amount of
MAO at room temperature and stirred for 30 min. The solvent was then removed from the mixture.
About 20 mL of toluene was added into the obtained precipitate, stirred the mixture for 5 min, and
then removed the solvent. This procedure was done for 5 times to ensure the removal of impurities.
Then, the solid part was dried under vacuum at room temperature to obtain white powder of Ti0,-Si10,
mixed oxides-supported MAO.

Polymerization Reaction

The ethylene/1-hexene copolymerization reaction was carried out in a 100 mL semi-batch stainless
steel autoclave reactor equipped with a magnetic stirrer. At first, the supported MAO (0.1 g,
[Allmao/[Zr] = 1135) and 1-hexene (0.018 mole) along with toluene (to make the total volume of 30
mL) were put into the reactor. The desired amount of Et(Ind),ZrCl, (5 x 10°M) and TMA ([Allrma/ [Z1]
= 2500) was mixed and stirred for 5-min aging at room temperature, separately, then was injected into
the reactor. The reactor was frozen in liquid nitrogen to stop reaction for 15 min and then the reactor
was evacuated to remove argon. The reactor was heated up to polymerization temperature (70°C). To
start the reaction, ethylene (0.018 mole) was fed into the reactor containing the comonomer and
catalyst mixtures. After all ethylene was consumed, the reaction was terminated by addition of acidic
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methanol (0.1% HCI in methanol) and stirred for 30 min. After filtration, the obtained copolymer
(white powder) was washed with methanol and dried at room temperature.

Characterization of supports and catalyst precursors

Scanning Electron Microscopy and Energy Dispersive X-ray spectroscopy: SEM and EDX were used
to determine the sample morphologies and elemental distribution throughout the sample granules,
respectively. The JEOL model JSM-5800LV SEM was applied to determine morphologies of
polymers. EDX was performed using Link Isis series 300 program. EDX is used to determine an
elemental distribution as a density mapping of the specified element. Thus, it can reveal which
elements are present and where they are located.

FTIR spectroscopy: FTIR was conducted on a Perkin-Elmer series 2000 instruments. The supports (1
mg) were mixed with 100 mg dried KBr. The sample cell was purged with oxygen. About 400 scans
were accumulated for each spectrum in transmission with a resolution of 4 cm™. The spectrum of dried
KBr was used as a background subtraction.
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Abstract—New criteria in material and energy utilization are proposed. The potential index (®") is assigned to explain
some natural processes in the world and to identify reasonably the preferable process instead of the efficiency. In
addition, this term can first integrate the independent knowledge of the fields of mechanical, electrical and chemical
engineering. It not only describes satisfactorily the transformation processes that are well-known in mechanical and
electrical engineering, but also the increasing potential processes familiar in chemical engineering.

Key words: Material, Energy, Utilization, Potential, Potential Index

INTRODUCTION

In the beginning, chemical engineering originated by developing

and applying the law of conservation of material, momentum and
energy to explain simple phenomena in industrial processes. This
was concerned with fundamentally designing equipment and oper-
ating processes well-known as “unit operations.” Also, this knowl-
edge was dramatically extended to a benign environmental approach,
e.g. a waste treatment process. This can only minimize negative
environmental impact in downstream, but it is not enough to opti-
mize the usage of material and energy to acquire the highest gain
or the lowest loss. Subsequently, a state-of-the-art method of cleaner
technology was pronounced to be a promising way to manage the
material and energy, since this procedure can determine an upstream
route of processes. However, there is still some doubtfulness about
this because most human beings tend to regard economic profits
more than long-term planning. In addition, selecting the most suit-
able process is a difficult decision, especially in separation processes
in chemical engineering, because there is not yet an indicator for
analysis and interpretation. For example, which favorable process
between distillation and solvent extraction is more worthy of the
utilization of material and energy. On the contrary, most processes
of energy transformation for mechanical and electrical engineering
can be reliably altered by using the efficiency (77). Because of this
we cannot point out the best direction of research and development
in future. As mentioned above, we interd to propose a new approach
to manage, utilize and optimize material and energy coincident with
executive decision to select the preferable process in worldwide cir-
cumstances.

Usually in engineering work, we are familiar with the term effi-
ciency, which is defined as the useful energy or work we want over
the energy or work we have input. In addition, chemical engineers
compare new process with conventional processes through the terms
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efficiency, conversion or recovery, which are usually defined the
same as efficiency. The usage of efficiency, conversion and recov:
ery is spread through many areas of chemical engineering such a:
packed bed columns [Han et al., 1985], combustion & conversior
[Choi et al., 1985; Jung et al., 1988; Yun et al., 2001], distillatior
(Yoo et al., 1988; Kang et al., 1996}, absorption [Park et al., 1990
Oh et al., 1999], fluidized beds [Kage et al., 1999; Jang, 2002] anc
merbranes [Kang et al., 2002]. None of them can compare the pro
cesses that are different than their definition of efficiency, conver:
sion and recovery. Most of them compared the new method in the
same machine to the old process of the same machine and used it ir
the process design work only. That is the reason why we have pro
posed a new way of looking at efficiency, conversion or recovery
and distributed these terms through many processes that we definec
as the system and the surroundings. We have found many amazing
results through the use of the potential index, as we will explain ir
detail as follows.

DETAILS

The basic idea of the law of conservation of mass, momenturr
and energy is mathematically expressed as follows [Smith et al.
2001; Jui, 1993; Van, 1959, Bird, 1960].

Rate of M\M.E. accumulation=Rate of M.M.E. generation

+Rate of M.MLE. Net I/P t

where MMLE. refers to mass or momenturn or energy and I/P refers
to input minus output.

Eq. (1) can be applied to investigate simply mass minimizatior
and energy preservation, but it still lacks a universal representative
to evaluate and manipulate ineffective processes due to just a mac-
roscopic approach. However, if the principle of energy interconver-
sion and balance, which is the simplest expression of the first law
of thermodynamics, is only considered, a measure of accomplish-
ment of any processes may be definitely evaluated in terms of the
efficiency (1) [Smith et al., 2001; Jui, 1993; Van, 1959] as defined:
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1. A process in which either material or energy is transformed is
named as “Transformation Process”.

2. A process in which either material or energy potentials in the
system increase but no transformation is named as “Increasing Po-
tential Process”.

Mechanical and electrical engineers are interested in energy trans-
formation processes, whereas chemical engineers have emphasized
the increasing potential process, especially the separation process.
Five examples of transformation of energy are shown as follows:

1. Thermal to mechanical energy.

- Camot engine gives approximately 50% of the maximum ther-
mal efficiency based on T,=300 K and T,;=600K [Smith et al., 2001;
Jui, 1993; Van, 1959].

- Internal combustion engine [Heywood, 1988] shows maximum
efficiency of spark ignition (SI) and direct injection (DI) as 0.30
and 0.45-0.53, respectively.

2. Mechanical to electrical energy or vice versa.

- Generator or motor has to be approximate values of efficiency
in the range of 0.80-0.95‘ [Alexander et al., 1962; Sen, 1989].

3. Electrical to thermal energy.

- Heating element always shows 100% of the efficiency [Alex-
ander et al., 1962; Sen, 1989].

4. Chemical to electrical energy.

-Fuel cell [Williams et al., 1966; EG & G. Services, 2002; Viel-
stich et al., 2003] can exhibit ideal or comparative thermal efficiency
(&) as defined in the following equation:

AG' AG

“AH =€G'KI_—I (10)

Er
where £:=¢, g=the free energy efficiency, &=voltage efficiency and
g=current efficiency

Example: if the reaction is H, +%O,@H20(l),
it will show AG"=—56.69 kcal and AH’=—68.32 kcal at 571 K.

It follows that a fuel cell with a free energy efficiency of 0.60 is
as efficient as a device buming hydrogen at a thermal efficiency of

—56.69
—68.32

Er =0.60><( )=0.50

5. Light to electrical energy.

- Solar cell shows average efficiency in the range of 7.5-30.5%
[Green, 1998].

For all of transformations of one energy type to another, we have
observed the same nature in such processes. When the input energy
is transformed to the desired energy, the potential in the system relative
to the input energy always decreases. The output reservoir shows
lower temperature than the input one in a Camot engine. The drop
of voltage and the deceleration of angle velocity occur in motors or
heaters and generators, respectively. To understand better the above
idea, transformation of mass is also considered.

In every chemical reaction, the concentration of reactants is always
reduced. Certainly, the decreasing potential behavior of material
conversion is similar to that of energy transformation. As mentioned

above, it is possible to imitate conversion as efficiency. However,
the highest value of conversion will be limited by the thermody-
namic equilibrium constant (K) [Octave, 1972] as defined in the fol-
lowing equation:

_ concentration of products
concentration of reactants

(1)

where K is dependent on reaction temperature.
The above observation leads to the following principle:

Principle 1 For the process in which material or energy is trans-
formed into another form (transformation process), the material or
energy potential in the system relative to the mass or energy input
always decreases.

The first principle just explains the basic nature of all of pro-
cesses, but it is not enough to indicate the explicit significance of
the application to selecting exact useful processes. For processes
concerned with energy conversion in mechanical and electrical engi-
neering, it is well-known that the higher the efficiency, the better
the process. For chemical reaction processes in chemical engineer-
ing, the promising process frequently shows higher conversion. Due
to the familiar relationship of the efficiency, the mass conversion
and the potential index, it can be implied that if the potential index
of the system in whatever process is very high, such process can
be preferable in practical operation. Recalling principle 1 and Eq.
(7), it is clear that the drops of the material and energy potential are
proportional to the increases of the potential index, and thus the pre-
ferable process exhibits much more decrease of the material or en-
ergy potential in the system. This staternent is rewritten as follows:

Principle 2 For the process in which material or energy is trans-
formed into another form (transformation process), the preferable
process will show high potential index in the system relative to the
mass or energy input.

The two principles are greater benefits to the field of mechanical
and electrical engineering because most of the equipment in these
fields involves energy transformation processes. However, in chem-
ical engineering both principles can be powerfully useful in some
situations. An example is the use of the second principle to under-
stand better the second law of thermodynamics. This law affirms
that every process proceeds in such a direction that the total entropy
change associated with it is positive, the limiting value of zero being
attained only by a reversible process. No process is possible for which
the total entropy decreases. This can be expressed in the following
mathematical staterent [Cavaseno et al., 1979]:

AS, =S, FAS, riniing =0 12)

Attempts to relate the term of “potential index” with the entropy
change (AS) are easily made. Considering the changes of thermal
to mechanical energy in a reversible process with incompressible
substances, the temperature (potential) of the reservoir is decreased
from T}, to T,. The entropy change of the system is expressed as
follows [Cavaseno et al., 1979]:

AS,,.., =j% =Cof,: ‘1TI =Cpln% (13)

where C,=average heat capacity (V/K).
Korean J. Chem. Eng.(Vol. 22, No. 1)
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Fig. 1. Comparative process of electric and fuel heater.

From principle 2 and Eq. (13), it can be implied that a process
will be great if there is much more entropy change of the system.

The two principles can briefly guide us to being careful in the
operation of processes. If the potential index in the system of the
transformation process is very low, such a process. Generators, mo-
tors and heaters are examples of preferable instruments because their
potential indexes are normally unity. However, if there are many
types of the instruments, we can select the preferable one as shown
in the following example of the heater selection. At present, two
main sources of heaters, electric and fuel heaters, are usually used.
Both show a unity of the potential index. Nevertheless, if we focus
on the same sources of the input energy, the relative difference can
be obtained. This is schematically shown in Fig,. 1.

Recalling principle 2, the electric heater should be avoided because
there is a low potential index in the subsystem of the overall process.

Although the transformation process is very important, most of
the processes in chemical engineering become the increasing poten-
tial processes, especially various separation processes. Two main
examples are as follows:

1. Processes in which material potential in the system is increased.

As mentioned above, if we refer to material, the concentration
will be considered as the potential and for all of these processes,
the concentration increases. However, in some cases we may assign
the mole fraction instead of the concentration. There are many ex-
amples in separation processes such as liquid-liquid extraction, solid-
liquid extraction, crystallization, distillation, absorption, adsorption,
evaporation, drying, filtration, membrane separation, centrifuge,
thickener and electrochemical separation. To understand better, some
of processes are investigated as follows:

* Liquid-liquid extraction (schematic diagram is shown in Fig. 2)
[Herman et al., 1961; Carry, 1982; Warren et al., 1993; Seader et

Extract; E, Cag, Ceg Surroundings [«— Solvent; S, Ceg

Feed; F,Car. Coy 3 System

r—» Raffinate; P, Cay, Cuyp

Fig. 2. Liquid-liquid extraction process: A and B=component in
solute; C=solvent; F, P, S and E=volumetric flow rate (m’s™)
of feed, raffinate, solvent and extract, respectively; C,, C,
and C.=concentration of A, B and C (mole m™), respec-
tively.

January, 2005

al,, 1998; Alan, 1999; Piyasan, 1999].

Basically, the process efficiency is given by recovery (R) as the
following equation:

_Aextracted _FC, »—PC,,

R= i fea FC, (14
Let F=P
CA Jd _CA P CA P
R=—S—""" =] ~=2= 15
CA,F CA,F ( )
While
0, =S Car oy Cor (16)

Ceor Cor

It is found that R and ©;,,, are quite different but still coincident.
Additionally, if we just consider the surroundings, the potential index
can be also expressed as follows:

* _Ccs—CcE - _g_gg
O, -—'—'—CC’S 1 Cos an

where @, ~=the potential index of the system, ©;,,=the potential
index of the surroundings.

A remarkable observation is that for the extraction process if the
concentration of one substance in the system is increased, the con-
centration of the other in the surroundings is always decreased. The
“B” fraction out of the raffinate is increased, whereas the “C” frac-
tion out of the extract is decreased.

* Binary distillation (schematic diagram is shown in Fig. 3) [Her-
man et al., 1961; Alan et al., 1980; Carry, 1982; Warren et al., 1993;
Christie, 1993; Seader et al., 1998; Alan, 1999; Piyasan, 1999].

Again, the following recovery, potential index of the system and
potential index of the surroundings are expressed:

R —output (desired) _Dy. (18)
Input Fz,r
0, =X 2er o Yan “tur 19)
Xcs Yap
. __,TH =T,
oL, =~1a Tt 20)
Qc, Tv. Qs, T
«— Surroundings -
N ———p] System ——>
F, zag, 2cr B, XA, XcB
l D, yap, yop

Fig. 3. Binary separation process: A and C=mixture component;
F, B and D=molar flow rate (mole s™) of feed, bottom and
top of distillation colurnn, respectively; z, x and y=mole frac-
tion in feed, bottom and top of distillation column, respec-
tively; Q; and Q.=the heat flow (J s™) into reboiler and out
of condenser, respectively; T, and T,=temperature (K) of
reboiler and condenser, respectively.
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The gain of potential in the system may be encountered in either
the “A” component out of the top or the “C” component out of the
bottom. It is clear that while “A” or “C” concentration is increased,
the temperature of the bottom is higher than that of the top. This is
consistent with the case of liquid-liquid extraction, but the decreasing
potential term in the surroundings becomes the temperature instead
of the solvent concentration.

In energy terms, potential index can be widely compared across
the systems and processes similar to the term efficiency. These usu-
ally happen in case of mass terms; the potential index can be com-
pared even with energy. In an instrurment that performs similar actions
such as distillation and liquid extraction, the surrounding potential
index is defined as temperature in case of distillation, while the sur-
rounding potential index is defined as concentration in the case of
liquid extraction. However we can compare the potential index and
select the better method according to previous or consequent pro-
cesses that need to be performed in terms of potential index of the
substance. The more purity of the substances, the more precious
the materials.

Two examples of the processes in which material potential in the
system is increased show the contradictory direction of the ©],,
and the ©,,,,. To confirm this, we also focus on the processes in
which energy potential in the system is increased.

2. Processes in which energy potential in the system is increased.
« Heat exchanger (schematic diagram is shown in Fig. 4) [Cava-
seno et al., 1979; Smith et al., 2001].

A heat exchanger is a device in which energy is transferred from
one fluid to another across a solid surface. The potential indexes of
the system and the surroundings are shown in Egs. (21) and (22),
respectively.

. T.-T,
0, = T, 21)
- __Tin —Tou

oL =rar @)

O ¢ Pump or Compressor (schematic diagram is shown in Fig. 5)

Tow +—— Surroundings

To ——» System

Fig. 4. Heat exchanger: T, and T, =low temperature (K), T, and
T,,=high temperature (K).

oL +—— Surroundings OH

VL ———> System ——> Vu

Fig. 5. Pump or compressor: v, and v,=liquid or gas velocity (m
s7"), & and @,=angle velocity of the pump core (rpm).

[Cavaseno et al., 1979; Smith et al., 2001].

A pump is a device for moving a liquid or gas from one place to
another. The potential indexes of the system and the surroundings
are shown in Egs. (23) and (24), respectively.

» _Vg—V,

0, == ()
Vu R
* WDy — W,
O =—— 24
o 24

From the two examples, there is agreement with the explanation
of the processes in which material potential in the systems is in-
creased. For the heat exchanger, the temperature of the cold streamn
into the system is increased, whereas the temperature of the hot stream
into the surroundings is decreased. For the pump or compressor,
the fluid velocity into the system is increased while the angle veloc-
ity of the pump core of the surroundings is decreased. Hence, the
following principle can be expressed:

Principle 3 For the process in which either material or energy
potential in the system increases (increasing potential process), the
material or energy potential in the surroundings always decreases.

Principle 3 is related to the second law of thermodynamics as
well. From Eq. (13), the potential difference is proportional to the
entropy change, and therefore the potential index can be referred to
instead of the entropy change. Hence, the contradiction of AS,,,,.,
and AS,,,........es In Eq, (12) implies the increases of @, coincident
with the decreases of ©.,,..

Considering some examples such as heat exchangers, a suitable
heat exchanger is the one that possesses minimum mass flow rate
of the substance according to economic reasons. Hence, the tem-
perature difference, referred to as potential difference of its sur-
roundings, is maximum. Another good example is liquid-liquid ex-
traction. If the extract or solvent phase flow rate should be mini-
mized, its concentration difference between input and output should
consequently be high. Therefore, another principle is introduced to
explain a general concept as in the above examples.

Principle 4 For the process in which either material or energy
potential in the system increases (increasing potential process), if
the increases of potential in the specific systems are the same, the
process which shows the highest potential index in the surround-
ings will be preferable.

From principle 4, the calculations of liquid-liquid extraction, binary
distillation and the other processes can be summarized as follows:

- Liquid-liquid extraction [Herman et al., 1961; Alan et al., 1980;
Warren et al., 1993]: ©,,,, in the range of 0.080-0.530 and ©,,,, in
the range of 0.120-0.595

- Binary distillation [Carry, 1982; Warren et al., 1993; Seader et al.,
1998; Piyasan, 1999]: ©, in the range of 0.430-0.583 and @;,,, in
the range of 0.180-0.308

- Stripping [Carry, 1982; Warren et al., 1993; Seader et al., 1998;
Piyasan, 1999]: @,,,, in the range of 0.00035-0.166 and @.,,, in the
range of 0.021-0.593

- Absorption [Alan et al., 1980; Warren et al., 1993; Shuzo, 1993;

Korean J. Chem. Eng.(Vol. 22, No. 1)
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Christie, 1993, 2003]: ©,, in the range of 0.012-0.196 and ©;,,, in
the range of 0.0003-0.005

Tt is clear that if the ©;,, of liquid-liquid extraction and binary
distillation are the same, the preferable process is liquid-liquid ex-
traction. Another observation is that if the ©;,, of liquid-liquid extrac-
tion, stripping and absorption are the same, the preferable process
becomes stripping.

The important suggestion is that whatever processes containing
low potential index steps should be avoidable in operations. These
are, for example, the processes involving biodiese}, gasohol, or hy-
drogen fuel cells. Biodiesel is produced from vegetable oil, whereas
gasohol comes from ethanol. It is not worth increasing the purity
of ethanol from 99.5% to 99.9% to make gasohol. Similarly, hydro-
gen used for fuel cells in cars is not an attractive way. These example
processes are all comprised of systems of low potential index. If
they are compared to other processes of fuel production such as pe-
troleum distillation, which shows higher potential index, the latter
may be more. Hence, an increase of potential index in the process
is one of ways to achieve better production.
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The present study showed enhanced activities of ethylene/I-octene copolymerization via TiO,—-SiO, mixed oxides-supported
MAO with a zirconocene catalyst. It was proposed that titania was decorated on silica surface and acted as a spacer to anchor
MAO to the silica support resulting in less steric hindrance and less interaction on the support surface.

KEY WORDS: mixed oxides; silica; supported catalyst; titania; zirconocene catalyst.

1. Introduction

Because of the commercial interest of using metallo-
cene catalysts for olefin polymerization, it has led to an
extensive effort for utilizing metallocene catalysts more
efficiently. It is known that the copolymerization of
ethylene with higher l-olefins is a commercial impor-
tance for productions of elastomer and linear low-den-
sity polyethylene (LLDPE). Metallocene catalysts with
MAO have been studied for such a copolymerization. In
fact, zirconocene catalysts along with MAO have been
reported for a potential use to polymerize ethylene with
1-olefins [1-2].

However, it was found that homogeneous metallo-
cene catalytic system has two major disadvantages; the
lack of morphology control of polymers produced and
reactor fouling. Therefore, binding these metallocene
catalysts onto inorganic supports can provide a
promising way to overcome these drawbacks. It has
been reported that many inorganic supports such as
Si0,, Al,O3;, and MgCl, have been extensively studied
[3-13]. It has been mentioned that silica is perhaps the
most widely used support for metallocene catalysts so
far. Unfortunately, due to the support effect, it is
found that the catalytic activity of catalysts in heter-
ogeneous system is usually lower than the homoge-
neous one. Therefore, a modification of the support
properties is required in order to maintain high
activity as in the homogeneous system or even closer.
TiO,-S10, mixed oxide has been considered to be very
attractive as catalysts and supports, which have
brought much attention in recent years. It was
reported that TiO,-SiO,mixed materials have been
used as catalysts and supports for various reactions
[14]. This TiO,-S10, mixed oxide would lead to

*To whom correspondence should be addressed.
E-mail: bunjerd j@chula.ac.th

robust catalytic supports of metallocene catalysts for
olefin polymerization.

In this present study, the ethylene/l-octene copoly-
merization using TiO,-Si0, mixed oxides supported-
MAO with a zirconocene catalyst was investigated for
the first time. The ratios of TiO,/Si0, used were varied.
The mixed oxide supports and catalyst precursors were
prepared, characterized and tested for ethylene/1-octene
copolymerization. The role of TiO; in the mixed oxide
supports was also further discussed.

2. Experimental

All chemicals [TiO, (anatase, Ishihara), SiOQ, (Cariact
P-10), toluene, rac-ethylenebis (indenyl) zirconium di-
chloride [Et(Ind),ZrCl,], methylaluminoxane (MAO),
trimethylaluminum (TMA) and 1-octene] were manip-
ulated under an inert atmosphere using a vacuum glove
box and/or Schelenk techniques.

2.1. Materials

2.1.1. Preparation of TiO-SiO; mixed oxides support

TiO,-SiO, mixed oxide supports [surface areas of
Si0, = 300m*g! and TiO, (anatase form) =
70 m? g™!] for MAO were prepared according to the
method described by Conway ez al. [15). The TiO,:Si0O,
ratios were varied from 0:1, 2:8, 4:6, 6:4, 8:2, and 1:0.
The supports were heated under vacuum at 400 °C
for 6 h.

2.2. Preparation of TiO;-SiO; mixed oxides-supported
MAO

One gram of the TiO,-Si0O, mixed oxide support
obtained from 2.1.]1 was reacted with the desired
amount of MAO at room temperature and stirred for

1011-372X/05/0400-0139/0 © 2005 Springer Science+Business Media, Inc.
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Figure 1. XRD patterns ol various Ti0,-8i0; mixed oxide supports
belfore MAQ impregnation.

30 min. The solvent was then removed from the
mixturc. About 20 mL of toluene was added into the
obtained precipitate, stirred Lhe mixture for 5 min,
and then removed the solvent. This procedure was
done for 5 times to ensure the removal of impurities.

Then, the solid part was dried vnder vacuum at room
temperature to obtain white powder of Ti0,-Si0O-
mixed oxides-supporied MAO.

2.3. Polymerization

The ethylene/l-ociene copolymerizalion reaction
was carried out in a 100 mL semi-balch stainless steel
autoclave reactor equipped with a magnetic stirrer. At
first, 0.1 g of the supported MAQO {{Allmao/
[Zr] = 1135) and 0.018 mol of l-octene along with
toluene (to make the total volume of 30 mL) were put
into the reactor. The desired amount of Et(Ind),ZrCl,
(3x107° M) and TMA ([Allrma/[Zr] = 2500) was
mixed and stirred for 5-min aging at room lempera-
ture, scparately, then was injected into the reactor.
The reactor was frozen in liquid nitrogen 1o stop
reaction for 15 min and then the reactor was gvacu-
ated to remove argon. The reactor was heated up to
polymerization temperature (70 °C). By feeding the
fixed amount of ethylene (0.018 mol ~6 psi} into the
reaclion mixtures, the ethylene consumption can be
observed corresponding to the ethylene pressure drop.
The polymerization reaction was stopped and the
reaction time used was recorded when all ethylene

> 50 microas

Figure 2. SEM micrographs of various TiO;-5i0; mixed oxide supports before MAO impregnation: (&) Ti/Si = 0f1, (b} Ti/5i = 2/3.
(o) Ti/Si = 46, (d) TifSi = &4, () TijSi = 8f2, (N Tifsi = 1/0.
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Figure 3. EDX mapping of 2 typical TiO;-Si0; mixed oxide supporis belore MAO impregnation.

(0.018 mol) was totally consumed. To starl reaction,
0.018 mol of ethylene was fed into the reactor con-
taining the comonomer and catalyst mixtures. After
all cthylene was consumed, the reaction was lermi-
nated by addition of acidic methanol (0.1% HCI in
methanol) and stirred for 30 min, After filtration, the
obtained copolymer (white powder) was washed with
methanol and dried at room temperalure.

2.4. Characterization

2.4.1. Characterization of supports and catalyst
precursors

Xeray diffraction: XRD was performed to determine
the bulk crystalline phases of samples. It was conducted
using a SIEMENS D-5000 X-ray diffractometer with
Cuk,(> = 1.54439 A). The spectra were scanned at a
rate of 2.4° min~" in the range 20 = 20-80°.

Scanning electron microscopy and energy dispersive
X-ray spectroscopy: SEM and EDX were used to

determine the sample morphologies and elemental
distribution throughout the sample granules, respec-
tively. The SEM of JEOL mode JSM-3800LV was

Table 1
Catalytic activities during ethylene/1-octene copolymerization via
TiO;-Si0; mixed oxides supported-MAQ with zirconocene catalyst

TiOx-8i10; wi% of TiOx Polymer Polymen- Catalytic
Weight in mixed yicld (g) =zation aclivity®
ritios support time (5) (x 107* kg polymer
mol™ Zr. by

Homogeneous 0 1.13 87 3.1
(/100 0 1.19 152 1.9
20/80 20 1.14 i16 2.4
40/60 40 1.19 132 e
60140 60 1.18 149 1.9
80420 80 1.17 157 1.8
100/0 100 1.13 161 1,7

*Activities were measured at polymerization tempenitture ol 70 °C,
[ethylene] = 0.018 mel, [l-octene] = 0.018 mol, [Allwac/[Zr] 1135,
[AllraallZr] = 2500, in toluene with total volume = 30 mL, and
1Zr] = 5% 1075 M.
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4—p >0 microns

Figure 4. SEM micrographs of various TiO»-8i0; mixed oxide supports after MAO impregnation; (a) TifSi = 0/1, (b) Ti/Si = 2/8, (c) Ti/Si =
46, (d) Ti/Si = 6/4. (¢) Ti/Si = 8/2. (O) Ti/Si = 1/0.

applied. EDX was performed using Link Isis series 300
program,

FTIR spectroscopy: FTIR was conducted on a Per-
kin-Eelmer series 2000 instruments. The supports (1 mg)
were mixed with 100 mg dried KBr. The sample cell was
purged with oxygen. About 400 scans were accumulated
for each spectrum in transmission with a resolution of
4 cm~!. The spectrum of dried KBr was used as a
background subtraction.

2.4.2. Characterization of polymer

Scanning electron microscopy: SEM was performed to
study morphologies of polymers produced. The same
equipment as mentioned above was employed.

Gel permeation chromatography (GPC): A high
temperature GPC (Waters 150-C) equipped with a vis-
cometric detector, differential optical refractometer and
four Styragel HT type columns (HT3, HT4, HTS, and
HT6) with a 1 x 107 exclusion limit for polysyrene was
used to determined the molecular weight and molecular
weight distributions of the copolymers produced. The
analyses were performed at 135 °C using 1,2,4-trichlo-
robenzene as the solvent, The columns were calibrated

with standard narrow molecular weight distribution
polystyrene and LLDPE.

3. Results and discussion

The present study showed influences of TiQ,-510»
mixed oxide supports on catalytic activities in hetero-
geneous metallocene catalytic system. The mixed oxide
supports containing various amounis of titania and sil-
ica were characterized before and after impregnation
with MAO. XRD patterns of the supports before
impregnation with MAO are shown in figure 1. It was
observed that the pure silica exhibited a broad XRD
peak assigning to the conventional amorphous silica.
Similar to the pure silica, the XRD patterns of the pure
titania indicated only the characteristic peaks of anatase
titania at 25° (major), 37°, 48°, 55°, 56°, 62°, 71°, and
75°. XRD patterns of the mixed oxide supports con-
taining various amounts of titania and silica revealed the
combination of titania and silica supports based on their
content. It can be seen that the intensity of XRD char-
acteristic peaks for both supports was changed based on
the ratios of TiO,/5i0;. After impregnation with MAO,
the mixed oxide supports were again identified using
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TifSi= 2/8
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Figure 5. EDX mapping of a typical TiQ;-Si0; mixed oxide supports afler MAQ impregnation.

XRD. It was found that XRD patterns for the supports
after impregnation with MAO were identical with those
before impregnation with MAO indicating highly dis-
persed MAO species. In order to determine the mor-
phologies and elemental distributions of the supports
before and after impregnation, SEM and EDX were
performed, respectively. The SEM micrographs of the
supporls before impregnation with MAO were shown in
figure 2. It showed that silica was appeared in larger
particles than titania. It also indicated that at the low
content of titania ranged between 20 and 60%, titania
was found to decorate on the silica surface as seen in the
SEM micrographs. However, at high content of titania,
it revealed that titania, essentially isolated from the silica
surface. This was probably because the adsorption
ability of silica surface with titania was limited by the
titania conlents in the mixed oxide supports. The dis-
tribution of all elements (Si, Ti, and O) obtained from
EDX was similar in all samples. The 1ypical EDX
mapping images for the mixed oxide support are shown
in figure 3 indicating titania located on the silica outer
surface. After impregnation with MAO, SEM and EDX
of the supports were alse conducted. The SEM micro-
graphs of the supports after impregnation with MAO
are shown in figure 4 indicating similar results as seen in

figure 2. The EDX mapping images of the supports can
provide more information about the distribution of
MAO as seen for Al distribution mapping on ecach
support. It was found that MAQ was well distributed all
over the support granules. The typical EDX mapping
images for the mixed oxide supports afier impregnation
with MAO are shown in figure 5. Figure 6 apparently
shows SEM and EDX mapping of titania located on the
outer surface of silica support. IR spectroscopy was also
performed in order to identify chemical species and
bonding of the mixed oxide supports. The [R spectra of
samples are shown in figure 7. It revealed that al low
concentrations of titania, the IR band at ca. 980 cm™
assigning to Si—O-Ti connectivity was observed as also
reported by Dutoit et af. [16]. The strong IR bands were
also seen at ca. 1100 ecm™" assigning to asymetric Si-O

Si stretching vibration. Then, the various TiO,-Si0;
mixed oxide supports after impregnation with MAO
were used and investigated for catalylic activities.
Copolymerization of ethylene/l-octene via various
Ti0,-8510> mixed oxides-supporled MAQO with zircon-
ocene catalyst was performed in order to determine the
catalytic activities influenced by the various supporis.
The resulted reaction study is shown in 1able 1 and fig-
ure 8. The activities of the supported system were much
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Figure 6. SEM and EDX mapping of titania located on the mixed supporn granule.

lower than the homogeneous one as expected. However,
considering only the supported system, it was found that
activities dramatically increased with increasing the
ameunts of titania up 10 60% in the supports compared
with those for the pure silica suppert. The maximum
activity can be obtained with the presence of 20% titania
in the mixed support. However, with increasing the
amounts of iitania more than 60% resulted in lower
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Figure 7. 1R spectra of varicus mixed oxide supports.

activities compared to the pure silica. It was also found
that the activity for the pure titania is the lowest because
the strong suppert interaction {17] between MAQ and
titania was more pronounced. Based c¢n the resulted
activities, the role of titania in TiO,-8i0; mixed oxide
supports can be proposed. In order to give a belter
understanding for the role of titania, a conceptual model
for titania effect is illustrated in Scheme 1. As known,
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Figure 8. Activities of cthylene/1-cctene copolymerization via various
TiO 80, mixed oxides-supported MAQ wilh a Zrconocene catalyst.
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Scheme §. A conceptual model for evaluation of activities via various
Ti(),-5i0; mixed oxide supports.

when the heterogeneous system was conducted, activi-
tics decreased significantly compared to the homoge-
neous one as also seen in figure 8. This should be duc to

a loss of active species by support interaction andfor the
steric hindrance arising from the support. Considering
Scheme |, activitics on the heterogencous system can be
divided into three levels; (i) moderate activity with the
conventional pure silica support, (ii) high activity with
the cerlain amounts of titania present in the mixed oxide
support, (i) low activity with the pure titania support
(due to strong supporl interaction [17]). In Scheme 1 {ii),
it showed that the presence of cerlain amounts (20-60
wt%) of titania dramatically enhanced activities. The
contribution of titania can be drawn as MAQ anchored
on silica with titania as a spacer group. It ¢can be also
seen from SEM and EDX that at low content of titania,
it was apparently decorated on silica surface and acted
as a spacer to anchor MAO to the silica support. Thus,
activities increased about 15-25% with the presence of
titania between 20 and 40% in the mixed oxide supports.
It should be mentioned that increased activities with the
presence of titania as a spacer were observed because of
less steric hindrance and less interaction on the support
surface when a spacer was introduced. Thus, this was
suggested to be more homogenecous-like system. lnves-
tigation of a spacer such as silane in copolymerization of
cthylene/1-olefins was also reported [18,19]. However,
when high amounts of titania were added. activities
decreased because the strong support interaction as seen
in Scheme | (iii) can occurred resulting in a combination

Figure 9. SEM micrographs of polymers obtained with various TiOz-5i0; mixed oxide supports; {a) Ti/Si = 0/1.(b) Ti/Si = /8. () Ti/Si = 4/

6, (d) TifSi = 6/4, {¢) Ti/Si

= &2, (N} Ti/Si = 1/0.
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Table 2

Molar weight and molecular weight distribution of polymers obtained
via Ti0»-8i0, mixed oxides supported-MAO with zirconocene

catalyst
TiO,-SiO; wt% of TiO, M?3(x10~% M3(x10* MWD®
weight ratios in mixed g mol™) g mol™)
support

0/100 0 3.61 1.06 34
20/80 20 342 1.08 32
40/60 40 291 1.13 2.6
60/40 60 2.60 0.96 2.7
80/20 80 2.65 0.93 2.8
100/0 100 2.41 0.59 4.1

#Obtained from GPC and MWD was calculated from M /M,,.

between Scheme 1 (1) and (iit) where titania started to
isolate from silica as segregated titania. Morphologies of
polymers produced via various supports were also
investigated. The SEM micrographs of polymers are
shown in figure 9. It indicated that there was no signif-
icant change in .polymer morphologies upon various
mixed oxide supports used. The molecular weight based
on weight average (M,,) and based on number average
(M,), and molecular weight distribution (MWD) of
polymers obtained are shown in table 2. It indicated
that the addition of TiO, resulted in decreased molec-
ular weights of polymers compared to those of pure
Si0,. However, the narrower molecular weight distri-
bution was observed with the addition of TiO, except
for the one with pure TiO;.

4. Conclusions

The present study revealed influence of various TiO,—
Si0, mixed oxides supported-MAOQO on the catalytic
activities during copolymerization of ethylene/1-octene.
It was found that at certain contents of titania ranged
between 20 and 60 wt% in the mixed oxide support,
activities dramatically increased by 15-25% compared to
those with the conventional pure silica support. It was
proposed that titania added acted as a spacer to anchor
MAO to the silica support resulting in less steric hin-
drance and less interaction on the support surface.
However, larger amounts of titania resulted in lower
activities because the strong support interaction between

titania and MAO was more pronounced. The molecular
weights of polymers were found to decrease with the
addition of TiO, whereas narrower molecular weight
distribution can be observed in the mixed TiO,-SiO,
supports.

Acknowledgments

The authors would like to thank the Thailand
Research Fund (TRF), the National Research Council
of Thailand (NRCT) and Thailand-Japan Transfer
Technology Project (TJITTP-JBIC) for the financial
support of this work. We would like to extend our
thankful to Professor Takeshi Shiono at Hiroshima
University, Japan for his kind advice of this project.

References

{1} C.L.P Shan, J.B.P Soares and A Penlidis, Polym. Chem. 40 (2002)
4426.
{21 K.J Chu, C.L.P Shan, A Soares and J.B.P Penlidis, Macromol.
Chem. Phys. 200 (1999) 2372.
[3] A-M Uusitalo, T.T Pakkanen and E.I Iskola, J. Mol. Catal. A:
Chem. 177 (2002) 179.
[4] K Soga and M Kaminaka, Makromol. Chem. 194 (1993) 1745.
{5} Y.S Ko, T.K Han, J.W Park and S.I Woo, Macromol. Rapid
Commun. 17 (1996) 749.
[6] T. Sugano and K. Yamamoto Eur. Pat. Appl. 728773 (1996).
[71 M Margue and A Conte, J. Appl. Polm. Sci. 86 (2002) 2054.
[8] S Sensarma and S Sivaram, Polym. Inter. 51 (2002) 417.
[9] P.G Belelli, M.L Ferreira and D.E Damiani, Appl.Catal. A: Gen.
228 (2002) 189.
[10] J.T Xu, Y.B Zhu, Z.Q Fan and L.X Feng, J. Polym. Sc¢i. Part A:
Polym. Chem. 39 (2001) 3294.
(11} L Korach and K Czaja, Polym. Bull. 46 (2001) 67.
[12] A Koppl and H.G Alt, J. Mol. Catal. A: Chem. 165 (2001) 23.
[13] B Jongsomyjit, P Praserthdam and P Kaewkrajang, Mater. Chem.
Phys. 86 (2004) 243.
[14] X Gao and LLE Wachs, Catal. Today 51 (1999) 233.
[15) S.J Conway, J.W Falconer and C.H Rochester, J. Chem. Soc.
Faraday Trans. 185 (1989) 71.
[16] D.C.M Dutoit, M Schneider and J Baiker A., J. Catal. 153 (1995)
165.
[17] R Riva, H Miessuer, R Vitali and G Del Piero, Appl. Catal. A 19¢
(2000) 111.
[18] C Chao, W Pratchayawutthirat, P Praserthdam Shiono and 1
Rempel, Macromol. Rapid Commun. 23 (2002) 672.
[19] B Jongsomjit, P Kaewkrajang, S.E Wanke and P Praserthdam.
Catal, Lett. 94 (2004) 205.



™+

Jointly published by React.Kinet.Catal. Lett.

Akadémiai Kiadd, Budapest Vol. 85, No. 2, 299-304

and Springer, Dordrecht (2005)
RKCL4652

METAL-SUPPORT INTERACTION IN MESOPOROUS SILICA
SUPPORTED COBALT FISCHER-TROPSCH CATALYSTS

Joongjai Panpranot’, Sujaree Kaewgun and Piyasan Praserthdam
Center of Excellence on Catalysis and Catalytic Reaction Engineering,
Department of Chemical Engineering, Chulalongkorn University, Bangkok, Thailand

Received September 14, 2004
In revised form December 14, 2004
Accepted December 16, 2004

Abstract

The pore structure of silica supports (Si0, or MCM-41) has little influence on the
metal-support interaction in silica supported cobalt catalysts. Cobalt dispersion,
reduction behavior, and catalytic properties for the Fischer-Tropsch synthesis
were primarily affected by the metal particle size.

Keywords: Cobalt catalyst, metal-support interaction, mesoporous silica, CO
hydrogenation

INTRODUCTION

Cobalt-based catalysts are widely used in CO hydrogenation or Fischer-
Tropsch synthesis (FTS) especially when high molecular weight paraffins are
preferred [1-2]. To increase their activity, cobalt is usually deposited on a high
surface area oxide support to obtain a high metal dispersion. Recently, the use
of high surface area ordered mesoporous materials such as MCM-41 and SBA-
15 for preparing Co-based Fischer-Tropsch catalysts has been explored [3-7].
Compared to amorphous silica-supported catalysts with similar Co loading, Co
supported on these mesoporous materials have shown higher FTS activity due
to a better dispersion of cobalt in mesoporous structure [8]. However, stronger
interaction of cobalt species and the support in these catalysts were often found.
resulted in catalysts with lower reducibilities. In this study, the effects of pore
structure (SiO, and MCM-41) and the metal particle size on the metal-support
interaction in supported Co F-T catalysts were investigated.

*Corresponding author. Tel: (66)-2-218-6859; Fax: (66)-2-218-6877
E-mail: joongjai.p@eng.chula.ac.th

0133-1736/2005/US$ 20.00.
© Akadémiai Kiadé, Budapest.
All rights reserved.
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EXPERIMENTAL

Catalyst preparation

Pure silica MCM-41 was prepared in the same manner as that of Kruk et al.
[9] using the following gel composition: (1.0 Si0,): (0.317 TMAOH): (0.45
CTMABr): (66.7 H>O), where TMAOH denotes tetramethylammonium
hydroxide and CTMABr denotes cetyltrimethyl ammonium bromide. High
surface area SiO, with similar pore size to MCM-41 were obtained from Grace
Davison Company. The series of supported Co catalysts (MCM-41 and SiO--
supported) were prepared by the incipient wetness impregnation of the supports
with an aqueous solution containing the desired amount of different cobalt
precursors such as cobalt nitrate (Aldrich), cobalt acetate (APS), cobalt
acetylacetonate (Aldrich), and cobalt chloride (Fluka). The catalysts were dried
overnight in an oven at 110°C and then were calcined at 500°C in an air flow
for 2 h.  Elemental analysis was carried out for all the catalysts after
calcination. The cobalt loading was determined to be approximately 7-8 wt.%.

Catalyst characterization

The BET surface area, pore volume, average pore diameter, and pore size
distribution of the catalysts were determined by N, physisorption using a
Micromeritics ASAP 2000 automated system. Each sample was degassed in
the Micromeritics ASAP 2000 at 150°C for 4 h prior to N, physisorption. The
XRD spectra of the catalysts were measured using a SIEMENS D5000 X-ray
diffractometer, using Cu Ko radiation with a Ni filter in the 2-8° or 10-80°20
angular regions. Temperature programmed reduction was performed using an
in-house system and a temperature ramp of 5°C/min from 30 to 300°C in a flow
of 5% Hin argon. Approximately 0.20 g of a calcined catalyst was placed in a
quartz tube in a temperature-controlled oven and connected to a thermal
conductivity detector. The H> consumption was measured by analyzing the
effluent gas with a TCD.

Reaction study

CO hydrogenation was carried out at 220°C and 1 atm total pressure in a
fixed-bed stainless steel reactor under differential conversion conditions. A
flow rate of H,/CO/Ar = 20/2/8 cm’/min was used. Typically, 0.2 g of the
catalyst samples was reduced in situ in flowing H, (50 cc/min) at 350°C for
10 h prior to reaction. The product samples were taken at 1-h intervals and
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analyzed by gas chromatography. Steady state was reached after 6 h time-on-
stream in all cases.
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Fig. 1. XRD patterns of different SiO, and MCM-41-supported Co catalysts

RESULTS AND DISCUSSION

Two types of silica supported Co catalysts (Co/SiO, and Co/MCM-41) have
been prepared using the incipient wetness impregnation method in order to
study the effect of pore size and pore structure of the supports on cobalt
dispersion, reduction behavior, and catalytic properties for the Fischer-Tropsch
synthesis (FTS). The BET surface areas, pore volumes, and average pore
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diameters of the original supports and the catalysts are given in Table 1. The
significant decrease in surface area of the original support material suggests
that cobalt was deposited in some of the pores of the supports. The XRD
patterns of Si0O, and MCM-41 supported Co catalysts after calcination in air at

Table 1
Characteristics of SiO, and MCM-41 supported Co catalysts

Catalyst Co (wt%)? BET S.A.° (m%/g) dp° Co304 (nm)
Si0, - 717 -
Co/S-Ac 79 562 n/a
Co/S-AA 7.7 595 n/a
Co/S-Cl1 7.1 517 17.6
Co/S-NO 8.4 571 16.4
MCM-41 - 1234 -
Co/M-Ac 8.3 756 n/a
Co/M-AA 7.8 675 n/a
Co/M-Cl 7.1 646 15.0
Co/M-NO 8.1 747 6.3

? Based on atomic absorption spectroscopy of the calcined catalysts.
® Based on the calcined catalysts. Error of measurement =+ 10%.
¢ Based on XRD line broadening of the calcined catalysts

500°C for 2 h are shown in Fig. 1. The catalysts prepared from cobalt nitrate
and cobalt chloride exhibited the diffraction peaks of at 20 of ca. 31.3°, 36.8°,
45.1°, 59.4°, and 65.4°, indicating the presence of Co30, The catalysts
prepared from organic precursors (cobalt acetate and cobalt acetyl acetonate did
not exhibit any distinct XRD patterns. This suggests that the crystallite sizes of
Co30, prepared from organic precursors were much smaller than those prepared
form inorganic ones [10].

Temperature-programmed reduction (TPR) profiles of SiO,- and MCM-41-
supported Co catalysts are shown in Fig. 2. In general, the reduction of Co;0,
composes of the two-step reduction of C0304 to CoO and then to Co® [11,12).
TPR profiles for supported Co catalysts, however, are more complex than for
bulk Co304 due to various causes such as variation in metal particle size, metal-
support interaction, and support porous structure resulting in differently
reducible cobalt species on the support [13-14]. The TPR profiles of silica
supported Co catalysts used in this study were found to be dependent on the
type of cobalt precursors. Using organic cobalt precursors such as cobalt
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acetate and cobalt acetylacetonate which could result in very small cobalt
particles and stronger metal-support interaction showed a large portion of Co
species that was reduced at higher reduction temperature. Any Co not
reducible during the H, reduction up to 800°C is identified as “non-reducible”
Co silicate [15,16]. However, for a given Co precursor, Co/SiO; and Co/MCM-
41 exhibited similar TPR profiles. The results suggest that pore structure of the
supports (Si0> or MCM-41) has little influence on the metal-support interaction
on silica supported Co catalysts.
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Fig. 2. Temperature program reduction (TPR) profiles of Co/MCM-41
).

The results of CO hydrogenation reaction test are reported in Table 2. It wa:
found that Co-/M-NO exhibited the highest CO hydrogenation rate than ai
other catalysts in this study. The higher activity of such catalyst reflects the
relatively high dispersion of cobalt on the catalysts. The catalysts preparec
from cobalt chloride showed very low activities due to their low Co dispersior
and maybe residual CI” blocking Co active sites [10]. The low activities of the
ones prepared from cobalt acetate and cobalt acetyl acetonate were duc
probably to the unstable small Co particles forming Co silicates during
reduction in H. and reaction.
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Table 2

Results for CO hydrogenation®

Rate (gCH,/ gcat./h) CO Conversion (%) Selectivity (%)

Catalyst
Steady-

Initial Steady-state Initial state CH, C,; Cs
Co/S-Ac 0.012 0.010 2.1 14 95 45 0.5
Co/S-AA 0.013 0.012 1.7 1.6 96 3.5 0.5
Co/S-Cl 0.007 0.006 0.9 0.8 84 13.0 30
Co/S-NO 0.176 0.167 234 227 95 5.0 -
Co/M-Ac 0.025 0.018 3.2 2.4 91 7.0 2.0
Co/M-AA 0.013 0.013 1.8 1.7 96 34 0.6
Co/M-Cl1 0.024 0.018 33 24 97 2.5 0.5
Co/M-NO 0.449 0.323 59.8 47.6 82 6.0 2.0

# Reaction conditions are 220°C, 1 atm, and H,/CO = 10
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A modified Pechini method was used to prepare alumina—zirconia mixed oxides at three different molar ratios. For comparison,
pure alumina and pure zirconia were prepared using the same method. The mixed oxides were characterised by the BET method for
surface area, X-ray diffraction, CO, and NH; temperature-programmed desorption. Elimination of 2-propanol was used as a probe
reaction to characterise the surface of the mixed oxides. The modified Pechini preparation resulted in a poor acid—base strength of
alumina surface resulting in high acetone selectivity where imperfect crystal structure of the tetragonal zirconia favoured high

propylene production in 2-propanol elimination at 200 °C.

KEY WORDS: alumina; zirconia; mixed oxide; Pechini method; 2-propanol.

1. Introduction

The sol-gel technique is widely used for preparation
of ceramic materials, especially mixed oxides, because
lower temperatures are required compared to conven-
tional ceramic mixing processes and it improves disper-
sion and homogeneity [1]. Different precursors have been
used to prepare sol-gel materials, particularly metal
alkoxides [2-10] and citric acid (CA) complexes [11-13].
The materials obtained from both processes are quite
similar but gel formation is approached under different
conditions. Zirconia prepared by the sol-gel method,
however, usually possesses low surface area. Recently, it
has been reported that solid powders were successfully
prepared by the modified Pechini method [14,15], in
which CA and ethylene glycol are polymerised around
metal ions. In 1963, Pechini et al. discovered a prepara-
tion method of mixed oxides, which can be applied for
ceramic and dielectric materials. Because of homoge-
neous starting solution producing resin intermediate and
then resulting in oxide by ignition, this technique leads to
closer combination of mixed oxides, which may enhance
strong interaction between metal ions. Moreover, high
surface area of solid powders is usually obtained by this
method, which could bring about high dispersion of
metal loading and consequently high active sites for
catalytic reactions [15]. In this study, a modified Pechini
method was used to prepare alumina, zirconia and

* To whom correspondence should be addressed.
E-mail: piyasan.p@chula.ac.th

alumina-zirconia mixed oxides. Zirconia toughened
alumina is generally employed in ceramic application
because of its well-known mechanical property, more-
over, recently mixed oxide of zirconia and alumina has
been introduced in medical application as a biocompat-
ible nano-composite [16]. In catalytic reaction, zirconia
alumina has been used as catalyst and/or support
because of its surface property, stability and mechanical
property. Modification of the mixed oxide by sulfate is
well known and showed very good activity of isomeri-
sation [17]. Zirconia alumina at different ratios was
prepared to improve surface properties by well-dispersed
sol gel preparation. The effect of Al/Zr ratio on the
characteristics and catalytic properties of the alumina-
zirconia mixed oxides was investigated by means of
nitrogen physisorption (BET), X-ray diffraction (XRD)
and CO, and NH; temperature-programmed desorption
(TPD). Elimination reactions of 2-propanol were used to
determine the catalytic activity of the oxides.

2. Experimental
2.1. Preparation of alumina-zirconia mixed oxides

Alumina-zirconia mixed oxides were prepared using
a modified Pechini method in the same manner as that
of [14,15] with Al/Zr molar ratios of 1:3, 2:3, 1:1, and
3:1. For comparison, pure alumina and zirconia
were prepared by the same method. Aluminium
nitrate [AI(NO3);-9H;0] and zirconyl nitrate [ZrO(-
NO3); ' xH,0] were used as precursors. The nitrate salts

1011-372X/05/0900-0063/0 © 2005 Springer Science+Business Media, Inc.
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were dissolved in separately water. Aqueous CA solu-
tion was prepared and its pH was adjusted to ca. 1 by
addition of 35% nitric acid. CA solution was added to
the zirconyl nitrate solution at a molar ratio of
[Al+Zr:CA]=3:7. Aluminium nitrate solution was
added to the zirconyl citrate complex and finally ethyl-
ene glycol was added. The pH of the solution
was adjusted to 7, by addition of 35% ammonium
hydroxide, to form an alumina gel [18]. The resulting
solution was heated under vacuum in a rotary evapo-
rator at 90-100 °C until it became viscous and yellow.
After the vacuum was removed, the solution became
black and gel-like. This material was removed from the
system, dried at 100 °C overnight and calcined in flow-
ing air, with a heating rate of 1 °C/min and final tem-
perature of 500 °C held for 6 h. In the case of pure
zirconia, the gel-like material did not appear during the
rotary evaporation step, even after many hours, but
appeared after the vacuum was removed.

2.2. Characterisation

Characterisation”of the samples using various analy-
sis techniques was carried out on the calcined samples.
The surface area was measured by nitrogen physisorp-
tion at 77 K after outgassing at 300 °C. Surface areas
were determined by the BET method and pore-size
distribution by the BJH method. The crystal structures
were characterised by XRD (Siemens D5000) using
nickel filtered CuK, radiation. TPD of CO, was used to
characterise the basic sites of the oxides. Samples were
pre-treated at 400 °C for 1 h in He, then saturated with
CO; (99.99%) at 35 °C for 3 h. Desorption of CO,, by
heating at 10 °C/min to 400 °C, was measured using a
GOW-MAC thermal conductivity detector (TCD). TPD
of NH; (Micromeritics Autochem 2910) was used to
characterise the acid sites. Samples were pre-treated in
He at 400 °C for 1 h and saturated with 10%NHs/He at
100 °C for 2 h. Adsorbed NH; was removed by flowing
He (10 mL/min) while heating at 10 °C/min to 400 °C
and detected by TCD.

2.3. Catalytic activity

Catalyst testing was carried out at atmospheric
pressure in a quartz fixed-bed reactor. The catalyst
sample was treated in air at 400 °C for 1 h prior to the

reaction to remove adsorbed H,O and CO,. Elimination
of 2-propanol was carried out at 150, 200 and 250 °C as
in [19,20]. Helium (~12 mL/min) was bubbled through
2-propanol at fixed temperature (~50 °C) to give a
concentration of 12-mol% 2-propanol in He flowing
through 100 mg of catalyst. Typical space velocities
(WHSV) were in the range of 20-200 h™' as in [20].
Reaction products were analysed using a Shimadzu GC-
14A gas chromatograph with a flame ionisation detector
and a column containing 15%-Carbowax 1000 sup-
ported on Chromosorb W. Measurements were taken
every 20 min until a steady state was reached, typically
after about 2 h. The reaction products were propylene,
acetone and diisopropyl ether.

3. Results
3.1. N, adsorption

The BET surface areas and BJH pore size distribu-
tions of the mixed oxides solid powders after calcination
for 6 h at 500 °C are given in table 1. The surface areas
increased with alumina content. For pure zirconia, most
of the pores were macro-sized (>50 nm), while the mixed
oxides had pore volumes more evenly distributed
between micro-, meso- and macropores. Pure alumina
had most of its pore volume in the meso and macro range.

3.2. XRD analysis

Crystal phases of the mixed oxides were identified by
XRD. Figure 1 shows the XRD patterns of pure zirco-
nia, AlgZrg and pure alumina after calcination at
1000 °C. The identified crystal structures and crystallite
sizes after ignition at 500 °C and calcinations at 800 and
1000 °C calculated using Scherrer’s equation are shown
in table 2.Calcination of zirconia at 500 °C and above
gave mostly tetragonal phase, with the monoclinic phase
becoming dominant at 1000 °C. Alumina was amor-
phous after calcination at 500 °C and changed from 6 to
o between 800 and 1000 °C. In the mixed oxide sample,
no alumina XRD peaks could be detected at any tem-
perature. The sample calcined at 500 °C was completely
amorphous while only tetragonal zirconia peaks were
detected even at 1000 °C. In all cases, the crystallite sizes
increased with increasing calcinations temperature.

Table 1
Surface area and pore size distribution of zirconia, alumina and mixed oxides

Composition (mol%) BET surface area (g/m?)

BJH pore size distribution (%)

Micro <2 nm Meso 2-50 nm Macro > 50 nm
Zirconia 56 6.2 24.1 69.7
A1252T75 70 26.4 438 29.7
AlypZrgg 182 24.5 339 41.7
AlysZrys 228 342 30.5 354
Alumina 319 13.6 44.7 41.7
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Figure 1. XRD diffraction pattern of zirconia, alumina and zirconia alumina mixed oxide calcined at 1000 °C.

Table 2
Crystal structure and size of zirconia crystals in zirconia, alumina and mixed oxides

Sample Crystal structure (crystal size, nm)
. Calcination temperature

500 °C 800 °C 1000 °C
Zirconia T(13) T(26) MQ@D,T
A1252r75 A T(l 3) T(28)
AlgZreo A T(14) T(19)
Al752r25 A A T(] 3)
Alumina A 7} o

Symbols A, M and T indicate amorphous, monoclinic and tetragonal phases of zirconia (or pure alumina) respectively.
Symbols # and « indicate theta and alpha phases of alumina respectively.

3.3. CO; temperature programmed desorption

Basicity of the catalysts was measured by CO, tem-
perature programmed desorption up to 400 °C. Figure 2
shows the CO, TPD profiles of all the catalyst samples.
In all cases, a single desorption peak was observed
around 100115 °C. The CO, desorption temperature of
pure zirconia and pure alumina were found to be slightly
lower than that of the mixed oxides. The amounts of
CO, desorbed from the mixed oxides, pure alumina and
pure zirconia were calculated by integrating the areas of
CO, TPD profiles and are reported in table 3.

3.4. NH; temperature programmed desorption

Acidity of the catalysts was measured by NH;-TPD.
The NH; TPD profiles for all the catalysts are shown in
figure 3. None of the materials tested showed distinct
NH; desorption peaks up to 400 °C. The broad
desorption peaks below 200 °C occurred at slightly
higher temperature for two of the mixed oxides than for
pure alumina or zirconia. This suggests that the acid
strength of those mixed oxides is slightly greater than
the pure oxides. Table 3 also shows the amounts of NH;
desorbed from each sample.

3.5. Reaction test

The catalytic activities of the mixed oxide were tested
in the elimination reactions of 2-propanol at 150, 200,
and 250 °C. The results are given in table 4. At 150 °C,

105
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8 115
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Figure 2. Temperature programmed desorption of CO, on mixed
oxide, pure zirconia and pure alumina.
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the elimination product was almost entirely acetone for
all catalysts. At 200 °C, the product distribution
depended on the catalyst composition. Catalysts high in
alumina content produced mainly acetone, while those
high in zirconia produced large amounts of propylene.
Traces of diisopropyl ether appeared at this tempera-
ture. At higher temperature (250 °C) the product dis-
tribution changed again, to favour propylene
production over all materials. Catalysts high in alumina
also produced significant amounts of diisopropyl ether
at this temperature. It should be noted that alumina
activated in oxygen can exhibit dehydrogenation activity
that may exceed considerably the dehydration selectivity
[21]. However, the effect of oxygen pretreatment was not
observed in this study (no oxidation reaction) since one
would expect changes in selectivity of acetone with
increasing reaction time due to consumption of oxygen
covering the catalyst surface.

Table 3
Quantities of COyand NHj; desorbed from zirconia, alumina and
mixed oxides

Sample CO, desorbed (umol/g) NH; desorbed (umol/g)
Zirconia 172 202
AlysZrys 279 478
AlyoZreo 632 752
AlysZr;s 485 830
Alumina 146 69

4, Discussion

The macropore system may occur after removal of
organic material polymerised from CA and ethylene
glycol in fresh gel. It is suggested that under these
preparation conditions, well dispersed alumina and zir-
conia influencing orientation of alumina and zirconia
crystal structure of the mixed oxide. Using this method,
tetragonal phase of pure zirconia were obtained after
calcination at 500 °C. The tetragonal phase zirconia is
thermodynamically stable at a temperature above
1170 °C [22]. However, removal of combustible organic
materials at 500 °C during preparation could result in
sufficient energy to arrange the zirconia structure in
tetragonal form.

Surface properties of pure zirconia, pure alumina and
the mixed oxides might be classified into two types by
probe molecule adsorption; CO, and NH; probe mole-
cules. The interaction between CO, probe molecule and
zirconia or mixed oxides surfaces might be physical
adsorption in accordance with a result of Li et al. [23]
showing desorption of CO; physical bonding on zirco-
nia surface is around 100 °C. Desorption temperatures
might be improved to be higher after atomically mixing
zirconia with alumina. This is probably due to the
interaction between aluminium, oxygen and zirconium
ions in the mixed oxide increasing the physical strength
between surface oxygen and CO, probe molecule.

It is known that the reaction pathways of 2-propanol
elimination forming dehydration and dehydrogenation
products occur on different nature and strength of acid-
base sites [20]. Different mechanisms have been derived
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Figure 3. Temperature programmed desorption of NH; on mixed oxide, pure zirconia and pure alumina.
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Table 4
Catalyst activity and selectivity during elimination of 2-propanol

Sample = 150 °C T =200°C T = 250 °C
% Conversion Sp Sa (%) Spip % Conversion  Sp Sa (%) Spip % Conversion  Sp Sa(%)  Spip
Alumina 35 2.0 98.0 0.0 9.8 1.6 98.1 0.3 36.6 66.3 241 9.5
AlysZrys 5.5 1.3 98.7 0.0 2.5 6.3 92.6 1.1 6.9 66.6 28.7 4.6
AlyoZreg 0.3 10.2 89.8 0.0 1.0 1.7 92.3 0.0 10.7 48.3 48.8 29
AlysZrss 22 2.0 98.0 0.0 1.3 27.5 71.7 0.8 7.5 64.3 34.5 1.2
Zirconia 1.0 8.9 91.1 0.0 4.4 89.2 10.2 0.6 75 75.2 24.5 0.3

based on individual transition states including E,, E,,
and E,; 5 [20,25]. E; mechanism requires strong acidic
catalysts to form carbenium ions by abstraction of OH-
group. The carbenium ions are rearranged via isomeri-
sation and abstracted hydrogen resulting in different
kind of alkenes [25].

In this study, the NH; temperature programmed
desorption results exhibited a single peak below 200 °C
suggesting that the acidic strength was probably unable
to abstract OH groups. The E; mechanism then can be
excluded. For E, mechanism, reaction occurs on dual
acid-base sites tossimultaneously eliminate a proton and
hydroxyl group producing the main product alkene
whereas for E,.g mechanism, strong basic sites are
required in order to firstly detach f hydrogen and then
eliminate hydroxyl group [25].

Recently, Diez et al. [20,26] propose a mechanism
slightly different from E;.g mechanism in which reac-
tion takes place via acid—base sites of imbalanced
strength. Adsorption of OH group occurs on weak
acid-base sites to form a surface propoxide intermedi-
ate. The most acidic hydrogen of alcohol is attacked by
strong base site (the surface oxygen), in contrast, the
Lewis acid site (the surface cation) attacks the oxygen
of alcohol resulting in rupture of hydroxyl groups. Two
pathways were proposed after forming propoxide on
the surface: (a) dehydration of 2-propanol where ace-
tone is a result of abstraction a-hydrogen and (b)
dehydrogenation of 2-propanol producing propylene by
detaching f-hydrogen. The products of the E;.g mech-
anism could be either propylene or acetone or both
depending on the strength of base site. However, the
base site detaching f-hydrogen is stronger than the one
detaching a-hydrogen. Waugh er al. [26,27] found that
the activation energy of a-hydrogen abstraction is lower
than the activation energy of p-hydrogen abstraction.

Generally, elimination of 2-propanol on alumina
produces propylene as the main product via E; mecha-
nism due to amphoteric properties of alumina [19, 28].
Dominuguez et al. [19] showed that y-alumina gave
propylene selectivity more than 80% in a range of
reaction temperature 180-240 °C. However, in this
study we observed that most of the propanol elimination
products over the Pechini alumina were more than 90%
acetone. Disordered structure of the Pechini amorphous
alumina could result in an imbalanced strength of acid—

base sites and the reaction pathway might occur via E,.p
proposed by Diez et al. The weak physically adsorbing
CO,; site of alumina as shown by the low temperature
CO, desorption peak in figure 2 could bring about
abstraction of a-hydrogen mostly resulting in acetone
formation. This might be representative of very poor
basicity of alumina surface.

Similar to the pure alumina, the Pechini alumina—
zirconia mixed oxides converted to propanol towards
acetone with more than 70% selectivity at 150 and
200 °C. Increasing zirconia content in the mixed oxides
resulted in a slight decrease in acetone and increase in
propylene selectivity at 200 °C. The propylene forma-
tion may be ascribed to zirconia. The E;.g mechanism
appeared to dominate over the alumina-zirconia mixed
oxides. Although the CO; desorption peaks of the mixed
oxides shifted towards 115 °C, the strength of basicity
would not be very effective to abstract f-hydrogen.
Increasing propylene selectivity over the alumina—zirconia
mixed oxides was probably affected by dual acid—base
property of zirconia via the E; mechanism. This is in a
good agreement with the work reported by Tanabe [29],
in which 2-propanol elimination on zirconia catalysts
proceed by acid-base site bifunctional catalysis. The
orientation of these sites plays an importance role in
governing the reaction [30]. However, the orientation of
alumina-zirconia mixed oxides structure would be
undisciplined resulting in a decrease in acid-base
bifunctional property. Therefore, the E; mechanism
would not dominate over the alumina-zirconia mixed
oxides.

Conversion of propanol towards propylene over
tetragonal zirconia was observed with more than 80%
selectivity at 200 °C. The well-ordered structure of
tetragonal zirconia exhibited high selectivity of propylene
via the dominant E, mechanism. In contrast, partly
imperfect crystal of tetragonal zirconia could result in
imbalanced acid-base site leading to acetone formation
via the E;.g mechanism.

5. Conclusions

The alumina-zirconia mixed oxides produced by the
modified Pechini method resulted in combination of
aluminium and zirconium atoms. Due to good
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dispersion of aluminium and zirconium ions, the mixed
oxides present only amorphous form. Apparently, the
interaction between Al, Zr, and O in the mixed oxides
resulted in higher physical strength of CO, adsorption.
The modified acidity was, however, ambiguous because
all the catalyst samples exhibited low acidity. The
imbalance strength of acid—base site due to the imperfect
crystal structure of all the catalysts resulted in higher
acetone formation via E; g mechanism. However, 90%
propylene selectivity was obtained on pure zirconia
prepared by the modified Pechini method and 200 °C
reaction temperature.
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surface area, X-ray diffraction, CO, and NH; temperature-programmed desorption. Elimination of 2-propanol was used as a probe
reaction to characterise the surface of the mixed oxides. The modified Pechini preparation resulted in a poor acid—base strength of
alumina surface resulting in high acetone selectivity where imperfect crystal structure of the tetragonal zirconia favoured high

propylene production in 2-propanol elimination at 200 °C.
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1. Introduction

The sol-gel technique is widely used for preparation
of ceramic materials, especially mixed oxides, because
lower temperatures are required compared to conven-
tional ceramic mixing processes and it improves disper-
sion and homogeneity [1]. Different precursors have been
used to prepare sol-gel materials, particularly metal
alkoxides [2-10] and citric acid (CA) complexes [11-13].
The materials obtained from both processes are quite
similar but gel formation is approached under different
conditions. Zirconia prepared by the sol-gel method,
however, usually possesses low surface area. Recently, it
has been reported that solid powders were successfully
prepared by the modified Pechini method [14,15], in
which CA and ethylene glycol are polymerised around
metal ions. In 1963, Pechini et al. discovered a prepara-
tion method of mixed oxides, which can be applied for
ceramic and dielectric materials. Because of homoge-
neous starting solution producing resin intermediate and
then resulting in oxide by ignition, this technique leads to
closer combination of mixed oxides, which may enhance
strong interaction between metal ions. Moreover, high
surface area of solid powders is usually obtained by this
method, which could bring about high dispersion of
metal loading and consequently high active sites for
catalytic reactions [15]. In this study, a modified Pechini
method was used to prepare alumina, zirconia and
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alumina-zirconia mixed oxides. Zirconia toughened
alumina is generally employed in ceramic application
because of its well-known mechanical property, more-
over, recently mixed oxide of zirconia and alumina has
been introduced in medical application as a biocompat-
ible nano-composite [16]. In catalytic reaction, zirconia
alumina has been used as catalyst and/or support
because of its surface property, stability and mechanical
property. Modification of the mixed oxide by sulfate is
well known and showed very good activity of isomeri-
sation [17]. Zirconia alumina at different ratios was
prepared to improve surface properties by well-dispersed
sol gel preparation. The effect of Al/Zr ratio on the
characteristics and catalytic properties of the alumina-
zirconia mixed oxides was investigated by means of
nitrogen physisorption (BET), X-ray diffraction (XRD)
and CO, and NH; temperature-programmed desorption
(TPD). Elimination reactions of 2-propanol were used to
determine the catalytic activity of the oxides.

2. Experimental
2.1. Preparation of alumina-zirconia mixed oxides

Alumina-zirconia mixed oxides were prepared using
a modified Pechini method in the same manner as that
of [14,15] with Al/Zr molar ratios of 1:3, 2:3, 1:1, and
3:1. For comparison, pure alumina and zirconia
were prepared by the same method. Aluminium
nitrate [AI(NO3);-9H;0] and zirconyl nitrate [ZrO(-
NO3); ' xH,0] were used as precursors. The nitrate salts

1011-372X/05/0900-0063/0 © 2005 Springer Science+Business Media, Inc.



Y

64 P. Soisuwan et al.[{Characteristics and catalytic properties

were dissolved in separately water. Aqueous CA solu-
tion was prepared and its pH was adjusted to ca. 1 by
addition of 35% nitric acid. CA solution was added to
the zirconyl nitrate solution at a molar ratio of
[Al+Zr:CA]=3:7. Aluminium nitrate solution was
added to the zirconyl citrate complex and finally ethyl-
ene glycol was added. The pH of the solution
was adjusted to 7, by addition of 35% ammonium
hydroxide, to form an alumina gel [18]. The resulting
solution was heated under vacuum in a rotary evapo-
rator at 90-100 °C until it became viscous and yellow.
After the vacuum was removed, the solution became
black and gel-like. This material was removed from the
system, dried at 100 °C overnight and calcined in flow-
ing air, with a heating rate of 1 °C/min and final tem-
perature of 500 °C held for 6 h. In the case of pure
zirconia, the gel-like material did not appear during the
rotary evaporation step, even after many hours, but
appeared after the vacuum was removed.

2.2. Characterisation

Characterisation”of the samples using various analy-
sis techniques was carried out on the calcined samples.
The surface area was measured by nitrogen physisorp-
tion at 77 K after outgassing at 300 °C. Surface areas
were determined by the BET method and pore-size
distribution by the BJH method. The crystal structures
were characterised by XRD (Siemens D5000) using
nickel filtered CuK, radiation. TPD of CO, was used to
characterise the basic sites of the oxides. Samples were
pre-treated at 400 °C for 1 h in He, then saturated with
CO; (99.99%) at 35 °C for 3 h. Desorption of CO,, by
heating at 10 °C/min to 400 °C, was measured using a
GOW-MAC thermal conductivity detector (TCD). TPD
of NH; (Micromeritics Autochem 2910) was used to
characterise the acid sites. Samples were pre-treated in
He at 400 °C for 1 h and saturated with 10%NHs/He at
100 °C for 2 h. Adsorbed NH; was removed by flowing
He (10 mL/min) while heating at 10 °C/min to 400 °C
and detected by TCD.

2.3. Catalytic activity

Catalyst testing was carried out at atmospheric
pressure in a quartz fixed-bed reactor. The catalyst
sample was treated in air at 400 °C for 1 h prior to the

reaction to remove adsorbed H,O and CO,. Elimination
of 2-propanol was carried out at 150, 200 and 250 °C as
in [19,20]. Helium (~12 mL/min) was bubbled through
2-propanol at fixed temperature (~50 °C) to give a
concentration of 12-mol% 2-propanol in He flowing
through 100 mg of catalyst. Typical space velocities
(WHSV) were in the range of 20-200 h™' as in [20].
Reaction products were analysed using a Shimadzu GC-
14A gas chromatograph with a flame ionisation detector
and a column containing 15%-Carbowax 1000 sup-
ported on Chromosorb W. Measurements were taken
every 20 min until a steady state was reached, typically
after about 2 h. The reaction products were propylene,
acetone and diisopropyl ether.

3. Results
3.1. N, adsorption

The BET surface areas and BJH pore size distribu-
tions of the mixed oxides solid powders after calcination
for 6 h at 500 °C are given in table 1. The surface areas
increased with alumina content. For pure zirconia, most
of the pores were macro-sized (>50 nm), while the mixed
oxides had pore volumes more evenly distributed
between micro-, meso- and macropores. Pure alumina
had most of its pore volume in the meso and macro range.

3.2. XRD analysis

Crystal phases of the mixed oxides were identified by
XRD. Figure 1 shows the XRD patterns of pure zirco-
nia, AlgZrg and pure alumina after calcination at
1000 °C. The identified crystal structures and crystallite
sizes after ignition at 500 °C and calcinations at 800 and
1000 °C calculated using Scherrer’s equation are shown
in table 2.Calcination of zirconia at 500 °C and above
gave mostly tetragonal phase, with the monoclinic phase
becoming dominant at 1000 °C. Alumina was amor-
phous after calcination at 500 °C and changed from 6 to
o between 800 and 1000 °C. In the mixed oxide sample,
no alumina XRD peaks could be detected at any tem-
perature. The sample calcined at 500 °C was completely
amorphous while only tetragonal zirconia peaks were
detected even at 1000 °C. In all cases, the crystallite sizes
increased with increasing calcinations temperature.

Table 1
Surface area and pore size distribution of zirconia, alumina and mixed oxides

Composition (mol%) BET surface area (g/m?)

BJH pore size distribution (%)

Micro <2 nm Meso 2-50 nm Macro > 50 nm
Zirconia 56 6.2 24.1 69.7
A1252T75 70 26.4 438 29.7
AlypZrgg 182 24.5 339 41.7
AlysZrys 228 342 30.5 354
Alumina 319 13.6 44.7 41.7
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Figure 1. XRD diffraction pattern of zirconia, alumina and zirconia alumina mixed oxide calcined at 1000 °C.

Table 2
Crystal structure and size of zirconia crystals in zirconia, alumina and mixed oxides

Sample Crystal structure (crystal size, nm)
. Calcination temperature

500 °C 800 °C 1000 °C
Zirconia T(13) T(26) MQ@D,T
A1252r75 A T(l 3) T(28)
AlgZreo A T(14) T(19)
Al752r25 A A T(] 3)
Alumina A 7} o

Symbols A, M and T indicate amorphous, monoclinic and tetragonal phases of zirconia (or pure alumina) respectively.
Symbols # and « indicate theta and alpha phases of alumina respectively.

3.3. CO; temperature programmed desorption

Basicity of the catalysts was measured by CO, tem-
perature programmed desorption up to 400 °C. Figure 2
shows the CO, TPD profiles of all the catalyst samples.
In all cases, a single desorption peak was observed
around 100115 °C. The CO, desorption temperature of
pure zirconia and pure alumina were found to be slightly
lower than that of the mixed oxides. The amounts of
CO, desorbed from the mixed oxides, pure alumina and
pure zirconia were calculated by integrating the areas of
CO, TPD profiles and are reported in table 3.

3.4. NH; temperature programmed desorption

Acidity of the catalysts was measured by NH;-TPD.
The NH; TPD profiles for all the catalysts are shown in
figure 3. None of the materials tested showed distinct
NH; desorption peaks up to 400 °C. The broad
desorption peaks below 200 °C occurred at slightly
higher temperature for two of the mixed oxides than for
pure alumina or zirconia. This suggests that the acid
strength of those mixed oxides is slightly greater than
the pure oxides. Table 3 also shows the amounts of NH;
desorbed from each sample.

3.5. Reaction test

The catalytic activities of the mixed oxide were tested
in the elimination reactions of 2-propanol at 150, 200,
and 250 °C. The results are given in table 4. At 150 °C,
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Figure 2. Temperature programmed desorption of CO, on mixed
oxide, pure zirconia and pure alumina.
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the elimination product was almost entirely acetone for
all catalysts. At 200 °C, the product distribution
depended on the catalyst composition. Catalysts high in
alumina content produced mainly acetone, while those
high in zirconia produced large amounts of propylene.
Traces of diisopropyl ether appeared at this tempera-
ture. At higher temperature (250 °C) the product dis-
tribution changed again, to favour propylene
production over all materials. Catalysts high in alumina
also produced significant amounts of diisopropyl ether
at this temperature. It should be noted that alumina
activated in oxygen can exhibit dehydrogenation activity
that may exceed considerably the dehydration selectivity
[21]. However, the effect of oxygen pretreatment was not
observed in this study (no oxidation reaction) since one
would expect changes in selectivity of acetone with
increasing reaction time due to consumption of oxygen
covering the catalyst surface.

Table 3
Quantities of COyand NHj; desorbed from zirconia, alumina and
mixed oxides

Sample CO, desorbed (umol/g) NH; desorbed (umol/g)
Zirconia 172 202
AlysZrys 279 478
AlyoZreo 632 752
AlysZr;s 485 830
Alumina 146 69

4, Discussion

The macropore system may occur after removal of
organic material polymerised from CA and ethylene
glycol in fresh gel. It is suggested that under these
preparation conditions, well dispersed alumina and zir-
conia influencing orientation of alumina and zirconia
crystal structure of the mixed oxide. Using this method,
tetragonal phase of pure zirconia were obtained after
calcination at 500 °C. The tetragonal phase zirconia is
thermodynamically stable at a temperature above
1170 °C [22]. However, removal of combustible organic
materials at 500 °C during preparation could result in
sufficient energy to arrange the zirconia structure in
tetragonal form.

Surface properties of pure zirconia, pure alumina and
the mixed oxides might be classified into two types by
probe molecule adsorption; CO, and NH; probe mole-
cules. The interaction between CO, probe molecule and
zirconia or mixed oxides surfaces might be physical
adsorption in accordance with a result of Li et al. [23]
showing desorption of CO; physical bonding on zirco-
nia surface is around 100 °C. Desorption temperatures
might be improved to be higher after atomically mixing
zirconia with alumina. This is probably due to the
interaction between aluminium, oxygen and zirconium
ions in the mixed oxide increasing the physical strength
between surface oxygen and CO, probe molecule.

It is known that the reaction pathways of 2-propanol
elimination forming dehydration and dehydrogenation
products occur on different nature and strength of acid-
base sites [20]. Different mechanisms have been derived
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Figure 3. Temperature programmed desorption of NH; on mixed oxide, pure zirconia and pure alumina.
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Table 4
Catalyst activity and selectivity during elimination of 2-propanol

Sample = 150 °C T =200°C T = 250 °C
% Conversion Sp Sa (%) Spip % Conversion  Sp Sa (%) Spip % Conversion  Sp Sa(%)  Spip
Alumina 35 2.0 98.0 0.0 9.8 1.6 98.1 0.3 36.6 66.3 241 9.5
AlysZrys 5.5 1.3 98.7 0.0 2.5 6.3 92.6 1.1 6.9 66.6 28.7 4.6
AlyoZreg 0.3 10.2 89.8 0.0 1.0 1.7 92.3 0.0 10.7 48.3 48.8 29
AlysZrss 22 2.0 98.0 0.0 1.3 27.5 71.7 0.8 7.5 64.3 34.5 1.2
Zirconia 1.0 8.9 91.1 0.0 4.4 89.2 10.2 0.6 75 75.2 24.5 0.3

based on individual transition states including E,, E,,
and E,; 5 [20,25]. E; mechanism requires strong acidic
catalysts to form carbenium ions by abstraction of OH-
group. The carbenium ions are rearranged via isomeri-
sation and abstracted hydrogen resulting in different
kind of alkenes [25].

In this study, the NH; temperature programmed
desorption results exhibited a single peak below 200 °C
suggesting that the acidic strength was probably unable
to abstract OH groups. The E; mechanism then can be
excluded. For E, mechanism, reaction occurs on dual
acid-base sites tossimultaneously eliminate a proton and
hydroxyl group producing the main product alkene
whereas for E,.g mechanism, strong basic sites are
required in order to firstly detach f hydrogen and then
eliminate hydroxyl group [25].

Recently, Diez et al. [20,26] propose a mechanism
slightly different from E;.g mechanism in which reac-
tion takes place via acid—base sites of imbalanced
strength. Adsorption of OH group occurs on weak
acid-base sites to form a surface propoxide intermedi-
ate. The most acidic hydrogen of alcohol is attacked by
strong base site (the surface oxygen), in contrast, the
Lewis acid site (the surface cation) attacks the oxygen
of alcohol resulting in rupture of hydroxyl groups. Two
pathways were proposed after forming propoxide on
the surface: (a) dehydration of 2-propanol where ace-
tone is a result of abstraction a-hydrogen and (b)
dehydrogenation of 2-propanol producing propylene by
detaching f-hydrogen. The products of the E;.g mech-
anism could be either propylene or acetone or both
depending on the strength of base site. However, the
base site detaching f-hydrogen is stronger than the one
detaching a-hydrogen. Waugh er al. [26,27] found that
the activation energy of a-hydrogen abstraction is lower
than the activation energy of p-hydrogen abstraction.

Generally, elimination of 2-propanol on alumina
produces propylene as the main product via E; mecha-
nism due to amphoteric properties of alumina [19, 28].
Dominuguez et al. [19] showed that y-alumina gave
propylene selectivity more than 80% in a range of
reaction temperature 180-240 °C. However, in this
study we observed that most of the propanol elimination
products over the Pechini alumina were more than 90%
acetone. Disordered structure of the Pechini amorphous
alumina could result in an imbalanced strength of acid—

base sites and the reaction pathway might occur via E,.p
proposed by Diez et al. The weak physically adsorbing
CO,; site of alumina as shown by the low temperature
CO, desorption peak in figure 2 could bring about
abstraction of a-hydrogen mostly resulting in acetone
formation. This might be representative of very poor
basicity of alumina surface.

Similar to the pure alumina, the Pechini alumina—
zirconia mixed oxides converted to propanol towards
acetone with more than 70% selectivity at 150 and
200 °C. Increasing zirconia content in the mixed oxides
resulted in a slight decrease in acetone and increase in
propylene selectivity at 200 °C. The propylene forma-
tion may be ascribed to zirconia. The E;.g mechanism
appeared to dominate over the alumina-zirconia mixed
oxides. Although the CO; desorption peaks of the mixed
oxides shifted towards 115 °C, the strength of basicity
would not be very effective to abstract f-hydrogen.
Increasing propylene selectivity over the alumina—zirconia
mixed oxides was probably affected by dual acid—base
property of zirconia via the E; mechanism. This is in a
good agreement with the work reported by Tanabe [29],
in which 2-propanol elimination on zirconia catalysts
proceed by acid-base site bifunctional catalysis. The
orientation of these sites plays an importance role in
governing the reaction [30]. However, the orientation of
alumina-zirconia mixed oxides structure would be
undisciplined resulting in a decrease in acid-base
bifunctional property. Therefore, the E; mechanism
would not dominate over the alumina-zirconia mixed
oxides.

Conversion of propanol towards propylene over
tetragonal zirconia was observed with more than 80%
selectivity at 200 °C. The well-ordered structure of
tetragonal zirconia exhibited high selectivity of propylene
via the dominant E, mechanism. In contrast, partly
imperfect crystal of tetragonal zirconia could result in
imbalanced acid-base site leading to acetone formation
via the E;.g mechanism.

5. Conclusions

The alumina-zirconia mixed oxides produced by the
modified Pechini method resulted in combination of
aluminium and zirconium atoms. Due to good



\\

68 P. Soisuwan et al.|Characteristics and catalytic properties

dispersion of aluminium and zirconium ions, the mixed
oxides present only amorphous form. Apparently, the
interaction between Al, Zr, and O in the mixed oxides
resulted in higher physical strength of CO, adsorption.
The modified acidity was, however, ambiguous because
all the catalyst samples exhibited low acidity. The
imbalance strength of acid—base site due to the imperfect
crystal structure of all the catalysts resulted in higher
acetone formation via E; g mechanism. However, 90%
propylene selectivity was obtained on pure zirconia
prepared by the modified Pechini method and 200 °C
reaction temperature.
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Abstract

A comparison is made of the performances of methanol-fuelled solid oxide fuel cells (SOFCs) with different types of electrolyte (i.e.,
oxygen ion- and proton-conducting electrolytes) and flow patterns (i.e., plug flow (PF) and mixed flow (MF)). Although it was demonstrated
earlier that, under the same inlet steam:methane ratio, an SOFC with a proton-conducting electrolyte (SOFC-H*) thermodynamically offers
higher efficiency than one with an oxygen ion-conducting electrolyte (SOFC-O?"), the benefit of a lower steam requirement for the SOFC-0%~
was not taken into account. Therefore, this study attempts to consider the benefit of differences in the steam requirement on the performance
of SOFCs operated with different electrolytes and flow patterns. The efficiencies under the best conditions are compared in the temperature
range of 900-1300 K. It is found that the maximum efficiencies decrease with increasing temperature and follow the sequence: SOFC-H*
(PF)>SOFC-0%~ (PF)>SOFC-H" (MF)>SOFC-0?~ (MF). The corresponding inlet H,O:MeOH ratios are at the carbon formation boundary
for the SOFC-O?~ electrolyte, but are about 1.3—1.5 times the stoichiometric ratio for the SOFC-H". It is clearly demonstrated that the PF
mode is superior to the MF mode and that, although the benefit from the lower steam requirement is realized for the SOFC-O?~, the use of
the proton-conducting electrolyte in the SOFCs is more promising.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Solid oxide fuel cell; Electrolyte; Efficiency; Methanol; Flow pattern; Steam requirement

1. Introduction

The solid oxide fuel cell (SOFC) is a promising technol-
ogy for electrochemical power generation. Due to its high
operating temperature, the SOFC offers the prospect of a
wide range of applications, flexibility of fuel choices and the
possibility of operation with an internal reformer. Among
the various possible fuels, i.e., methane, methanol, ethanol
and gasoline, both ethanol and methanol have been reported
[1] to offer high electromotive force output and efficiency.

* Corresponding author. Tel.: +662 218 6868; fax: +662 218 6877.
E-mail address: Suttichai. A@chula.ac.th (S. Assabumrungrat).

0378-7753/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.01.034

Methanol is preferable given its availability, high energy den-
sity and ready storage and distribution [2,3], as well as the
claim [4] that methanol can be injected directly onto an-
odes without serious carbon blockage [4]. In operation, the
SOFC can use either an oxygen ion-conducting electrolyte
or a proton-conducting electrolyte. Most current research
efforts have been focusing on the SOFC with the oxygen
ion-conducting electrolyte (SOFC-O?") rather than with the
proton-conducting electrolyte (SOFC-H"). A number of re-
cent studies on advanced SOFC operations, such as develop-
ment of intermediate temperature-SOFCs [5] and the integra-
tion of SOFCs with intercool gas turbines [6], are still based
mainly on the use of the oxygen ion-conducting electrolyte.
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Nomenclature

E electromotive force of a cell (V)

F Faraday constant (C mol~!)

AH®  lower heating value of methanol (Js~1)

K equilibrium constant of the hydrogen oxida-
tion reaction (kPa=%-3)

Di partial pressure of component i (kPa)

q electrical charge (A)

R gas constant (Jmol ™! K~1)

T temperature (K)

Us fuel utilization (%)

w electrical work (W)

Greek letters

[0 potential (V)

n system efficiency (%)

Subscripts

a anode

c cathode

Some research efforts have been carried out to compare
the performances of SOFCs with different electrolytes. Ther-
modynamic analysis reveals that the SOFC-H* shows higher
efficiency for the conversion of chemical energy to electrical
power than the SOFC-O2~ for systems fed by hydrogen [7].
The same conclusion has also been reached for methane-
fuelled SOFCs [8]. The comparisons were, however, per-
formed under the same inlet steam:methane ratio [8]. Our
previous work employed thermodynamic analysis to deter-
mine the carbon formation boundary for a direct internal-
reforming (DIR) SOFC fed by methanol [9] and found that
the SOFC-O%~ is more attractive than the SOFC-H" in terms
of a lower steam requirement at the feed to the anode due to
the simultaneous formation of steam by the electrochemical
reaction of H, and O%~.

The difference in the steam requirement among both types
of SOFC is particularly pronounced at high values of the
extent of the electrochemical reaction. The effect of the
SOFC operation modes (i.e., external reforming (ER), in-
direct internal-reforming (IIR) and direct internal-reforming
(DIR)) on the steam requirement at the carbon formation
boundary has been investigated for SOFCs fed by methane
[10]. It was found that when using the SOFC-O?~, the
ER-SOFC and the IIR-SOFC show the same values of the
steam:methane ratio at the carbon formation boundary, inde-
pendent of the extent of electrochemical reaction. By con-
trast, due to the presence of extra steam from the electro-
chemical reaction at the anode chamber, the DIR-SOFC can
be operated at lower values of the steam:methane ratio com-
pared with the other modes. For the SOFC-H™, the required
steam:methane ratios are higher than those for the SOFC-
02—, but they are independent of the SOFC operation modes.

In the performance comparisons among the SOFCs with dif-
ferent types of electrolyte, the differences in the steam re-
quirement should be taken into account as it is generally
known that extra steam can act as a diluent and lower the
SOFC efficiency. Therefore, it remains unclear whether the
SOFC-H" is superior to the SOFC-O%~.

It is the objective of this study to compare the perfor-
mances of DIR-SOFCs with different electrolytes (i.e., oxy-
gen ion- and proton-conducting electrolytes) and flow pat-
terns (i.e., plug flow (PF) and mixed flow (MF)) by taking
into account the benefit from the differences in their steam
requirement. The flow pattern should be considered because
it affects both the steam requirement of the system, particu-
larly for the SOFC-O?~, and the cell performance. The in-
formation obtained from this work is important for deter-
mining whether research into fuel cell development should
be directed towards the system using the proton-conducting
electrolyte.

2. Theory

The reactions involved in the production of hydrogen from
methanol steam-reforming can be represented by Egs. (1)—(3)
[11,12],i.e.,

CH30H = 2H; + CO (methanol decomposition) (1)
CO + H;0 = Hj; 4 CO; (water gas shift reaction) 2)
CO + 3H,; = CHj4 + H>0 (methanation) 3)

The reactions taking place at the anode and the cathode for
the two types of electrolyte can be summarized as follows:
SOFC-0*~:

anode : Hy + 0>~ = H,0 + 2¢~ 4

cathode : Oy 4+ 4e~ = 20>~ %)
SOFC-H":

anode : Hy = 2H' 4 2¢™ (6)

Cathode : 2H' + 10, +2¢™ = H,0 (7

As seen from the above equations, it should be noted that
water is produced in the anode chamber for the SOFC-0O%~,
but in the cathode chamber for the SOFC-H".

The electromotive force (E) of a cell is the difference in
the potential of the two electrodes. Thus, the electromotive
force can be represented as follows:

E = |¢c — ¢al (®

where ¢, and ¢, are the potentials of the cathode and the
anode, respectively. The electrode potential can be calculated
from Nernst equation. Because the electrochemical reactions
at the electrodes are different, depending on the electrolyte
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type, the potential can be expressed as follows:

RT

SOFC-0*": ¢ = (- |In po, ©9)
4F
RT

SOFC-H" : ¢ = <2F> In py, (10)

where p; is the partial pressure of component #, R the universal
gas constant, 7"the absolute temperature and F is the Faraday
constant.

For SOFC-O?~, the partial pressure of oxygen in the cath-
ode chamber is calculated from its mole fraction, while the
following equation is used to determine the partial pressure
of oxygen in the anode chamber.

2

PH,0

po, =\ — (11
? (Kp]-[2>

For the SOFC-H", the partial pressure of hydrogen in the

anode chamber is calculated from its mole fraction, while the

partial pressure of hydrogen in the cathode is given by:
PH,0

pry = 20 (12)
K Po,

In Egs. (11) and (12), K is the equilibrium constant of the
hydrogen oxidation reaction.

Regarding the possible SOFC configurations, gas flow
within the flow channels of the SOFC stack can be classi-
fied broadly into two ideal flow patterns, i.e., plug flow and
mixed flow. The former is characterized by the fact that the gas
mixture moves orderly through the channel with no element
of the gas mixing with any other element ahead or behind,
whereas with mixed flow the contents are well-mixed and
uniform throughout. Although most typical SOFCs are oper-
ated under a condition close to the PF mode, the MF mode
can be realized by using a high recycle rate.

In the PF mode, the electromotive force (E) changes along
the SOFC stack due to the distribution of gas compositions
along the flow channels in both the anode and the cathode
sections. The average electromotive force (E) can be obtained
from numerical integration of the gas distribution along the
stack. To simplify the calculation, the gas compositions at the
anode are assumed to reach their equilibrium compositions
along the stack. The calculation procedures of the equilibrium
compositions in SOFCs have been described in our previous
work [9].

When current is drawn from the SOFC cell, the maximum
electrical work (W) produced by the SOFC and the system
efficiency (1) defined as the ratio of the maximum conversion
of the chemical energy of the fuel fed in the SOFC system
to electrical work, are calculated from Eqgs. (13) and (14),
respectively.

W =gE (13)
qE .
n=— g x 100% (14)

where q is the electrical charge passing through the electrolyte
and AH? is the lower heating value (LHV) of methanol at the
standard condition.

It should be noted that the assumption of the equilibrium
state of gas compositions along the flow channel may be
reasonable because the rates of methanol steam-reforming
and the water gas shift reaction are fast, particularly at high
temperature [13—16]. Several researchers reported that the
conversion of methanol from the methanol steam-reforming
always close to 100% when the operating temperature above
573K is applied [13—15]. Moreover, at 1173 K, methanol
steam-reforming has been reported [16] to occur homoge-
nously and reach equilibrium. Deviation from this equilib-
rium condition would result in lower values of the electromo-
tive force and the efficiency of SOFCs as less hydrogen would
be generated in the anode chamber to compensate for the hy-
drogen consumed by the electrochemical reaction. Therefore,
the results shown in this work represent the best performances
for all SOFC cases.

3. Results and discussion

The efficiency and electromotive force at different fuel
utilizations for methanol-fuelled SOFCs with different elec-
trolyte types and flow patterns are shown in Fig. 1. The inlet
steam:methanol (H,O:MeOH) ratio is at the stoichiometric
value of 1 for all SOFCs. The fuel utilization, Uy, is defined as
the moles of hydrogen consumed by the electrochemical re-
action divided by the maximum moles of hydrogen produced
from the methanol steam-reforming (3 mol of hydrogen per
1 mol of methanol). As can be seen from Fig. 1(a), efficien-
cies increase with increasing fuel utilization for all SOFCs
because more hydrogen is utilized for electrical power pro-
duction. At high fuel utilization, however, the efficiencies of
the SOFCs with the MF mode decrease, which corresponds
to a sharp drop in the electromotive force observed in the MF
mode (Fig. 1(b)). Although it is typical that the electromotive
force decreases with increasing fuel utilization as the hydro-
gen partial pressure becomes smaller at higher fuel utiliza-
tion, the flow characteristics of the PF mode allow the elec-
tromotive force to decrease gradually along the flow channel.
Consequently, the PF mode provides a higher average elec-
tromotive force than the MF mode in which the electromo-
tive force is at its minimum value over the entire cell area.
It should be noted that although both ideal flow modes are
not achieved in real operations, experimental SOFCs using
tubular and planar cells show behaviour close to the PF and
MF modes, respectively.

At present, most experimental studies related to the in-
vestigation of SOFC performance are based on systems that
use an oxygen ion-conducting electrolyte, and experimental
comparison of SOFC performance for the two flow patterns
at the same operating condition is not available in the liter-
ature. According to Veyo and Forbes [17], an efficiency of
66—70% was achieved at 85% fuel utilization when pure hy-
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Fig. 1. Performance of SOFC-O%>~ and SOFC-H" operated under plug flow
(PF) and mixed flow (MF): (a) efficiency; (b) electromotive force (inlet
HyO:MeOH=1, T=1300K, P=101.3 kPa).

drogen was used as a fuel in a tubular SOFC. At the same
level of utilization, the data in Fig. 1(a) show that the effi-
ciency is reduced to 65% if methanol is fed to the system
and a SOFC-O?~ (PF) combination is used. The information
obtained has strengthened the fact that operation with pure
hydrogen fuel yields higher efficiency than using any fuel of
an equivalent amount. In addition, when methane was fed to
a planar SOFC, at a methane utilization of 86% an efficiency
of 53.6% was obtained [18], which is close to the value of
55% if methanol is applied in place of methane in our study
(SOFC-0?~ (MF)).

The results in Fig. 1 also show that the SOFC-H" offers
higher efficiency than the SOFC-O?~ for both flow pattern
modes. This is in good agreement with previous results ob-
tained for SOFCs fuelled by hydrogen [7] and methane [8].
The electrolyte type plays an important role on the value of
the hydrogen partial pressure in the anode side and, therefore,
on the electromotive force and efficiency of the SOFC. The
partial pressure of hydrogen for the SOFC-H" is relatively
higher than that for the SOFC-O?~ because the water gener-
ated from the electrochemical reaction is present and acts as
an inert gas at the anode side for the SOFC-O?~, whereas it
appears at the cathode side for the SOFC-H". It is noted that
when pure hydrogen is fed to the anode, the mole fraction of
hydrogen in the anode chamber is always unity along the cell
length for the SOFC-H™.
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Fig. 2. Influence of inlet H;O:MeOH ratio on SOFC performance at fuel
utilization of 90% (solid line) and 99% (dashed line): (a) efficiency; (b)
electromotive force (T=1300K, P=101.3 kPa).

According to the above analysis for SOFCs with differ-
ent electrolyte types and flow patterns under the same inlet
H;0:MeOH ratio, it is demonstrated that the SOFC with the
proton-conducting electrolyte operated under the PF mode
(SOFC-H" (PF)) is the most favourable choice. Our previous
work [9] has shown, however, that the steam requirement to
operate the SOFC without carbon formation for the SOFC-
02~ is lower than that of the SOFC-H". Thus, it is important
to take into account this benefit in efficiency comparisons be-
tween different SOFCs. The effect of the inlet HyO:MeOH
ratio on the efficiency and electromotive force of the SOFC
at the fuel utilizations of 90% (solid lines) and 99% (dashed
lines) is presented in Fig. 2. The minimum inlet HO:MeOH
ratios represent values at the carbon formation boundary. De-
tails of the calculations for the carbon formation boundary in
each operating mode have been described in our earlier work
[9]. It was found that the SOFC-O?~ can be operated at the
carbon-free condition without a requirement for extra steam
in the methanol feed, and both the efficiency and electromo-
tive force decrease with an increase in the inlet H,O:MeOH
ratio. Therefore, an addition of steam in the feed lowers the
performance of the SOFC-O?~. For the SOFC-H", the in-
let HO:MeOH ratios at the carbon formation boundary are
higher than those for the SOFC-0?~, particularly at high fuel
utilization, and the effect of the inlet HyO:MeOH ratio on the
SOFC performance is less pronounced. As the water from
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Fig. 3. Maximum efficiency of different SOFCs at different operating tem-
peratures (P=101.3 kPa).

the electrochemical reaction is generated at the cathode side,
additional steam is required in the methanol feed at the anode
side to promote hydrogen production. On the other hand, ex-
cessive steam will reduce the hydrogen concentration of the
gas mixture at the anode side.

As it has been found that the SOFC performance is de-
pendent on fuel utilization and inlet HyO:MeOH ratio, it is
possible to determine the maximum efficiency and the corre-
sponding conditions for all SOFC cases at a specified temper-
ature by performing calculations at various values of the inlet
H;0:MeOH ratio and the fuel utilization. The results for a
temperature range of 9001300 K are shown in Figs. 3 and 4.
The maximum efficiencies follow the sequence: SOFC-
H* (PF)>SOFC-O>~ (PF)>SOFC-H' (MF)>SOFC-O>~
(MF). The corresponding inlet H>O:MeOH ratios are at the
carbon formation boundary for both the SOFC-0?~ (PF) and
SOFC-0O%~ (MF), but are about 1.3 and 1.5 times the stoi-
chiometric ratio for the SOFC-H" (MF) and the SOFC-H*
(PF), respectively. The values of fuel utilization at the maxi-
mum efficiency are mainly governed by the flow pattern. For
SOFCs operated under the PF mode, the utilization is con-
stant at approximately 99%, but decreases slightly from 96.1
t0 92.3% and from 95.5 to 92.0% for the SOFC-H* (MF) and
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Fig. 4. Operating conditions corresponding to those in Fig. 3, at maximum
efficiency (P=101.3 kPa).

the SOFC-O?~ (MF), respectively, when the temperature is
increased from 900 to 1300 K. From these results, it is obvi-
ous that the proton-conducting electrolyte is more preferable
for use in SOFCs. In addition, the PF mode is better than the
MF mode. The SOFC-H" provides approximately 7.7-10.6%
higher efficiency than the SOFC-O?~ with the same flow pat-
tern mode in the range of temperature studied. The maximum
efficiency for all cases decreases with increasing temperature.
This is in good agreement with the decrease in electromotive
force due to the thermodynamic Gibb’s free energy.

From the above studies, it is found that although the benefit
of lower steam requirement is taken into account in the calcu-
lations for the SOFC-O%~, the SOFC-H" still shows higher
efficiency than the SOFC-O?~ for both the PF and the MF
modes. This implies that the development of SOFCs should
be directed towards the use of the proton-conducting elec-
trolyte. It should also be noted, however, that this study has
not taken into account all the losses presented in real SOFC
operation and, therefore, it will be the aim of our next inves-
tigation to consider these losses when undertaking efficiency
comparisons. The SOFC-H" allows the cell to reach easily a
high hydrogen utilization without an additional effort to sep-
arate steam from the anode gas and circulate it back to the
cell as required for the SOFC-O%~.

4. Conclusions

The performance of methanol-fuelled SOFCs using
proton- and oxygen ion-conducting electrolytes and operat-
ing under plug flow and mixed flow modes is investigated.
The electromotive force and efficiency are dependent on fuel
utilization, inlet HyO:MeOH ratio, operating temperature,
operation mode and electrolyte type. The benefit of less steam
requirement for the SOFC-O>~ is taken into account in com-
parisons of SOFC performance. It is demonstrated that the
plug flow is superior to the mixed flow and that the use of
the proton-conducting electrolyte is more preferable. These
findings indicate that SOFC development should be directed
towards a system that was the proton-conducting electrolyte.

Acknowledgements

Support from the Thailand Research Fund and Chula-
longkorn University Graduate Scholarship commemorating
the 72nd Anniversary of H.M. King RAMA IX is gratefully
acknowledged.

References

[1] S.L. Douvartzides, F.A. Coutelieris, K. Demin, P.E. Tsiakaras,
AIChE J. 49 (2003) 248-257.

[2] B. Emonts, J.B. Hansen, S.L. Jorgensen, B. Hohlein, R. Peters, J.
Power Sources 71 (1998) 288.



S. Assabumrungrat et al. / Journal of Power Sources 148 (2005) 18-23 23

[3] K. Ledjeff-Hey, V. Formanski, T. Kalk, J. Roes, J. Power Sources
71 (1998) 199-207.

[4] G.J. Saunders, J. Preece, K. Kendal, J. Power Sources 131 (1-2)
(2004) 23-26.

[5] P. Aguiar, C.S. Adjiman, N.P. Brandon, J. Power Sources 138 (2004)
120-136.

[6] Y. Yi, A.D. Rao, J. Brouwer, G.S. Samuelsen, J. Power Sources 132
(2004) 77-85.

[71 AK. Demin, P.E. Tsiakaras, Int. J. Hydrogen Energy 26 (2001)
1103-1108.

[8] AK. Demin, P.E. Tsiakaras, V.A. Sobyanin, S.Y. Hramova, Solid
State Ionics 152-153 (2002) 555-560.

[9] S. Assabumrungrat, N. Laosiripojana, V. Pavarajarn, W. Sangtongk-
itcharoen, A. Tangjitmatee, P. Praserthdam, J. Power Sources 139
(2005) 55-60.

[10] W. Sangtongkitcharoen, S. Assabumrungrat, V. Pavarajarn, N.
Laosiripojana, P. Praserthdam, J. Power Sources 142 (2005) 75-80.

[11] J.C. Amphlett, M.J. Evans, R.A. Jones, R.F. Mann, R.D. Weir, Can.
J. Chem. Eng. 59 (1981) 720.

[12] Y. Lwin, W.R.W. Daud, A.B. Mohamad, Z. Yaakob, Int. J. Hydrogen
Energy 25 (1) (2000) 47-53.

[13] P.J. de Wild, M.J.LEM. Verhaak, Catal. Today 60 (2000) 3—10.

[14] X. Zhang, P. Shi, J. Mol. Catal. A-Chem. 194 (2003) 99-105.

[15] P. Chantaravitoon, S. Chavadej, J. Schwank, Chem. Eng. J. 97 (2004)
161-171.

[16] N. Laosiripojana, Reaction engineering of indirect internal steam
reforming of methane for application in solid oxide fuel cells, Ph.D.
Thesis, University of London, UK, 2003.

[17] S.E. Veyo, C.A. Forbes, in: P. Stevens (Ed.), Proceedings of Third
European Solid Oxide Fuel Cell Forum, Nantes, France, 1998, pp.
79-86.

[18] Y. Matsuzaki, Y. Baba, T. Ogiwara, H. Yakabe, in: J. Huijsmans
(Ed.), Proceedings of Fifth European Solid Oxide Fuel Cell Forum,
Lucerne, Switzerland, 2002, pp. 776-783.



Cetalvsis Letters Vol 103 Nox. 20 Seprember 2005 162 20015 33
DOL 10,1007 <10302-003-0302-x

Synthesis, characterization, and catalytic properties of Pd
and Pd-Ag catalysts supported on nanocrystalline TiO» prepared
by the solvothermal method

- : : 1 : :
Joonggu Panpranot™*, Lakkana Nakkararuang”, Bongkot Ngamsom”, and Pivasan Praserthdam®

“Department of Chemical Engmecring. Cemter of Excellence on Catalvsis and Caralviic Reaction Engineering, Cludaionskorn University . Bungk ok |
10330, Thailand
i . . L . . R e Y.
Departmient of Chemical Engineering, King Maongkur Instituie of Technology . Ladkrabang. Bangkok | Thattand

Received 25 February 2005: accepted 5 May 2005

Nimocrystalline titania have been prepared by thermal decomposition ol titanium (I'V) #-butoxide in (wo dilterent solvents
(toluene and F4-butanediol) ut 320 °C and employed as supports for Pd and Pd-Ag catalysts tor selective acetvlene hyvdrogenation
for the first time. The ttania products obtained from both solvents were pure anatase phase with relatively the same ervstallite sizes
and BET surlace areas. However, due to different erystaflization pathways. the oumber of Ti'" defective sites as shown by ESR
results of thestitania prepared in toluene was much higher than the ones prepared i Ld-butanediol. [U wias found that the use of
anatuse Blania with higher defective sites as o support for Pd catalysts vesulted i lower activity and selectivity in selective acetviene
hydrogenation. However, this effect was suppressed by Ag promotion.

KEY WORDS: nunocrystaltine ttania: sobvothermal method: aeetylene hydrogenation: supported Pd catalysts

I. fatroduction

The sofvothermal method has been used to success-
lully synthesize various types ol nanosized metal oxides
with large surlace uarea, high crystallinity, and high
thermal stability [1-7]. For example, thermal decom-
position ol titanium (1V) n-butoxide in organic solvents
vields nano-sized pure anatase titania without bother-
some procedures such as purification of the reactants or
handling in an inert atmosphere. These nanocrystalline
titanias have been shown Lo exhibit high photocatalytic
aclivities |8, 9]. However, the thermal stability as well as
photocatalytic activity of the solvothermal-derived tita-
nia were found (o be strongly dependent on the organic
sofvent used as the reaction medium during crystalliza-
tion [7]. The titania products synthesized in toluene
showed lower thermal stability and lower photocatalytic
activities than the ones synthesized in 1.4-butanediol.
The authors suggested that the amount of delect struc-
tures in the titania prepared by this method was dilTerent
depending on the solvent used due to the different
crystallization pathways.

Due to their unique properties. (L is interesting (o

investigate the characteristics and catalytic properties ol

the solvothermal-derived nanocrystalline titania sup-
ported noble metal as another exploitation ol such
materials. 1Uis well known that metal catalyst supported
on titania exhibits ‘the strong metal-support interaction’

*To whom correspondence should be addressed.
F-mail joongri.per engchulaacth

(SMSI) phenomenon alter reduction at high tempera-
tures due to the dccoration al the metal surfuce by
partially reducible metal oxides [10, 1] or by an electron
transler between the support and the metals {12, 13]. In
sclective hydrogenation of acetylene to ethylenc on Pd:
TiO; catalysts, the charge transfer from Ti species to Pd
weakened the adsorption strength ol ethylene on the Pd
surface hence higher ethylene selectivity wus obtained
[14].

In this study, nanocrystalline titanias were svinthe-
sized by the solvothermal method in two diflerent sol-
vents (14-butanediol and tolucne) and emploved as
supports for Pd and Pd-Ag catalysts for sclective
hydrogenation of acetylene for the first time. The
physicochemicul properties ol the titania and the titania
supported catalysts were analyzed by mcans ol X-ray
diffraction (XRD), N> physisorption. scanning clectron
microscopy (SEM). electron spin resonance (ESR). and
CO chemisorption. Moreover, the effect of defective
structures n titania on the catalytic performance ol the
titania supported Pd and Pd-Ag catalysts in acctvlene
hydrogenation was investigited.

2. Experimental

2.1, Preparation of TiOs hy the solvothermal method
T10, prepared according to  the method

described in Payakgul er af. [7] using 25 g ol titu-

mum(lV) n-butoxide (TNB) 97% [(rom Aldrich. The

starting matertal was suspended in 100 ml of solvent

was
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(L4-butancdiol or toluene) in a test tube and then set up
1 an autoclave. In the gap between the test tube and
autoclave wall, 30 ml ol solvent was added. After the
autoclave was completely purged with nitrogen, the
autoclave was heated to 320 °C at 2.5 °C/min and held
at that temperature for 6 h. Autogenous pressure during
the reaction gradually increased as the temperature was
raised. After the reaction. the autoclave was cooled to
room temperature. The resulting powders were collected
alter repeited washing with methanol by centrifugation.
They were then air-dricd at room temperature.

2.2, Preparation of TiOs supporied Pd and Pd-Ag
catalvsts

1%Pd/TiO, were prepared by the incipient wetness
impregnation technique using an aqueous solution of
the desired amount of Pd(NQ3)> (Wuko). The catalysts
were dried overnight at 110 °C and then calcined in N,
flow 60 cc/min with a heating rate ol 10 °C/min until the
temperature reached 500 °C and then in air fow 100 ccf
min at 300 °C for'2 h. 1% Pd-3%Ag/TiO; catalysts were
prepared by sequential impregnation of the 1%Pd/TiO,
with an aqueous solution of Ag(NO;) (Aldrich) and
were cileined using the same calcination procedure as
lor l“nPd/TiO:.

2.3, Catalyst characterization

The BET surface areas ol the samples were deter-
mined by N, physisorption using a Micromeritics ASAP
2000 automated system. Each sample was degassed
under vacuum at < |0um Hg in the Micromeritics
ASAP 2000 at 150 °C for 4 h prior to Nj physisorption.
The XRD spectra of the catalyst samples were measured
rom 20-80° 20 using o SIEMENS D5000 X-ray dil-
fractometer and CuK,, radiation with a Ni filter. Elec-
tron spin resonance (ESR) spectra were taken at
~150 °C using a JEOL JES-RE2X spectrometer. Rela-
tive percentages ol palladium dispersion were deter-
mined by pulsing carbon monoxide over the reduced
catalyst. Approximately 0.2 g ol catalyst was placed in a
quartz tube in a temperature-controlled oven. CO
adsorption was determined by a thermal conductivity
detector (TCD) at the exit. Prior to chemisorption, the
catalyst was reduced in a flow of hydrogen (50 cc/min)
al room temperature for 2 h. Then the sample was
purged at this temperature with helium lor | h. Carbon
monoxide was pulsed at room temperature over the
reduced catalyst until the TCD signal from a pulse was
constant.

The ethylene-TPD profiles of supported palladium
catalysts were obtained by temperature programmed
desorption [rom 33 to 800 °C. Approximately 0.05 ¢ of
a calcined catalyst was placed in a quartz tube in a
temperature-controlled oven and connected to a thermal
conductivity detector (TCD). The catalyst was first
reduced in Ha flow 100 cc/min tor I h at 500 °C (using a
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ramp rate of 10 °C/min) and cooled down to roam
temperature before ramping up again to 70 °C in helium
flow. The catalyst surfuce was saturated with ethylenc by
applying a high purity grade cthylenc Irom the Tha
Industrial Gas, Co.. Ltd. at 60 ml/min for 3 h. Then the
samples were flushed with helium while cooling down to
room temperature for about | h. The temperaturc-pro-
grammed desorption was performed with a constant
heating rate of ca. 10 °C/min (rom 335 to 800 °C. The
amount of desorbed cthylene was measured by analyz-
ing the effluent gas with a thermal conductivity detector.

2.4. Selective hydrogenation of acetvlene

Approximately 0.2 g of catalyst was packed in a
quartz tubular reactor in a temperature-controlied fur-
nace. Prior to reaction, the catalyst was reduced in Hs at
500 °C for 2 h. The reactor was then cooled down to
40 °C and the reactant gas composed of C H-/H>=1:2
(2/4 cc¢) balance with N5 total fow of 200 ml/min was fed
to the reactor to start the reaction. The product sumples
were taken at 30 min intervals and analyzed by GC.

3. Results and discussion

3.1, Physicochemical properties of the solvothermal-
derived TiO >

Figure | shows the XRD patterns of the TiO, purti-
cles prepared by thermal decomposition ol titanium
n-butoxide in organic solvents. It was found that nano-
sized anatase titania was produced without any con-
tamination of other phases. The crystallite sizes () and
BET surface areas of the TiO» products synthesized in
I .4-butanediol and toluene were found to be essentially
the sume (¢/=9-10 nm and BET S.A. 65 m?/g). However,
the morphotlogy of the TiO, particles was different as
shown by SEM micrographs (ligure 2). The products
synthesized in toluene agglomerated into sphericul
micron-sized particles whercas irregular aggregates of
nanometer particles were observed for the ones prepared
in 1.4-butanediol. The effect of reaction medium on the
synthesis of TiO, nanocrystals by solvothermal method
has recently been reported by Praserthdam e¢r «f. [7]. It
was suggested that anatase titama synthesized in 1.4-
butanediol was the result from direct crystallization while
titania synthesized in toluene was transformed Irom
precipitated amorphous intermediate.

Due to the different crystallization pathways, degree
of crystallinity of the TiO5 synthesized in l.4-butanediol
and toluene may be different. In this study. the number
of defective sites of TiO, was determined using electron
spin resonance spectroscopy technique and the results
are shown in figure 3. ESR has been shown to be a
powerful tool to detect Ti'" species in TiO, particles.
Such Ti'" species are produced by trapping of clec-
trons at defective sites of TiO> and the amount of
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Figure . XRD patterns of the solvothermal-derived TiO- prepared in two different soivents.

accumulated electrons may therefore reflect the number
of defective sites {15]. The signal of g value less than 2
was assigned to Ti*™ (3d") [16]. Both TiO»-1 .4-butane-
diol and TiOs-loluene show Ti** ESR signal at
£=1.9979-1.9980 with TiOa-toluene exhibited much

Figure 2. SEM microgruphs of (a) TiOx- 1 4-butanediol and (b) TiO-
toluene.

higher intensity. The results clearly show that TiO»-
toluene possessed more Ti*® defective sites than TiQ»-
| .4-butanediol.

3.2. Characteristics of PdiTiO; and Pd—Ag|TiO -
catalysts

Table | shows the physicochemical properties of Lhe
Pd/TiO, and Pd-Ag/TiO, catalysts. It was found that
BET surface arcis of the TiQO, were slightly decreased
after impregnation Pd and Pd-Ag suggesting that the
metals were deposited in some of the pores of TiO,. The
pulse CO chemisorption technique was based on the
assumption that one carbon monoxide molecule adsorbs
on one palladium site [17-19]. It was found that Pd/
TiO»-1,4-butanediol exhibited higher amount of CO
chemisorption than Pd/TiOs-1cluene. Since both TiCa
supports possess similar BET surface arecas and crys-
tallite sizes, the differences in the amount of active sur-
face Pd were probably induced by the different desrees
of crystallinity of the TiO: particles.

Addition of Ag to Pd/TiOa catalysts resulted in lower
amount of active surface Pd. The bimetallic Pd-Ag
catalyst has been repeorted to show many beneficial
effects in selective hydrogenation of acetylene 1o ethyl-
ene, for examples, suppression of oligomers [ormation
and improvement of cthylene selectivity [20]. These
beneficial effects are due to the altered surface
arrangement of Ag atoms on the Pd surface. Roder
et al. [21] suggested that Ag atoms are likely to stay at
the surface in segregated form with Pd rather than
forming an alloy.

3.3. Catalytic performance in selective acetylene
hydrogenation
The conversion and selectivity of Pd and Pd-Ag
catalysts supported on TiO»-| d-butanediol and TiO,-
toluene in selective acetylene hydrogenation as a function
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Figure 3. ESR results of (a) TiO;-1.4-butanediol and (b) TiO,-toluene.

Characteristics of Pd and Pd-Ag catalysts supported on solvothermal-derived TiO, prepared in different solvents

Table |

Catalyst

BET S.A.* (m%/g)

cO chemisorptionh
(molecule CO xlO”‘/g catalysis)

Pd dispersion (%)

d, Pd” (nm)’

1%Pd/TiO, (1.4-butanediol)

1% Pd/TiO; (toluene)

[ %Pd-3%A g/TiO, (1.4-butanediol)
1% Pd-3"% A g/TiO, (toluene)

52
60
42
47

5.65
4.69
218
2.05

10.0
3.3
38
36

1.2
13.5
291
30.9

“Error of measurement = £ 10 %.
¥
"Error of measurement= £35 %.

“Bused on d=1.12/D {nm), where D= {ractional metal dispersion [17].
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of reaction temperature are shown in figures 4 and 5,
respectively. The use of TiO,-1.4-butanediol as the
supports for Pd or Pd-Ag catalysts resulted in higher
acetylene conversions than the ones supported on TiO,-
toluene. Acetylene conversion of the single metal cata-
lysts reached 100% at ca. 70 °C while those for the
bimetallic catalysts showed only 40% (for Pd—-Ag/TiO,-
toluene) and 80% (for Pd-Ag/TiO,-1.4-butanediol)
conversions at 90 °C. The ethylene selectivity for all the
catalysts at the temperature ranges 40-50 °C were not
significantly difference and were found to be ca. 80-90%.
However, at 60-70 °C, ethylene selectivity of Pd/TiO»-
[,4-butanediol was much higher than those of Pd/TiO»-
toluene. Ethylene selectivity for the Ag-promoted
catalysts were similar for all the reaction temperature
used in this study and were higher than those of the non-
promoted ones. [t was reported that SMSI effect occurs
for Pd/TiO, catalysts after reduction at high temperature
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> 60
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2
>
‘:': 40
g ) '
X —ea— PAdTiO;-1 4-butanediol
20 1 —0— PdITiOy-toluene
- —y— Pd-Ag/TiOy-1,4-butanediol
—g— Pd-Ap/TiOz-toluene
0 —

30 40 50 60 70 80 90 100
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Figure 4. Acetylene conversion as a function of temperature for
various TiO, supported catalysts.
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Figure 5. Ethylene selectivity as a function of temperature for various
TiO; supported catalysts.

lowering the adsorption strength of ethylene on catalyst
surface thus high ethylene selectivity is obtained [10].
Recently, Fan et al. [22] reported that diffusion of Ti**
from the lattice of anatase TiO» to surface Pd particle
can lower the temperature to induce SMSI. How-
ever, in this study we have found that use of TiO, with
higher concentration of Ti** as a support for Pd cata-
lyst resulted in lower acetylene conversion and selectiv-
ity for ethylene after reduction at 500 °C. The turnover
frequencies were calculated to be ca. 0.50-0.95 s™! based
on the reaction rates at 50 °C. Since the TOFs for all the
catalysts were quite similar, it would appear that there
was no support eflect on the specific activity.

The characteristics of the surface active sites of the
catalysts were studied by means of the temperature
programmed desorption of ethylene from 30-800 °C.
The results are shown in figure 6. The TiO,-toluene
support was found to exhibit two main desorption peaks
at ca. 460—680 °C while the TiO»-1,4-butanediol showed
only one desorption peak at 680°C. The results suggest
that there were two different active sites on the TiO»-
toluene support, probably Ti** and Ti** sites. The high
temperature peak for both TiO, supports disappeared
after Pd loading as shown in the profiles of the Pd cat-
alysts. However, desorption peak at ca. 460 °C was still
apparent for Pd/TiO,-toluene. Since lower ethylene

TiO,-toluene

TiO,-1,4-butanediol

oy
3 , :
& : : .
> : ‘ PA/TIO -toluene
& o :
-7) B N
s )
=  PAITIO,-1 4-butanediol
400
Pd-Ag/TiO -toluene
' Pd-Ag/TIO,-1,4-butanediol
0 200 400 600 800 1000
Temperature ("C)

Figure 6. Ethylene-TPD results.
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selectivity was found for Pd/TiO,-toluene than Pd/TiO,-
I.4-butanediol for similar acetylene conversion, this
peak can be assigned to the sites for ethylene hydroge-
nation to ethane. Ethylene hydrogenation is usuaily
believed to take place on the support by means of a
hydrogen transfer mechanism [23]. Since only Ti**
species that were in contact with palladium surface
promoted SMSI effect [22], ethylene hydrogenation
could take place on the Ti** defective sites that were not
in contact with palladium resulting in lower acetylene
conversion and selectivity for ethylene as observed in the
case of Pd/TiO,-toluene in this study. The Ag-promoted
Pd catalysts exhibited only one ethylene desorption peak
at ca. 400 °C suggesting that the Pd catalyst surface on
both TiO, supports was modified by Ag atoms. The
presence of Ag probably blocked the sites for ethylene
hydrogenation to ethane for both catalysts thus a sig-
nificant improvement in ethylene selectivity was
observed especially for high acetylene conversion at high
temperature. Further study on the titanium defective
sites using more sophisticated characterization tech-
niques such as XPS and SIMS is recommended in order
to obtain more information on other titanium oxidation
states that might be involved in the defective sites,
oxygen to titanium ratio, etc. However, in term of cat-
alyst deactivation, we did not observe a decrease in
activity or ethylene selectivity for all the catalyst after
12 h on stream. Therefore, there was no effect of car-
bonaceous deposits involved in the mechanism of acet-
ylene hydrogenation in this study.

4. Conclusions

Nanocrystalline anatase titania prepared by the
solvothermal method were successfully used as supports
for Pd and Pd—Ag catalysts for selective hydrogenation
of acetylene to ethylene. However, Pd supported on
titania synthesized in toluene (higher defective sites)
exhibited lower activity and selectivity for selective
acetylene hydrogenation than the ones supported on
titania synthesized in 1,4-butanediol (lower defective
sites). Ethylene hydrogenation probably took place on
the Ti** defective sites that were not in contact with
palladium surface. These sites were blocked by promo-
tion of Pd/TiO, with Ag metal.
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Abstract

Large pore MCM-41 was found to provide a better stabilization of Pd particles
than amorphous SiO, during liquid phase hydrogenation. Pd/large pore MCM-41
exhibited higher hydrogenation activities as well as lower amount of metal loss by
Pd leaching.

Keywords: Liquid-phase hydrogenation, Pd/MCM-41, Pd/SiO,, 1-hexene
hydrogenation

INTRODUCTION

Supported Pd catalysts are widely used in liquid-phase hydrogenation for
many important organic transformations [1]. The nature of support affects
catalyst activity, selectivity, recycling, refining, materials handling, and
reproducibility. For examples, Pinna et al. [2] compared Pd on activated
carbon, silica, and alumina in the selective hydrogenation of benzaldehyde to
benzyl alcohol. Pd/Al,O; was found to exhibit strong metal-support interaction
while Pd/C showed the highest activity for benzaldehyde hydrogenation.
Choudary et al. [3] reported that PA/MCM-41 is more active in partial-
hydrogenation of acetylenic compounds than Pd/Y-zeolite or Pd/K-10 clay.
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However, the effects of pore size and pore structure of the same material in
liquid phase hydrogenation on activity and catalyst deactivation remain unclear.
In this study, the effects of silica-structure and pore size of the silica supports
were investigated in terms of metal dispersion, catalytic activity in liquid-phase

hydrogenation, and catalyst deactivation due to leaching and/or sintering of
metal.

EXPERIMENTAL
Preparation of supported Pd catalysts

Pure silica MCM-41 with 3 nm pore diameter was prepared in the same
manner as that of Cho ez al. [4] using the gel composition of CTAB: 0.3 NHj: 4
SiO;: Na,O: 200 H,O, where CTAB denotes cetyltrimethyl ammonium
bromide. The larger pore (dpoe= 7 nm) MCM-41 was prepared by treating the
MCM-41-small pore in an emulsion containing N, N-dimethyldecylamine (0.625
g in 37.5 g of water for each gram of MCM-41) for 3 days at 120°C. The
MCM-41 materials were calcined at 550°C (ramp rate 1-2 °C/min) in flowing
nitrogen, and then in air at the same temperature for 5 h. The amorphous SiO,-
small pore with average pore diameter of 3 nm and SiO,-large pore were
obtained commercially from Grace Davison and Strem chemicals, respectively.

Supported Pd catalysts were prepared by the incipient wetness impregnation
of the supports with an aqueous solution containing the desired amount of Pd
nitrate dehydrate to yield a final loading of approximately 0.5 wt.% Pd. The
catalysts were dried overnight at 110°C and then calcined in air at 500°C for 2 h.

Catalyst characterization

The bulk composition of palladium was determined using a Varian Spectra
A800 atomic absorption spectrometer. The BET surface areas of the catalysts
were determined by N physisorption using a Micromeritics ASAP 2000
automated system. Each sample was degassed in the Micromeritics ASAP 2000
at 150°C for 4 h prior to N, physisorption. The XRD spectra of the catalysts
were measured using a SIEMENS D5000 X-ray diffractometer and Cu Ko
radiation with a Ni filter in the 2-10° or 20-80°28 angular regions.

The palladium oxide particle size and distribution of palladium was observed
using a JEOL-TEM 200CX transmission electron microscope operated at 100
kv. The catalyst sample was first suspended in ethanol using ultrasonic
agitation for 10 min. The suspension was dropped onto a thin Formvar film
supported on a copper grid and dried at room temperature before TEM
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observation. Relative percentages of palladium dispersion were determined by
pulsing carbon monoxide over the reduced catalyst. Approximately 0.2 g of
catalyst was placed in a quartz tube, incorporated in a temperature-controlled
oven and connected to a thermal conductivity detector (TCD). Prior to
chemisorption, the catalyst was reduced in a flow of hydrogen (50 cm®) at room
temperature for 2 h. Then the sample was purged with helium for 1 h. Carbon
monoxide was pulsed at room temperature over the reduced catalyst until the
TCD signal from the pulse was constant.

Liquid-phase hydrogenation

Liquid-phase hydrogenation reactions were carried out at 25°C and 1 atm in
a stainless steel Parr autoclave. Approximately 1 g of supported Pd catalyst was
placed into the autoclave. The system was purged with nitrogen to remove
remaining air. The supported Pd catalyst was reduced with hydrogen at room
temperature for 2 h. The reaction mixture composed of 15 mL of 1-hexene and
400 ethanol was first kept in a 600 mL feed column. The reaction mixture was
introduced into the reactor with nitrogen to start the reaction. The stirring rate
used in this study was 1,400 rpm. It was ensured that the reaction rate does not
depend on the stirring rate. The content of hydrogen consumption was
monitored every five minutes by noting the change in pressure of hydrogen.

RESULTS AND DISCUSSION

Catalyst activities

Liquid-phase hydrogenation of 1-hexene was carried out as a model reaction
to compare the hydrogenation activity of the MCM-41- and SiO,-supported Pd
catalysts. The kinetics study of liquid phase hydrogenation using rate of
hydrogen consumption has been reported in other research investigations [3,5].
The slope of the line at the origin represents the initial rate of the reactions and
the rate constant assuming zero order dependence of reaction on hydrogen [3,6].
The rate constant of the different supported Pd catalysts in liquid phase
hydrogenation of 1-hexene at 25°C and the TOFs are reported in Table 1. The
activity of the catalysts were found to be in the order of Pd/MCM-41-large pore
> PA/MCM-41-small pore = Pd/SiO,-large pore > Pd/SiO;-small pore. The
turnover frequencies (TOFs) were calculated based on the CO chemisorption
data and are given in Table 1. Given that in all cases the support was silica,
albeit in slightly different forms, it is not surprising that specific activities in the
form of TOFs were so similar. Since the TOFs were similar but Pd particle
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locations so disparate, it would appear that there were no pore diffusion effects
on reaction rate. However, there might have been some limitations in the mass
transfer of hydrogen from the gas phase to the liquid phase, given that
hydrogenation is such a fast reaction on noble metals. However, we did not
detect any mass transfer limitations due to pore diffusion.

Table 1

Liquid phase hydrogenation activities of various Pd catalysts®

Catalyst Rate constant x10° TOF (s
(mol/min g cat.)

Pd/SiO,-small pore 245 19
Pd/SiO,-large pore 3.40 29
P&/MCM-41-small pore 34t 28
P&/MCM-41-large pore 475 23

*After 5 h batch hydrogenation of 1-hexene at 25°C and 1 atm and re-calcination at S00°C for 2 h

Catalyst deactivation due to metal sintering

The particle sizes of palladium particles before and after reaction were
determined by XRD, TEM, and CO pulse chemisorption and are reported in
Table 2. The fresh catalysts are referred to the catalysts after calcination in air at
500°C for 2 h. The spent catalysts were collected after one 5 h batch reaction.
In order to avoid the influence of carbon deposits on the pore structure and the
contrast of TEM images of the used catalysts, the spent catalysts were re-
calcined in air at 500°C for 2 h before characterization to remove any carbon
deposits.
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Table 2
PdO and Pd® particle sizes before and after reaction

Particle size (nm)

Catalyst XRD* TEM CO chemisorption”
Fresh Spent Fresh  Spent Fresh Spent
Pd/SiO,-small pore 7.8 13.8 8.0 13.0 17.2 29.2
Pd/SiO,-large pore 10.8 21.9 10.0 23.0 15.3 30.1
PA/MCM-41-small pore 14.2 16.1 12.8 143 249 453
Pd/MCM-41-large pore 9.1 18.0 6.7 14.7 94 14.7

? Based on d = (1.12/D) nm [9].
® Error of measurement = +/- 5%.

The PdO particle sizes were calculated by X-ray line broadening using the
Scherrer’s equation [7]. The PdO particles/clusters of the fresh catalysts were
found to be ca. 8-14 nm in the order of PA/MCM-41-small pore > Pd/SiO,-large
pore > PdA/MCM-41-large pore = Pd/SiO,-small pore. After reaction and re-
calcination, it was found that the PdO particle sizes for all catalyst samples
became larger, suggesting sintering of palladium metal particles [8]. Use of
large pore supports resulted in the greatest amount of Pd sintering. This is
probably due to the lower surface area of the supports resulting in higher
probability of a metal particle to be closed to other ones and therefore the
sintering probability was higher. TEM micrographs were taken in order to
physically measure the size of the palladium oxide particles and/or palladium
clusters. The particle sizes of PdO particles measured from TEM images before
and after reaction were found to be in accordance with the results from XRD.

Pulse CO chemisorption experiments have been performed on both fresh and
spent catalysts in order to determine the Pd metal particle sizes. The pulse CO
chemisorption technique was based on the assumption that one carbon
monoxide molecule adsorbs on one palladium site [9-12]. Average particle size
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for reduced Pd® was calculated to be in the range of 9.4-24.9 nm before reaction
and 14.7-45.3 nm after reaction. These average Pd metal particle sizes
calculated based on CO chemisorption are not identical of course to the PdO
particle sizes obtained by XRD and TEM.
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Fig. 1. SEM micrographs under back scattering mode of various silica supported
Pd catalysts before and after liquid phase hydrogenation reaction (a) fresh

Pd/Si0O;-small pere (b) spent Pd/SiO,-small pore (¢} fresh PA/MCM-4|-large pore
{d) spent Pd/MCM-4 1-large pore

Catalyst deactivation due to metal leaching

SEM images in the back scattering mode shown in Fig. | have revealed that
Pd leaching occurred during 5 h liquid phase reaction on various silica
supported Pd catalysts. The actual amounts of palladium loading before and
after reaction were determined by atomic adsorption spectroscopy and are given
in Table 3. Before reaction, palladium loading on the catalyst samples was
approximately 0.29-0.48 wt%. After one 5 h batch hydrogenation reactions of |-
hexene, palladium loading had decreased to 0.15-0.32 wi.%. The order of
percentages of the amount of palladium leaching was found 1o be Pd/SiO.-small
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pore > Pd/SiO;-large pore > Pd/MCM-41-small pore >> Pd/MCM-41-large
pore. PA/MCM-41-large pore showed almost no leaching of palladium into the
reaction media within experimental error. The results suggest that large pore
MCM-41 provided a better stabilization of small Pd particles than amorphous
Si0; during liquid phase hydrogenation.

Table 3
Results from atomic absorption spectroscopy (AAS)

Catalyst wt.% Pd®
Fresh Spent
Pd/Si0O,-small pore 0.35 0.15
Pd/Si0,-large pore 0.29 0.18
Pd/MCM-41-small pore 0.41 0.32
Pd/MCM-41-large pore 0.33 0.31

? Error of measurement = +/- 5%
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Abstract. The effect of particle size in the range of 0.2-0.9 um on the hydrothermal stability of polycrystalline
beta zeolites was investigated in terms of changes in BET surface areas, percent crystallinity, and framework
aluminum atoms. It was found that the hydrothermal stability of beta zeolite increased with increasing particle
size while the catalytic activities decreased. However, the XRD results have revealed that percent crystallinity of
the hydrothermally treated beta zeolite remained relatively high (>95%}) although dealumination occurred in most
cases. This high stability is due probably to small amount of Al atoms present in the unit cell of this zeolite.

Keywords: beta zeolite, particle size effect, hydrothermal stability, methanol conversion

1. Introduction

Beta zeolite first synthesized by the Mobil Oil re-
searchers [1] possesses a three dimensional large pore
system of a 12-membered ring with two different types
of channels, which are 0.7 and 0.5 nm wide. Beta ze-
olite has been studied in many catalytic reactions such
as alkane isomerization [2], aromatic alkylation [3],
aromatic acylation [4], aromatic nitration [5], aliphatic
alkylation [6], and indole synthesis [7]. The commer-
cial beta zeolite is generally synthesized with particle
size less than 1 um. Although smaller particles of ze-
olites were often found to be more active due to less
diffusion constraint of the reactants and products, they
were less stable than larger ones. Praserthdam et al. [8]
have investigated the effect of crystal size on the dura-
bility of Co/HZSM-5 in selective reduction of NO. The
smaller crystal size Co/HZSM-5 showed the greater
durability. The role of particle size in the catalytic ac-
tivity of beta zeolite has been reported by a number of

*To whom correspondence should be addressed.

groups [2, 9-11]. Bonetto et al. [9] studied the catalytic
performances of beta zeolite with three different parti-
cle sizes (0.17, 0.40, and 0.70 nm) in gasoil cracking.
The beta zeolite with the particle size of 0.40 um was
found to produce the highest liquefied petroleum gas
and iso-butane yield. Arribus and Martinez [2] showed
that the catalytic performance of Pt/Beta zeolite cata-
lysts in simultaneous isomerization of n-heptane and
saturation of benzene could be improved by decreasing
the zeolite crystal size.

Thus, in previous studies, the effects of crystal or
particle size on the catalytic performance of zeolites
have been studied and compared. However, the effect of
particle size on the structural stability under hydrother-
mal conditions of polycrystalline beta zeolite has not
been studied to a great extent. In this study, a corre-
lation between particle size and hydrothermal stabil-
ity of polycrystalline beta zeolites was investigated by
means of various characterization techniques such as
X-ray diffraction, N, physisorption, nuclear magnetic
resonance (NMR), and scanning electron microscopy.
The catalytic activities of beta zeolites were also tested
in methanol conversion.
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2. Experimental
2.1. Synthesis of H-Beta Zeolite

The hydrogen form of beta zeolite with differ-
ent particle sizes was prepared as reported else-
where [12] using hydrothermal method and the fol-
lowing gel composition: K;0:2Na,0:12.5TEAOH:
1/2A1,05:30Si0,:700H,0, where TEAOH denotes
tetracthylammonium hydroxide. The mixture of syn-
thesis reagents was stirred under vigorous magnetic
stirring before transferring into a stainless steel auto-
clave. Then it was heated from room temperature to
135°C in 1 h under a pressure of nitrogen at 3 kg/cm?
and maintained at this condition for 40 h. The ob-
tained solid material was filtered, washed with deion-
ized water until pH = 9, and dried overnight in an
oven at 110°C. The sample was then calcined in air at
540°C (8.5°C/m§n) for 3.5 h. The hydrogen form of
beta zeolite was obtained by first exchanging Na* with
NH** using an aqueous solution of NH;NO; and sub-
sequently decomposing the NH** by calcination in air
at 500°C for 2 h.

2.2.  Hydrothermal Treatment

Hydrothermal treatment of the catalysts was performed
in a home-made system. Approximately 0.5 g of cat-
alyst sample was placed in the reactor and was first
heated in a He flow to 600°C using a ramp rate of
10°C/min then from 600-800°C using a ramp rate of
1.7 °C/min. It was kept at this final temperature for
30 min under 10 mol% water vapor. Finally, it was
cooled down to room temperature in a He stream.

2.3.  Catalyst Characterization

Average particle size and particle size distribution
of the catalysts before and after hydrothermal treat-
ment were determined visually from SEM micro-
graphs obtained from a JEOL JSM-35 CF model
scanning electron microscope. The crystallinity of the
zeolite was determined using X-ray diffractometer
(SIEMENS D5000) with monochromatized Cu K, ra-
diation (10kV, 20 mA). Percent crystallinity was calcu-
lated based on the area of the main peak compared with
that of fresh beta zeolite as a reference. Specific surface
areas of the zeolite were calculated using a BET single
point method from the measured amount of N, uptakeat
liquid nitrogen boiling point temperature using a GOW-

MAC gas chromatograph. Quantities of Si and Alin the
sample were determined using a FISONS ARL8410
XRF analyzer. The chemical state of Al was measured
by 27 Al MAS-NMR using a BRUKER DPX-300 NMR
spectrometer operated at 78.2 MHz at the magic an-
gle. The relative area of tetrahedral ¥ Al was calculated
from the area of tetrahedral aluminum per summation
area of tetrahedral and octahedral aluminum.

2.4. Reaction Study

Methanol conversion was performed in a down-flow
differential fixed-bed quartz tubular reactor. A GHSV
of ca. 4,000 h~! and a 20 mol% methanol were used.
Approximately 0.2 g catalyst was held in the middle
of the reactor using quartz wool. It was first heated
in a 50 cc/min N, flow to 450°C, using a ramp rate
of 10°C/min and held at this temperature for 30 min
prior to reaction. The reaction was initiated by allowing
the N, flow to pass through the reactants inside the
saturator in the water bath. After the start-up for 1 h,
samples were taken and analyzed by a GC (Shimadzu
GU-14A). The catalytic activity was evaluated based
on the conversion of methanol to hydrocarbons.

3. Results and Discussion

Scanning electron micrographs of beta zeolite samples
with various crystallite sizes are shown in Fig. 1. Typ-
ically a spherical shape was formed for all crystallite
sizes of beta zeolites. The average crystal sizes of the
samples were measured from scanning electron mi-
crographs by averaging the diameters of a hundred
primary particles. The effect of particle size on the

Table 1. The effect of particle size on the percent decrease in
specific surface areas of beta zeolite after hydrothermal treatment.?

Specific surface area (m?/g)

% decrease

Particle size (um) Fresh Treated of S.A.
0.2 612 490 19.9
0.3 579 481 16.9
04 500 459 82
0.5 464 446 39
0.7 382 364 47
0.9 374 355 5.1

2Hydrothermal treatment conditions were 800°C, 10 mol% water
vapor, and 30 min.
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percent decrease of surface areas of beta zeolites after
hydrothermal treatment at 800°C with 10 mol% water
vapor for 30 min is shown in Table 1. It was found
that the surface areas of beta zeolite samples with the
crystallite sizes in the range of 0.2-0.4 um decreased
significantly after hydrothermal treatment with the par-
ticle size of 0.2 am showed the highest loss of surface
area (ca. 20%). The beta zeolites with larger particle
sizes ranging from 0.5-0.9 pm showed only 4-5% de-

crease in surface areas. A loss of surface area upon
hydrothermal treatment suggests a partial collapse of
zeolite framework [10-14].

The environment of the aluminum atoms in the zeo-
lite samples was studied using ¥’ Al MAS NMR spec-
troscopy. Figure 2 presents the 27 Al MAS NMR spectra
of H-beta zeolite with particle sizes of 0.3 and 0.9 um
before and after hydrothermal treatment. The tetrahe-
dral Al presented in the zeolite framework (Al(OSi))
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(a) NMR spectra of beta zeolites with particle size of 0.3 um before and after hydrothermal treatment. (b) NMR spectra of beta
lites with particle size of 0.9 pm before and after hydrothermal treatment.
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Figure 3. XRD patterns of beta zeolites with different particle sizes.

is shown by NMR signal at ca. 52 ppm while extra- hedrally coordinated framework Al and a very weak
framework aluminum (EFAI) species which are usu- signal of octahedral EFAI were found in all samples.
ally octahedrally coordinated is shown at a chemical The EFALl species in the fresh samples were proba-

shift of ca. O ppm [13, 14]. A strong peak of tetra- bly formed during the calcinations in the preparation
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Table 2. The effect of particle size on the percent decrease of tetrahedral 2’ Al and % crystallinity after hydrothermal treatment.?

The relative arcas of tetrahedral 2 Al (%)

Particle % decrease of % crystallinity after
size (pem) Fresh Treated tetrahedral 27 Al hydrothermal treatment
02 94 77 18.1 95

0.3 95 78 17.9 95

0.4 93 79 15.1 96

0.5 88 78 11.4 97

0.7 89 81 9.0 96

0.9 94 78 17.0 95

2Hydrothermal treatment conditions were 800°C, 10 mol% water vapor, and 30 min.

procedure to transform as-synthesized to H-form beta
zeolites [15]. After hydrothermal treatment, a decrease
in tetrahedral aluminum and an increase in octahe-
dral aluminum were observed for all particle sizes
of beta zeolites used in this study, suggesting that
dealumination occurred upon hydrothermal treatment.
The relative areas of tetrahedral 27 Al were calculated
from the area of tetrahedral aluminum per summation
area of tetrahedral and octahedral aluminum and are
given in Table 2. The beta zeolite with particle size
of 0.7 um was found to exhibit the lowest extent of
dealumination. It should be noted that upon hydrother-
mal treatment of beta zeolite besides dealumination,
formation of mesoporosity has also been observed
[16-18].

The XRD patterns of beta zeolite before and afte
hydrothermal treatment for different crystallite size.
are shown in Fig. 3. The two characteristic peaks o
H-beta zeolite at 26 7.8° and 22.4° were detected. Thy
percent crystallinity of the samples was calculated by
comparing the peak intensities of the treated sample:
with the fresh samples. The 22.4° peak was chosen fo
comparison since it was found to be a major character
istic peak of H-beta zeolite [19-21]. It was found tha
the relative % crystallinity of the samples remainec
as high as 95-97% after hydrothermal treatment. Du
probably to the presence of only 3-4 Al atoms in the
unit cell, the crystallinity of the zeolite does not signif
icantly change although all the Al atoms are remove
from the framework {11, 12, 22]. Similar result was als¢
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Figure 4. Methanol conversion over fresh and hydrothermally treated beta zeolite with different particle sizes.
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found for dealumination of ZSM-5 zeolite as reported
by Traintafillidis et al. [23].

Samples of fresh and hydrothermally treated beta
zeolites with different particle sizes have been tested
for catalytic activities in methanol conversion. The re-
sults of methanol conversions as a function of time-on-
stream are shown in Fig. 4. It was found that smaller
particle size of beta zeolites exhibited higher activities
in methanol conversion than the larger ones. And for
a given particle size, the activities of untreated cata-
lysts were higher than the hydrothermal treated ones in
all ranges of time-on-stream. The activities of the beta
zeolite with smaller particle size, however, decreased
significantly with time-on-stream while for larger parti-
cle size the initial activities and after 330 min on stream
were not significantly different. The results were found
to be in agreement with the well-established trends in
the literature that smaller particle zeolites were more
active than those of larger particle ones. However, it
should be emphasized that our results support the need
for a balance between hydrothermal stability and high
catalytic activity. Thus, an appropriate particle size of
beta zeolite must be carefuily chosen, especially when
the reaction is carried out under severe hydrothermal
conditions.

4. Conclusions

The hydrothermal stability and catalytic activity of
beta zeolite were found to be dependent on the par-
ticle size. While the hydrothermal stability increased
with increasing particle size, the catalytic activity in
methanol conversion changed in the opposite direction.
The hydrothermal treatment caused dealumination of
the zeolite framework, decreased BET surface areas,
and lowered catalytic activities. However, hydrother-
mal treatment did not alter the relative crystallinity of
beta zeolite due probably to the small amount of Al
atoms presented in the unit cell.
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Abstract

Nanocrystalline zirconia have been prepared by the glycothermal method with two different glycols (1,4-butanediol and 1,5-pentanediol)
and employed as the support for cobalt catalysts. Commercial zirconia supported cobalt catalyst was also prepared and used as a reference
material. The glycothermal-derived zirconia possesses large surface areas with crystallite sizes of 3—4 nm. The catalytic activities for CO
hydrogenation of the glycothermal-derived zirconia supported cobalt catalysts were found to be much higher than that of the commercial
zirconia supported one. However, the cobalt catalysts supported on zirconia prepared in 1,4-butanediol with lower amount of Zr content
in the starting solution exhibited higher activities than the ones supported on zirconia prepared in 1,5-pentanediol. The results suggest that
the different crystallization mechanism occurred in the two glycols may affect the amount of crystal defects produced in the corresponding
zirconia. As shown by TPR profiles, lower metal-support interaction was observed for the catalysts supported on the zirconia formed via
solid-state reaction in 1,4-butanediol (more defects). Consequently, higher active surface cobalt was available for H, chemisorption and CO

hydrogenation reaction.
© 2005 Elsevier B.V. All rights reserved.

Keywords: A. Nanocrystalline zirconia; B. Glycothermal method; Zirconia supported cobalt

1. Introduction

Zirconia powder has been effectively used in different
areas of chemistry such as in ceramics and catalysis. It has
been found that zirconia has high catalytic activities for iso-
merization of olefins [1] and epoxides [2]. Commercially
available zirconia, however, usually possesses low BET sur-
face area (<50m? g~!) thus may have limited their uses as
catalyst supports where a high dispersion of metal is required
in order to have high catalytic activity. Recently, synthesis of
a high surface area nanocrystalline zirconia has been devel-
oped by Inoue et al. [3,4] and is so-called the glycothermal
or solvothermal method depending on the solvent used. By
thermal decomposition of zirconium alkoxide in organic sol-
vents, large surface area zirconia can be obtained directly

* Corresponding author. Tel.: +66 2 218 6859; fax: +66 2 218 6877.
E-mail address: joongjai.p@eng.chula.ac.th (J. Panpranot).

0254-0584/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2005.04.035

without bothersome procedures such as purification of the
reactants or handling in an inert atmosphere. Nanocrystals
were formed when the starting materials were completely dis-
solved into the solvent. However, apparently polycrystalline
outlines can be observed due to rapid crystal growth [5].
Processing variables such as pH, concentration, temperature,
reaction medium, and crystallization time have influences on
the crystal structure of zirconia [6-9].

In this study, nanocrystalline zirconia were prepared
by the glycothermal method in two different glycols and
used as supports for cobalt catalysts. The influences of
the glycol source and the Zr concentration in the starting
materials on the physicochemical properties of the zirco-
nia were investigated by means of N, physisorption, XRD,
and SEM. The corresponding glycothermal-derived zirco-
nia supported cobalt catalysts were further characterized
by H, chemisorption, temperature programmed reduction,
and were tested for catalytic activities in CO hydrogenation
reaction.
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2. Experimental
2.1. Preparation of zirconia

Nanocrystalline zirconia was prepared by the glycother-
mal method according to the procedure described in Ref.
[9]. Approximately 15g of zirconium tetra n-propoxide,
Zr(OC3H7)4 (ZNP) with 20.5% Zr from Strem Chemicals
or ZNP with 29.5% Zr from Mitsuwa Pure Chemicals was
added to 100ml of a glycol (1,4-butanediol (Aldrich) or
1,5-butanediol (Merck). This mixture was placed in a 300 ml-
autoclave. After the atmosphere inside the autoclave was
replaced with nitrogen, the mixture was heated to 300 °C ata
heating rate of 2.5 °C min~! and was kept at that temperature
for 2 h. After cooling to room temperature, the resulting pow-
ders were collected after repeated washing with methanol.
The products were then air-dried and were used without
further calcinations. For comparison purposes, commercial
zirconium dioxide was obtained from Aldrich.

2.2. Catalyst preparation

The zirconia supported cobalt catalysts were prepared by
incipient wetness impregnation method using Co(II) nitrate
hexahydrate (Aldrich). The catalysts were dried overnight
at 110°C and then calcined in air at 300 °C for 2h. The
final cobalt loading of the calcined catalysts were determined
using atomic absorption spectroscopy (Varian Spectra A800)
to be ca. 8 wt%.

2.3. Catalyst nomenclature

The different glycothermal-derived zirconia are desig-
nated as ZrO,-BG-20, ZrO,-BG-30, ZrO,—PeG-20, and
ZrO2—PeG-30 in which BG and PeG refer to the glycol used
(BG=1,4-butanediol, PeG=1,5-pentanediol) and the num-
ber 20 and 30 refer to the concentration of Zr in the ZNP solu-
tion used. Commercial zirconia was designated as ZrO,-com.
Cobalt catalysts supported on different zirconia are desig-
nated as Co/ZrO,—-BG-20 for Co supported on ZrO,—BG-20
and so on.

2.4. Catalyst characterization

The BET surface areas were determined by N physisorp-
tion using a Quantachrome Nova 1000 automated system.
Each sample was degassed in the system at 150 °C for 2h
prior to N physisorption. The XRD spectra of the sample
powders were measured using a SIEMENS D5000 X-ray
diffractometer using Cu Ka radiation with a Ni filter in
the 10-80° 26 angular regions. The particle morphology
was obtained using a JEOL JSM-35CF scanning electron
microscope (SEM) operated at 20 kV. Hy chemisorption was
carried out following the procedure described by Reuel and
Bartholomew [10] using a Micromeritics Pulse Chemisorb
2700 system. Prior to chemisorption, the catalysts were

reduced at 350°C for 10h after ramping at a rate of
1°Cmin~!. Static H, chemisorption was performed at
100 °C. The TPR profiles of supported cobalt catalysts were
obtained by temperature programmed reduction using an
in-house system and a temperature ramp of 5 °C min~! from
30 to 500°C in a flow of 5% Hj in argon. Approximately
0.20 g of a calcined catalyst was placed in a quartz tube in
a temperature-controlled oven and connected to a thermal
conductivity detector (TCD). The H; consumption was
measured by analyzing the effluent gas with a thermal
conductivity detector.

2.5. CO hydrogenation reaction

CO hydrogenation was carried out at 220°C and
1 atm total pressure in a fixed-bed stainless steel reactor
under differential conversion conditions. A flow rate of
H,/CO/Ar=20/2/8 cm> min~! was used. Typically, 0.2 g of
the catalyst samples was reduced in situ in flowing H2
(50 cm® min~") at 350 °C for 10 h prior to reaction. The prod-
uct samples were taken at 1 h intervals and analyzed by gas
chromatography. Steady state was reached after 6 h time-on-
stream in all cases. The percentages of CO conversion and
reaction rates were defined as

%CO conversion
_ moleof CO in feed — mole of CO in products
- mole of CO in feed

x 100

reaction rate (g CHp gcat.”' h™1)

%CO conversion x flowrate of CO in feed(cm?® min~—)

x 60 min h™! x mol.wt. of CHp(gmol ")

catalyst weight(g) x 22400 cm3 mol !

3. Results and discussion

The X-ray diffraction patterns of the zirconia powders
prepared by the glycothermal method in two different
glycols with various Zr contents in the ZNP solutions
and the commercial zirconia are shown in Fig. 1. All the
glycothermal-derived zirconia samples exhibited tetragonal
crystalline zirconia phase. No other crystal structures were
observed. The crystal structure of the commercial zirconia
as observed from XRD shows a mixture of tetragonal and
monoclinic phases, typical for a commercial one. The
average crystallite sizes calculated from the XRD line
broadening using the Scherrer’s equation [11] and the BET
surface areas of the zirconia are reported in Table 1. The
average crystallite sizes of the glycothermal-derived zirconia
were approximately 3—4 nm while that of the commercial
zirconia were found to be ca. 10.5nm. The BET surface
areas of the glycothermal-derived zirconia were found to be
much higher (195-220m? g~!) than that of a commercial



J. Panpranot et al. / Materials Chemistry and Physics 94 (2005) 207-212 209

ZrO,-com

T T T

Z10,-PeG-30

M;’B G-20

10 20 30 40 50 60 70 80 90
Degrees (20)

Intensity (a.u.)

Fig. 1. X-ray diffraction patterns of the zirconia (T = tetragonal, M = mon-
oclinic).

zirconia (50 m? g~ !). Within experimental error, there was no
significant difference in BET surface areas and the crystallite
sizes of the zirconia prepared in different glycols or prepared
with different amounts of Zr content in the ZNP solution.
Typical SEM micrographs of zirconia samples prepared
in 1,4-butanediol and 1,5-pentanediol with different Zr con-
tents are shown in Fig. 2. It was reported that when the
starting material were completely dissolved into the glycol,
nanocrystals were formed [5]. Each particle was, therefore,
a single crystal grown from a nucleus. It was found that the
samples prepared in 1,4-butanediol have a spherical shape
and a dense mass while in 1,5-pentanediol the samples did
not form separate spherical particles. The secondary particles
which appeared as separate spherical particles when prepared
in 1,4-butanediol seem to be formed by aggregation of pri-
mary particles. The results were found to be in agreement
with the work previously reported by our group on the effect
of solvent on the preparation of zirconia by glycothermal
method [9]. It has been proposed by Praserthdam et al. [9]
that the mechanisms during crystallization of zirconia in the
two glycols were completely different. While the synthesis
in 1,5-pentanediol, a homogeneous solution (i.e., glycoxide)
was formed after the mixture was heated to 250 °C and cooled
down, the synthesis in 1,4-butanediol yielded a solid precip-

Table 1

The characteristics of the zirconia samples

Sample Average crystallite Crystal BET surface
size® (nm) structure® area® (m? g~ ')

Zr0,—BG-20 4.0 T 206

Zr0,-BG-30 3.0 T 195

ZrOy—PeG-20 3.7 T 220

ZrO7—PeG-30 3.6 T 207

ZrO;-com 10.5 T, M 50

? Based on XRD line broadening.
b T =tetragonal, M = monoclinic.
¢ Error of measurement==410%.

itate. The authors suggested that crystal growth of zirconia
in 1,5-pentanediol proceeded by precipication and crystal-
lization of the glycoxide while zirconia particles crystallized
from solid-state transformation in 1,4-butanediol.

The characteristics and catalytic activities for CO hydro-
genation of various zirconia supported cobalt catalysts are
shown in Table 2. In this study, cobalt loading on the cata-
lyst samples was approximately 8 wt% in order to make it
close to that required for a commercial cobalt catalyst used
in the Fischer—Tropsch synthesis. The BET surface areas of
the zirconia supported cobalt catalysts were slightly less than
that of the original zirconia supports suggesting that cobalt
was deposited in some of the pores of zirconia. It would
appear that the particle size and shape of the catalyst particles
were not affected by impregnation of cobalt since no physical
changes were observed. The X-ray diffraction patterns of the
zirconia-supported cobalt catalysts are shown in Fig. 3. The
XRD diffraction peaks for cobalt oxide (Co304) at ca. 31.3°,
36.8°, 45.1°, 59.4°, and 65.4° 26 were not clearly seen for
all the catalyst samples except for the Co/ZrO,-com where a
small peak at ca. 36.8° 26 was apparent. The results suggest
that the crystallite sizes of cobalt oxide on the glycothermal-
derived zirconia were probably smaller than the lower limit
of XRD detectability (3—5Snm). It is also possible that on
glycothermal-derived zirconia, cobalt did not form Co304
crystallites but may have formed an amorphous cobalt oxide
[12]. The non-appearance of the XRD characteristic peaks
for cobalt oxides was similar to the results obtained from
cobalt supported on other metal oxides prepared by sol-gel
technique that usually possesses very small cobalt particles
[13-18].

The relative amounts of active cobalt metals on the catalyst
samples were calculated from H, chemisorption experiments
at 100 °C according to Reuel and Bartholomew [10]. It is
known that only surface cobalt metal atoms are active for CO
hydrogenation not its oxide or carbide [19]. It was found that
our glycothermal-derived zirconia supported cobalt catalysts
exhibited much higher H, chemisorption and CO hydrogena-
tion activities than the commercial zirconia supported one
with Co/ZrO;-BG-20 exhibited the highest amount of Hj
chemisorption and CO hydrogenation activity. It should be
noted that differences in the amount of H, chemisorption
and the catalytic activities among the glycothermal-derived
zirconia supported catalysts were not due to difference in the
BET surfaces areas or the crystallite sizes of zirconia because
within experimental error the BET surface areas for all the
glycothermal-derived zirconia supported cobalt catalysts and
the crystal sizes of zirconia were quite similar. However,
the crystallization mechanism in the two glycols probably
yielded the final zirconia particles with different amount of
crystal defects. Since crystal defects were frequently created
especially when crystal growth proceeded rapidly, zirconia
prepared in 1,4-butanediol which was found to form via solid-
state reaction would contain more crystal defects compared
to the ones prepared in 1,5-pentanediol which crystallized via
precipitation of alkoxide solution. These defects in the zirco-
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Fig. 2. SEM micrographs of (a) ZrO,—BG-20 (b) ZrO,—BG-30 (c¢) ZrO,—PeG-20 and (d) ZrO,—PeG-30.

nia particles may play a role in cobalt-support interaction in
supported cobalt catalysts.

Fig. 4 shows the temperature program reduction (TPR)
profiles of various zirconia supported cobalt catalysts. TPR
is a powerful tool to study the reduction behavior of the
catalysts. Reduction of cobalt in the oxide form, Co304 or
Co0y03, to CoY involves a two-step reduction: first reduction
of C0304 to CoO and then the subsequent reduction of CoO
to Co® [20,21]. The two reduction steps may not always be
observed as separate peaks in TPR profile, as seen in Fig. 4
for the reduction of bulk Co304 powder [22]. However, a
separation of the two reduction steps has often been found

Table 2

for supported cobalt catalysts due to interactions between
cobalt and support materials [23,24]. A wide range of vari-
ables such as metal particle size and metal-support interaction
have an influence on the reduction behavior of cobalt catalysts
resulting in the observation of different locations of the TPR
peaks. Since the catalysts were pre-calcined at 300 °C, the
nitrate precursor has been completely thermally decomposed
below 300 °C [25]. Therefore, the hydrogen consumption
observed during TPR study cannot be ascribed to residual
nitrates. The TPR profiles of the glycothermal-derived zirco-
nia supported cobalt catalysts were different from that of the
commercial zirconia supported one in which the reduction

The characteristics and catalytic activities of the zirconia supported Co catalysts for CO hydrogenation reaction

Catalyst BET S.A2 (m?g™!) H, chemisorption® Reaction rate® Product selectivity (%)
x10'8 mol g cat™! CH, gcat ' h~!

( g ) (gCHz g ) CHs Cy C Car
Co/ZrO,-BG-20 170 12.9 14.5 29.5 11.4 59.1
Co/ZrO,-BG-30 160 6.7 12.0 53.6 11.7 34.8
Co/ZrO,-PeG-20 173 5.9 7.7 70.7 4.2 25.1
Co/ZrO,—PeG-30 180 5.8 6.4 73.4 7.5 19.1
Co/ZrO;-com 46 3.1 3.8 77.8 8.6 13.5

2 Error of measurement=+10%.
b Error of Measurement = £5%.
¢ Reaction conditions were 220 °C, 1 atm, and H,/CO ratio=10.
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Fig. 3. X-ray diffraction patterns of various zirconia supported cobalt cata-
lysts.

peaks tend to shift to lower temperatures. However, cobalt
species supported on zirconia prepared in 1,5-pentanediol
were found to be more difficult to reduce than the ones sup-
ported on zirconia prepared in 1,4-butanediol indicating a
stronger metal-support interaction. The dotted line in the
graph represents the standard reduction temperature used
to reduce the catalysts prior to reaction (350°C), it was
found that on the zirconia prepared in 1,5-pentanediol and
the commercial zirconia, a portion of cobalt oxide species
could not be reduced at this temperature hence lower amount
of active cobalt metals were available for H, chemisorption
and CO hydrogenation reaction. Moreover, the selectivities
for long chain hydrocarbons (C4+) were found to be in the
order: Co/ZrO,—BG-20> Co/ZrO,—BG-30> Co/ZrO,—PeG-
20> Co/ZrO,—PeG-30> Co/ZrOz-com. The unique proper-
ties of such glycothermal-derived zirconia supported cobalt
catalysts offer interesting possibilities for catalyst design and
applications.

/—f/_:/\ Co/Zr0,-com
J—/;/‘/\/\/\ CO/‘ZrOZ-PeG-:;O

: Co/Zr0,-PeG-20
J\\L Col210,5G30
ﬁ/‘k Co/Zr0,-BG-20

/\ Bulk Co,0,

T T T T T T

0 100 200 300 400 500 600
Temperature (°C)

Intensity (a.u.)

Fig. 4. Temperature programmed reduction (TPR) profiles of various zirco-
nia supported cobalt catalysts.

4. Conclusions

Nanocrystalline zirconia prepared by the glycothermal
method in two different glycols with various Zr content in
the starting materials showed similar crystallite sizes of ca.
3—-4nm and large BET surface areas. Compared to com-
mercial zirconia supported cobalt catalyst, the glycothermal-
derived zirconia supported ones exhibited superior activities
for CO hydrogenation with the use of zirconia prepared in 1,4-
butanediol with lower amount of Zr content as the support
resulted in the highest H, chemisorption and CO hydro-
genation activities. The lower activities of cobalt catalysts
supported on the zirconia prepared in 1,5-pentanediol were
due to stronger interaction of cobalt and the zirconia sup-
ports as shown by higher reduction temperature peaks in the
TPR profiles. The type of glycol used for preparation of the
glycothermal-derived zirconia may affect the amount of crys-
tal defects in the zirconia particles resulting in the difference
in metal-support interaction behavior.
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Abstract

In the present study, the impact of diene addition during copolymerization of ethylene and propylene using a metallocene/MAO catalyst
was investigated. It showed that with a small amount of diene added, the dienes (except for ENB) did not incorporate in the polymer
backbone pronouncedly. However, the addition of dienes can alter the incorporation of ethylene and propylene in the polymer backbone
according to different types of dienes used. The catalytic behaviors and yields were not significant changes with the addition of dienes. The

characteristics of polymer obtained using '*C NMR, SEM, and DSC were also further discussed in more detail.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Polymerization; Metallocene; Catalyst; Elastomers; Methylaluminoxane

1. Introduction

It is known that the copolymerization of ethylene (E) and
propylene (P) can result in a production of rubbery materials
called EP elastomers [1—3]. Because there are no double
bonds in the backbone of polymer chain, they are usually
insensitive to oxygen, ozone, acids, and alkaline. It was
found that addition of the third monomer such as dienes
could be applied in order to escalate the properties of EP
elastomers, the so-called EPDM elastomers. As known,
EPDM can be widely used in many applications so far [4—
6]. Currently, EPDM is synthesized using vanadium-based
catalysts. With the presence of dienes, it was found that the
vanadium-based catalysts exhibited low activities along
with toxicity concerns due to the residual vanadium remains
in the polymer [7]. Thus, in order to overcome those
problems, an alternative way of using the homogeneous

* Corresponding author. Tel.: +66 662 2186869; fax: +66 662 2186877.
E-mail address: bunjerd.j@chula.ac.th (B. Jongsomyjit).

0167-577X/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2005.07.014

metallocene catalysts has been substantially investigated by
many authors [8—10]. Nevertheless, the production of
EPDM is considered to be an important matter, the approach
of our present study was apparently different from the
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Fig. 1. Activity profiles based on ethylene (E) and propylene (P)
consumption with and without diene addition.
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Table 1

Yields and activities of EP elastomers produced from rac-Et[Ind],ZrCl,/
MAO catalyst; [Zr]=30 uM in toluene, [Al]/[Zr]=2000, [diene]=0.1 M, E/
P molar ratio=75/25, polymerization temperature=40 °C, and polymer-
ization time=1 h

Sample Types of diene Polymer Activity
yield (g) (kg polymer/mol Zr h)
EP (0) None added 2.88 3198
EP(1) ENB 2.40 2671
EP(2) VCH 2.60 2887
EP(3) HD 2.54 2824

others. Hereby, only a small amount of various dienes was
introduced into the system during EP copolymerization, not
for the purpose of synthesizing the EPDM as in general, but
specifically for altering the behaviors of EP copolymeriza-
tion. Thus, in our present study, the small amount of various
dienes added did not incorporate into the polymer backbone,
which can be determined using '*C NMR measurement.

2. Experimental

In this study, EP copolymerization was performed using
rac-Et[Ind],ZrCl, catalyst. All chemicals were manipulated
under purified argon using a vacuum atmosphere glove
boxes and/or Schlenk techniques. Polymerization was
carried out in 100-ml stainless steel reactor with magnetic
stirrer. First, 30 ml of toluene used as a solvent was added to
the reactor. Then, methylaluminoxane (MAO) solution was
added according to the specified ratio to the catalyst
concentration ([Al]/[Zr]=2000) followed by the addition of
0.1 M of a selected diene [dienes used were 5-ethylidene-2-
norbonene (ENB);(1), 4-vinylcyclohexene (VCH);(2), and
1,4-hexadiene (HD);(3)]. Then, the catalyst was injected into
the system. The reactor was immediately put into liquid
nitrogen to stop the reaction between the catalyst and
cocatalyst (MAO). After the reaction mixture was frozen

3C-NMR
EP-VCH

- Ul

EP-ENB
L b
- “JA\M(_L\_LAJ—
5‘0 4Y5 4IO 3I5 3I0 2‘5 2‘0 1I5 ppm

Fig. 2. '3C NMR spectra of various EP elastomers with and without diene
addition.

Table 2
Triad distribution obtained by '>*C NMR measurement of ethylene (E) and
propylene (P) in polymers produced

Sample Types of EEE PEE+EEP PEP

EPE EPP+PPE PPP

diene
EP (0) None 0.502 0.187 0.045 0.122 0.032 0.112
added
EP (1) ENB 0.604 0.191 0.023 0.107 0.024 0.051
EP (2) VCH 0.505 0.205 0.056 0.114 0.088 0.032
EP 3) HD 0.609 0.210 0.032 0.118 0.031 -

for 15 min, the reactor was evacuated for 3 min to remove
argon then filled with the gaseous monomers (ethylene/
propylene with a molar ratio of 75/25) while the reactor was
still frozen in liquid nitrogen. Then, the reactor was taken out
of liquid nitrogen and heated up to polymerization temper-
ature (40 °C) to start the polymerization reaction. The
polymerization time was kept for 1 h. In order to stop the
reaction, the gaseous monomers were released and the
reaction mixture was washed with acidic methanol. The
polymer (white rubbery powder) obtained was filtered and
dried overnight at ambient condition. Technically, for each
diene, the polymerization was run at least three times to
ensure the results obtained. The average values were
reported. Characterization of the polymer obtained was
performed using the '*carbon nuclear magnetic resonance,
3C NMR (JEOL JMR-A500 operating at 125 MHz),
differential scanning calorimetry, DSC (Perkin-Elmer DSC
7), and scanning electron microscopy, SEM (JSM-5800 LV).

3. Results and discussion

The present research indicated that a small amount of dienes
(ENB, VCH, and HD) added could have impact on behaviors of
ethylene—propylene (EP) copolymerization with a metallocene/
MAO catalyst. In fact, a large amount of diene addition could
result in a decreased activity of polymerization as reported by
Malmberg et al. [5]. However, it should be noted that the large
amounts (~10—16 mol%) of diene were technically required in
order to produce the terpolymer of EPDM. In particular, only a
small amount (~3.6 mol%) of each diene was added during EP
copolymerization in this study in order to maintain high activity
of polymerization at this specified condition.

The rates of consumption for E and P with and without the
diene addition are shown in Fig. 1. It was found that the

Table 3
Incorporation of ethylene (E), propylene (P) and reactivity ratios of
ethylene (r) and propylene (rp) calculated from '*C NMR measurement

Sample Types of diene Incorporation (%) Reactivity ratios

E P rE rp rEFp
EP (0) None added 73 27 53 1.9 10.1
EP (1) ENB? 80 18 6.9 1.5 10.4
EP (2) VCH 76 24 4.8 1.5 7.2
EP (3) HD 85 15 6.2 1.1 6.8

# ENB incorporation ca. 2%.
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Table 4

Thermal properties of polymers obtained from DSC measurement

Sample Types of diene T. s AH,, % Crystallinity
O (O g (% 1)

EP (0) None added 59.3 73.6  30.6 10.6

EP (1) ENB 57.2 73.8 238 8.2

EP (2) VCH 65.2 80.5 36.3 12.5

EP (3) HD 70.0 882  49.1 17.0

induction period of the catalyst was also observed at the
beginning of polymerization. The consumption rate went to a
maximum after 6—7 min, then decreased due to catalyst
deactivation. With the diene addition, similar activity profiles
can still be observed as also shown in Fig. 1. It was suggested
that the addition of dienes would have no effect on the catalyst
performance at all indicating the similar rate profiles. Yields and
activities of various EP elastomers are shown in Table 1. It
indicated that the addition of dienes could result in only slightly
decreased activities regardless of the dienes used. The polymers
obtained were then further characterized using '>’C NMR, SEM,
and DSC as mentioned. As known, '>*C NMR is one of the most
powerful techniques used to identify the microstructure of a
polymer. The '*C NMR spectra for all polymer samples are
shown in Fig. 2. It can be observed that the '>*C NMR spectra of
EP, EP-VCH, and EP-HD samples exhibited similar patterns
corresponding with those as reported by Randall [11]. These
revealed that there was no incorporation of HD and VCH in the
polymer backbone. The '*C NMR spectrum of EP-ENB sample
is also shown in Fig. 2, which apparently exhibited the slightly
different patterns compared with other samples as mentioned

before. Besides the characteristic peaks of EP copolymer, the
incorporation of ENB can be additionally observed at d=14,
36.5 and 42 ppm. This indicated that only ENB was able to
incorporate into the polymer backbone at this specified
condition. The triad distribution, % incorporation, and the
reactivity ratios of E and P can be also calculated based on
the method described by Randall [11]. The triad distribution of E
and P for all samples is shown in Table 2. It indicated that the
similar triad distribution was observed, except no block PPP in
EP (3) sample. However, % incorporation of E and P along with
the reactivity ratios (rg and rp) are shown in Table 3. It revealed
that upon the addition of a small amount of dienes during
copolymerization of EP, the incorporation of ethylene in the
polymer apparently increased, especially for the ENB and HD.
Since the reactivity ratio of rgrp>1, the blocky incorporation of
comonomer was obtained, which was different from the
behaviors for copolymerization of ethylene and higher 1-olefins
such as 1-hexene, l-octene, and 1-decene [9,10]. The thermal
properties such as T, and T, obtained from DSC measurement
along with % crystallinity [12] are also summarized in Table 4.
It was found that T, 7. and % crystallinity of EP tended to
increase with the addition of dienes. In addition, the various
dienes gave different impacts on % crystallinity of EP. It showed
that using HD would result in the largest number of 7, 7. and
% crystallinity. The SEM micrographs of various EP produced
are shown in Fig. 3. It can be observed that there were some
differences in morphologies of the various EP produced.
Apparently, the EP produced with the addition of dienes
appeared in a larger air gap in the texture compared to those
without diene addition. It should be noted that the impact of
diene on the different ratios of E/P would be interesting to

Fig. 3. SEM micrographs of various EP elastomers.



3774 B. Jongsomjit et al. / Materials Letters 59 (2005) 3771-3774

further investigate for our future work. In particular, the various
ratios of E/P in the polymer backbone are considered to be the
key role to obtain different properties for EP rubbers.

According to our experimental data, the mechanism of this
copolymerization of ethylene and propylene could be drawn based
on changes in the incorporation of ethylene and propylene upon the
diene addition. As seen in Table 3, it can be observed that the
insertion of propylene apparently decreased with the diene
addition. Therefore, it can be proposed that the addition of diene
probably inhibited the propylene insertion catalytic site and/or
somehow promoted the catalytic site of ethylene insertion. Those
phenomena resulted in a decreased propylene insertion. However,
in order to provide a better understanding of the rigorous
mechanism inside, we believe that a more powerful technique
such as the steady-state isotopic transient kinetic analysis
(SSITKA) [13—15], where the reaction intermediates can be
identified would be helpful. This technique requires an additional
instrument such as a mass spectrometer along with the isotopes
(13C) of the corresponding reactants.

4. Conclusions

In summary, our present study revealed, for the first
time, that the addition of only a small amount of dienes
under the specified condition could alter the copolymeriza-
tion behaviors of ethylene and propylene instead of
making the EPDM as in general. At the specified
condition, dienes (except for ENB) did not incorporate
into the polymer backbone as proved by '*C NMR. Upon
the various dienes used, % incorporation, 7y, T, and %
crystallinity can be changed dramatically. However, in
order to provide a better understanding, the roles of dienes
should be further investigated in more detail, especially
when the ratios of E/P are varied.
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Abstract

This present study revealed a dependence of rutile:anatase ratios in titania on the characteristics and catalytic properties of
Co/TiO; catalysts during CO hydrogenation. In this study, Co/TiO, catalysts were prepared using various titania supports consis-
ting of various rutile:anatase ratios of titania. In order to identify the characteristics, all catalyst materials were characterized using
XRD, SEM/EDX, TPR, and hydrogen chemisorption. CO hydrogenation (H,/CO = 10/1) was also performed to determine the
overall activity and selectivity. It was found that both activity and selectivity were altered by changing the rutile:anatase ratios

in the titania support.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Cobalt catalyst; Titania; Chemisorption; CO; hydrogenation; Titania phase

1. Introduction

It has been known that supported cobalt (Co) cata-
lysts are used for carbon monoxide (CO) hydrogenation
because of their high activities 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 Si0, [4-8], Al,O3 [9-14], TiO, [15-17] and zeolites
[18] have been extensively studied for supported Co
catalysts for years. It is known that in general, the cata-
lytic properties depend on reaction conditions, catalyst
compositions, metal dispersion, and types of inorganic
supports used. Thus, changes in the catalyst composi-
tion and/or even though the compositions of supports

* Corresponding author. Tel.: +662 218 6869; fax: +662 218 6766/
6877.
E-mail address: bunjerd.j@chula.ac.th (B. Jongsomyjit).

1566-7367/$ - see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.catcom.2005.07.002

used may lead to significant enhanced catalytic proper-
ties as well.

During the past decades, titania-supported Co cata-
lysts have been widely investigated by many authors,
especially for the application of FT synthesis in a contin-
uously stirred tank reactor (CSTR) [15-17]. However, it
should be noted that titania itself has different crystalline
phases such as anatase, brookite and rutile phase. Differ-
ences in crystalline phases may result in changes in phy-
sical and chemical properties of titania. Thus, different
crystalline phase compositions of titania could play an
important role on the catalytic performance of titania-
supported Co catalysts during CO hydrogenation as well.

Therefore, the main objective of this present research
was to investigate influences of various rutile:anatase
ratios in titania support on the characteristics and cata-
lytic properties during CO hydrogenation of Co/TiO,
catalysts. In the present study, the Co/TiO, catalysts
were prepared using various titania supports containing
different ratios of rutile:anatase phase. The catalysts
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were characterized using various characterization tech-
niques and tested in order to evaluate the catalytic prop-
erties during CO hydrogenation.

2. Experimental
2.1. Material preparation

2.1.1. Preparation of titania support

The various ratios of rutile:anatase in titania support
were obtained by calcination of pure anatase titania
(obtained from Ishihara Sangyo, Japan) in air at tem-
peratures between 800 and 1000 °C for 4 h. The high
space velocity of air flow (16,000 h™!) insured the grad-
ual phase transformation to avoid rapid sintering of
samples. The ratios of rutile:anatase were determined
by XRD according to the method described by Jung
and Park [19] as follows:

1
[(4/R)0.884 + 1]

where A and R are the peak area for major anatase
(26 = 25°) and rutile phase (20 = 28°), respectively.

% Rutile = x 100,

2.1.2. Preparation of catalyst samples

A 20 wt% of Co/TiO, was prepared by the incipient
wetness impregnation. A designed amount of cobalt
nitrate [Co(NOj3)-6H,O] was dissolved in deionized
water and then impregnated onto TiO, containing vari-
ous ratios of rutile:anatase obtained from Section 2.1.1.
The catalyst precursor was dried at 110 °C for 12 h and
calcined in air at 500 °C for 4 h.

2.2. Catalyst nomenclature

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

e Rn: titania support containing n% of rutile phase (R).
e Co/Rn: titania support containing n% of rutile phase
(R)-supported cobalt.

2.3. Catalyst characterization

2.3.1. BET surface area

BET surface area of the samples with various
rutile:anatase ratios of TiO, was performed to determine
if the total surface area changes. It was determined using
N, adsorption at 77 K in a Micromeritics ASAP 2010.

2.3.2. X-ray diffraction

XRD was performed to determine the bulk crystalline
phases of catalyst. It was conducted using a SIEMENS
D-5000 X-ray diffractometer with Cu Ko(A = 1.54439

o

A). The spectra were scanned at a rate of 2.4 deg/min
in the range 20 = 20-80°.

2.3.3. Scanning electron microscopy and energy dispersive
X-ray spectroscopy

SEM and EDX were used to determine the catalyst
morphologies and elemental distribution throughout
the catalyst granules, respectively. SEM was carried
out using a JEOL model JSM-5800LV. EDX was per-
formed using Link Isis series 300 program.

2.3.4. Hydrogen chemisorption

Static H, chemisorption at 100 °C on the reduced
cobalt catalysts was used to determine the number of
reduced surface cobalt metal atoms. Prior to H, chemi-
sorption, the catalyst sample was reduced in H, at
350 °C for 10h. The resulting H, chemisorption is
related to the overall activity of the catalysts during
CO hydrogenation. Gas volumetric chemisorption at
100 °C was performed using the method described by
Reuel and Bartholomew [20]. The experiment was per-
formed in a Micromeritics ASAP 2010 using ASAP
2010C V3.00 software.

2.3.5. Temperature-programmed reduction

TPR was used to determine the reduction behaviors and
reducibilities of the samples. It was carried out using 50 mg
of a sample and a temperature ramp from 35 to 800 °C at
5 °C/min. The carrier gas was 5% H, 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 H, consumed
during TPR. The H, consumption was calibrated using
TPR of Ag,O at the same conditions. The calculation of
reducibilities was as described elsewhere [9,21-24].

2.4. Reaction

CO hydrogenation (H,/CO = 10/1) was performed to
determine the overall activity of the catalyst samples.
Hydrogenation of CO was carried out at 220 °C and
1 atm. A flow rate of H,/CO/He = 20/2/8 cm*/min in
a fixed-bed flow reactor under differential conditions
was used. A relatively high H,/CO ratio was used to
minimize deactivation due to carbon deposition during
reaction. Typically, 20 mg of a catalyst sample was
reduced in situ in flowing H, (30 cm®/min) at 350 °C
for 10 h prior to the reaction. 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 showed the dependence of rutile:
anatase ratios in titania on the catalytic properties during
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CO hydrogenation of Co/TiO; catalysts. As mentioned,
in general titania used contains mainly two phases; ana-
tase and rutile phases. Phase transformation 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/TiO, catalysts. Results and discussion are divided
into two parts as follows.

3.1. Crystalline phases of titania

After calcination of the pure anatase titania under
calcination temperatures ranging between 800 and
1000 °C for 4 h, the phase transformation from anatase
to rutile phase should technically occur. The amounts of
rutile phase formed during calcination depended on the
temperature used. The high space velocity of the air flow
at 16,000 h~' was applied during the calcination process
in order to minimize the rapid sintering due to the phase
transformation of titania. It was found that after calci-
nation of the pure anatase sample, the amounts of rutile
phase obtained ranged between 3% and 99%. The titania
supports containing rutile phase of ca. 0%, 3%, 19%,
40%, 96%, and 99% were named as RO, R3, R19, R40,
R96, and R99, respectively. The surface areas of titania
containing various rutile:anatase rations essentially
decreased from 70 m?/g for the R0 sample (pure anatase
titania) to 49 m?*/g for the R99 sample (99% rutile
titania). XRD patterns of titania samples calcined at
various temperatures between 800 and 1000 °C are
shown in Fig. 1. For the pure anatase titania (RO),
XRD peaks of the anatase phase of titania at 25°
(major), 37°, 48°, 55°, 56°, 62°, 71°, and 75° were
evident. After calcination of the pure anatase titania
sample, it was observed that besides the XRD peaks
of pure anatase titania as shown above XRD peaks at

A R99
) N N
A R96
2
s JU R40
£
z R19
2
= \ R3
RO
i N
20 30 40 50 60 70 80
Degrees (2 theta)
Fig. 1. XRD patterns for various ratios of rutile:anatase in titania
supports.

28° (major), 36°, 42°, and 57° were gradually seen. These
peaks were assigned to the rutile phase essentially
formed after calcination of the pure anatase titania.
Apparently, the major peak at 28° of the rutile phase
gradually increased with increasing the calcination
temperatures indicating a higher content of rutile phase
in the titania. It was shown that the transformation from
anatase to rutile phase (R99) was almost complete at a
temperature of ca. 1000 °C, resulting in the disappea-
rance of XRD peaks for the anatase phase of titania.
After various titania supports were obtained, the prepa-
ration of Co/TiO, with various rutile:anatase ratios of
titania was consequently conducted in order to investi-
gate the effect of the rutile:anatase ratio on characteris-
tics and catalytic properties of the Co/TiO, catalysts
during CO hydrogenation.

3.2. Characteristics of ColTiO,

A 20 wt% of cobalt on titania supports containing
various ratios of rutile:anatase phase was prepared by
the conventional incipient wetness impregnation meth-
od. The XRD patterns for all calcined catalyst samples
(Co/Ti0;) exhibited similar patterns as seen in Fig. 1.
After calcination, all calcined samples exhibited XRD
peaks, which were identical with those for the corre-
sponding titania supports. This indicated that no further
phase transformation from anatase to rutile occurred
after calcination (at temperature ca. 500 °C for 4 h) of
the catalyst samples. Besides the XRD peaks of the tita-
nia, all calcined samples also exhibited weak XRD peaks
at 31°, 36°, and 65°, which were assigned to the presence
of Co0304. However, at high content of the rutile phase,
the XRD peaks of Co304 were less apparent due to the
strong intensity of XRD peaks for the rutile phase of
titania. Based on the XRD results, it was clear that
Co30,4 species were definitely present in a highly
dispersed form.

SEM and EDX were also conducted in order to study
the morphologies and elemental distribution of the cat-
alyst samples, respectively. The typical SEM micrograph
along with the EDX mapping (for Co, Ti, and O) are
illustrated in Fig. 2 for the Co/R40 sample. The external
surface of catalyst granule is shown in all figures and the
light or white patches on the catalyst granule surface
represent high concentration of cobalt oxides species
on the surface. It can be seen that the cobalt oxide
species were well dispersed and distributed (shown on
mapping) all over the catalyst granule in all samples
regardless of the ratio of rutile:anatase in the titania.

TPR was performed in order to identify the reduction
behaviors and reducibility of catalysts. TPR profiles for
all samples are shown in Fig. 3. TPR of the titania
support samples used was also conducted at the same
TPR conditions used for the catalyst samples (not
shown) and no hydrogen consumption was detected.
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Co/R40

Fig. 2. A typical SEM micrograph for Co/R40 granule and EDX for Co, Ti, and O mapping.
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Fig. 3. TPR profiles for Co/TiO, catalysts with various ratios of
rutile:anatase in titania supports used.

This indicated that the titania supports used themselves
were not reducible at these TPR conditions. Apparently,
TPR profiles of all calcined samples were similar exhi-
biting only one strong reduction peak as shown in
Fig. 3. This peak can be assigned to the overlap of
two-step reduction of Co;0, to CoO and then to Co°
[25]. Under TPR conditions, the two reduction peaks
based on the two-step reduction may or may not be
observed. The presence of only one reduction peak
during TPR for all catalyst samples indicated that no
residual cobalt nitrates precursor remained on the
samples under the calcination condition used in this
study. It was found that a TPR peak located at ca.

380-700 °C (max. at 520°C) was observed for the
Co/R0 sample. However, this reduction peak was
dramatically shifted about 50-80 °C lower when ca.
3-99% of rutile phase (Co/R3 to Co/R99) was present
in the titania supports used. This suggests that the pres-
ence of rutile phase in titania can facilitate the reduction
process of cobalt oxide species on the titania support
leading to reduction at a lower temperature. Since
TPR is more of a bulk technique, it should be noted that
the number of reduced Co metal obtained from the TPR
measurement might not be well representative of the
number of reduced Co metal surface atoms available
for catalyzing CO hydrogenation. Therefore, static H,
chemisorption on the reduced cobalt catalyst samples
was used to determine the number of reduced Co metal
surface atoms. This is usually related to the overall
activity of the catalyst during CO hydrogenation.

The resulting H, chemisorption results for all catalyst
samples are shown in Fig. 4. It was found that the
amounts of H, adsorbed increased with the presence
of rutile phase in titania up to a maximum at 19% of
rutile phase (Co/R19) before decreasing when greater
amounts of the rultile phase were present. Since H,
chemisorption is a surface technique that the reduced
Co metal surface atoms can be measured directly. The
amounts of H, adsorbed on Co/TiO, obtained were
lower compared to those for Co/Al,O5 and Co/SiO, at
similar loading [5,6,21,22]. However, based on the H,
chemisorption results in this present study, different
ratios of rutile: anatase phase in titania exhibited diffe-
rent amounts of H, chemisorbed on the catalyst samples.
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Fig. 4. H, chemisorption for Co/TiO, catalysts with various ratios of
rutile:anatase in titania supports used.

3.3. Reactivity

In order to measure the catalytic properties of the
catalyst samples with various ratios of rutile:anatase in
titania, CO hydrogenation was performed in a fixed-
bed flow reactor under differential condition. The results
are shown in Fig. 5 and Table 1. It indicated that the
reaction rate ranged between 0.3 and 6.6 umole/g. cat.
s (initial) and between 0.2 and 5.2 umole/g cat s (steady
state). This also showed that activities of the samples
increased with the presence of rutile phase in titania
up to a maximum at 19% of rutile phase (Co/R19)
before decreasing when greater amounts of rutile phase
were present, similar to the results obtained from H,
chemisorption. Considering selectivity to methane, it
was found that the presence of rutile phase in titania
resulted in an increased selectivity to methane. After
reaction, XRD of the spent catalyst samples was also

Co/R19
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—a - steady-state
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Fig. 5. Reaction rate during CO hydrogenation for Co/TiO, catalysts
with various ratios of rutile:anatase in titania supports used.

Table 1
Activities and selectivity during CO hydrogenation of Co/TiO, via
various rutile:anatase ratios of titania support

Catalyst samples  Rate (umol/g cat s)* Selectivity to CHy(%)

Initial®  Steady state® Initial®  Steady state®
Co/R0O 0.3 0.2 71 68
Co/R3 33 0.8 99 99
Co/R19 6.6 53 98 98
Co/R40 4.9 4.9 97 96
Co/R96 5.0 5.0 99 99
Co/R99 1.7 0.5 94 94

# CO hydrogenation was carried out at 220 °C, 1 atm, and H,/CO/
He = 20/2/8.

® After 5 min of reaction.

¢ After 5h of reaction.

performed in order to identify the bulk crystalline
phases of the spent catalyst samples. It showed that
the XRD patterns of all spent catalyst samples were
identical with those of the corresponding fresh ones
suggesting no phase changes occurred during the reac-
tion condition used.

Based on the reaction study, it can be concluded that
the catalytic properties of Co/TiO, depend on the ratio
of rutile/anatase. The results revealed that the presence
of rutile phase of an optimum of the rutile phase (i.e.,
Co/R19) result in an increased catalytic activity during
CO hydrogenation. It is proposed that the presence of
rutile phase in titania can facilitate the reduction process
of cobalt oxides species resulting in lower reduction
temperatures. The presence of some rutile phase also
resulted in an increased number of reduced cobalt metal
surface atoms available for catalyzing the reaction.
However, higher ratios (more than 19%) of rutile:ana-
tase in titania decreased the catalyst activities. It should
be mentioned that besides the ratios of rutile:anatase in
titania, there are also other factors such as preparation
methods, titania precursors, particle sizes, modes and
types of reactions that would affect the characteristics
and catalytic properties of titania used both as a catalyst
support or a catalyst itself.

4. Conclusion

The present research showed a dependence of the
characteristics and catalytic properties during CO hydro-
genation on the ratio of rutile/anatase in titania for Co.
The study revealed that the presence of 19% rutile phase
in titania for Co/TiO, (Co/R19) exhibited the highest
activity during CO hydrogenation. It appeared that the
increase in activity was due to two reasons;(i) the pres-
ence of rutile phase in titania can facilitrate the reduction
process of cobalt oxide species into reduced cobalt metal
and (ii) the presence of some rutile phase resulted in a
larger number of reduced cobalt metal surface atoms,
which is related to the activity during CO hydrogenation.
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However, if the ratio of rutile:anatase was over 19%, the
activity dramatically decreased. No further phase trans-
formation of the supports occurred during calcination
of the catalyst samples and reaction.
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Abstract

Nanocrystalline zirconia was prepared by decomposition of zirconium tetra n-propoxide in 1,4-butanediol and was employed as a
support for cobalt catalysts. The activity and the selectivity of the catalysts in CO hydrogenation were compared with cobalt supported
on commercial available micron- and nano-sized zirconia. The catalytic activities were found to be in the order: Co/ZrO,-nano-
glycol > Co/ZrO,-nano-com > Co/ZrO,-micron-com. Compared to the micron-sized zirconia supported one, the use of commercial
nano-sized zirconia resulted in higher CO hydrogenation activity but lower selectivity for longer chain hydrocarbons (C4—Cs), whereas
the use of glycothermal-derived nanocrystalline zirconia exhibited both higher activity and selectivity for C4—Cgs. The better perfor-
mance of the latter catalyst can be ascribed to not only the effect of the crystallite size but also the presence of pure tetragonal phase

of zirconia.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Nanocrystalline zirconia; CO hydrogenation; Cobalt catalyst; Glycothermal method

1. Introduction

Zirconia powder has been effectively used in different
areas of chemistry such as in ceramics and catalysis. It
has been found that zirconia has high catalytic activities
for isomerization of olefins [1] and epoxides [2]. Use of zir-
conia as a catalyst support has shown promising results in
many environmental catalysis reactions such as CO,
hydrogenation [3], CO oxidation [4], and Fischer-Tropsch
reaction [5-7]. Enache et al. reported that compared to
conventional alumina supported Co catalysts, the ones
supported on zirconia showed better reducibility and capa-
ble of hydrogen adsorption via spillover mechanism. The
authors proposed that these properties resulted in a higher
catalytic activity and an increase of the chain growth prob-
ability in the Fischer-Tropsch reaction. Recently, we

* Corresponding author. Tel.: +66 2 218 6859/78; fax: +66 2 218 6877.
E-mail address: joongjai.p@eng.chula.ac.th (J. Panpranot).

1566-7367/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.catcom.2005.10.007

reported the synthesis and characteristics of nanocrystal-
line zirconia prepared by glycothermal method using vari-
ous glycols and their applications as cobalt catalyst
supports [8]. Cobalt-based catalysts are known to be com-
mercially attractive for natural gas-based Fischer-Tropsch
synthesis because of their high activities, high selectivities
for long chain paraffins, low water—gas shift activities,
and their relatively low price compared to noble metals
such as Ru [9-11].

In this work, the characteristics and catalytic properties
of nanocrystalline zirconia supported Co catalysts were
studied and compared to commercially available micron-
and nano-sized zirconia supported ones. The physicochem-
ical properties of the catalysts were analyzed by means of
thermal gravimetric analysis (TGA), X-ray diffraction
(XRD), N, physisorption, scanning electron microscopy
(SEM), and H, chemisorption. The catalytic performances
of the zirconia supported Co catalysts were tested in CO
hydrogenation reaction at 220 °C and 1 atm.
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2. Experimental
2.1. Catalyst preparation

Nanocrystalline zirconia with the average crystallite size
of 4 nm was prepared by the glycothermal method accord-
ing to the procedure described in [12]. Approximately 15 g
of zirconium tetra n-propoxide, Zr(OC3;H;), (ZNP) with
20.5% Zr from Strem Chemicals was added to 100 ml of
1,4-butanediol (Aldrich). This mixture was placed in a
300-ml autoclave. After the atmosphere inside the auto-
clave was replaced with nitrogen, the mixture was heated
to 300 °C at a heating rate of 2.5 °C/min and was kept at
that temperature for 2 h. After cooling to room tempera-
ture, the resulting powders were collected and washed
repeatedly with methanol by vigorous mixing and centri-
fuging. Concentrated ammonium hydroxide was added to
the upper part of the mixture, if no additional particle set-
tling was observed then washing was finished. The products
were then air-dried and were used without further calcina-
tion. Commercial zirconias in micron- and nano-sized were
obtained from Aldrich for comparison purposes. The zirco-
nia supported Co catalysts were prepared by the incipient

(mol of CO in feed — mol of CO in products)

ple was first suspended in ethanol using ultrasonic agitation
for 10 min. The suspension was dropped onto a thin Form-
var film supported on copper grid and dried at room tem-
perature before observation. H, chemisorption was carried
out following the procedure described by Reuel and Bar-
tholomew [13] using a Micromeritics Pulse Chemisorb
2700 system. Prior to chemisorption, the catalysts were
reduced at 350 °C for 10h after ramping at a rate of
1 °C/min. Static H, chemisorption was performed at
100 °C.

2.3. CO hydrogenation reaction

CO hydrogenation was carried out at 220 °C and 1 atm
total pressure in a fixed-bed stainless steel reactor under
differential conversion conditions. A flow rate of H,/CO
/Ar = 20/2/8 cm®/min was used. Typically, 0.2 g of the cat-
alyst samples were reduced in situ in flowing H, (50 cm®
/min) at 350 °C for 10 h prior to reaction. The data was
collected every hour and analyzed by gas chromatography.
The steady-state rates for all the catalysts were obtained
after 5-6 h. The percentages of CO conversion and reaction
rates were defined as:

#CO conversion = (mol of CO in feed)

Reaction rate (g CH, gcat.”'h™")

x 100,

_ %CO conversion x flowrate of CO in feed (cm*/min) x 60 (min /h) x mol. wt of CH, (g/mol)

wetness impregnation of the supports with aqueous solu-
tion of Co(II) nitrate hexahydrate (Aldrich). The samples
were dried at 110 °C for 1 day and then were calcined in
air at 300 °C for 2 h. The final cobalt loading of the cal-
cined catalysts were determined using atomic absorption
spectroscopy (Varian Spectra A800) to be ca. 8 wt%.

2.2. Catalyst characterization

TGA was performed using a DIAMOND TG/DTA
analyzer. The catalyst samples of 10-20 mg and a temper-
ature ramping from 35 to 800 °C at 10 °C/min were used
in the operation. The carrier gas was N, UHP. The BET
surface areas were determined by N, physisorption using
a Quantachrome Nova 1000 automated system. Each sam-
ple was degassed in the system at 150 °C for 2 h prior to N,
physisorption. The XRD spectra of the sample powders
were measured using a SIEMENS D5000 X-ray diffractom-
eter using Cu K, radiation with a Ni filter in the 10-80° 26
angular regions. The particle morphology was obtained
using a JEOL JSM-35CF scanning electron microscope
(SEM) operated at 20 kV. Transmission electron micros-
copy was performed on a JEOL-TEM 200CX transmission
electron microscope operated at 100 kV. The catalyst sam-

catalyst weight (g) x 22,400 (cm?/mol)

3. Results and discussion

Fig. 1 shows the scanning electron micrographs of
micron- and nano-sized zirconia before and after cobalt
loading. It was found that the commercial micron-sized zir-
conia have a spherical shape with an average particle size of
ca. 0.2 um. The SEM micrographs of the commercial nano-
sized zirconia showed very small particle sizes that
appeared to be more agglomerated. Compared to the com-
mercial available ones, the glycothermal-derived nanocrys-
talline zirconia appeared as large separate spherical
particles (1 um). These particles were formed by aggrega-
tion of their primary particles. The mechanism during crys-
tallization of zirconia in the glycols during glycothermal
synthesis has been suggested in our previous study [12].
Nanocrystals were formed when starting materials were
completely dissolved into the glycol. Crystallization of
the glycoxide intermediates in 1,4-butanediol then proceeds
via solid-state transformation. After impregnated with
solutions of cobalt nitrate, dried overnight at room temper-
ature, and calcination at 300 °C for 2 h, the morphologies
of the commercial micron- and nano-sized zirconia sup-
ported catalysts were found to be more agglomerated
especially the nano-sized ones. High concentration of
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Fig. 1. SEM micrographs of various ZrO, and 8%Co/ZrO, catalysts.

cobalt appeared as light/white spots on the granules of the
Co/ZrO,-nano-com catalyst. Unlike the commercial zirco-
nia supported Co catalysts, the morphology of the glyco-
thermal-derived nanocrystalline zirconia supported one
was not altered by cobalt impregnation and calcination
even for cobalt loading as high as 8 wt%.

The X-ray diffraction patterns of the various ZrO, are
shown in Fig. 2. Both micron- and nano-sized commercial
zirconia samples exhibited the XRD patterns of both
tetragonal and monoclinic zirconia while only tetragonal
phase was obtained for the glycothermal-derived ones.
Typically, the monoclinic phase is stable to ~1170 °C, at
which temperature it transforms into the tetragonal phase,
which is stable up to 2370 °C [14]. However, at low temper-
ature, a metastable tetragonal phase zirconia is usually
observed when zirconia is prepared by certain methods
such as precipitation from aqueous salt solution or thermal

composition of zirconium salts as employed in this work. It
is also found that there was less monoclinic phase for the
commercial nano-sized zirconia compared to the micron-
sized one. The transformation of the metastable tetragonal
form into the monoclinic form was due probably to the
lower surface energy of the tetragonal phase compared to
monoclinic phase [15,16]. The average crystallite sizes of
tetragonal and monoclinic zirconia determined by X-ray
line broadening and BET surface areas of the zirconia sam-
ples are given in Table 1. The average crystallite size of
tetragonal phase of the glycothermal-derived zirconia was
calculated to be 4 nm while those of commercial ones were
ca. 9-12 nm. The BET surface areas of the catalyst samples
were 50-170 m*/g in the order of Co/ZrO,-nano-
glycol >> Co/ZrO,-nano-com > Co/ZrO,-micron-com. The
information on porosity of the new nanocrystalline ZrO,
such as pore volumes and N, adsorption—desorption iso-
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Fig. 2. XRD patterns of various ZrO, samples.

therms can be found in [12]. After impregnation of cobalt
and calcination at 300 °C, the XRD peaks for cobalt oxides
were not apparent for all the catalyst samples due probably
to overlapping of Co304 peaks with those of the ZrO, sup-
ports. Thermal stability of the zirconia samples was inves-
tigated by thermal gravimetric analysis and the results are
shown in Fig. 3. It was found that the ZrO,-nano-glycol
exhibited ~8% and 5% more weight loss than those of
ZrO,-micron-com and ZrO,-nano-com, respectively, dur-
ing heat treatment up to 800 °C. These losses may be due
to larger amount of water was adsorbed on the high surface
area/pore volume ZrO,-nano-glycol and not to the phase
change as confirmed by XRD (results not shown).

The H, chemisorption results and the catalytic activi-
ties of zirconia supported Co catalysts are reported in
Tables 1 and 2, respectively. We have performed CO
hydrogenation under methanation conditions (high H,/
CO ratio) in order to minimize deactivation of the cata-
lysts due to wax formation. It is clearly seen that the cat-
alysts supported on nano-sized zirconia exhibited smaller
Co® particle size, higher Co dispersion, and higher CO
hydrogenation activities than the micron-sized supported
one with the use of the glycothermal-derived nanocrystal-
line zirconia showed the best performances. As reported
in the literature, strong metal support interaction (SMSI)

100 1 =~=moorrror e
i —--'"'"-n.-..
90 1 '
=
< 80 A1
-]
2ol
)
= 70
— ZrO2-micron-com
L e e e T ZrOp-nano-com
=== ZrOp-nano-glycol
50

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 3. TGA profiles of various ZrO, samples.

between metal (i.e. Pt) and ZrO, occurs during high tem-
perature reduction >850°C [17]. Under the reduction
and reaction temperatures used in this study (350 and
220 °C, respectively), the SMSI effect is likely to be
absent. Thus, a decrease in cobalt oxide particle size (as
surface area of ZrO, increases) can result in faster reduc-
tion due to a greater surface area/volume ratio hence
higher metal dispersion can be obtained.

It should be noted that under similar reaction conditions
(methanation) relatively large portions of higher hydrocar-
bons (C4~Cg) were obtained on all the Co/ZrO, catalysts
compared to those reported in the literature for Co cata-
lysts supported on SiO, [18], Al,O5 [19], or TiO, [20]. It
is likely that the use of ZrO, support significantly enhances
the polymerization reaction as also suggested by Enache
et al. [7]. In this study, we report that compared to the
use of micron-size ZrO», the nano-sized ones exhibited even
higher selectivities for long chain hydrocarbons. However,
for the two commercial zirconia supported Co catalysts,
the product selectivities were similar in which C; > Cy—
Cg¢ > C,—C;3, typical for CO hydrogenation under methana-
tion while for the glycothermal-derived nanocrystalline
ZrO, supported catalyst, the selectivities for longer chain
hydrocarbons were much higher and were found to be in
the order: C4—Cg > C; > C,—Cs. In other words, using

Table 1
The characteristics of Co/ZrO, catalysts
Sample BET S.A.* (m?/g) Crystal size of ZrO," (nm) H, chemisorption? % Co dispersion® dp Co°" (nm)
19 “1

Tetragonal Monoclinic (x10"" mol g cat. ™)
Co/ZrO,-micron-com 50 7.7 10.5 3.1 7.6 12.6
Co/ZrO,-nano-com 78 11.5 10.2 10.1 24.7 3.9
Co/ZrO,-nano-glycol 170 4.0 n.d. 15.3 374 2.6

% Error of measurements = 4=10%.

® Determined by XRD line broadening using Scherrer’s equation [21].
¢ n.d. = not detected.

4 Error of measurement = +5%.

¢ Based on total amount of cobalt.

f o = 5/(Sco X Pco), Where S, is the surface area of cobalt measured by H, chemisorption.
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Table 2
Catalytic activities of Co/ZrO, in CO hydrogenation
Catalysts Reaction rate® Product selectivity (%) TOFs® (s7")
—1 -1

(gCHygeat” h) c C,-Cs C4—Cs
Co/ZrO,-micron-com 1.7 57.8 14.4 17.8 0.66
Co/ZrO,-nano-com 3.8 77.8 8.6 13.5 0.45
Co/ZrO,-nano-glycol 14.5 29.5 11.4 59.1 1.13

# Reaction conditions were 220 °C, 1 atm and H,/CO ratio = 10.
® Based on H, chemisorption results.

50 nm
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50 nm

Fig. 4. TEM micrographs of Co/ZrO,-nano-glycol: (a) before and (b) after CO hydrogenation reaction at 220 °C 1 atm for 6 h.
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Fig. 5. XRD patterns of Co/ZrO,-nano-glycol before and after used in
CO hydrogenation reaction at 220 °C and 1 atm for 6 h.

the nano-sized zirconia resulted in higher CO hydrogena-
tion rates but on the expense of selectivities for C4—Cg,
whereas Co catalyst supported glycothermal-derived nano-
crystalline zirconia, both higher reaction rate and higher
selectivities for longer chain hydrocarbons were obtained.
Thus, it is not only the effect of ZrO, crystallite size but
also the presence of pure tetragonal phase of zirconia that

resulted in better catalytic performances in CO hydrogena-
tion. Stabilization of tetragonal phase zirconia has been
reported to be very important for applications as a catalyst
or catalyst support [5]. The TEM micrographs and the
XRD patterns of Co/ZrO,-nano-glycol catalyst before
and after CO hydrogenation reaction are shown in Figs.
4 and 5, respectively. Primary particles in nano-sized of
the glycothermal-derived ZrO, as well as high Co disper-
sion can be observed for both fresh and used catalysts.
There was also no change in the tetragonal phase of the
ZrO, while the crystallite size was slightly increased from
4.0 to 4.3 nm. Overall, the results in this study suggest a
marginal effect of the nanocrystalline zirconia on the cata-
Iytic activities and selectivities on CO hydrogenation reac-
tion. Although the cost of catalyst preparation using
glycothermal process is more expensive than conventional
method, their unique properties such as high stability of
pure tetragonal ZrO, offer interesting possibilities for cata-
lyst design and for application in particular cases.

4. Conclusions

The comparison of catalytic performances in CO hydro-
genation of the cobalt catalysts supported on glycothermal-
derived nanocrystalline zirconia and commercial available
nano- and micron-sized zirconia shows that both catalyst
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activity and selectivity for long chain hydrocarbons were
enhanced by the use of nanocrystalline zirconia as catalyst
supports. The glycothermal-derived catalysts exhibited
higher surface areas, higher Co dispersion, and highly sta-
ble pure tetragonal phase zirconia.
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Abstract

Nanoparticles of anatase titania were synthesized by the thermal decomposition of titanium (IV) n-butoxide in 1,4-butanediol. The powder
obtained was characterized by various characterization techniques, such as XRD, BET, SEM and TEM, to confirm that it was a collection of
single crystal anatase with particle size smaller than 15 nm. The synthesized titania was employed as catalyst for the photodegradation of
diuron, a herbicide belonging to the phenylurea family, which has been considered as a biologically active pollutant in soil and water.
Although diuron is chemically stable, degradation of diuron by photocatalyzed oxidation was found possible. The conversions achieved by
titania prepared were in the range of 70-80% within 6 h of reaction, using standard UV lamps, while over 99% conversion was achieved
under solar irradiation. The photocatalytic activity was compared with that of the Japanese Reference Catalyst (JRC-TIO-1) titania from the
Catalysis Society of Japan. The synthesized titania exhibited higher rate and efficiency in diuron degradation than reference catalyst. The
results from the investigations by controlling various reaction parameters, such as oxygen dissolved in the solution, diuron concentration, as
well as light source, suggested that the enhanced photocatalytic activity was the result from higher crystallinity of the synthesized titania.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Titanium (IV) dioxide or titania (TiO,) is one of the most
common metal-oxides recognized in various industries. Due
to its good physical and chemical properties, such as
catalytic activity [1], photocatalytic activity [2], good
stability toward adverse environment [3], sensitivity to
humidity and gas [4], dielectric character [5], nonlinear
optical characteristic [6] and photoluminescence [7], titania
has been used in many fields of application including the use
as catalysts, catalyst supports, electronics, cosmetics,
pigments and filler coating. Nevertheless, photocatalyst is

* Corresponding author. Tel.: +66 2 2186 890; fax: +66 2 2186 877.
E-mail address: fchvpv@eng.chula.ac.th (V. Pavarajarn).

1468-6996/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.stam.2005.02.007

one of the most important applications of titania. Although
titania is known to have three natural polymorphs, i.e. rutile,
anatase, and brookite, only anatase is generally accepted to
have significant photocatalytic activity [8—10].

Many factors affect the photocatalytic activity of titania.
Particle size is one of the most important factors. It has been
reported that photocatalytic activity is increased with the
decrease in titania particle size, especially into nanometer-
scale, because of high surface area and short interface
migration distances for photoinduced holes and electrons
[11-13]. Nanocrystalline titania can be synthesized by many
methods, such as sol-gel method, hydrothermal method,
vapor-phase hydrolysis, laser-induced decomposition,
chemical vapor decomposition and molten salt method. In
this work, nanocrystalline anatase titania was synthesized
via the thermal decomposition of titanium alkoxide in
organic solvent, which has been employed to synthesize
various nanocrystalline metal-oxides [14—19]. It has been
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demonstrated that the activity of titania synthesized by
this method is much higher than those of commercially
available titania for photocatalytic decomposition of simple
compound, such as acetic acid, in aqueous solutions [20].
However, it has never been used for the decomposition of
more complex substance. In this study, photodegradation of
complex substance, i.e. diuron [3-(3,4-dichlorophynyl)-1,1-
dimethylurea], is employed to investigate the activity of
titania prepared by this method.

Diuron has been one of the most commonly used
herbicides for more than 40 years. It is bio-recalcitrant
and chemically stable with half-life in soil over 300 days.
Since, diuron is slightly soluble (solubility of 36.4 mg/l at
25 °C), it can slowly penetrates through soil and contami-
nates underground water. Photodegradation using titania as
catalyst is therefore one potential option for contaminated
water remediation.

2. Materials and methods
2.1. Synthesis of titania

Titanium (IV) n-butoxide (TNB) was used as starting
material for titania synthesis. 15 g of TNB was suspended in
100 ml of 1,4-butanediol, which was used as reaction
medium, in a test tube. The test tube was then placed in a
300 ml autoclave. The gap between the test tube and the
autoclave wall was also filled with 1,4-butanediol. The
autoclave was purged completely by nitrogen before heating
up to 300 °C at a rate of 2.5 °C/min. Autogeneous pressure
during the reaction gradually increased as the temperature
was raised. The system was held at 300 °C for 2 h before
cooling down to room temperature. The resulting powders
in the test tube were repeatedly washed with methanol and
dried in 110 °C oven overnight. Subsequently, the obtained
product was calcined at 500 °C for 2 h in a box furnace with
a heating rate of 10 °C/min.

Synthesized powders were characterized by various
techniques, i.e. powder X-ray diffraction (XRD), scanning
electron microscope (SEM) and transmission electron
microscope (TEM). Powder X-ray diffraction (XRD)
analysis was done by using a SIEMENS D5000 diffract-
ometer with CuKa radiation. The crystallite size of the
product was determined from the broadening of its main
peak, using the Scherrer equation. Specific surface area of
the samples was also measured by using the BET multipoint
method.

2.2. Photocatalytic experiments

Photodegradation of diuron in aqueous solution was
employed to investigate the photocatalytic activity of the
synthesized titania. The initial concentrations of diuron used
were 1 and 10 ppm, respectively. The solution was mixed
with titania in the ratio of 1 mg titania to 10 ml of solution

and kept in the dark for at least 15 min to allow the complete
adsorption of diuron on the surface of titania. The
photocatalytic reaction was initiated by exposing test
tubes to light from UV lamps (Phillips Cleo 15 W). Diuron
degradation was periodically monitored by using a reverse
phase HPLC system. The HPLC system included Hyper-
clone column (150X 8 mm inner diameter; 5 pm particle
size) (Phenomenex, USA) with a mobile phase of 70%
acetonitrile-29.5% water—0.5% phosphoric acid; a flow rate
of 0.5ml/min and a UV detector at 254 nm. The
photocatalytic activity of the synthesized catalyst was
compared with that of the Japanese Reference Catalyst
titania, JRC-TIO-1, which is also pure nanocrystalline
anatase.

3. Results and discussion

3.1. Properties of synthesized titania

The particles obtained from the decomposition of TNB in
1,4-butanediol at 300 °C was confirmed to be titania. The
XRD analysis, as shown in Fig. 1, revealed that the
synthesized product before calcination was already anatase
phase. This result was in agreement with the results from
our previous work that anatase crystals were formed by
crystallization when the temperature in the autoclave
reached 250°C [21]. The crystallite size of the as-
synthesized product calculated from the Scherrer equation
was approximately 13 nm, while that of the calcined product
was 15 nm. It should be noted that the crystallite sizes
calculated were in agreement with TEM observation
(Fig. 2). Therefore, it was suggested that the synthesized
product synthesized was nanosized single crystal titania.

As shown in Table 1, the BET surface area measured by
nitrogen adsorption (Sggr) of the as-synthesized products
was comparable with the surface area calculated from the
particle size (Sxrp), Which was assumed that the particles
were spherical and nonporous. It was therefore suggested

Fig. 1. XRD patterns of synthesized titania: (a) before calcination, (b) after
calcination.
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100 nm

Fig. 2. TEM micrograph of as-synthesized titania.

that the primary particles were not heavily agglomerated. It
was also confirmed by SEM micrographs (Fig. 3a) that the
synthesized powder was an irregular aggregates of nan-
ometer particles. According to Park et al. [22], agglomera-
tion of the precipitates is influenced by dielectric constant of
the reaction medium. The lower the dielectric constant, the
higher the degree of agglomeration. Since, 1,4-butanediol
has quite high dielectric constant (¢ =32 at 25 °C [23]), the
repulsive force between anatase particles formed in this
reaction medium is more pronounced than the attraction
force, resulting in low degree of agglomeration.

After calcination at 500 °C, the calcined powder was still
in anatase phase, as previously proved that anatase
synthesized by this method is thermally stable [21].
Nevertheless, the crystallite size of titania increased due
to crystal growth. Agglomeration of primary particles was
also observed, according to the fact that the BET surface
area was notably decreased. Despite of the smaller surface
area, calcined titania has shown higher photocatalytic
activity than as-synthesized titania. This is due to the fact
that the crystallinity of titania was improved by calcination
and the crystallinity predominantly influenced the activity
rather than surface area [24].

3.2. Photodegradation of diuron

It has been reported that titania synthesized by the
thermal decomposition of titanium alkoxide in organic

Table 1
Crystallite size and surface area of the synthesized products

Crystallite Sger (m%/g) Sxrp (m*/g)

size®, d (nm)

Synthesized titania

Before calcination 13 113 120
After calcination 15 68 103
Reference titania 9 53 174

# Crystallite size calculated from XRD peak broadening.

2 s 7

15kUSKs, 0@

Fig. 3. SEM micrographs of synthesized titania: (a) before calcination, (b)
after calcination.

solvent has high activity in photocatalytic decomposition of
various compounds [20]. In this work, titania synthesized by
this method was employed as catalyst in the photodegrada-
tion of diuron, which is chemically stable pollutant. Since,
the photocatalytic activity depends upon the conditions of
the reaction, such as temperature, light intensity, initial
concentration of the compound to be degraded and amount
of catalyst used, it is difficult to directly compare the results
obtained in this work to those reported in literatures.
Therefore, in order to investigate activity of the in-house
synthesized catalyst, the results were compared to that of the
reference catalyst (JRC-TIO-1) from the Catalysis Society
of Japan. It should be noted that mass of the reference
catalyst used was the same as the mass of the in-house
synthesized catalyst.

Fig. 4 shows the disappearance of diuron by photo-
catalytic degradation using the synthesized titania or
reference titania as catalyst. It should be noted that C is
the concentration of diuron at time ¢, while Cy is the initial
diuron concentration. The results shown in Fig. 4a indicate
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Fig. 4. Results for photocatalytic degradation of 1 ppm diuron aqueous
solution: (a) in oxygen saturated solution, (b) in nitrogen-purged solution;
(W) synthesized titania, (<) reference titania.

that although both catalysts yielded approximately the same
degradation after the reaction time of 6 h, the synthesized
titania showed almost twice as much in the initial
degradation rate than the reference catalyst. The amount
of diuron was reduced to 30% of its initial value within 4 h
of the reaction using the synthesized catalyst, while almost
6 h was required for the reference catalyst.

It has been recognized that the efficiency of titania in
photocatalytic reaction is influenced by many factors such
as crystallinity of the anatase phase [9], particle size [11]
and surface area [11]. Since, the synthesized and reference
titania are both anatase with roughly same particle size and
surface area, the main factor accountable for the enhanced
activity of the synthesized titania is its crystallinity.
Although there has been no consensus on the detailed
mechanism of the photocatalytic reaction on titania, it is
generally agreed that the reaction involves generation of
electron-hole pairs upon illumination of UV light on titania.
The photogenerated holes can be subsequently scavenged
by oxidizing species such as H,O or OH™ and result in
highly reactive hydroxyl radicals, which are the key for
decomposition of most organic contaminants. Therefore, the
separation of the photogenerated electron-hole pairs is
considered to have a predominant role in photocatalytic
reaction. The longer the separation period, the higher

the activity. Crystallinity, including quality and quantity of
both bulk and surface crystal defects, is one factor that
affects the electron-hole separation [25]. It has been
reported that negligible photocatalytic activity of
amorphous titania is attributable to the facilitated recombi-
nation of photoexcited electrons and holes in the amorphous
structure. Therefore, the result in Fig. 4a suggests that titania
synthesized by thermal decomposition of TNB in 1,4-
butanediol has structure with high crystallinity that prevents
electron-hole recombination. This result supports the
findings in our previous work that titania synthesized by
this method was formed via crystallization pathway [21].

When all oxygen dissolved in the solution was purged by
thoroughly bubbling with nitrogen gas, the conversion of
diuron photodegradation dramatically decreased. As shown
in Fig. 4(b), only about 30% of diuron was degraded within
6 h of the reaction with either the synthesized or the
reference catalyst. This is in agreement with the generally
accepted mechanism of the photocatalytic reaction that the
presence of oxygen as an electron scavenger in the system is
required for the course of the reaction [26-28]. Without
electron scavenger, the electron-hole recombination spon-
taneously took place on the surface of titania. The enhanced
effect from crystallinity of the synthesized titania was
therefore compromised and the progress of the photocata-
Iytic reactions from both catalysts were roughly the same.
However, regardless of the depletion of dissolved oxygen in
the solution, the reaction still slowly progressed. This was
expected to be the results from chlorine radicals produced
from diuron degradation. Several studies involving photo-
catalytic decomposition of chlorinated organic materials
have proposed that chlorine radicals may be generated
during photocatalysis [29] and these radicals participate in
radical chain reactions [30-32].

Further, investigations on the enhanced activity of the
synthesized titania were conducted by using solar
irradiation, which had much higher light intensity than
UV lamps. It should be noted that the concentration of

1.2

1.0

0.8

0.6 4

C/Co

0.4 4

0.2

0.0 T T T T T T T T T T T T
0 60 120 180 240 300 360 420
Time (min)
Fig. 5. Results for photocatalytic degradation of 10 ppm diuron aqueous
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aqueous solution: (- - -) using UV lamps, (—) using solar radiation; (),
(A) synthesized titania, (), (O) reference titania.

diuron employed was increased to 10 ppm in order to
investigate the effect of the initial concentration as well.
Fig. 5 shows the results comparing the photodegradation
using sunlight to that using UV lamps. Furthermore, since
rates of photooxidation of various organic contaminants
over illuminated titania have been suggested to follow the
Langmuir—Hinshelwood kinetics model [27,33,34], which
can be simplified to the apparent first-order kinetics at low
concentration, the plot of In (Cy/C) versus time was
expected to be a straight line with the slope equal to the
apparent rate constant, k,,,, of the degradation. The first-
order linear transforms of the results shown in Fig. 5 are
given in Fig. 6 and the rate constants are reported in Table 2.

Regarding the effect of diuron concentration, it was found
that the degradation rate under UV light shown in Fig. 5
(Cy=10 ppm) was only slightly less than that was given in
Fig. 4 (Co=1 ppm). This is in general agreement with the
pseudo first-order nature, according to the Langmuir—
Hinshelwood kinetics, of the photooxidation on titania.

It can be seen from Figs. 5 and 6 that titania synthesized
from thermal decomposition of titanium alkoxide has higher
photocatalytic activity than the reference catalyst,
especially under solar irradiation. Although it was not
surprise to observe higher degradation rate under higher
light intensity, it was particularly interesting to find that the
enhancement in the activity from the synthesized titania

Table 2
Rate constants and half-life of the photocatalytic degradation reaction of
diuron

Kypp (min™") t1/> (min)
Degradation using UV
lamps
Synthesized titania 3.003x1073 230.8
Reference titania 2.042%x1073 339.5
Degradation using solar
irradiation
Synthesized titania 1.145Xx1072 60.5
Reference titania 7.027x1073 98.6

increased with an increase in light intensity. According to
Table 2, the reaction rate constant obtained from the
synthesized titania was roughly 45% higher than that of the
reference titania, when UV lamps were used. On the other
hand, the rate from the synthesized titania was about 60%
higher, under solar irradiation.

In general, under higher light intensity, more photo-
electron-hole pairs are generated. However, it has been
reported that a rate of the electron-hole recombination
increases with increasing light intensity more progress-
ively than the rates of charge transfer reaction [35].
Therefore, titania with high crystallinity, which prolongs
the separation lifetime of the photogenerated electron-hole
pairs, would utilize these greater amount of photoexcited
electrons and holes with higher efficiency. Consequently,
the enhancement in the photocatalytic activity under high
light intensity is more pronounced than that from titania
with lower crystallinity. This feature supports the afore-
mentioned discussion that thermal decomposition of
titanium alkoxide resulted in anatase titania with much
higher crystallinity than the conventional preparation
techniques.

Results discussed above have demonstrated that titania
synthesized by thermal decomposition of TNB in 1,4-
butanediol is potentially applicable for the photodegrada-
tion of diuron. However, the operating conditions for
photocatalytic reaction in this work have not been
optimized. Further, investigation on effects of degradation
parameters on the degradation efficiency as well as the
intermediates resulted from diuron degradation will be
discussed in our next paper.

4. Conclusion

Nanocrystalline anatase titania can be prepared via
thermal decomposition of TNB in 1,4-butanediol. The
synthesized titania has shown higher photocatalytic activity
comparing to the reference catalyst. It is suggested that the
enhanced activity is resulted from high crystallinity of
the synthesized powder, which consequently reduces the
recombination of photogenerated electron-hole pairs.
The synthesized titania also shows the potential for the
degradation of chemically stable compound such as diuron.
Nevertheless, conditions for photodecomposition need to be
optimized.
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Abstract

In the present study, the catalytic behaviors of mixed TiO,-SiO,-supported cobalt (Co) Fischer—Tropsch (FT) catalysts via carbon monoxide
(CO) hydrogenation were investigated. The various weight ratios of TiO,/Si0O, were prepared, then consequently impregnated with the cobalt
precursor. After calcination, the various samples were characterized using XRD, Raman spectroscopy, scanning electron microscopy/energy
dispersive X-ray (SEM/EDX), transmission electron microscopy (TEM), temperature-programmed reduction (TPR), and H, chemisorption.
The characteristics of various samples were further discussed in more details. Based on the reaction study, it revealed that the presence of
titania in the mixed supports resulted in decreased activities dramatically. However, longer chain hydrocarbons such as C,—Cs can be obtained
substantially with increasing the amounts of titania in the mixed supports.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Silica; Titania; Cobalt; Catalyst; CO hydrogenation

1. Introduction

It has been known that supported cobalt (Co) catalysts
are preferred for Fischer—Tropsch (FT) synthesis because of
their high activities during 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 SiO;
[4-8], Al,03 [9-14], TiO, [15-17] and zeolites [18] have
been extensively studied for supported Co catalysts for years.
It is known that in general, the catalytic properties depend on
reaction conditions, catalyst compositions, metal dispersion,
and types of inorganic supports used. Thus, changes the cat-
alyst compositions and/or even though the compositions of
supports used may lead to significantly enhance the catalytic
properties as well.

The TiO,-SiO; mixed oxide has been considered to be
very attractive as catalysts and supports, which have brought
much attention in recent years. It was reported that TiO»-Si0;

* Corresponding author. Tel.: +662 2186869; fax: +662 2186877.
E-mail address: bunjerd.j@chula.ac.th (B. Jongsomjit).

0254-0584/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
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mixed materials have been used as catalysts and supports for
various reactions [19]. However, the use of this mixed oxide
support here with the cobalt catalyst has not been reported
yet. This TiO,-SiO, mixed oxide would lead to robust cat-
alytic supports of cobalt catalyst for carbon monoxide (CO)
hydrogenation reaction.

Therefore, the main objective of this present study was
to investigate the catalytic behaviors of mixed TiO»-SiO;-
supported cobalt Fischer—Tropsch catalyst via CO hydro-
genation reaction. The ratios of TiO,/SiO; used were varied.
The mixed oxide supports and catalyst precursors were pre-
pared, characterized and tested for CO hydrogenation. The
role of titania in the mixed oxide supports on the catalytic
behaviors was also further discussed.

2. Experimental

2.1. Material preparation

2.1.1. Preparation of TiO2-SiO; mixed oxide support
TiO,-Si0, mixed oxide supports [surface areas of
Si0, =300 m? g’1 and TiO, =70 m? g’1 (anatase form)]
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were prepared according to the method described by Con-
way et al. [20]. In particular, 1 g of TiO,-SiO; mixed oxide
support was physically mixed by dispersing in toluene (ca.
20 ml). The mixture was stirred for 30 min, filtered, and then
dried under vacuum. The TiO,/SiO; weight ratios were var-
ied from 0/1, 2/8, 4/6, 6/4, 8/2, and 1/0. The mixed supports
were calcined at 500 °C for 4 h.

2.1.2. Preparation of catalyst samples

A 20 wt.% of Co/Ti0;-SiO; mixed support was prepared
by the incipient wetness impregnation. A designed amount
of cobalt nitrate [Co(NO3)-6H,O] was dissolved in deionized
water and then impregnated onto the mixed oxide supports
obtained from Section 2.1.1. The catalyst precursor was dried
at 110°C for 12 h and calcined in air at 500 °C for 4 h.

2.2. Catalyst nomenclature

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

e Co_a/brefersto the cobalt catalyst on the TiO,-SiO, mixed
oxide support, where a is the weight ratio of TiO, and b
the weight ratio of SiO»

2.3. Catalyst characterization

2.3.1. X-ray diffraction

XRD was performed to determine the bulk crystalline
phases of catalyst. It was conducted using a SIEMENS D-
5000 X-ray diffractometer with Cu Ko (A =1.54439 A). The
spectra were scanned at a rate of 2.4°min~! in the range
26 =20-80°.

2.3.2. Raman spectroscopy
The Raman spectra of the samples were collected by pro-
jecting a continuous wave laser of argon ion (Ar*) green
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Fig. 1. XRD patterns for various ratios of TiO,/SiO, mixed supports.
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Fig. 2. XRD patterns for the various mixed TiO,/SiO;-supported cobalt
catalysts after calcination.

(514.532nm) through the samples exposed to air at room
temperature. A scanning range of 100-1000 cm™! with a res-
olution of 2 cm™! was applied. The data were analyzed using
the Renishaw Windows-based Raman Environment (WiRE)
software, which allows Raman spectra to be captured, cal-
ibrated, and analyzed using system 2000 functionality via
Galactic GRAMS interface with global imaging capacity.

2.3.3. Scanning electron microscopy (SEM) and energy
dispersive X-ray (EDX) spectroscopy

SEM and EDX were used to determine the catalyst mor-
phologies and elemental distribution throughout the catalyst
granules, respectively. The SEM of JEOL mode JSM-5800LV
was applied. EDX was performed using Link Isis series 300
program.
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Fig. 3. Raman spectra for the various mixed TiO,/SiO;-supported cobalt
catalysts after calcination.
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2.3.4. Transmission electron microscopy (TEM)

The dispersion of cobalt oxide species on the vari-
ous mixed oxide supports was determined using a JEOL-
TEM 200CX transmission electron spectroscopy operated at
100 kV with 100k magnification.

2.3.5. Hydrogen chemisorption

Static H, chemisorption at 100 °C on the reduced cobalt
catalysts was used to determine the number of reduced sur-
face cobalt metal atoms. This is related to the overall activity
of the catalysts during CO hydrogenation. Gas volumetric
chemisorption at 100 °C was performed using the method
described by Reuel and Bartholomew [21]. The experiment
was performed in a Micromeritics ASAP 2010 using ASAP
2010C V3.00 software.

2.3.6. Temperature-programmed reduction (TPR)

TPR was used to determine the reduction behaviors and
reducibilities of the samples. It was carried out using 50 mg
of a sample and a temperature ramp from 35 to 800 °C at
5°Cmin~!. The carrier gas was 5% H; 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 Hy consumed during
TPR. The H; consumption was calibrated using TPR of Ag,O
at the same conditions [9,22-26].

2.4. Reaction

CO hydrogenation (H/CO=10/1) was performed to
determine the overall activity of the catalyst samples. Hydro-

genation of CO was carried out at 220 °C and 1 atm. A flow
rate of Ho/CO/He = 20/2/8 cc min~! in a fixed-bed flow reac-
tor under differential condition was used. A relatively high
H,/CO ratio was used to minimize deactivation due to car-
bon deposition during reaction. Typically, 20 mg of a catalyst
sample was reduced in situ in flowing Hy (30 ccmin™') at
350°C for 10h prior to the reaction. Reactor effluent sam-
ples were taken at 1-h intervals and analyzed by GC. In all
cases, steady-state was reached within 5 h.

3. Results and discussion
3.1. Characteristics of Co/TiO2-SiO3

The XRD patterns of mixed TiO;,-SiO, supports before
impregnation with the cobalt precursor are shown in Fig. 1.
It was observed that the pure silica exhibited a broad XRD
peak assigning to the conventional amorphous silica. Similar
to the pure silica, the XRD patterns of pure titania indi-
cated only the characteristic peaks of anatase titania at 25°
(major), 37°, 48°, 55°, 56°, 62°, 71°, and 75°. XRD pat-
terns of the mixed oxide supports containing various ratios
of titania and silica revealed the combination of titania and
silica supports based on their contents. It can be seen that
the intensity of XRD characteristic peaks for both supports
was changed based on the ratios of titania and silica. After
impregnation with the cobalt precursor and calcination, all
samples of Co/Ti0,-Si0; catalyst were again identified using
XRD. The XRD patterns of all calcined samples are shown in
Fig. 2. After calcination, all samples exhibited XRD peaks,

<+

20 microns

Fig. 4. SEM micrograph and EDX mapping of the calcined Co/SiO; catalyst.
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which were identical with those for the corresponding mixed
oxide supports used as seen in Fig. 1. This indicated that
there was no further phase transformation from anatase to
rutile occurred after calcination (at temperature ca. 500 °C
for 4 h). The amorphous silica also exhibited good stability
upon the same calcination process. Besides the correspond-
ing mixed oxide supports detected, all calcined samples also
exhibited weak XRD peaks at 31°, 36°, and 65°, which were
assigned to the presence of Co304. Based on XRD results,
it indicated that the presence of Co3zO4 was apparently in
the highly dispersed form. Raman spectroscopy is one of the
most powerful techniques used to identify the metal oxide
species present. It was found that the titania support exhib-
ited the Raman bands at 640, 514 and 397 cm ™! for TiO» in its
anatase form as seen from our previous work [27] whereas
silica was the Raman insensitive upon the scanning range

applied. The Raman spectra for all calcined samples as shown
in Fig. 3 exhibited the Raman bands of the titania support as
mentioned above with two shoulders at 690 and 480 cm™!,
assigned to Co3 04 [9,22,27] with corresponding to those with
XRD.

SEM and EDX were also conducted in order to study
the morphologies and elemental distribution of the samples,
respectively. Apparently, SEM micrographs and EDX map-
ping exhibited similar trends of morphologies and elemental
(Co, Si, Ti, and O) distributions. The typical SEM micro-
graphs along with the EDX mapping (for Co, Si, and O)
of Co/SiO; sample are illustrated in Fig. 4 indicating the
external surface of the sample granule. It can be seen that
the cobalt oxide species were well distributed (shown on
EDX mapping) all over the sample granule. In order to deter-
mine the morphologies and elemental distributions of cobalt

<4—» 20 microns

Fig. 5. SEM micrograph and EDX mapping of the calcined Co/TiO;-SiO; (2/8) catalysts.
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4——» 20 microns

Fig. 6. Atypical of SEM micrograph and EDX mapping of mixed TiO;-SiO,
support.

oxides on the mixed TiO,-SiO; supports, the typical SEM
micrographs along with the EDX mapping (for Co, Si, Ti,
and O) are shown in Fig. 5, which is similar with those as
seen in Fig. 4. However, an obvious charged surface under
SEM electron bombarding is visible in Fig. 4. Besides the
observation of well distribution for cobalt oxide species, it
indicated that titania was apparently located on the outer sur-
face of silica as shown in Fig. 6. The connectivity of Si—O-Ti
can be confirmed by the IR spectroscopy indicating the IR
bands at ca. 980 and 1100cm™—! [28,29]. In order to deter-
mine the dispersion of cobalt oxide species on the various
mixed oxide supports, a more powerful technique such as
TEM was applied to all samples. The TEM micrographs

for all samples are shown in Fig. 7. The dark spots rep-
resented cobalt oxide species or patches dispersing on the
various mixed TiO»-SiO; supports. It can be observed that
a highly dispersed form of cobalt oxide species trended to
be achieved with the presence of titania in the mixed oxide
supports resulting in an appearance of smaller cobalt oxide
patches. When combined the Raman spectroscopic results
with those from TEM, it is likely that larger shoulders at
690 and 480 cm™! would result in more dispersion of Co. It
should be mentioned that although the more highly dispersed
cobalt oxide patches with the presence of titania, their dis-
tributions seen by TEM were not as good as those seen in
the pure silica support. On the other hand, the cobalt oxide
patches present on the pure silica support exhibited better
distribution, however, with lower degree of dispersion than
any other samples. This can be attributed to higher surface
areas of the silica support itself. It should be mentioned that
high surface area of support could result in better distribu-
tion of Co, but somehow does not guarantee good dispersion
(small Co patches). Besides, the highly dispersed form of
cobalt oxide species could not guarantee the large number of
reduced cobalt metal surface atoms, which is related to the
overall activity of the catalyst. In addition, the highly dis-
persed form of cobalt oxide species, the interaction of those
with the specified supports has to be essentially considered.
Thus, temperature-programmed reduction on the calcined
samples needs to be performed in order to give a better under-
standing according to such a reduction behavior. The TPR
profiles for all samples are shown in Fig. 8. It was found
that there was only one reduction peak, however, at different
reduction temperatures for all calcined samples. The lowest
reduction temperatures located at ca. 280—600 °C (maximum
at 450 °C) was observed on the Co/SiO; sample. However,
the reduction temperatures were found to dramatically shift
to higher temperatures with increasing the amounts of titania
present in the mixed oxide supports. Thus, the highest reduc-
tion temperatures located at ca. 370-650°C (maximum at
550°C) can be observed for the Co/TiO; sample. The pro-
nounced shift of reduction temperatures to higher ones found
with the presence of titania can be attributed to the strong
support interaction between the cobalt oxides and titania [30].
This was suggested that with the presence of titania it was
more difficult for the cobalt oxide species to be reduced at
the specified condition than those in silica itself. However,
since the catalyst samples were reduced at different temper-
atures, it may not be useful to compare the reducibility of
samples at this condition. Besides, the number of reduced
Co metal surface atoms can be calculated directly from the
H; chemisorption results, which is more acceptable since all
catalyst samples are reduced at the standard reduction con-
dition.

It is known that the active form of supported cobalt FT'S
catalysts is cobalt metal (Co%). Thus, reduction of cobalt
oxide species is essentially performed in order to trans-
form cobalt oxide species obtained after calcination process
into the active cobalt metal atoms for catalyzing the reac-
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Fig. 7. TEM micrographs of the various mixed TiO,/SiO,-supported cobalt catalysts after calcinations.

tion. Therefore, the static Hy 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 hydro-
genation. The resulted H, chemisorption for all samples are
shown in Table 1. It revealed that the number of reduced
cobalt metal surface atoms decreased with the amounts of
titania present in the mixed oxide supports. These results

Table 1

were corresponding with those from the TPR as mentioned
before.

3.2. Reaction study
In order to determine the catalytic behaviors of the cobalt

catalyst on various mixed TiO,-SiO, supports, CO hydro-
genation (Hp/CO=10/1) was performed to determine the

Show the H, chemisorption, reaction rates, and product selectivity of various samples

Catalyst samples H; Chemisorption (wmol gz,; )

Rate (x102 g CHp g} h™1)?

Product selectivityb (%)

Initial® Sse CH,4 C,—Cs
Co.0/1 11.11 38.9 343 99 1
Co2/8 10.70 322 30.4 95 5
Co_4/6 1.85 14.2 10.0 87 13
Co_6/4 0.42 27 0.7 74 26
Co_1/0 0.22 1.4 0.8 68 32

4 CO hydrogenation was carried out at 220 °C, 1 atm, and H,/CO/He =20/2/8.

b After 5 h of reaction.
¢ After 5 min of reaction.
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Fig. 8. TPR profiles of the various mixed TiO,/SiO,-supported cobalt cat-
alysts after calcination.

overall activity and selectivity of the catalyst samples. Hydro-
genation of CO was carried out at 220 °C and 1 atm. A flow
rate of Hy/CO/He =20/2/8 cc min~! in a fixed-bed flow reac-
tor under differential condition was used. In fact, a relatively
high H,/CO ratio was used to minimize deactivation due
to carbon deposition during reaction. The resulted reaction
study is also shown in Table 1. As expected, based on the
H; chemisorption results, the overall activities for both ini-
tial and steady-state rates dramatically decreased with the
amounts of titania present on the mixed oxide supports. This
was basically due to the less number of reduced cobalt metal
surface atoms with the presence of titania as seen by the Hy
chemisorption results along with higher surface area of silica
as mentioned earlier. However, with some consideration on
the product selectivity obtained, an interesting discovery can
be observed in this present study. Considering the selectivity
of product, it showed that the selectivity to methane essen-
tially decreased with the amounts of titania in the supports.
On the other hand, more amounts of longer chain hydrocar-
bons (C,—Cs) can be obtained with the presence of titania
in the mixed supports. It is known that CO hydrogenation
is a kind of polymerization reactions where insertion of the
—CH,— (methylene group) occurs through the active cen-
ter. Thus, the product distribution strongly depends on the
nature of active centers, rate of propagation, and rate of ter-
mination. Obviously, the termination of chain growth occurs
and is recognized as the chain growth probability. Based on
product selectivity found here, it can be concluded that the
presence of titania in the mixed supports apparently inhib-
ited the chain growth probability resulting in the observation
of longer chain hydrocarbons even at the specified methana-
tion condition. In order to study this effect in more details,
the reaction intermediates at specified conditions must be
further investigated with more powerful techniques such as
the steady-state isotropic transient kinetic analysis (SSITKA)
which has been successfully done by Goodwin and coworkers
[5,6,8,9,31,32].

4. Summary

The present study showed impact of various mixed TiO5-
SiO;-supported cobalt catalysts on their catalytic behaviors.
It was found that both initial and steady-state rates during CO
hydrogenation dramatically decreased with the amounts of
titania present in the mixed supports. The decreased activities
had to be attributed to the less number of reduced cobalt metal
surface atoms for catalyzing the reaction. At the specified
conditions, the selectivity of the longer chain hydrocarbons
(C2—Cs) was more pronounced with the presence of titania
in the mixed supports. It can be concluded that the presence
of titania apparently inhibited the chain growth probability
during CO hydrogenation.
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The TiO, supports consisting of different phases were modified with ZrO, for TiO,-supported Co catalysts. It showed that
modification on the pure anatase TiO, resulted in decreased activities, but increased chain growth probability. In contrary, the
modification on mixed phase TiO; resulted in increased activities without effects on selectivity.

KEY WORDS: cobalt catalyst; titania; support; zirconia modification; CO hydrogenation.

1. Introduction

S

In general, a supported catalyst usually consists of
three components; (i) a catalytic phase, (ii) a promoter,
and (iii) a support or carrier. As known, the catalytic
properties apparently depend upon the components as
mentioned above. The catalytic phase can be metals,
metal oxides and so on. It can be used under a specified
catalytic reaction. It is known that the catalytic perfor-
mance is usually elevated using a promoter such as a
noble metal. Besides the catalytic phase and promoter, it
should be mentioned that a support could play a crucial
role based on the catalytic performance. Basically, a
support material acts as a carrier for the catalytic phase
to be well dispersed on it. However, due to the sup-
porting effects along with dispersion of the catalytic
phase, the properties of a catalyst could be altered with
the various supports used.

It 1s reported that many inorganic supports such as
silica [1-4], alumina [5-9], titania [10-15], zirconia [16],
and zeolites [17] have been extensively studied for years.
During the past decades, titania-supported cobalt cata-
lysts have been investigated by many authors, especially
for the application of Fischer-Tropsch synthesis (FTS)
in a continuously stirred tank reactor (CSTR) [10-12].
However, it should be noted that titania itself has
different crystalline phases such as anatase, brookite and
rutile phases. In our previous work, we reported that
different crystalline phase compositions of titania could
play important roles on the catalytic performance of
titania-supported cobalt catalysts during CO hydroge-
nation [14,15,18]. In the present work, the modification
of the titania support was extensively investigated. Since

*To whom correspondence should be addressed.
E-mail: bunjerd.j@chula.ac.th

zirconia promotion appears to increase the rate of FTS
on cobalt catalysts with silica support [19,20] and with
alumina support [5], thus, it would be interesting to
investigate the effect of zirconia modification on titania
supports containing different phases.

In this study, a series of titania-supported cobalt
catalysts was prepared with a range of zirconia con-
centrations in the titania supports. The titania supports
used were in the pure anatase form and in the mixture of
anatase and rutile phases. The catalysts were then
characterized and tested for CO hydrogenation activity.
The product selectivity was also further investigated.

2. Experimental
2.1. Mazterials

2.1.1. Zr-modified TiO; support

The Zr-modified titania supports were prepared by
the impregnation method. There were two kinds of the
titania supports used [(i) pure anatase phase and (i)
mixed anatase (81%) and rutile (19%) phases] from
Ishihara Sangyo, Japan. First, Zr was impregnated into
the support using a solution of zirconium (I1V) n-prop-
oxide (70 wt% in n-propanol, Alfa Aesar) to produce
Zr-modified titania supports having 0.5, 1, and 5 wt%
of ZrO,. Second, the Zr-modified supports were calcined
at 350 °C for 2h (ramp rate 5°C/min) prior to
impregnation of cobalt.

2.1.2. ColZr-modified TiO, catalysts

Cobalt nitrate [Co(NO;),6H,0] was dissolved in
deionized water and impregnated into the support as
mentioned above to give a final catalyst with 20 wt%
cobalt. The catalyst precursor was dried at 110 °C for
12 h and calcined in air at 500 °C for 4 h.

1011-372X/06/0400-0055/0 © 2006 Springer Science+Business Media, Inc.
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2.2. Catalyst nomenclature

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

RO: TiO, support consisting of pure anatase phase

R19: TiO, support consisting of 81% anatase and 19%
rutile phases

RO0Zi: Zr-modified RO with { wt% of ZrO,

R19Zi: Zr-modified R19 with i wt% of ZrO,

Cofsupport: supported cobalt catalyst on various sup-
ports as mentioned above

2.3. Characterization

2.3.1. BET surface area

BET surface area of the samples with various rutile:
anatase ratios of titania was performed to determine if
the total surface area changes. It was determined using
N, adsorption at 77 K in a Micromeritics ASAP 2010.

2.3.2. X-ray diffraction

XRD was performed to determine the bulk crystalline
phases of samples. It was conducted using a SIEMENS
D-5000 X-ray diffractometer with CuK, (1 =1.54439 A).
The spectra were scanned at a rate of 2.4°/min in the
range 20 =20-80°.
2.3.3. Temperature-programmed reduction

TPR was used to determine the reduction behaviors
of the catalyst samples. It was carried out using 50 mg of
a sample and a temperature ramp from 35 to 800 °C at
5 °C/min. The carrier gas was 5% H, in Ar. A cold trap
was placed before the detector to remove water pro-
duced during the reaction.

2.3.4. Scanning electron microscopy and energy disper-
sive X-ray spectroscopy

SEM and EDX were used to determine the sample

morphologies and elemental distribution throughout the

sample granules, respectively. The SEM of JEOL model

JSM-5800LV was applied. EDX was performed using
Link Isis series 300 program.

2.3.5. Transmission electron microscopy (TEM)

The dispersion of cobalt oxide species on the titania
supports were determined using a JEOL-TEM 200CX
transmission electron spectroscopy operated at 206 kV
with 200 k magnification.

2.3.6. Hydrogen chemisorption

Static H, chemisorption at 100 °C on the reduced
samples was used to determine the number of reduced
surface cobalt metal atoms. This is related to the overali
activity of the samples during CO hydrogenation. Gas
volumetric chemisorption at 100 °C was performed
using the method described by Reuel and Bartholomew

[21]. The experiment was performed in a Micromeritics
ASAP 2010 using ASAP 2010C V3.00 software.

2.4. Reaction

CO hydrogenation (H,/CO = 10/1) was performed
to determine the overall activity and selectivity of the
catalyst samples. It was carried out at 220 °C and | atm.
A flow rate of H,/CO/He = 20/2/8 cc/min in a fixed-
bed flow reactor was used. A relatively high H,/CO ratio
was used to minimize deactivation due to carbon
deposition during reaction. Typically, 20 mg of a cata-
lyst sample was reduced in situ in flowing H, (30 cc/min)
at 350 °C for 10 h prior to the reaction. Reactor effluent
samples were taken at 1 h intervals and analyzed by GC.
In all cases, steady-state was reached within 5 h. In fact,
the reaction test for each sample was performed at least
three times. The average point was reported.

3. Results and discussion
3.1. Characteristics .

The BET surface areas of the modified supports and
catalysts samples are shown in table 1. For the modified
RO (pure anatase) samples, the surface areas decreased
from 70 to 47 m?/g upon the amounts of zirconia
loading. Based on the results of BET surface areas as
shown in table 1, it showed that the surface area
essentially slightly decreased with 0.5% Zr. The sinter-
ing was not the cause since the calcination temperature
was only 350 °C. The decrease in surface area should be
due to the pore blockage. The modified R19 (mixed
phases) also showed decreases in surface areas from 49
to 33 m?/g with zirconia modification. It can be
observed that the surface areas of the catalyst samples
on the various unmodified and modified supports
slightly decreased with corresponding to the content of
supports used. It should be noted that no significant
changes in surface areas of samples were observed. After
calcination, the various supports were characterized
using XRD as shown in figure 1. For the RO support,
XRD peaks of the anatase phase of titania at 25°

Table 1
BET surface areas of various supports and catalyst samples

Supports BET surface Catalyst BET surface
area (m?/g)* samples area (m%/g)*
RO 70 Co/RO 52
R0OZ0.5 55 Co/R0Z0.5 43
ROZ1 53 Co/ROZI 42
ROZ5 47 Co/ROZ5 36
R19 49 Co/R19 34
R19Z0.5 38 Co/R19Z0.5 27
R19Z1 34 Co/R19Z1 25
R19Z5 33 Co/R19Z5 25

“Measurement error is =+ 5%.
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volumetric chemisorption at 100 °C was performed
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CO hydrogenation (H,/CO = 10/1) was performed
to determine the overall activity and selectivity of the
catalyst samples. It was carried out at 220 °C and 1 atm.
A flow rate of H,/CO/He = 20/2/8 cc/min in a fixed-
bed flow reactor was used. A relatively high H,/CO ratio
was used to minimize deactivation due to carbon
deposition during reaction. Typically, 20 mg of a cata-
lyst sample was reduced in situ in flowing H, (30 c¢/min)
at 350 °C for 10 h prior to the reaction. Reactor effluent
samples were taken at 1 h intervals and analyzed by GC.
In all cases, steady-state was reached within 5 h. In fact,
the reaction test for each sample was performed at least
three times. The average point was reported.

3. Results and discussion
3.]. Characteristics .

The BET surface areas of the modified supports and
catalysts samples are shown in table 1. For the modified
RO (pure anatase) samples, the surface areas decreased
from 70 to 47 m?/g upon the amounts of zirconia
loading. Based on the results of BET surface areas as
shown in table 1, it showed that the surface area
essentially slightly decreased with 0.5% Zr. The sinter-
ing was not the cause since the calcination temperature
was only 350 °C. The decrease in surface area should be
due to the pore blockage. The modified R19 (mixed
phases) also showed decreases in surface areas from 49
to 33 m’/g with zirconia modification. Tt can be
observed that the surface areas of the catalyst samples
on the various unmodified and modified supports
slightly decreased with corresponding to the content of
supports used. It should be noted that no significant
changes in surface areas of samples were observed. After
calcination, the various supports were characterized
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XRD peaks of the anatase phase of titania at 25°

Table 1
BET surface areas of various supports and catalyst samples

Supports BET surface Catalyst BET surface
area (m%/g)* samples area (m?/g)*
RO 70 Co/RO 52
R0Z0.5 S5 Co/R0Z0.5 43
ROZ1 S3 Co/ROZI 42
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R19 49 Co/RI19 34
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Figure 1. XRD patterds for different TiO, supports consisting of
various amounts of ZrO, loading.

(major), 37°, 48°, 55°, 56°, 62°, 71°, and 75° were evi-
dent. After the modification of RO support, it was found
that their characteristic peaks were still identical with
those for the unmodified RO support. This suggested
that the zirconia was in the highly dispersed form. For
the R19 support, it can be observed that besides the
XRD peaks of pure anatase titania as mentioned before,
the peaks at 28° (major), 36°, 42°, and 57° were detected.
These peaks were assigned to the presence of rutile
phase in the support along with the anatase phase. None
of XRD peaks for zirconia was detected in the modified
supports. After impregnation with the cobalt precursor
and calcination, all catalyst samples were again identi-
fied using XRD. The XRD patterns of all calcined
samples are shown in figure 2. It was observed that all
calcined samples exhibited XRD peaks, which were
identical with those for the corresponding modified
supports as shown in figure 1. However, only weak
intensity of XRD peak at 31° assigning to the presence
of Co304 was detected. Therefore, based on the XRD
results, it indicated that the presence of zirconia and
cobalt oxide species were in the highly dispersed forms.

SEM and EDX were also conducted in order to study
the morphologies and elemental distribution of the
samples, respectively. In general, there was no signifi-
cant change in morphologies and elemental distribution
of all samples after calcination. The typical. SEM
micrograph and EDX mapping for Co/R19Z1 sample
are illustrated in figure 3. Apparently, the Co oxide
species exhibited well distribution on the surface of the
support. In order to determine the dispersion of Co
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Figure 2. XRD patterns of Co/TiO; samples consisting of various
amounts of ZrO, loading in TiO, supports.

oxide species on the various modified supports, a more
powerful technique such as TEM was applied to all
samples. The TEM micrographs for Co/R0Z1, Co/
R0Z5, Co/R19Z1, and Co/R19Z5 samples are shown in
figure 4. The dark spots represented cobalt oxide species
dispersing on the various modified supports after calci-
nation of samples. The diameter of cobalt oxide particles
was ca. 15, 16, 18, and 24 nm for Co/R0Z1, Co/ROZ5,
Co/R19Z1, and Co/R19Z5 samples, respectively. Based
on the TEM results, it indicated that the sizes of cobalt
oxide species were slightly larger for those dispersing on
the R19 supports than on the RO supports as also
reported in our previous work [14].

TPR was performed in order to determine the
reduction behaviors of samples. The TPR profiles for all
catalyst samples are shown in figure 5. The reduction
temperatures for initial, final, and maximum tempera-
tures are shown in table 2. It was found that there was
only one reduction peak, however, at different reduction
temperatures for all calcined samples. The one reduction
peak can be assigned to the overlap of two step reduc-
tion of Co304 to CoO and then to Co metal [9,13]. Upon
the TPR conditions, the two-step reduction may or may
not be observed. Based on the TPR profiles, it indicated
that for the zirconia-modified RO supports, the reduc-
tion temperatures essentially shifted to the higher ones.
Thus, zirconia modification of the RO supports retarded
the reduction of cobalt oxide species. Considering the
zirconia modification of the R19 supports, it appeared
that no effect on reduction behaviors of cobalt oxide
species was found. However, it was confirmed that the
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Figure 3. A typical SEM micrograph and EDX mapping for Co/R19Z| sample.

presence of rutile phase could facilitate the reduction of
Co oxide species as also reported in our previous work
{14]. In order to determine the number of reduced Co
metal surface atoms, which is related to the overall
activity of samples during CO hydrogenation, H;
chemisorption was performed. The results of H;
chemisorption are shown in table 2. As seen, the
amounts of H, chemisorption for samples with the
modified RO supports decreased consistently compared
to that for samples with the unmodified ones. It should
be mentioned that SMSI effect [22] is the characteristics
of titania supports. However, due to the low reduction
temperature (350 °C), the SMSI should not be present.
Based on the results, it indicated that the catalysts {on
the RO ones) exhibited such a low H; chemisorption.
Considering samples with the modified R19 supports, it
appeared that effect of zirconia modification was
observed based on the amounts of zirconia loading. On
the other hand, with the low (0.5 wi% of Zr) and
moderate (1 wt% of Zr) zirconia loading, the amounts
of H, chemisorption were found to increase dramati-

cally. However, no effect on the H, chemisorption was
found with high (5 wt% of Zr) zirconia loading. It
should be noted that the number of active sites for
cobalt on the modified R19 supports increased with
zirconia modification upon the low and moderate
zirconia loading. The reaction study was further dis-
cussed in the next part.

3.2. Reacrivity

In order to determine the catalytic behaviors of the
catalyst samples dispersing on various modified titania
supports, CO hydrogenation (H,/CO=10/1) was per-
formed to determine the overall activity and product
selectivity of the samples. Hydrogenation of CO was
carried out at 220 °C and 1 atm. A flow rate of Hy/CO/
He=20/2/8 cc/min in a fixed-bed flow reactor was used.
In fact, a relatively high H,/CO ratio was used to min-
imize deactivation due to carbon deposition during
reaction. The resulted reaction study is also shown in
table 3. As expected, based on the H, chemisorption
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Co/R19Z1

Co/R19Z5

20 nm

200 kV x 200k

Figure 4. TEM micrographs for CofTiO; samples consisting of vanous amounts of ZrQ; loading in TiO, supports.

results, the sieady-state rate ol samples with low and
moderate zirconia loading on R19 supports was the
highest among any other samples with the R19 supports.
For high zirconia loading, the modification would result
in a decreased rate for the R19 support. There was neo
change in product selectivity upon the modification of

the R19 supports. In contrary, the rate was found to
decrease with zirconia modification for the R0 support
with all amounts of zirconia loading used in this study.
This was basically due to the less number of reduced
cobalt metal surface atoms as seen from the results of H;
chemisorption. Based on TPR results (figure 5), it was



60 T. Wongsalee et al.|Effect of zirconia-modified titania Co/TiO; catalysts

| H | i
| ! s25 | I
! | ! Icorr1973
| : 330 | :
_E—_/T-——/\;\__\{Cumwm
!
-~ | | 530 | |
= | ! I ICo/R197.05
s w
= : | s ! !
<o
Z M\jcmnw
= I
= | | 565 | i
S i : | |
2 [ i s | Carr0ZS
[~ 565 |
< i ! ]
- | | ss0| | Corr0Z1
| ! |
} 1 | lcorR0Z05
5558 4 |
| ' ] |
[ [ {
| ' ) [ Co/RO
|
|
1 ! ; ; .
0 200 400 600 800 1000

Temperature (°C)

Figure 5. TPR profiles for Co/TiO, samples consisting of various
amounts of ZrO, loading in TiO; supports.

4

suggested that the zirconia modification of the RO sup-
ports resulted in higher reduction temperature. Thus,
this inhibited the reduction of Co oxide species. In fact,

for Co on alumina [5], the Zr modification resulted in
increased activity about two times. For Co on silica
[19,20], the activity also increased about two times with
Zr modification. However, for both cases, the change in
product selectivity was not observed. Compared to our
results based on Co on titania (R19), the activity
increased by 1.4 times with the Zr modification (low and
moderate Zr loading) without changing the selectivity.
However, with some consideration on the product
selectivity obtained, an interesting discovery can be
observed in this present study for the Co on RO sup-
ports. Considering the selectivity of product for the
sample with RO support containing the low loading of
zirconia, it showed that the selectivity to methane (C,)
essentially decreased. On the other hand, more amounts
of longer chain hydrocarbons (C,-C,) can be obtained
with the catalyst sample containing the low loading of
zirconia on the RO support. It is known that CO
hydrogenation is a kind of polymerization reactions
where insertion of the ~CH, (methylene group) occurs
through the active center. Thus, the product distribution
strongly depends on the nature of active centers, rate of
propagation, and rate of termination. Obviously, the
termination of chain growth occurs and is recognized as
the chain growth probability. Based on product selec-
tivity found here, it was suggested that of RO with a low

Table 2
Reduction temperatures and H, chemisorption of samples

Catalyst samples

Reduction temperature (°C)

H, chemisorption (umol Hj/gc..)

Initial Final Maximum
Co/R0O 370 695 550 0.93
Co/R0OZ0.5 400 735 580 trace
Co/ROZ1 440 760 565 trace
Co/ROZS 440 780 565 trace
Co/R19 320 735 530 2.44
Co/R19Z0.5 315 760 530 9.05
o~ Co/R19Z1 315 750 530 8.54
Co/R19Z5 310 625 525 2.37

Table 3
Activity and selectivity during CO hydrogenation for various samples

Catalyst samples

Rate® (gCHa/gear h)

CH, selectivity (%)

C,—C, selectivity (%)

Initial® SS°¢ Initial® SS¢ Initial® SS°¢
Co/R0O 1.4 0.8 71 68 29 32
Co/ROZ0.5 1.2 0.2 32 31 68 69
Co/R0OZ1 0.02 0.02 97 96 3 4
Co/R0OZS 0.01 0.01 98 90 2 10
Co/RI19 33 2.6 98 98 2 2
Co/R19Z0.5 3.7 3.7 98 98 2 2
Co/R19Z1 37 3.7 97 96 3 4
Co/R19Z5 2.9 2.7 97 97 3 3
® CO hydrogenation was carried out at 220 °C, 1 atm, and H,/CO/He = 20/2/8.

b After S min of reaction.
€ After 5 h of reaction.
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Table 4

Summarized resulis on the effect of zirconta modification on titania supports consisting of different phases for cobalt catalysts toward CO
hyvdrogenation {H./CO=10)

Activity Selectivity to C;-C,
(with zirconia modification) (with zirconia modification)
Samples
Low Zr | Moderate Zr | High Zr Low Zr | Maderate Zr High Zr
loading loading loading loading | Joadin toadin
Co/R0 A
Co/R19 '

Mo cfiect. Positive clfect, Negative effect.

D No effeeat
M .. .
Positive eflect

- Negative effect

loading of zirconia for cobalt catalyst apparently
enhanced the chain growth probability {C;-C,). As a
matter of fact, it resulted in the observation of longer
chain hydrocarbons even at the specified methanation
condition where the high ratio of H»/CO (10/1) was
applied. However, at moderate and high zirconia joad-
ing of RO supports, the selectivity 10 methane was
majority. In order to give a better understanding the
effect of zirconia modification of R0 and R19 supports
on the activity and selectivity during CO hydrogenation,
results are summarized in table 4.

4. Conclusions

In summary, we revealed the effect of zirconia mod-
ification in titania supports consisting of different phases
on activity and selectivity of cobalt catalysts during CO
hydrogenation. It was found that the medification on
the RO (pure anatase phase) supports resulied in
decreased activities. However, the chain growth proba-
bility (C,—C,4) was apparently enhanced by the low zir-
conia loading for the RO support. In contrary, the
increased activities were found for the catalysis con-
sisting of R19 (mixed anatase/rutile phase} with the low
and moderate zirconia loading. In addition, the product
selectivity of catalysts with modified R19 supports was
unchanged upon zirconia modification.
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Abstract

This study shows that Si addition during the glycothermal synthesis of
nanocrystalline zirconia modified the properties of the zirconia, ie. particle
morphology and crystallite size, resulting in an improvement in the catalytic
performance of Co/ZrO, catalysts in CO hydrogenation.
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INTRODUCTION

Zirconia is an important material in the areas of ceramics and catalysis. its
catalytic properties are especially promising because zirconia has both acidic
and basic properties as well as high thermal stability. For a number of reactions,
i.e., Fischer-Tropsch synthesis [1-3], zirconia is used as a catalyst support
because high activity and selectivity can be obtained. Enache er al. reported
that compared to conventional alumina supported Co catalysts, the ones
supported on zirconia showed better reducibility and capable of hydrogen
adsorption via spillover mechanism. As a catalyst support, high surface area is
usually preferred in order to provide a high dispersion of metal. It has been
reported that Si-modified zirconia can improve the stability of tetragonal phase
zirconia upon thermal treatment and enhance their surface areas. In this study,
nanocrystalline zirconia was prepared by the glycothermal technique developed
by Inoue et al. [4-5] with various amounts of Si addition. By thermal
decomposition of zirconium alkoxide in organic solvents, large surface area
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zirconia can be obtained directly without bothersome procedures such as
purification of the reactants or handling in an inert atmosphere. Effect of Si
addition in small quantities on the properties and catalytic activities of zirconia
supported Co catalysts in Fischer-Tropsch synthesis were investigated.

EXPERIMENTAL

Nanocrystalline zirconia was prepared by the glycothermal method
according to the procedure described in ref. [6]. Approximately |5 g of
zirconium tetra n-propoxide (Strem Chemicals) and a desired amount of
tetraethyl orthosilicate was added to 100 mL of 1,4-butanediol. This mixture
was placed in a 300 mL autoclave and purged with nitrogen. The mixture was
heated to 300°C at a heating rate of 2.5°C/min and held for 2 h. After cooling to
room temperature, the resulting powders were collected after repeated washing
with methanol. The products were then air-dried. The zirconia supported cobalt
catalysts were prepared by incipient wetness impregnation method using
aqueous solution of cobalt (IT) nitrate hexahydrate (Aldrich). The catalysts were
dried overnight at 110°C and calcined in air at 300°C for 2 h. The final cobalt
loading was determined using atomic absorption spectroscopy (Varian Spectra
A800) to be ca. 8 wt.%. *

The particle morphology was obtained using a JEOL JSM-35CF scanning
electron microscope (SEM) operated at 20 kV. The XRD spectra of the sample
powders were measured using a SIEMENS D5000 X-ray diffractometer using
Cu K, radiation with a Ni filter in the 20-80°26 regions. The TPR profiles of
supported cobalt catalysts were obtained by temperature programmed reduction
using an in-house system and a temperature ramp of 5°C/min from 30 to 800°C
in a flow of 5% H, in argon. CO hydrogenation was carried out at 220°C and 1
atm total pressure in a fixed-bed stainless steel reactor. A flow rate of H,/CO/Ar
= 20/2/8 cm’/min was used. Typically, 0.2 g of the catalyst samples was
reduced in situ in flowing H, (50 cm’/min) at 350°C for 3 h prior to reaction.
The product samples were taken at l-h intervals and analyzed by gas
chromatography.

RESULTS AND DISCUSSION

Figure 1 shows the scanning electron micrographs of Co catalysts supported
on ZrO, and Si-modified ZrO,. The catalyst particles appeared as spherical
particles which are typical for zirconia prepared by the glycothermal method
using 1,4-butanediol as the synthesis medium. However, the Co/ZrO, catalyst
prepared without Si addition had a narrow particle size distribution with average
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Fig. L. Typical SEM micrographs of the catalyst granules of
{a) Co/Zr0,;-0Si and (b) Co/Zr0;-0.028i

particle sizes of their primary and secondary particles of 0.4 and 1.2 micron,
respectively. The particle size distribution of Co/ZrO: catalyst containing silica,
on the other hand, was wide suggesting that Si addition altered crystallization of
the zirconia. The crystallization mechanism of zirconia during glycothermal
synthesis in various glycols can be found in Ref. [7]. It should be noted that the
morphologies of the zirconia samples before and after impregnation with
8 wt.% Co were not significantly different due probably to high dispersion of
cobalt on the zirconia particles.
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Fig. 2. XRD patterns of Co/ZrO, catalysts with various Si/Zr ratios

The XRD patterns of Co/ZrQO, catalysts with various Si/Zr ratios are shown
in Fig. 2. All the samples exhibited tetragonal crystalline zirconia phase. No
other crystal structures were observed. The XRD diffraction peaks for cobalt
oxide (Co30,, C0,0;, or CoO) were not apparent for all the catalyst samples.
The results suggest that the crystallite sizes of cobalt oxide on the glycothermal-
derived zirconia were probably smaller than the lower limit of XRD
detectability (3-5 nm). It is also possible that on glycothermal-derived zirconia,
cobalt did not form Co;0, crystallites but may have formed an amorphous
cobalt oxide [8]. The average crystallite sizes of tetragonal zirconia were
calculated from the X-ray line broadening using Scherrer’s equation [9]. It was
found that addition of small percentages of Si (0.005 and 0.02 Si/Zr) resulted in
a decrease in the crystallite sizes of the tetragonal zirconia from 3.6 nm to 3.1
and 2.8 nm, respectively. It has been reported that the presence of Si-O-Zr
bonds in the zirconia powders retarded the crystal growth of zirconia [10].
Modification of surface properties of the zirconia by silica can also be observed
by the temperature-program and reduction (TPR) of the Co/ZrO, catalysts
(Fig. 3). In general, the reduction behavior of supported catalyst is influenced
by a wide range of variables such as metal particle size and metal-support
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interaction. The TPR profiles of the Si-modified ZrO, supported Co catalysts
were different from that of the ZrO, without Si addition supported one in which
the reduction peaks tended to shift to lower temperatures. Therefore, cobalt
oxides on the Si-modified ZrO, supports reduced easier to Co’ metal which is
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Fig. 3. TPR profiles of Co/ZrO, catalysts with various Si/Zr ratios

known to be the active phase for CO hydrogenation reaction. The Co/ZrO,
catalysts were tested for catalytic activity in CO hydrogenation reaction under
methanation conditions (H./CO = 10) in order to minimize the catalyst
deactivation due to coke formation. It was found that the activities of Co/ZrO,
catalysts increased with increasing amount of silica addition. The CO
hydrogenation rates were 1.6, 2.1, and 3.0 g CH, g cat™'h” for the catalysts with
0, 0.005, and 0.02 Si/Zr, respectively. As expected, the selectivities for ionger
chain hydrocarbons (Cs:) decreased from 59.1 to 37.1% when the activities
increased resulting in an increase in methane selectivities (from 29.5 to 59.4%).
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Abstract

In this study, the modified Pechini method has been used to prepare alumina—zirconia mixed oxides with 0.5, 1, 25, 40, and 75 mol% of alumina
in zirconia. At low Al contents (<25%), tetragonal phase zirconia was observed, while at higher Al contents, the mixed oxide exhibited only
amorphous phase. When they were employed as supports for Co catalyst for CO hydrogenation, it was found that the catalytic activities of low Al-
modified zirconia supported Co catalysts increased by ca. 30% compared to the ones supported on pure zirconia or pure alumina, suggesting that
the modification of zirconia by alumina has resulted in higher Co dispersion. However, when supports with high alumina contents (4075 mol% Al)
were used, low Co dispersion and poor catalytic performance were obtained despite their higher surface areas. It is likely that cobalt formed metal

support compounds with the amorphous phases of these mixed oxides.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Nano-crystalline zirconia; Alumina—zirconia mixed oxides; CO hydrogenation; Cobalt catalysts

1. Introduction

Mixed metal oxides, widely used in ceramic applications,
are usually prepared by sol—gel technique, because the method
requires lower temperatures compared to conventional ceramic
mixing processes and it improves dispersion and homogeneity
[1]. Different precursors have been used to prepare sol-gel
materials, particularly metal alkoxides [2—4] and citric acid
complexes [5,6]. Materials obtained from both precursors are
quite similar but gel formation is approached under different
conditions. Zirconia prepared by sol-gel method, however,
usually possesses low surface area. Recently, it has been
reported that solid powders were successfully prepared by the
modified Pechini method [7,8], in which citric acid and
ethylene glycol are polymerised around metal ions. Because of
homogeneous starting solution, this technique leads to closer
combination of mixed oxides, which may enhance strong
interaction between metal ions. Moreover, high surface area of
solid powders is usually obtained by this method, which could

* Corresponding author. Tel.: +66 3 8745900x3350; fax: +66 3 8745806.
E-mail address: piyasan.p@chula.ac.th (P. Praserthdam).

0926-860X/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcata.2006.02.011

bring about high dispersion of metal loading and consequently
highly active sites for catalytic reactions [8]. In this study, the
modified Pechini method was used to prepare alumina,
zirconia, and alumina-zirconia mixed oxides. Zirconia
toughened alumina is generally employed in ceramic applica-
tions because of its well-known mechanical properties.
Moreover, it has recently been introduced in medical
application as a biocompatible nano-composite [9]. In catalytic
reactions, alumina—zirconia mixed oxide has been used as
catalyst and/or support because of its surface property, stability,
and mechanical property. Modification of the mixed oxide by
sulfate is also well known and has shown very good activity for
isomerisation [10].

In this study, alumina—zirconia mixed oxides were prepared
by the modified Pechini method with different alumina/zirconia
mole ratios and the mixed oxides were employed as Co catalyst
supports. The influence of the modification of surface
properties of zirconia by alumina on the characteristics of
the mixed oxide supported cobalt catalysts were investigated by
mean of nitrogen physisorption, X-ray diffraction, H,
chemisorption, and temperature-programmed reduction. The
catalyst performances were tested in CO hydrogenation
reaction at 220 °C and 1 atm.
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2. Experimental
2.1. Catalyst preparation

Alumina, zirconia, and alumina—zirconia mixed oxides were
prepared using the modified Pechini method in the same
manner as that of Refs. [7-11] with different amounts of
alumina in zirconia at 0.5, 1, 25, 40, 75, and 100 mol%.
Aluminium nitrate (Al(NOj3)3;-9H,0, Aldrich) and zirconyl
nitrate (ZrO(NOs),-xH,O, Aldrich) aqueous solutions were
used as starting materials of alumina and zirconia. Both of the
solutions were very acidic at a pH ca. 1. Citric acid (UNIVAR)
and ethylene glycol (UNILAB) were employed in this method
as chelating chemical and polymerizing agent, respectively. In
order to obtain the alumina-zirconia mixed oxides, we
introduced a desired amount of aluminium nitrate solution
was introduced into zirconyl nitrate solution without precipita-
tion. Citric acid [CA] aqueous solution was subsequently added
to the solution at a molar ratio of [Al + Zr:CA] = 1:30 to form
metal citrate complexes. Prior to addition of the citric acid
solution and ethylene glycol [EG], 10 ml of 35% nitric acid
solution was provided to adjust the pH conditions to be lowered
to ca. 1 before mixing into the metal nitrate solution to avoid
precipitation. The ethylene glycol was used at a molar ratio of
EG/CA =7:30. The mixed solution was heated to 70 °C and
held at that temperature for 3 days until the volume of the
solution was decreased by one-fourth of the starting solution
volume. The nitric molecules were decomposed at the boiling
conditions as observed from brownish exhausted gases when
the solution was heated up to 100 °C. The solution
spontaneously became a transparent gel when the temperature
approached 120 °C. The gel was calcined at 600 °C for 6 h in
dynamic air to remove the organic materials, resulting in a
spongy white powder. The obtained powders were employed as
supports for cobalt catalysts. Co(NO3),-6H,O (Aldrich) was
dissolved in deionized water and impregnated into the support
using the incipient wetness impregnation method to give a final
catalyst with 8 wt% cobalt. The catalysts were dried at 100 °C
for 12h and calcined in air at 350 °C for 2 h in order to
eliminate residual Co(NO3), [12].

2.2. Characterization of the catalysts

The BET surface areas were determined by N, physisorption
using a Micromeritics ASAP 2020. Each sample was degassed
in the system at 300 °C for 3 h prior to N, physisorption. A
SIEMENS D5000 X-ray diffractometer using Cu Ka radiation
with Ni filter in the 10-80° 26 angular regions was employed to
obtain XRD spectra of the sample powders. Referring to the
procedures described by Reuel and Bartholomew [13], we
carried out H, chemisorption by using a Micromeritics Pulse
Chemisorb 2750 system. Approximately 0.2 g of each catalyst
was reduced at 350 °C after ramping at a rate of 1 °C min~" and
the combination was held at that temperature for 3 h. The pulse
hydrogen chemisorption was performed at 100 °C. The TPR
profiles of supported cobalt catalysts were obtained by
temperature programmed reduction using an in-house system

and a temperature ramp of 5 °C min~" from 35 to 800 °C in a
flow of 3% H, in argon. The H;, consumption was measured by
analyzing the effluent gas with a thermal conductivity detector.
The reducibility of each catalyst was estimated from the peak
areas under the TPR curves, which were calculated using a
PeakFit software program version 4.12 with Auto-Fit options.

2.3. Catalytic activity test

CO hydrogenation was carried out in a fixed-bed stainless
steel reactor at 220 °C and 1 atm total pressure. A flow rate of
CO/H,/Ar 4/40/16 cm® min~" was used. Typically, 0.10 g of
the catalyst was reduced in situ in flowing hydrogen
30 cm? minfl) at 350 °C for 2 h prior to reaction. The effluent
gases were taken at 20 min and 1 h intervals and were analyzed
by GC. In all cases, the reaction approached steady state within
6 h.

3. Result and discussions

3.1. Effect of alumina content on the properties of
alumina—zirconia mixed oxides

The XRD spectra of the alumina—zirconia mixed oxide
powders prepared by the modified Pechini method are shown in
Fig. 1. It was found that pure zirconia and Al-modified zirconia
samples prepared with 0.5-1 mol% Al content exhibited pure
tetragonal phase of zirconia, whereas the ones prepared with
higher-in-alumina contents of 25—-100 mol% were completely
amorphous. Such results suggest that the orientations of
alumina and zirconia structures were affected by good
dispersion of alumina and zirconia mixed oxides under these
preparation conditions. In general, the tetragonal phase zirconia
is thermodynamically stable at a temperature above 1170 °C
[14]. However, according to the work reported by Garvie [15],
the energy from combustion of the polymeric material during
calcination at 600 °C was probably sufficient to arrange the
crystal structure in tetragonal form with crystal size less than its
critical size. The crystallite sizes calculated from Scherrer’s
equation using 202 diffraction peaks of tetragonal peak and the
BET surface areas of the same samples are reported in Table 1.
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Fig. 1. The XRD patterns of the supports: (a) ZrO,, (b) Al0.5-ZrO,, (c) All-
Zr0,, (d) Al25-ZrO,, (e) Al40-ZrO,, (f) Al75-ZrO,, and (g) Al,Os.
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Table 1
Characteristics of alumina—zirconia mixed oxides

Supports BET surface Crystal size® Phase Identification
area of support (nm) of Zirconia
(m? g’l) (from XRD)
ZrO, 56 6 Tetragonal
Al0.5-ZrO, 68 6 Tetragonal
All-ZrO, 65 7 Tetragonal
Al25-7ZrO, 70 Amorphous
Al40-ZrO, 182 - Amorphous
Al75-ZrO, 228 -

Amorphous

ALO; 319 -

? Calculated from XRD broadening peak at 20 ca. 30.8°.

The average crystallite sizes of the zirconia and the Al-modified
zirconia were approximately 67 nm. The BET surface areas of
support samples were found to be ca. 50-300 m* g~'. It has
been reported that introducing a small amount of alumina
(<5%) into zirconia can stabilize the porous structure of the
zirconia [16]. A significant increase in BET surface areas was
observed for the alumina—zirconia mixed oxides prepared with
high alumina contents. Under these preparation conditions (40—
75 mol% Al), zirconia may have been introduced into the
alumina matrix; thus the powders possessed high surface areas
of alumina.

3.2. The physicochemical properties and performances of
alumina—zirconia mixed oxide supported cobalt catalysts

The X-ray diffraction patterns of Co/Alx—ZrO, (x = mol% of
alumina), Co/Al,O3, and Co/ZrO, catalysts are shown in Fig. 2.
The XRD characteristic peak of Coz0, at 26 of ca. 36.8° was
observed for all the catalyst samples except Co/Al40-ZrO, and
Co/Al75-ZrO,. The crystallite size of cobalt oxide on those
supports was probably below the limit of XRD detectability (3—
5 nm) and/or cobalt did not form Co;0, crystallites on Co/Al40—
ZrO, and Co/Al75-ZrO, but existed in the amorphous form [17].
The average crystallite sizes of Co30,4 derived from X-ray line
broadening using Scherrer’s equation were 8—19 nm and the
sizes increased with increasing amount of alumina content. The
BET surface areas, the reducibility, the amounts of H,

Table 2

] Coz0,4 (9)
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Fig. 2. The XRD patterns the catalysts: (a) 10%Co/ZrO,, (b) 10%Co/Al0.5—
Zr0,, (¢) 10%Co/Al1—ZrO,, (d) 10%Co/Al25-ZrO,, (e) 10%Co/Al40-ZrO,,
(f) 10%Co/Al75-ZrO,, and (g) 10%Co/Al,O5.

chemisorption, and %ocobalt dispersion are reported in
Table 2. Surface areas of the supported cobalt catalysts were
found to be slightly less than that of the original supports, thus
cobalt appears to have been in some the pores of the support. The
impact of high surface area of alumina on the BET surface areas
of the mixed oxide supported Co catalysts were observed only for
Co/Al40-ZrO, and Co/Al75-ZrO, thus at low alumina contents
(<25 mol%), the modification of zirconia properties was not due
to the changes in BET surface areas. It was found that H,
chemisorption and %Co dispersion of these low alumina content
oxide supported Co catalysts were higher than those of Co/ZrO,
and Co/Al, O3 The surface properties of zirconia were probably
modified by the alumina, resulting in high amounts of active
surface cobalt being measured by H, chemisorption. Surpris-
ingly, for the higher alumina contents, Co/Al40-ZrO, and Co/
Al75-7Zr0,, despite their relatively high surface areas, exhibited
low H, chemisorption and Co dispersion. The interaction of
cobalt oxide species and the supports was further investigated by
means of temperature-programmed reduction (TPR).

TPR profiles of all the catalysts are shown in Fig. 3.
Reduction of cobalt in the oxide form, Co3;0,4 or CoO, to Co’
involves a two-step reduction: first reduction of Co304 to CoO
and then the subsequent reduction of CoO to Co’ [18,19]. A

Physicochemical properties of co catalysts supported on alumina—zirconia mixed oxides

Sample BET surface area Hydrogen chemisorption Reducibility® Crystal size of Co dispersion
of the catalyst (m? gfl) (molecules gfl cat.”!) x10'® (%) Co304 (nm)b (%)
Co/ZrO, 34 83 47 8 34
Co/Al0.5-ZrO, 41 10.3 36 11 56
Co/Al1-ZrO, 39 10.3 38 10 53
Co/AI25-ZrO, 42 10.3 37 19 55
Co/Al40-ZrO, 109 32 17 n.d. 37
Co/Al75-ZrO, 137 1.5 12 n.d. 25
Co/AlLO5 191 8.5 48 19 35

The amount of hydrogen used to reduce 1 g of the catalyst x 100

 Calculated from reducibility (%) =

® Calculated from XRD broadening peak at 26 ca. 36.8°.
¢ n.d., not detected.

The theoretical hydrogen amount needed to reduce 1 g of the catalyst’
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Fig. 3. Influence of alumina—zirconia support on the reduction behavior of the
cobalt catalysts: (a) 10%Co/ZrO,, (b) 10%Co/Al0.5-ZrO,, (c) 10%Co/All-
Zr0,, (d) 10%Co/Al125-Zr0,, (¢) 10%Co/Al40-ZrO,, (f) 10%Co/Al75-ZrO,,
and (g) 10%Co/Al,O3.

wide range of variables, such as metal particle size and metal—
support interaction, have an influence on the reduction behavior
of cobalt catalysts, resulting in the observation of different
locations of the TPR peaks [20,21]. It was found that, for the Co
catalyst supported on the mixed oxides with low alumina
content (<25%), the reduction peaks below 400 °C shifted
slightly to low temperatures, whereas the Al40-ZrO, and
Al75-ZrO,-supported ones exhibited only a single reduction
peak at temperatures higher than 400 °C. The higher reduction
peak may be attributed to formation of non-reducible phases,
i.e. cobalt—aluminate [20,21] and cobalt—zirconate [22,23].
The reducibilities of all the alumina—zirconia mixed oxide
supported catalysts during TPR 30-800 °C were found to be
lower than those of Co/ZrO, and Co/Al,Os. Such results
suggest that the surface properties of the mixed oxide-
supported catalysts were different from those of the pure
oxide. Furthermore, it was found that Co/Al40-ZrO, and Co/
Al75-Zr0O, exhibited distinctly low reducibilities (12—17%). In
the XRD results, only amorphous phase was observed and no
XRD peaks for Co;04 were found on these samples. It is likely
that amorphous forms of alumina and =zirconia caused
formation of cobalt-aluminate and/or cobalt-zirconate by

100
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Fig. 4. Typical time-on-stream behavior of the catalyst samples in the CO-
hydrogenation: () Co/ZrO,, () Co/Al,O;, (@) Co/Al0.5-ZrO,, (+) Co/
All-Zr0O,, (O) Co/A125-ZrO,, (x) Co/Al40-ZrO,, and (A) Co/Al75-ZrO,.

combining unreduced cobalt oxides with amorphous alumina
and/or amorphous zirconia [22,23]. It should, however, be
noted that the reducibility of pure amorphous alumina
supported Co catalyst was similar to that of tetragonal
zirconia-supported catalyst. Although cobalt aluminate com-
pounds can be formed on the amorphous alumina surface as
suggested for Al40-ZrO, and Al75-ZrO, supported catalysts,
some large cobalt oxide crystallites were found on amorphous
alumina so that the higher reducibility was obtained.

Fig. 4 displays the time-on-stream behaviors of the mixed
oxides supported Co catalysts during CO hydrogenation. In all
cases, the steady state was reached within 2 h of run. The
catalytic activity and the product selectivity of all the catalysts
in CO hydrogenation are given in Table 3. There was no
significant difference in the product selectivities since, under
the reduction conditions used, all the catalysts exhibited
methane selectivities ca. 95-99%. The CO hydrogenation rates
of the mixed oxide-supported cobalt catalysts prepared with
low alumina contents (0.5, 1, and 25 mol%) increase by 30% at
steady state compared to those of Co/ZrO, and Co/Al,O5 even
though their reducibilities were slightly lower. The 0.5-
25 mol% Al-modified zirconia supports may have a positive

Table 3
Results of CO hydrogenation reaction
Sample Product selectivity (%) Rate of CO hydrogenation TOF (s ")
(mmol of -CH,— g~ ' s71)*

C, C-C5 C4—Cy, Initial Final Initial SS
Co/ZrO, 94.4 4.8 0.7 22 18 0.79 0.65
Co/Al0.5-ZrO, 99.3 0.7 0.0 24 23 0.79 0.71
Co/Al1-ZrO, 98.8 1.1 0.1 24 22 0.79 0.74
Co/A125-ZrO, 98.9 1.1 0.0 24 22 0.70 0.65
Co/A140-Zr0O, 95.4 4.5 0.1 9 7 0.83 0.64
Co/Al75-ZrO, 96.7 33 0.0 5 4 0.92 0.87
Co/Al,04 99.3 0.7 0.0 22 17 0.79 0.62

# Refers to the unit of CO hydrogenation rate per gram catalyst.



272 S. Soisuwan et al./Applied Catalysis A: General 303 (2006) 268-272

influence on a phase dispersion of cobalt oxide and active
metallic phases derived from the Co;0, particles. Enache et al.
[23] proposed a relation between the degree of crystallization of
Co30, particles and the types of cobalt active phase after
hydrogen reduction, i.e. crystalline metallic cobalt derived
from the crystalline Co3O4 particles and poor crystalline
metallic cobalt derived from the amorphous Co;0, particles.
The catalyst that consisted of poorly crystalline metallic cobalt
appeared to be more catalytic-active than the one with more
perfect crystalline metallic cobalt. It is possible that the surface
properties of zirconia modified by low amount of alumina
resulted in high dispersion of active metallic cobalt phase, so
that high CO hydrogenation activities were obtained.

4. Conclusions

Alumina—zirconia mixed oxide supports with various mol%
of alumina prepared by the modified Pechini method exhibited
interesting properties when employed as Co catalyst supports in
CO hydrogenation. For the low alumina contents (i.e. 0.5—
25 mol%), alumina modified the surface properties of zirconia
leading to high dispersion of cobalt and high performance in
CO hydrogenation reaction. However, for higher alumina
contents (i.e. 40 and 75 mol%), the catalysts showed much
lower Co dispersion and CO hydrogenation activities, due
probably to compound formation from cobalt and amorphous
alumina/zirconia.
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Abstract

Nanocrystalline zirconia and m-modified zirconia (m = Si and Y) have been prepared by the modified Pechini’s method and employed
as supports for cobalt catalysts. Addition of a small amount of Si or Y during the preparation of nanocrystalline zirconia did not alter
the average crystallite sizes and BET surface areas of the tetragonal zirconia. However, zirconia primary particles appeared to be more
agglomerated when Si/Zr and Y/Zr were greater than 0.005 and 0.01, respectively. The Si- and Y-modified zirconia supported cobalt
catalysts with higher m/Zr showed higher H, chemisorption and CO hydrogenation activities.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

During recent years zirconia has received much atten-
tion from researchers in the field of heterogeneous catalysis
as a support material as well as a catalyst because it is more
chemically inert than the classical supports (e.g., y-alumina
and silica) and it may possess different chemical properties
such as acidity, basicity, reducing, or oxidizing ability [1].
Use of zirconia as a catalyst support has shown promising
results in many environmental catalysis reactions such as
CO, hydrogenation [2], CO oxidation [3], and the
Fischer—Tropsch reaction [4-7]. Enache et al. [6] reported
that the use of zirconium oxide as support in the
Fischer—Tropsch synthesis leads to better reducibility of
the active phase, hydrogen spillover, and higher CO con-
versions compared to those of y-alumina-supported ones.
In a recent work from our group, we reported that cobalt
catalysts supported on nanocrystalline tetragonal zirconia

* Corresponding author. Tel.: +66 2 218 6859/6878; fax: +66 2 218
6869/6877.
E-mail address: Joongjai.p@eng.chula.a.th (J. Panpranot).

1566-7367/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.catcom.2005.11.013

prepared by solvothermal method exhibited superior CO
hydrogenation activities than those of commercial zirconia
supported ones [8].

It has been reported that addition of a small amount of
second metals such as silicon [9,10], yttrium [11-13], lan-
thanum [14] and silicotungstate [15] can improve thermal
stability of tetragonal phase zirconia. For examples, sil-
ica-modified zirconia obtained by the reaction of mixture
of zirconium n-propoxide and tetraethyl orthosilicate in
1,4-butanediol at 300 °C had large surface area and high
stability of tetragonal phase even after calcination at high
temperatures [8]. To our knowledge, the effect of Si- or
Y-modified zirconia on the properties of zirconia sup-
ported catalysts, i.e., Co/ZrO, has never been studied. In
this article, we reported the synthesis of nanocrystalline zir-
conia by modified Pechini’s method and their applications
as cobalt catalyst supports. The modified Pechini’s method
is known to be a successful method for production of solid
powders by polymerization of citric acid and ethylene
glycol around metal ions [16]. Due to high surface areas,
the obtained materials could bring about high dispersion
of metal loading and consequently high active sites for
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catalytic reactions. The catalysts were characterized by N,
physisorption, XRD, H, chemisorption, TPR, TEM, SEM,
and tested for catalytic activity in CO hydrogenation
reaction.

2. Experimental

2.1. Preparation of Si- and Y-modified nanocrystalline
zirconia

Nanocrystalline zirconia was prepared using the modified
Pechini’s method described in [16]. The Si- and Y-modified
zirconia were prepared by adding a small amount of TEOS
(tetracthylorthosilicate, Aldrich) and Y(NO;); - xH,O
(Aldrich) into the solution of ZrO(NO3), - xH,O (Aldrich)
0.06 mole in 150 ml distilled water, respectively. The molar
ratios of Si/Zr and Y/Zr calculated were in the range
0.001-0.02. A modified pH citric acid (UNIVAR) solution
was prepared by adding 10 ml of 35% by volume nitric acid
to 150 ml 2.8 M citric acid. The modified pH citric acid solu-
tion was then mixed with the precursor solution. Finally, eth-
ylene glycol adjusted pH by 10 ml of the nitric acid was
added. The mixed solution was heated to 70 °C and held at
that temperature for 3 days until volume of the solution
was decreased by 1/4 of the starting solutions. The solution
started boiling when heated up to 100 °C. The nitrate mole-
cules were decomposed at the boiling conditions as observed
from brownish exhausted gases. When the temperature was
increased to 120 °C, the solution became transparent gel.
The gel was calcined at 600 °C for 6 h in dynamic air to
remove the organic materials resulting in spongy white pow-
der. The obtained powders were used as supports for cobalt
catalysts. Co(NOj3), - 6H,O (Aldrich) was dissolved in
deionized water and impregnated into the support using
the incipient wetness to give a final catalyst with 10 wt%

D =0.94/pcosb

where D is the crystallite size in nm, 4 is the radiation wave-
length, f is corrected half-width of the peak profile, and 6 is
the diffraction peak angle. Surface areas of the samples
were measured by the single point BET method. The sam-
ple was pretreated at 200 °C in 21 cc/min Helium for 2 h
and saturated with 9 cc/min Nitrogen for 30 min at temper-
ature of liquid Nitrogen. Nitrogen desorption profile was
reported by TCD signal and integrated area under the pro-
file was used to calculate approximately surface area. Pulse
hydrogen chemisorption was carried out to determine the
cobalt active sties using a Micromeritic Chemisorb 2750.
Prior to hydrogen chemisorption, the samples were reduced
in situ at 350 °C for 3 h. The TPR profiles of supported co-
balt catalysts were obtained by temperature programmed
reduction using an in-house system and a temperature
ramp of 5°C/min from 35 to 800 °C in a flow of 3% H,
in argon. Approximately 0.10 g of a calcined catalyst was
placed in a quartz tube in a temperature-controlled oven
and connected to a thermal conductivity detector (TCD).
The H, consumption was measured by analyzing the efflu-
ent gas with a thermal conductivity detector.

2.3. Reaction study

CO hydrogenation was carried out in a down-flow fixed
bed stainless steel reactor at 220 °C and 1 atm total pres-
sure. A WSHYV of ca. 4500 h™! and a H,/CO ratio of 10
were used. Typically, 0.10 g of the catalyst was reduced
in situ in flowing hydrogen (30 cc/min) at 350 °C for 2 h
prior to reaction. The effluent gases were taken at 20 min
and 1 h interval and were analyzed by a GC. In all cases,
the reaction approached steady state within 6 h. The per-
centages of CO conversion, reaction rates, and turnover
frequencies were defined as:

#CO conversion = mole of CO in feed

Reaction rate (gCH,g cat. ' h™')

mole of CO in feed — mole of CO in products y

100

_ %CO conversion x flowrate of CO in feed(cc/ min) x 60(min /h) x mol. wt. of CH,(g/mole)

catalyst weight(g) x 22,400(cc/mole)

cobalt. The catalysts were dried at 100 °C for 12 h and cal-
cined in air at 350 °C for 2 h.

2.2. Catalyst characterization

Phase identification and crystallite size of pure and mod-
ified nanocrystalline zirconia were investigated by X-ray
diffraction (Siemens D5000) using Ni filter Cu Ko radiation
from 20° to 80° 26. Crystallite size was calculated from the
Scherrer’s equation using 202 diffraction peak of tetragonal
zirconia as follows

Turnover frequencies (TOFs) were determined based on the
amount of Co” active site measured by H, chemisorption.

rate
TOF -
site. time

3. Results and discussion

3.1. Effect of Si and Y additions on the properties of ZrO,

The X-ray diffraction patterns of the zirconia and mod-
ified zirconia powders prepared by the modified Pechini’s
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Fig. 1. X-ray diffraction results of (a) Si-doped ZrO, and (b) Y-doped ZrO,.

Table 1
Crystallite sizes and BET surface areas of Si- and Y-doped zirconia

b

Sample Avg. crystallite size BET surface area
(nm)* (m?/g)
ZrO, 6.3 90.4
Si0.001-ZrO, 6.2 95.2
Si0.005-ZrO, 5.3 83.1
Si0.01-ZrO, 5.9 86.4
Si0.02-ZrO, 5.2 92.1
Y0.001-ZrO, 5.9 93.1
Y0.005-ZrO, 6.1 94.5
Y0.01-ZrO, 6.9 922
Y0.02-ZrO, 5.9 98.4

% Calculated from X-ray line broadening.
® Error of measurements = 410%.

method are shown in Fig. 1. All the samples exhibited
tetragonal crystalline zirconia phase. No other crystal
structures were observed. It has been suggested that the
energy from combustion of the polymeric materials during
calcination at 600 °C was sufficient to arrange the crystal
structure in the tetragonal form with a crystal size less than
its critical size [17]. Addition of Si or Y did not have any
effect on XRD patterns of the tetragonal zirconia. The
crystallite sizes of tetragonal zirconia calculated from the
XRD line broadening using the Scherrer’s equation and
the BET surface areas are reported in Table 1. The average
crystallite sizes of the zirconia and the Si- or Y-modified
zirconia were approximately 5-7 nm. The BET surface

areas of the nanocrystalline zirconia were found to be
85-100 m?/g. Within experimental error, there was no sig-
nificant difference in BET surface arecas and the crystallite
sizes of the zirconia and the modified zirconia. This is in
contrast to the work reported by Alvarez and Torralvo
[13] that doping of 2-5% by mole of yttria to zirconia pre-
pared by sol-gel method resulted in narrower interparticle
pores and formation of denser agglomerates. However, in
our study the amounts of Y and Si addition were probably
low (ca. 0.10-1.96%) so that no change in BET surface
areas was found. Based on SEM results (not shown here),
there was also no change in the morphology of the zirconia
after Si or Y doping. Both zirconia and modified-zirconia
prepared by the modified Pechini’s method have irregular
long shapes consisting of sandwich parallel pores similar
to those of sol-gel derived zirconia that appeared to form
from polymeric units of hydrolysed zirconium precursors
[18]. These observed pores were in a macro-range.

3.2. Characteristics and catalytic properties of Y- and
Si-modified ZrO, supported Co catalysts

The X-ray diffraction patterns of the Co/ZrO, catalysts
are shown in Fig. 2. After impregnation of 10 wt% cobalt,
the diffraction peaks of Co304 were observed at 36.8° 20
for all the catalyst samples. The average crystallite sizes
of Co304 calculated based on X-ray line broadening using
Scherrer’s equation for Si-modified ZrO, supported cobalt



764

P. Soisuwan et al. | Catalysis Communications 7 (2006) 761-767

a @ Cos04

=' |

s

.g A

2 Co/Si0.005-Zr0,

=

Co/Si0.001-Zr0,
20 30 40 50 60 70 80
20
b 8 Co;0,

~ M»/\-A»\D,M L Co/Y0.02-ZrO,
=]

&) MM Co/Y0.01-ZrO,
; I N e
% - Co/Y0.005-Zr0,
=
L

g Co/Y0.001-ZrO,
=] Co/ZrO,
T T T T T

20 30 40

50
20

60 70 80

Fig. 2. X-ray diffraction results of Co catalysts supported on (a) Si-doped ZrO, and (b) Y-doped ZrO,.

Table 2
Characteristics of various Co/ZrO, catalysts

Sample BET surface H, chemisorption® x 10" %Co
area® (m%*/g) (molecule Ho/g cat.) dispersion®
Co/Zr0O, 52.1 5.9 14.4
Co/Si0.001-ZrO, 48.7 5.1 12.5
Co/Si0.005-ZrO, 51.5 5.4 13.3
Co/Si0.01-ZrO,  50.8 7.0 17.0
Co/Si0.02-ZrO, 52.4 9.0 21.9
Co/Y0.001-ZrO, 56.2 4.5 11.0
Co/Y0.005-ZrO, 54.3 4.6 11.3
Co/Y0.01-ZrO,  60.1 5.5 13.5
Co/Y0.02-ZrO, 53.8 6.4 15.7

& Error of measurements = £10%.

® Error of measurements = +5%.

¢ %Co dispersion was calculated based on the total amount of cobalt
reduced at 350 °C.

catalysts were 20-40 nm. They increased with increasing Si
content and were found to be larger than those of Y-mod-
ified ZrO, supported ones (<5 nm).

The BET surface areas of the various Co/ZrO, catalysts
and the H, chemisorption results are reported in Table 2.
The BET surface areas of the zirconia supported cobalt
catalysts were slightly less than that of the original zirconia
supports suggesting that cobalt was deposited in some of
the pores of zirconia. There was no significant difference
in BET surface areas of all the Co/ZrO, catalysts. How-

ever, it was found that at high molar ratios of Si/Zr
(0.01-0.02) and Y/Zr (0.02), the amounts of H, chemisorp-
tion increased by ca. 10-50% with the Si-modified zirconia
(Si/Zr = 0.02) exhibited the highest cobalt dispersion. The
addition of lower amounts of Si or Y did not seem to have
a great impact on the amount of surface cobalt measured
by H, chemsisorption. The results of this study were found
to be in agreement with the well-established trends in the
literature on the influence of addition of a second metal
on phase stability of zirconia. A considerably high loading
of the second metals was used i.e., a commercial available
8% Y stabilized ZrO,.

TEM micrographs were taken for all the catalysts in
order to physically measure the size of cobalt oxide parti-
cles and/or cobalt clusters (Fig. 3). Darker spots represent
high concentration of cobalt while lighter areas are the zir-
conia supports. It was found that on the Si-modified zirco-
nia, the areas representing cobalt concentration increased
with increasing Si/Zr ratios. On the other hand, on the
Y-modified zirconia, small cobalt particles/clusters were
observed unless for the high Y/Zr (0.02) that large cobalt
clusters was apparent. TEM images were found to be in
accordance with the results from XRD that small cobalt
oxide particles (<5 nm) were present on Y-modified zirco-
nia supported Co catalysts. Although TEM measurements
were only done for a very small portion of each catalyst,
the results are able to provide further evidence about Co
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Fig. 3. TEM micrographs of various Si- and Y-modified ZrO, loaded with 10 wt% cobalt.

dispersion. Adding a small amount of Si and Y might alter
the growth of nucleation of zirconia crystal [19]. In this
study, it was found that primary particles of the nanocrys-
talline zirconia tend to agglomerate upon Si and Y doping.
The effect was, however, more pronounced for the modifi-
cation with silica than yttria as seen by agglomeration of
zirconia particles for the lower Si/Zr ratios. The results
were in good agreement with Alvarez and Torralvo [13]
that increasing %Y addition resulted in larger and packing
of primary particles.

Temperature programmed reduction (TPR) profiles of
Si- and Y-modified zirconia supported Co catalysts are
shown in Figs. 4 and 5, respectively. TPR is a powerful tool
to study the reduction behavior of the catalysts. Reduction
of cobalt in the oxide form, Co;04 or Co,03, to Co°
involves a two-step reduction: first reduction of Co304 to
CoO and then the subsequent reduction of CoO to Co°
[20,21]. A wide range of variables such as, metal particle

size and metal-support interaction, have an influence on
the reduction behavior of cobalt catalysts resulting in the
observation of different locations of the TPR peaks [22].
It was found that for the Si-modified zirconia supported
cobalt catalysts reduction peaks below 400 °C tended to
shift to lower temperatures, whereas those of Y-modified
ones showed similar TPR profiles. The reducibilities of
the catalysts calculated by integrating areas under the
TPR peaks are given in Table 3. The reducibilities of all
the catalysts were only 30-40%. The low reducibility of
the catalysts may be due to formation of a solid solution
or a zirconate phase between unreduced cobalt oxides
and zirconia [6].

The catalytic activities of the Co/ZrO, catalysts in CO
hydrogenation reaction are also reported in Table 3. As
expected, the CO hydrogenation rates increased by 30-
40% for the ones supported on Si- and Y-modified zirconia
with Si/Zr > 0.05 and Y/Zr > 0.01 mole ratios. Since the
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Fig. 5. Temperature-programmed reduction of the catalyst samples (a) 10%Co/ZrO,; (b) 10%Co/Y0.001-ZrOy; (c) 10%Co/Y0.005-ZrO,;
(d) 10%Co0/Y0.01-ZrO, and (e) 10%Co/Y0.02-ZrO,.

Table 3
Catalytic results in CO hydrogenation (220 °C, 1 atm, and H,/CO = 10)
Catalyst Reducibility® (%) CO hydrogenation rate® Product selectivity (%) TOFs® (s 1)
e =11

(umol CHy geat.” s ) C, C,Cs Cus
Co/ZrO, 32 15.4 88.6 9.1 23 0.22
Co/Si0.001-ZrO, 39 10.7 86.0 10.8 32 0.27
Co/Si0.005-ZrO, 30 10.8 98.0 2.0 0.0 0.72
Co/Si0.01-ZrO, 34 11.9 98.6 1.4 0.0 0.66
Co/Si0.02-ZrO, 30 18.8 97.8 22 0.1 0.28
Co/Y0.001-ZrO, 31 10.4 97.6 2.3 0.1 0.28
Co/Y0.005-ZrO, 29 16.2 89.3 8.7 2.1 0.26
Co/Y0.01-ZrO, 29 19.6 91.7 7.1 1.3 0.23
Co/Y0.02-ZrO, 32 24.1 97.7 22 0.1 0.30

# Based on TPR results from 35-800 °C.
b : . __ %CO conversion x flowrate of CO in feed(cc/min) x 60(min /h) x mol. wt. of CH,(g/mole)
Cco hydrOgenatlon rate = catalyst weight(g)x22400(cc/mole) .

¢ Based on H, chemisorption results.

TOFs of Co/Si00.005-ZrO, and Co/Si00.01-ZrO, were 71O, surface by Si atoms resulting in higher active Co® sur-
almost three times higher than that of the non-modified  face. However, there was no such evidence for the Y-mod-
one, there might have been some modification of the  ified ones; the TOFs for all the Y-modified zirconia
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Fig. 6. Correlation of active sites measured by hydrogen chemisorption and CO hydrogenation rates.

supported Co catalysts were similar. A correlation between
the amount of active sites and CO hydrogenation activities
for various Co/ZrO, catalysts is illustrated in Fig. 6 as a
straight line. The product selectivities were not significantly
different since all the catalysts exhibited methane selectivi-
ties ca. 89-99% (expected product under the reaction con-
ditions used).

4. Conclusions

Addition of a small amount of Si or Y during the prep-
aration of nanocrystalline tetragonal zirconia accelerated
the agglomeration of zirconia primary particles. However,
when used as cobalt catalyst supports the Si- and Y-modi-
fied zirconia supported ones with Si/Zr > 0.005 and Y/Zr >
0.01 exhibited higher H, chemisorption and CO hydroge-
nation activities. The effect was more pronounced for Si-
modified ZrO, than Y-modified ones as shown by higher
TOF values.
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Abstract

Role of ruthenium in the reduction behavior of Ru-promoted Co/TiO, catalysts
was investigated. Ru could facilitate the reduction but had no effect on water
production during reduction.

[ Kewwords: Reduction, cobalt catalyst, titania, Fischer-Tropsch

-

% INTRODUCTION

™ Due to their high activities [1], high selectivity to linear hydrocarbons and

low activities for the competitive water-gas shift (WGS) reaction [2,3],
supported cobalt (Co) catalyst is considered to be one of the most important
- catalysts for Fischer-Tropsch synthesis (FTS) as well as carben monoxide (CO)
‘ hydrogenation. During the past decade, titania-supported Co catalysts have
- been widely investigated by many authors, especially for the application of FTS
@ in a continuously stirred tank reactor (CSTR) [4-6]. In general, to increase the
X
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catalytic activity of the Co catalysts, many promoters such as ruthenium (Ru),
zirconium (Zr), lanthanum (La), rhodium (Rh), boron (B), and platinum (Pt)
have been investigated. It has been reported that a variety of these promoters
can increase the reducibility of Co, preserve the activity by preventing the
formation of coke, exhibit cluster and ligand effects, act as a source of hydrogen
spillover and enhance the dispersion. It should be mentioned that the active
form of Co catalysts is the reduced Co metal surface atom. Although Ru
promotion appears to enhance the rate of FTS, no studies have specifically
addressed how Ru promotes the reaction. Understanding how Ru can modify
the catalyst properties could lead to the design of more robust and active Co
catalysts.

This investigation focused on giving a better understanding of the roles of
Ru on reduction behavior of the Ru-promoted Co/TiO, catalyst. The impact of
Ru promotion on the reducibility of Co in the absence and presence of water
vapor was also investigated.

EXPERIMENTAL
Catalyst preparation

The unpromoted-Co/TiO, and Ru-promoted (CoRu/TiO,) catalysts were
prepared by the incipient wetness impregnation using cobalt nitrate
[Co(NO;)*6H,0] and ruthenium(Ill) nitrosyl nitrate [Ru(NO)NO;);] as
precursors. The TiO, used contained 81 mol % of anatase phase and 19 mol %
of rutile phase (Ishihara Sangyo, Japan). The catalyst samples were dried at
110°C for 12 h and calcined in air at 500°C for 4 h.

Catalyst pretreatments
Standard reduction

Standard reduction of the calcined catalyst was conducted in a fixed-bed
flow reactor under differential conditions (no gradient in the catalyst bed) at 1
atm using a temperature ramp from ambient to 350°C at 1°C/min and holding at
350°C for 10 h in a gas flow having a space velocity of 16,000 h* and
consisting of H.. The high space velocity of the H, flow was applied to insure
that the partial pressure of water vapor in the catalyst bed produced by cobalt
oxide reduction would be essentially zero.

SULIINVIOUZIVES L 4 0 fHda0 N N J2urab 8 S svaase . a vy

Hydrothermal treatment

In order to evaluate the stability of catalysts and impacts ol water vapor
during reduction, hydrothermal treatment was also conducted during standard
reduction above. In addition, besides using pure H,, mixtures of H, and water
vapor (5-10 vol.%) were also applied separately at the same reduction condition
as mentioned above,

Catalyst nomenclature

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

Co/Ti " Unpromoted cobalt catalyst on the titania support,
CoRu/Ti: Ru-promoted cobalt catalyst on the titania support,
(©): Calcined catalyst sample,

(RWO0), (RWS) and (RW10):  Reduced catalyst samples with no water vapor,
5 vol.% of water vapor, and 10 vol.% of water vapor added during standard
reduction, respectively.

Catalyst characterization

BET surface area was determined using N, adsorption at 77 K in a
Micromeritics ASAP 2010. v

X-ray diffraction was conducted using a SIEMENS D-5000 X-ray
diffractometer with Cuk, (A = 1.54439 A).

The Raman spectra of the samples were collected by projecting a continuous
wave laser of argon ion (Ar") green (514.532 nm) through the samples exposed
to air at room temperature.

Temperature-programmed reduction of calcined samples was carried out
using 50 mg of a sample and a temperature ramp from 35 to 800°C at 5°C/min.
The carrier gas was 5% H, in Ar.

Reaction

CO hydrogenation (H,/CO = 10/1) was performed to determine the overall
activity of the catalyst samples. Hydrogenation of CO was carried out at 220°C
and 1 atm. A flow rate of H,/CO/He = 20/2/8 cc/min in a fixed-bed flow
reactor under differential conditions was used.

I



Characleristics and catalytic propenics of samples

BET surface arca

Reducibility (%)

Totwl H2

CHu Selectivity

(') chemisorption (x10° eCH; g cal. h''y*
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Cofli{ 34 78 4.8 25 21 94 96
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CoRw/Ti-RWS 37 77 5.9 36 35 97 97
CoRustiRWIG 36 75 5.2 16 34 99 99

* Measurement error £ 5%

“ Aftgr 5 min of reaction
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S chemsarption was performed to determing the number of reduced Co surface atoms.
o hydrogenation was carried owt a1 220°C, 1 atm and Hy/CO/Ar = 20/2/8 cmYmin.
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RESULTS AND DISCUSSION

The present study was conducted in order to investigate the roles of Ru in
the reduction behavior of CoRuw/TiO- catalysts. The characteristics and cataiytic
properties during CO hydrogenation are summarized in Table 1. It was
observed that upon Co loading and Ru promotion, there was no significant
change in the BET surface areas, suggesting no pore blocking or phase changes
in the TiO, support. The XRD peaks (not shown) of all calcined samples at 26,
37,48, 55, 62, 69, 71 and 75° (TiO; in anatase form) and 27, 36, 42 and 57°
(TiO; in rutile form) were observed. As expected, XRD peaks of Co;0; species
were also detected at 36, 46 and 65° after calcination of samples. However,
after reduction with or without water vapor added, only diffraction peaks at 37
and 63° corresponding to CoQ were observed. Thus, XRD revealed that Ru was
well dispersed in the catalyst samples. A similar trend was also observed in
Raman spectroscopy as seen for XRD results. It was found that the TiO;
support exhibited the Raman bands at 640, 514 and 397 cm™ (anatase form) and
445 cm’ (rutile form). The calcined samples showed Raman bands of the TiO,
support along with two shoulders at 690 and 480 cm’, assigned to Co0;0,
species. Raman specira for all reduced samples exhibited the similar Raman
bands as seen for the calcined ones indicating Co;0, on the surface. In order to
determine the number of reduced Co metal surface atoms, H. chemisorption
was performed as seen in Table 1. It indicated that water vapor during
reduction apparently resulted in both lesser number of reduced Co metal surface
atoms and reducibility due to Co-support compound formation (Co-SCF) as
reported in our previous works [7, 8]. It should be noted that Ru promotion may
result in enhanced activities during CO hydrogenation without changing
selectivity of products due to increased number of reduced Co '{@Q{\Q‘," face

. _ M Surface

mo“}];_ofg g.,.e n“iﬂm e v promonon can be discussed further based or: the TPR
$ as shown in Figs 1 (for the unpro

Ry promoted catalysts) and 2 (for the Ru-

. h. can be observed that Ru can only facilitate the
:é)ccn‘:s due to the hydrogen spillover effect
c;::it:;?:,::?;;i;!Egggg tl71at8waz'cjr vapor as a byproduct of a reduction process
reduction in order to inw:[st’iga]l.e t]li:‘.u?:)l‘:suz;‘ \;‘IIIJ(:;I':)V = :_1150 B
. I ' motion ¢ :

i :‘{;;2;[{;] f&;hlc ‘rt:((llu.zzl :;:]cgez;s’ed. amounts of water vapor duri:gd:e(‘l'f:::lt]i.or:\l:agcs:
et o ehavior of both unpromoted catalysts and Ru-promoted
. ating no shift of reduction lemperatures.  In summary, Ru

womoti : HP i
Ijﬂmnouon can only facilitate the reduction of cobalt oxide species but h
cilect on water vapor produced during reduction. =i

reduction of cobalt oxijde
resulting in lower reduction
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Elucidation of reduction behaviors for Co/TiO; catalysts with
various rutile/anatase ratios
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The present study revealed effects of various rutileranatase ratios in titania on the
reduction behaviors of titania-supported cobalt catalvsts. It was found that the presence of
rutile phase in titania could facilitate the reduction process of the cobalt catalyst. As a matter
of fact. the number of reduced cobalt metal surface atoms. which is related to the overall
activity during CO hvdrogenation increased.

1. INTRODUCTION

Supported cobalt (Co) catalysts are preferred for Fischer-Tropsch synthests (FTS) based on
natural gas [1] duc to their high activities tor FTS. high sclectivity for long chain
hvdrocarbons and low activities for the competitive water-gas shift (WGS) reaction. Many
inorganic supports such-as silica. alumina. titania and Zeolites have been extensively studied
for supported Co catalysts for years. It is known that in general, the catalytic properties
depend on reaction conditions. catalyst compositions, types of inorganic supports and the
degrees of metal dispersion as well. It is reported that during the past decades. titania-
supported Co catalysts have been investigated widely by many authors, especially for the
application of FTS in a continuously stirred tank reactor (CSTR}) [2-4]. However, it should be
noted that titania itself has different crystalline phases such as anatase, brookite and rutile
phase. Thus. the differences in compositions of crystalline phases could result in changes on
physical and chemical properties of titania, then consequently for the dispersion of cobalt. In
order to give a better understanding of those, the focus of this present study was to investigate
the cobalt dispersion on titania consisting various ratios of rutile/anatase. The Co/TiO, was
prepared and then characterized using different characterization techniques.

2. EXPERIMENTAL

2.1 Material preparation
Preparation of titania support

The various ratios of rutile:anatase in titania support were obtained by calcination of
pure anatase titania (obtained from Ishihara Sangyo, Japan) in air at temperatures between
800-1000°C for 4 h. The high space velocity of air flow (16.000 h™') insured the gradual
phase transformation to avoid rapid sintering of samples. The ratios of rutile:anatase were
determined by XRD according to the method described by Jung et al. [5] as follows:



:Hrl

% Rutile = -——I—ﬁ x 100
[(A/R)0.884 - 1]
Where, A and R are the peak area for major anatase (20 = 257) and rutile phase (20 = 287),
respectively.

Preparation of catalvst samples

A 20 wi% of CofTiO-> was prepared by the incipient wemness impregnation. A designed
amouni of cobalt mitrate [Co(NO:)e6H2()] was dissolved in deionized water and then
mmpregnated onto Ti0> contaiming varous ratios of rutile:anatase obtained from above. The
calulyst precursor was dried at 110°C 1or 12 h and caleined in airat 500°C for 4 h

24 Catalyst nomenclature

The nomenclature used for the catalvst samples i this study s tollowing:
IRn: titanis support containing 1% ol rutile phase (R)

Co/Rn: ttama support containing n% of rutile phase (R -supported cobalt

2y Catalyst characterization

Nerany diffracton: XRD was performed 1o determmine the bulk ervstalline phiases of catalyvst, It
was conducted using a SIEMENS D-3000 X-rav diffractometer with oAl (2 1.5443% A),
Fhe speetra were scanned at a rate of 2.4 degree/min in the range 20 = 20-80 degrees,
Scanmng cleciron microscopy and cnergy dispersive X-rav spectroscopr: SEM and EDX
were used to determine the catalyst morphologies and elemenal distribution throughout the
catalvst pranules, respectively. The SEM of JEOL mode ISM-SR00LY was applicd. EDX
was performed using Link 1sis series 300 program

fransmission elecivon microscopy (TEM): The dispersion of coball oxide species on the
titanie supports were  determined  using o JEOL-TEM 200CX  muansmussion  eléctron
spectroscopy operated at 100 kN with 100k magnification.

Hvdrogen chemisorption: Static Hz chemisorption at 100°C on the reduced cobualt catalysis
wis used to determine the number of reduced surtace cobalt metal atoms. This ix refated 1o
the overall activity of the catalysts during CO hydrogenation. Gas volumetric chemisorption
at 100°C was performed using the method deseribed by Reuel and Bartholomew [6]. The
experiment was performed in a Micromeritics ASAP 2010 using ASAP 20810C V3.00
soffware,

fTemperature-programmed reduction: TPR was used to determine the reduction behaviors of
the catalyst samples. It was carmed out using 50 mg of a sample and & temperature ramp from
35 10 800C wt 3°Cé/min. The carrier gas was 3% Hs in Ar. A cold trap was placed before the
detector to remove water produced duning the reaction.

3. RESULTS AND DISCUSSION

It this present study, we basically showed dependence of the number of reduced cobalt metal
surface atoms on dispersion of cobalt oxides along with the presence of rutile phase in titania.
Both XRD and SEM/EDX resulis tnot shown) revealed good distribution of cobalt oxides
over the titania support.  However, it can not differentiate all samples containing various
ratios of rutile/anatase phase. Thus, in order to determine the dispersion of cobalt oxide
species on tilania, a more powertul technique such as TEM was applied with all samples. The
TEM micrographs for all samples are shown in Figure 1. The dark spots represented cobalt
oxides species present after caleination of samples dispersing on titania consisting various
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ratios of rutiie:anatase. It can be observed that cobalt oxide species were highly dispersed on
the titania supporis for Co/RO, Co/R3, and Co/R19 samples resuliing in an appearance of
smaller cobalt oxide patches present.  However, the degree of dispersion for cobalt oxide
speeies essentially decreased with increasing the rutile phase in titania from 40 to 99% as seen
for CoiR40, Co/RY6. and Co/R99 samples resulting in the observation of larger coball oxide
patches. [t was suggested that the presence of rutile phase in titania from 0 (pure anatase
phase) to 19% exhibited the highly dispersed forms of cobalt oxide species for the calcined
sumples. It is known that the active form of supported coball catalysts is cobalt metal (Co").
Thus, reduciion of cobalt oxide species is essentially performed in order to transform cobalt
oxide species obtained after caleination process into the active cobalt metzl atoms for
catalyzing the reaction. Therefore, the static H; chemisorption on the reduced cobait samples
was used 1o determine the number of reduced Co metal surface atoms. This is usually related
1o the overall activity of the catalyst during carbon monoxide (CO) hydrogenation [7].

Codli - £ UKy

it Colon u

e Sllnm
100KV x 100k

Figure 1 TEM micrographs of samples on various nutile/anatase ratios in titania

The resulted Hy chemisorption for all samples revealed that the number of the reduced cobalt
metal surface atoms increased with the presence of rutile phase in fitama up to 4 maximum ol
19% of rutile phase (Co/R19) before decreasing with the greater amounts of rultife phase as
shown in Table 1. Considering the number of cobalt metal atoms for Co/RO (pure anatase
titania), the number was apparently low even though highly dispersed cobalt oxides species,
This was suggested that highly dispersed forms of cobult oxide species be not only the factor
that insures larger number of reduced cobalt mietal surface atoms in Co/TiO; [8]. On the other
hand, 11 can be observed that the number of reduced cobalt metal surface wtoms for Co/R40
and Co/R96 (with the low degree of dispersion of cobalt oxide species as seen by TEM) was
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larger than that for Co/R0O. This was due to the presence of rutile phase in Co/R4¢ and Co/R56,
It should be mentioned that the largest number of reduced cobalt metal surface atoms for the
Co/R 19 sample was attribuied 1o both highly dispersed cobalt oxide species and the presence
of rutile phase in titania. In addition, the resulted TPR as also shown in Table 1 confirmed
that the presence of rultie phase could facilitate the reduction of cobalt oxide species by
lowering the reduction temperatures.  As a result. the number of the reduced cobalt metal
surfice atoms increased.

Table 1 Resulted H: chemisorptiion and reduction temperatures for various Co/TiO,

samples

Samples Total H; Chemisorptien Reduction Temperature

{pmol Ha/p cat) (°C)

Co/RO 0.93 370

Co/R3 1.55 270

Co/R1% 244 320

Co/R40 1.66 285

Co/RO6 1.71 275

Co/ROY (.69 275

4. SUMMARY

The present research showed a dependence of various ratios of rutile:anatase in titania
as g catalyst support for Co/TiO: on characteristics, especially the reduction behaviors of this
catalvst,  The stody revealed that the presence of 19% rutile phase in titania for Co/TiO;
(Co/R149) extibited the highest number of reduced Co metal surface atoms which is related
the number of active sites present. It appeared that the increase in the number of active sites
was due to two reasons; i) the presence of rutile phase in titanta can facilitrate the reduction
pracess of cobalt oxide species into reduced cobalt metal. and 11) the presence of rutile phase
resulted in a larger number of reduced cobalt metal surface atoms.  No phase transformation
al the supports further occurred during caleination of catalvst samples.  However. if the rativs
of rutilenanatase were over 19%. the number of active sites dramatically decreased.
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Abstract

This paper investigates the isosynthesis via CO hydrogenation over zirconia and ceria catalysts. Various techniques including XRD,
NH;-TPD, CO,-TPD and BET surface area were employed for the catalyst characterization. The results showed that not only acid-base
properties, but also crystallite size and crystal phase essentially influenced the catalytic performance. It was found that the activity and
the selectivity of isobutene in hydrocarbons on nanoscale catalysts were higher than those on the micronscale ones. Moreover, the acid-
base properties were dependent on the fraction of tetragonal phase for zirconia, but independent on crystal phase for ceria. The synthe-
sized nanoscale zirconias were more active than the commercial one but less than the nanoscale ceria. From the results, it was indicated
that zirconia with 29% tetragonal phase exhibited the highest activity. Furthermore, the presence of tetragonal phase in zirconia played

an important role on the selectivity of isobutene in hydrocarbons.

© 2006 Elsevier B.V. All rights reserved.

Keywords: CO hydrogenation; ZrO,; CeO,; Isobutene; Catalyst

1. Introduction

Isobutene, an extracted gas from C,4 stream of petro-
leum process, has been mainly used in the production
of oxygenated compounds such as methyl terz-butyl ether
(MTBE) and ethyl tert-butyl ether (ETBE). The trend of
the octane enhancer demand is progressively increasing
with the increased fuel consumption. Therefore the sup-
ply of isobutene from the petroleum product is possibly
inadequate in the near future. It is expected that an
alternative source for the production of isobutene needs
to be explored. It is evident that one of the promising

* Corresponding authors. Tel.: +662 218 6868; fax: +662 218 6877.
E-mail addresses: Bunjerd.J@chula.ac.th (B. Jongsomyjit), Suttichai.A
@chula.ac.th (S. Assabumrungrat).

1566-7367/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.catcom.2006.08.001

sources for isobutene synthesis can be achieved from a
renewable resource such as biomass. It is known that fer-
mentation of biomass produces methane and carbon
dioxide. Both of these products can be used for synthe-
sizing the syngas (CO + H,), which can be subsequently
converted to isobutene. Thus, advantages of this process
are; (i) the chosen resource of isobutene production is
renewable, then being more attractive than the conven-
tional petroleum sources, which are about to shortage
in the near future, (ii) carbon dioxide, a by-product of
fermentation process, is substantially consumed to
produce syngas, hence reducing the CO, emission to
the atmosphere, and (iii) the ratio of carbon monoxide
to hydrogen of 1:1 for the syngas from fermentation of
biomass is suitable for the reaction of isobutene
synthesis.
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It is recognized that the catalytic reaction that con-
verts syngas to branched chain hydrocarbons, especially
isobutane and isobutene, is so-called isosynthesis. As
reported, the suitable catalysts for isosynthesis reaction
are difficultly reducible oxides such as zirconia rather
than other reduced transition metals [1]. It has been
reported that zirconia was the most selective catalyst
for isosynthesis [2-6]. Besides that, another oxide catalyst
such as ceria (CeO,) was also selective to isobutene in Cy4
hydrocarbons [7]. Some researchers have tried to relate
the characteristics of catalysts to their catalytic
performance. For example, Su et al. [4] investigated the
catalytic performance of various nanoscale zirconias for
isosynthesis. They found that better formation of isobu-
tene is resulted from higher ratio of base to acid sites on
catalyst surface. In addition, effect of the crystal phase
such as monoclinic phase in zirconia on the catalytic
performance was also reported by Maruya et al. [6].
Because of the bifuntionality of zirconia, the acid-base
properties could play an important role on the catalytic
performance [4,8-10].

In this work, the catalytic performances of micron- and
nanoscale zirconia and ceria on isosynthesis via CO
hydrogenation were investigated. The synthesized nano-
scale zirconia catalysts were prepared using the precipita-
tion method with two different zirconium salt precursors.
The synthesized nanoscale ceria was also prepared by the
precipitation method. The catalytic performances and
characteristics of the synthesized catalysts and commercial
micron- and nanoscale zirconia and commercial micron-
scale ceria were also determined in order to eventually
compare the effect of the crystallite size on the isosynthesis
reaction.

2. Experimental
2.1. Catalyst preparation

The nanoscale zirconia (ZrO,) was prepared by the
precipitation method. It was carried out by slowly adding
a solution of zirconium salt precursors such as zirconyl
chloride (ZrOCl,) or zirconyl nitrate [ZrO(NOs),]
(0.15M) into a well-stirred precipitating solution of
ammonium hydroxide (NH4OH) (2.5 wt.%) at room tem-
perature. The pH of the solution was carefully controlled
at 10. The resulting precipitate was removed, and then
washed with deionized water until CI~ was not detected
by a silver nitrate (AgNQOj3) solution. The obtained sample
was then dried overnight at 110 °C and calcined at 450 °C
for 3 h with a temperature ramp of 1 °C/min. The synthe-
sized zirconias obtained from ZrOCl, and ZrO(NOs),
were denoted as ZrO,—Cl (nano-syn) and ZrO,-N
(nano-syn), respectively. For a comparative study,
another nanoscale zirconia was prepared by using zirco-
nium n-propoxide 15 g as a starting material. The starting
material was suspended in 100 ml of 1,5-pentanediol in
the test tube, and then set up in 300 ml autoclave. In

the gap between the test tube and autoclave wall, 30 ml
of glycol was added. After the autoclave was completely
purged with nitrogen, the autoclave was heated to
300 °C at the rate of 2.5 °C/min and held at that temper-
ature for 2 h. Autogeneous pressure during the reaction
gradually increased as the temperature was raised. After
the reaction, the autoclave was cooled to room tempera-
ture. The resulting products were collected by repeatedly
washed with methanol and centrifugation and then the
products were dried in air. This synthesized zirconia was
denoted as ZrO,—PeG (nano-syn).

For the preparation of ceria (CeO,), it was also prepared
using the precipitation method as mentioned above. Cer-
ium nitrate [Ce(NOs)3] was used as a cerium salt precursor.
All conditions during preparation were the same as those
for the zirconia preparation.

The commercial micron- and nanoscale zirconias named
as the ZrO, (micron-com) and ZrO, (nano-com) and com-
mercial micronscale ceria named as CeO, (micron-com)
obtained from Aldrich were also used for the comparative
study.

2.2. Catalyst characterization

2.2.1. N, physisorption

Measurements of BET surface area, cumulative pore
volume and average pore diameter were performed by the
N, physisorption using the Micromeritics ASAP 2020 sur-
face area and porosity analyzer.

2.2.2. X-ray diffraction

The XRD spectra of catalysts were measured by a SIE-
MENS D5000 X-ray diffractometer using Cu Ko radiation
with a nickel filter over the 20 ranging from 20° to 80°. The
crystal sizes of the prepared catalysts were obtained by
XRD line broadening using Scherrer’s equation. The char-
acteristic peaks at 20 =28.2° and 31.5° for (—111) and
(111) reflexes, respectively, are assigned to the monoclinic
phase in ZrO,. The characteristic peak at 20 = 30.2° for the
(111) reflex in the XRD patterns represents the tetragonal
phase in ZrO,. For the cubic fluorite phase in CeO,, the
XRD peaks at 20 = 28.6° and 33.1° are evident.

The percent of tetragonal and monoclinic phase in ZrO,
was calculated by a comparison of the areas for the charac-
teristic peaks of the monoclinic phase and the tetragonal
phase. The percent of each phase was determined by means
of the Gaussian areas /& X w, where & and w are the height
and half-height width of the corresponding XRD charac-
teristic peak as follows [4]:

% monoclinic phase
B >~ (h x w)monoclinic phase
S~ (h x w)monoclinic and tetragonal phase’

% tetragonal phase
B > (h x w)tetragonal phase
~ > (h x w)monoclinic and tetragonal phase
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2.2.3. Transmission electron microscopy

Catalyst crystallite size and the diffraction pattern were
obtained using the JEOL JEM-2010 transmission electron
microscope operated at 200 kV with an optical point to
point resolution of 0.23 nm at National Metal and Materi-
als Technology Center (MTEC). The sample was dispersed
in ethanol prior to the TEM measurement.

2.2.4. Temperature-programmed desorption

Temperature-programmed desorption of ammonia and
carbon dioxide (NHj3- and CO,-TPD) was used to deter-
mine the acid-base properties of catalysts. TPD experi-
ments were carried out using a flow apparatus. The
catalyst sample (0.1 g) was treated at its calcined tempera-
ture (450 °C) in helium flow for 1 h and then saturated with
15% NH3/He mixture or pure CO, flow after cooling to
100 °C. After purging with helium at 100 °C for 1h to
remove weakly physisorbed NH; or CO,, the sample was
heated to 450 °C at a rate of 20 °C/min in a helium flow
(50 cm®/min). The amount of acid—base sites on the cata-
lyst surface was calculated from the desorption amount
of NH; and CO,, respectively. It was determined by mea-
suring the areas of the desorption profiles obtained from
the Micromeritics ChemiSorb 2750 pulse chemisorption
system analyzer.

2.3. Reaction procedure

CO hydrogenation was carried out at 400 °C and atmo-
spheric pressure in a fixed-bed quartz reactor with a
mixture of CO/H,/N, = 10/10/5 cm®/min. The catalyst
sample of 2 g was used in each run. The reactor effluent
samples were taken at 1.5 h interval and analyzed using
the gas chromatography technique. Thermal conductivity
detector (TCD) with molecular sieve SA and Porapak-Q
column was used to detect the CO and CO,, respectively.
The flame ionization detector (FID) with VZ-10 column
was used to detect the light hydrocarbons such as C;—C4
hydrocarbons. The steady-state rate for all catalysts was
obtained after 20 h.

3. Results and discussion
3.1. Physical properties

The XRD patterns of the commercial ZrO, and CeO,
catalysts are shown in Fig. 1 and those of the synthesized
ones are shown in Fig. 2. It showed that both commercial
and synthesized CeO, catalysts exhibited the similar XRD
peaks at 20 = 28.6° and 33.1° assigned to the typical cubic
fluorite structure. However, based on the calculation, it
showed that the average crystallite size for the commercial
CeO, was in micronscale whereas the synthesized one was
in nanoscale (Table 1). For the commercial micronscale
ZrO; catalyst (Fig. 1), only the XRD peaks at 20 = 28.2°
and 31.5° were observed indicating only the monoclinic
phase in the micronscale ZrO,. However, for the commer-

+ Monoclinic
o Tetragonal

h = Cubic fluorite
L | S

o CeO7 (micron-com)

Intensity (a.u.)
e

. ZrOy (nano-com)

ZrO7 (micron-com)

1 L L L 1 1 1

10 20 30 40 50 60 70 80 90
Degrees (20)

Fig. 1. XRD patterns of commercial ZrO, and CeO, catalysts.
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Fig. 2. XRD patterns of synthesized ZrO, and CeO, catalysts.

cial nanoscale ZrO, catalyst (Fig. 1), besides the mono-
clinic characteristic peaks it also exhibited the XRD
characteristic peaks of tetragonal at 20 = 30.2°. For the
synthesized ZrO, catalysts, ZrO,—PeG (nano-syn) showed
only tetragonal phase but ZrO,—N (nano-syn) and ZrO,—
Cl (nano-syn) showed both of tetragonal and monoclinic
phases. For all catalysts, the contents of different phases
are listed in Table 1. Typically, the monoclinic phase is sta-
ble up to ca. 1170 °C and then, transforms into the tetrag-
onal phase at higher temperature [11]. The tetragonal phase
is stable up to ca. 2370 °C and finally transforms into the
cubic phase at higher temperature. However, the metasta-
ble of the tetragonal phase in ZrO, can usually be observed
when the precipitation method from an aqueous salt solu-
tion is employed as seen in this work or when the thermal
decomposition of zirconium salts is used. Furthermore, the
tetragonal phase appeared was attributed to size effect.
Garvie [12] reported that the tetragonal phase appeared
to be a critical crystallite size about 30 nm and above that
point the tetragonal phase could not be stabilized at room
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Table 1
Characteristics of ZrO, and CeO, catalysts
Catalysts BET S.A.* (m*/g) Cumulative pore  Average pore Crystal size® (nm) Crystal phase Acid sites"  Base sites'

volume® (cm’/g)  diameter® (nm) M 7 ce (umol/g) (umol/g)

ZrO, (micron-com) 6 0.012 9.5 658 - 100%M 24 15
ZrO, (nano-com) 41 0.115 9.9 303 222 30%M +70%T 160 319
ZrO,—ClI (nano-syn) 95 0.173 4.8 109 136 T7%M +23%T 361 191
ZrO>-N (nano-syn) 92 0.169 4.9 9.8 8.3 T1%M +29%T 389 188
ZrO,-PeG (nano-syn) 48 0.034 6.6 - 27 - 100%T 127 337
CeO, (micron-com) 4 0.008 16.6 - - 1359  100%C 16 9
CeO, (nano-syn) 91 0.149 4.7 - - 8.1 100%C 190 161

% Error of measurement = 45%.

° BJH desorption cumulative volume of pores between 1.7 and 300 nm diameter.
¢ BJH desorption average pore diameter.

4 Determined by XRD line broadening using Scherrer’s equation [17].
¢ Monoclinic phase in ZrO,.
! Tetragonal phase in ZrO,.

& Cubic phase in CeO,.

" Measured by NH5-TPD.

! Measured by CO,-TPD.

T he = '

ZrO; (micron-com)

-,‘ "‘:

Zr0; (nano-com)

———_ -

CeO; (micron-com)

CeO; (nano-syn)

Fig. 3. TEM micrographs of ZrO, and CeO, catalysts.
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temperature. The average crystallite sizes of each phase
being present in all catalysts were calculated using the
XRD line broadening regarding to its characteristic peaks.
Thus, only the commercial micronscale ZrO, catalyst had
no tetragonal phase because of its crystallite size was more
than 30 nm. The crystallite sizes of catalysts can be deter-
mined by means of not only XRD technique, but also
TEM technique. TEM provided the image of characteris-
tics of particles indicating the crystallite size or the particle
size. TEM micrographs of all catalysts are illustrated in
Fig. 3. It was found that the commercial micronscale
ZrO, and CeO, catalysts had the particle size more than
100 nm which absolutely indicated that these catalysts were
in micron-sized. For the nanoscale catalysts, the average
particle size indicated that these catalysts were in nano-
sized and the values of them were similar to the values of
crystallite sizes calculated by the XRD technique. More-
over, TEM with the electron diffraction mode can deter-

| “Z-r(jz—Cl (ﬁano—syn)

mine the crystallographic structure of catalyst. From the
electron diffraction results (Fig. 4), it was revealed that
both of the nanoscale ZrO, and CeO, catalysts were poly-
crystallite. The other physical properties of catalysts such
as BET surface area, cumulative pore volume and average
pore diameter are also summarized in Table 1. The micron-
and nanoscale catalysts exhibited corresponding values
based on their average crystallite sizes and BET surface
areas. Compared to the micronscale catalysts, the nano-
scale ones had smaller crystallite sizes which influenced
not only on the increase in the cumulative pore volume,
but also on the reduction of the average pore diameter.
In contrast, the ZrO,—PeG (nano-syn) had very small crys-
tallite size, but low surface area. This was probably due to
significantly less cumulative pore volume compared with
other the nanoscale catalysts. For the ZrO, prepared by
different zirconium salt precursors, the resulted crystal
structure was probably changed [13]. Su et al. [5S] and Wu

b

ZrOQ-PeG.(nano-syn)

Fig. 3 (continued)
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CeQO3 (nano-syn)

Z1(0; (nano-com)

Fig. 4. TEM micrographs of nanoscale ZrO, and CeO, catalysts with electron diffraction mode.

and Yu [14] found that SO?{ from zirconium salt precursor
such as Zr(SO,), affected crystallization and phase trans-
formation of ZrO,. The ZrO, prepared by Zr(SOy),
showed both tetragonal phase and amorphous, but the
ZrO, prepared by other zirconium salt precursors such as
Z1(NO3)y, ZrCly and ZrOCl, showed monoclinic and
tetragonal phase. In this case, ZrO,—Cl (nano-syn) and
ZrO,-N (nano-syn) were prepared using ZrOCl, and
ZrO(NO3), as zirconium salt precursors, respectively. It
was found that different precursors slightly affected the
crystal structure in the phase composition of monoclinic/
tetragonal phases over ZrO, and the BET surface area as
well.

3.2. Acid-base properties

The acid-base properties of the catalysts were measured
by NHj3- and CO,-TPD, respectively. The NH;- and CO,-
TPD profiles are shown in Figs. 5 and 6. From the TPD pro-
files, the amounts of acid and base sites which are also listed
in Table 1 were calculated from the area below curve. The
characteristic peaks of these profiles are assigned to their
desorption temperatures indicating the strength of Lewis
surface sites. From NH;-TPD result of Ma et al. [15], it
showed that NH; desorption peaks located at ca. 200 °C
and 300 °C for ZrO, catalysts were corresponding to weak
acid sites and moderate acid sites, respectively. Moreover,
both peaks of monoclinic ZrO, exhibited slightly higher
amount of acid sites compared to the tetragonal ZrO,. In
this work, all ZrO, mainly had weak acid sites whereas
the moderate acid sites were evident for the ZrO,-N
(nano-syn). This was probably due to more fraction of
monoclinic phase present. The other CeO, catalysts exhib-
ited slightly different NH5-TPD profiles of ZrO, catalysts.
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m
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Fig. 5. NH;-TPD profiles of catalysts.
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Fig. 6. CO,-TPD profiles of catalysts.
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Based on CO, desorption peaks, the weak base sites,
moderate base sites and strong base sites can be identified
[15]. It indicated that all kinds of base sites were presented
in the tetragonal ZrO, whereas only weak and moderate
base sites were observed on the monoclinic ZrO,. For
CO,-TPD profiles of ZrO, (Fig. 6), the ZrO,—PeG (nano-
syn) exhibited higher desorption temperature than the
other ZrO, catalysts due to pure tetragonal phase in
ZrO,. Furthermore, the ZrO,~PeG (nano-syn) had the
highest amount of base sites among the other ZrO, cata-
lysts indicating higher basicity of tetragonal ZrO, than
monoclinic ZrO,. For the CeO, catalysts, it revealed only
the weak base sites and moderate base sites. As a matter
of fact, the ZrO, catalysts exhibited higher basicity than
the CeO, catalysts. It should be mentioned that there were
only a few acid and base sites for the micronscale catalysts
(both ZrO, and CeO,) compared to the nanoscale ones. It
was suggested that differences in both acid and base sites
can be attributed to the various fractions of crystal phases
along with the crystallite sizes of catalysts. However, due to
only one crystal phase in the ceria catalysts, the various
acid and base sites present would be independent of crystal
phase. Hence, different acid and base sites for ceria must be
attributed to differences in crystallite sizes only. In fact,
crystallite size also relates to BET surface area. Therefore,
the amount of acid and base sites may be ascribed to effect
of surface area. However, the two crystal phases of zirconia
can be altered and consequently affected the acid—base
properties. In order to give a better understanding, the rela-
tionship between acid—base sites and percent of tetragonal
phase in ZrO; is illustrated in Fig. 7. It was found that the
amount of acid sites increased with increased percents of
tetragonal phase in ZrO, up to a maximum at ca. 29%,
and then decreased with more tetragonal phase present.
In other words, there was an optimum point at 29% of
the tetragonal phase in ZrO,, which can maximize the acid
sites. Considering the base sites, the amount of base sites
was apparently proportional to the percent of tetragonal
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Fig. 7. Relationship between the amounts of acid-base sites and %
tetragonal phase in ZrO,.

phase in ZrO,. As a result, basicity increased with increas-
ing of tetragonal phase in ZrO,.

3.3. Catalytic performance

The commercial ZrO, and CeO, catalysts and synthe-
sized ones were tested for their isosynthesis activity and
selectivity at 400 °C, atmospheric pressure and CO/H, of
1. A plot of reaction rates (based on products formed) ver-
sus the time-on-stream for all catalysts is shown in Fig. 8.
Typically, time-on-stream behavior for CO hydrogenation
exhibits the highest activity at initial time and gradually
decreases with more reaction times until the reaction
reaches the steady-state rate indicating a constant activity.
Therefore, activity profiles for isosynthesis were similar to
typical activity profiles CO hydrogenation. The steady-
state rate was reached after 20 h and the value was shown
in Table 2 along with the product selectivity. It was found
that the catalytic activities of the commercial micronscale
ZrO, and CeO, were low and the selectivities of isobutene
in hydrocarbons were zero. No significant differences were
observed regarding their physical properties. The acid—base
sites for both micronscale catalysts were similar, but some-
how, much lesser than those of the nanoscale ones. There-
fore, the key factor that influenced the catalytic
performance of the micronscale ZrO, and CeO, was essen-
tially the amount of acid—base sites of these catalysts. From
the previous works [4,8-10], it was reported that the cata-
lytic activity and the selectivity of isobutene in hydrocar-
bons depended on the amount of acid and base sites of
catalysts. The experimental results also revealed that the
micronscale ZrO, was selective for C; in hydrocarbons,
but the micronscale CeO, was selective for C; in
hydrocarbons.

The synthesized nanoscale CeO, exhibited higher cata-
lytic activity and selectivity of isobutene in hydrocarbons
than the commercial micronscale one. It was found that
the nanoscale CeO, had much higher BET surface arca
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Fig. 8. Rate time profiles of catalysts on isosynthesis via CO
hydrogenation.
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Table 2
The catalytic performance of ZrO, and CeO, catalysts in the isosynthesis®

Catalysts CO conversion Reaction rate® Product selectivity in hydrocarbons® (mol%)
(%) (umol kg cat™'s7") C, c, Cs i-C,Hg

ZrO; (micron-com) 0.19 6.3 11.8 10.8 (88.4) 77.4 (100.0) 0.0
ZrO, (nano-com) 1.21 40.7 5.6 2.7 (59.0) 9.5(91.6) 82.2
ZrO,—Cl (nano-syn) 1.47 49.3 2.7 2.6 (72.6) 9.2 (96.3) 85.5
ZrO,-N (nano-syn) 2.90 97.3 6.0 5.6 (60.4) 11.1 (87.9) 71.3
Z1rO,-PeG (nano-syn) 1.78 59.7 6.1 3.8 (67.0) 9.1(95.9) 80.9
CeO, (micron-com) 1.02 34.3 69.2 8.8 (43.7) 22.0(93.3) 0.0
CeO, (nano-syn) 4.07 136.4 9.4 14.4 (58.4) 18.6 (65.2) 57.6

# Reaction conditions were at 400 °C, 1 atm and CO/H, = 1.
® Steady state of reaction was reached at 20 h.
¢ Parentheses are percent of olefin being present in products.

and the amount of acid-base sites compared to the com-
mercial micronscale one. Even though, the crystallite sizes
of CeO, changed, the crystal phase of them was identical.
Hence, it was suggested that the increase in BET surface
area and/or the acid—base properties probably rendered
the nanoscale CeO, catalyst high catalytic performance.
The tendency of catalytic activity and selectivity of isobu-
tene in hydrocarbons over the commercial micron- and
nanoscale ZrO, was similar to those of CeO, according
to the sizes. It was reported [2—-6] that zirconia was the most
selective catalyst in the isosynthesis and more effective than
ceria [2,3], although it was also a selective catalyst for the
formation of branched chain compounds such as isobutene
in C4 from syngas. Considering the commercial and synthe-
sized nanoscale ZrO,, the activity of the former exhibited
less activity than the latter, but they had slightly difference
in selectivity of isobutene in hydrocarbons (ca. 77-86%).
The higher activity of the synthesized ZrO, could be due
to higher amount of acid sites. The base property might
slightly affect the reaction selectivity to isobutene, however,
it was obscured by the higher activity. In this study, phys-
ical properties of the synthesized ZrO, with different zirco-
nium salt precursor such as ZrO,—Cl (nano-syn) and ZrO,—
N (nano-syn) did not change significantly. It was found
that the ZrO,—Cl (nano-syn) showed lower activity than
the ZrO,—N (nano-syn), which was possibly caused by
lower amount of acid sites and a poison of CI™. The result
of selectivity to isobutene decreased because of higher
activity. Considering the catalytic performance reported
by early researchers [5], the ZrO,—Cl (nano-syn) showed
higher activity, but lower selectivity of isobutene in hydro-
carbons than the ZrO,—N (nano-syn). This was probably
due to different conditions of ZrO, preparation such as
the precipitated pH.

It should be noted that the highest catalytic activity of
ZrO, appeared at the highest amount of acid sites. Consid-
ering the base properties, the amount of base sites largely
increased when the crystallite size was decreased from
micron- to nano-sized, and then resulted in higher selectiv-
ity of isobutene in hydrocarbons. However, the nanoscale
ZrO; at different amounts of base sites did not significantly
change the selectivity of isobutene. Moreover, it was found

that there was higher activity for the nanoscale CeO, com-
pared to the nanoscale ZrO,. This tendency was also simi-
lar to the case of the micronscale ZrO, and CeO, catalysts.
The physical properties of both nanoscale catalysts were
similar whereas the amount of acid and base sites of
ZrO, was higher than those of CeO,. However, the cata-
lytic performance was changed to the opposite trend, which
was perhaps due to the difference of crystal phase between
ZrO, and CeO,.

According to the relationship between acid—base proper-
ties and percent of tetragonal phase in ZrO, (Fig. 7), there
was a maximum point at 29% tetragonal phase in ZrO, giv-
ing the highest amount of acid sites. It was the same trend
as the relation of reaction rate and percent of tetragonal
phase as shown in Fig. 9. It can be concluded that the cat-
alytic activity apparently associated with acidity. Consider-
ing the relationship between selectivity of isobutene in
hydrocarbons and tetragonal phase, it was proposed that
the selectivities of isobutene were high and slightly changed
when tetragonal phase appeared. In other words, the pres-
ence of tetragonal phase in zirconia rendered the better cat-
alytic performance compared to with the absence of
tetragonal phase.
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In addition, it was reported that when compared the
high reaction pressure to the low reaction pressure system,
typically the latter exhibited lower catalytic activity, but
higher selective of isobutene. Furthermore, lower reaction
pressure may result in more selectivity of olefin, which
was the same results as the previous work [6] than higher
pressure system [4,5,8—10,16].

4. Conclusions

The comparison of catalytic performances in isosynthe-
sis of various zirconia and ceria showed that nanoscale zir-
conia and ceria performed higher activity and selectivity of
isobutene in hydrocarbons than micronscale ones. At the
same crystallite size, ceria had higher activity than zirconia.
The catalytic performances were dependent on crystallite
sizes and amount of acid-base sites. It was indicated that
the acid-base properties were dependent on the fraction
of tetragonal phase for zirconia, but independent on crystal
phase for ceria. The existence of tetragonal phase in zirco-
nia rendered the high selectivity of isobutene in
hydrocarbons.
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Abstract

Physicochemical properties and catalytic performances of Pd catalysts supported on commercial micron-sized and nanocrystalline TiO,
synthesized by sol-gel and solvothermal method were studied for the selective hydrogenation of acetylene in the presence of excess ethylene.
While acetylene conversions were found to be merely dependent on Pd dispersion, ethylene selectivity appeared to be strongly affected by the
presence of Ti** in the TiO, samples. The use of pure anatase TiO, (either micron- or nano-sized) that contained significant amount of Ti** as
supports for Pd catalysts gave high ethylene selectivities, while the use of pure rutile TiO, (without Ti** present) resulted in ethylene loss. The
results suggest that the effect of Ti** on the TiO, supports was more important for high ethylene selectivity than the effect of TiO, crystallite size for

selective acetylene hydrogenation over Pd/TiO, catalysts.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Selective acetylene hydrogenation; Pd/TiO,; Nanocrystalline TiO,; Sol-gel; Solvothermal; Defect

1. Introduction

Removal of trace amount of acetylene in ethylene feed
stream is vital for the commercial production of polyethylene
since acetylene acts as a poison to the polymerization catalysts.
In order to prevent ethylene loss, when acetylene is catalytically
hydrogenated, it is desirable that ethylene remains intact during
hydrogenation. Supported Pd-based catalyst is known to be the
best catalyst so far for such reaction with good activity and
selectivity. The commonly used support for palladium catalyst
in selective acetylene hydrogenation is a-alumina, however,
oligomer or green oil formation during reaction is inevitable
over Pd/Al,O; catalysts resulting in ethylene loss and shorten
catalyst lifetime especially at high levels of acetylene
conversion [1-6]. Several attempts to improve ethylene
selectivity of the palladium catalyst have been made by many
researchers, including incorporation of a second metal such as
Ag [7-10], Au [11,12], Cu [13], Si [14], K [15], and Co [16],
pre-treatment with oxygen-containing compounds such as CO

* Corresponding author. Tel.: +66 2218 6878; fax: +66 2218 6877.
E-mail address: joongjai.p@eng.chula.ac.th (J. Panpranot).

0926-860X/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcata.2006.08.024

and N,O [17-20], and modification of the catalyst supports
[21,22].

Among the various supports studied, TiO, is of particular
interest because of its ability to manifest a strong metal—support
interaction (SMSI) with group VIII metals and its low acidity
compared to alumina. Moon and co-workers [21] reported an
improved selectivity for ethylene production in selective
acetylene hydrogenation over TiO,-modified Pd catalysts.
The authors suggest that charge transfer from Ti species to Pd
weakened the adsorption strength of ethylene on the Pd surface
hence higher ethylene selectivity was obtained. Moreover, the
amount of green oil formation was reduced on the TiO,-added
Pd catalysts due to suppression of the multiply coordinated Pd
sites resulting in an improved catalyst lifetime [23]. Fan and co-
workers [24] studied selective hydrogenation of long chain
alkadienes, it was shown that the presence of SMSI for Pd/TiO,
catalysts led to higher selectivity of alkenes.

Recently, our group has reported the synthesis of
nanocrystalline TiO, by solvothermal method and their
applications as Pd catalyst supports in selective acetylene
hydrogenation [25]. The solvothermal-derived TiO, supported
Pd catalysts exhibited relatively high acetylene conversions and
ethylene selectivities in the temperature range 40-90 °C in
selective acetylene hydrogenation using trace amount of C,H,
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in N, balance. Nevertheless, their catalytic activities and
selectivities have not yet been compared to those of commercial
TiO, supported ones under real commercial ethylene feed
stocks. Thus, it is the aim of this study to investigate and
compare the catalytic performances of commercial micron-
sized and nanocrystalline TiO, supported Pd catalysts in
selective acetylene hydrogenation in the presence of excess
ethylene. The effects of crystallite size as well as other
physicochemical properties such as the presence of Ti**
defective sites of the TiO, on the catalytic properties of Pd/TiO,
catalysts were investigated by means of X-ray diffraction
(XRD), N, physisorption, X-ray photoelectron spectroscopy
(XPS), CO chemisorption, scanning electron microscopy
(SEM), and electron spin resonance (ESR).

2. Experimental
2.1. Preparation of TiO, and Pd/TiO, catalyst samples

The commercial anatase TiO, was obtained from Aldrich. By
calcination in air at 1010 °C for 4 h using a space velocity of air
flow 16,000 h~!, the anatase TiO, was gradually transformed
into rutile TiO,. The commercial anatase and rutile TiO, were
denoted as TiO,-com-A and TiO,-com-R, respectively.

Titanium ethoxide (Ti 20%) from Aldrich was used as Ti
precursor for preparation of the nanocrystalline TiO, by sol—gel
method [26]. A specific amount of the precursor was dissolved
in ethanol and mixed with a water—ethanol solution at water to
alkoxide molar ratio 165. The precursor solution was added
drop wise to the aqueous solution and stirred by ultrasonic
vibration at room temperature. White precipitates of hydrous
oxides formed instantly and the mixture was stirred for at least
two more hours. The amorphous precipitates were separated
from the mother liquor by centrifugation and were re-dispersed
in ethanol for five times to minimize particle agglomeration.
The resulting materials were then dried and calcined at 450 °C
in flowing oxygen for 2 h at the heating rate of 10 °C/min. The
sol—gel derived TiO, was denoted hereafter as TiO,-sol—gel.

The solvothermal-derived TiO, was prepared according to
the method described in Ref. [27] using 25 g of titanium(IV)
n-butoxide (TNB) 97% from Aldrich. The starting material was
suspended in 100 ml of 1,4-butanediol in a test tube and then set
up in an autoclave. In the gap between the test tube and
autoclave wall, 30 ml of solvent was added. After the autoclave
was completely purged with nitrogen, the autoclave was heated
to 320 °C at 2.5 °C/min and held at that temperature for 6 h.
Autogenous pressure during the reaction gradually increased as
the temperature was raised. After the reaction, the autoclave
was cooled to room temperature. The resulting powders were
collected after repeated washing with methanol by centrifuga-
tion. They were then air-dried at room temperature. The
solvothermal derived TiO, was denoted hereafter as TiO,-
solvothermal.

One percent Pd/TiO, were prepared by the incipient wetness
impregnation technique using an aqueous solution of the
desired amount of Pd(NO3), (Wako). The catalysts were dried
overnight at 110 °C and then calcined in N flow 60 cm®/min

with a heating rate of 10 °C/min until the temperature reached
500 °C and then in air flow 100 cm®/min at 500 °C for 2 h.

2.2. Catalyst characterization

The BET surface areas of the samples were determined by
N, physisorption using a Micromeritics ASAP 2000 automated
system. Each sample was degassed under vacuum at <10 pm
Hg in the Micromeritics ASAP 2000 at 150 °C for 4 h prior to
N, physisorption. The XRD spectra of the catalyst samples
were measured from 20-80° 20 using a SIEMENS D5000 X-ray
diffractometer and Cu Ko radiation with a Ni filter. Electron
spin resonance spectra were taken at —150 °C using a JEOL
JES-RE2X spectrometer. Relative percentages of palladium
dispersion were determined by pulsing carbon monoxide over
the reduced catalyst. Approximately 0.2 g of catalyst was
placed in a quartz tube in a temperature-controlled oven. The
amounts of CO chemisorbed on the catalysts were measured
using a Micromeritic Chemisorb 2750 automated system
attached with ChemiSoft TPx software at room temperature.
Prior to chemisorption, the sample was reduced in a H, flow at
500 °C for 2 h then cooled down to ambient temperature in a He
flow. The particle morphology was obtained using a JEOL
JSM-35CF scanning electron microscope operated at 20 kV.
Surface compositions of the catalysts were analyzed using an
AMICUS photoelectron spectrometer equipped with a Mg Ka
X-ray as a primary excitation and a KRATOS VISION2
software. XPS elemental spectra were acquired with 0.1 eV
energy step at a pass energy of 75 kV. The C 1s line was taken as
an internal standard at 285.0 eV.

2.3. Reaction study

Selective acetylene hydrogenation was performed in a
quartz tube reactor (i.d. 9 mm). Prior to the start of each run, the
catalyst was reduced in H, at 500 °C for 2 h. Then the reactor
was purged with argon and cooled down to the reaction
temperature, 40 °C. Feed gas composed of 1.46% C,H,, 1.71%
H,, 15.47% C,Hg and balanced C,H, (Rayong Olefin Co., Ltd.)
and a GHSV of 5400 h~' were used. The composition of
product and feed stream were analyzed by a Shimadzu GC 8A
equipped with TCD and FID detectors (molecular sieve-5A and
carbosieve S2 columns, respectively). Acetylene conversion as
used herein is defined as moles of acetylene converted with
respect to acetylene in feed. Ethylene selectivity is defined as
the percentage of acetylene hydrogenated to ethylene over
totally hydrogenated acetylene. The ethylene being hydro-
genated to ethane (ethylene loss) is the difference between all
the hydrogen consumed and all the acetylene which has been
totally hydrogenated.

3. Results and discussion
3.1. Physicochemical properties of the TiO, supports

The SEM micrographs of various titania samples are shown
in Fig. 1. The commercial anatase TiO, had a uniform particle
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size ca. 0.2 um. After being subjected to thermal treatment
(calcination) at 1010 °C for 4 h, pure anatase titania was
gradually transformed into rutile titania and the particle size
increased to ca. 0.4 wm. The morphology of pure anatase
nanocrystalline TiO, prepared by sol-gel and solvothermal
method was consisted of irregular shape of fine particles.
However, some of the particles of those synthesized by the sol—
gel method appeared to agglomerate into spherical micron-size
particles. The crystallization mechanism of TiO, was probably
different for these two methods resulting in different properties
of the TiO, obtained. It was suggested that anatase titania
synthesized by solvothermal in 1,4-butanediol was resulted
from direct crystallization [27] while sol-gel method yielded a
solid precipitate at relatively low temperature used and
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Fig. 2. XRD results of: (a) TiO,-com-A (b) TiO,-com-R (c¢) TiO,-sol-gel and
(d) TiO,-solvothermal.
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Fig. 1. SEM micrographs of: (a) TiO,-com-A (b) TiO,-com-R (c¢) TiO,-sol-gel and (d) TiO,-solvothermal.

crystallization occurred during the subsequent calcination step.
XRD patterns of the calcined TiO, samples are shown in Fig. 2.
For the anatase titania (TiO,-com-A, TiO,-sol—gel, and TiO,-
solvothermal), XRD peaks at 260 = 25 (major), 37, 48, 55, 56,
62, 71, and 75° 20 were evident. The TiO,-com-R exhibited
XRD peaks for rutile phase at 26 = 28 (major), 36, 42, and 57°.
BET surface areas, average crystallite sizes, and percentages of
atomic concentration (Ti/O) of the various TiO, samples are
given in Table 1. The average crystallite sizes of the TiO,
prepared by sol-gel and solvothermal calculated from the full
width at half maximum of the XRD peak at 20 = 25° using
Scherrer equation are in nanometer range (10 and 17,
respectively) while those of the commercial ones could not
be determined by this method due to the calculation limit of the
Scherrer equation (the crystallite size may be too large). BET
surface areas of the commercial anatase TiO, decreased
essentially from 64.4 to 18.3 m?/g after calcination in order to
transform the crystalline phase to rutile phase TiO,. It is
surprising that the BET surface areas of the nano-sized TiO,
prepared by sol-gel and solvothermal method were much lower

Table 1
Properties of the various TiO, supports
Sample BET surface Crystallite Atomic

area® (m?/g) size® (nm) concentration®

(%), Ti/O

TiO,-com-A 64.4 n.d. 0.287
TiOy-com-R 18.3 n.d. 0.250
TiO,-sol-gel 39.3 10 0.232
TiO,-solvothermal 26.8 17 0.220

* Error of measurement = £10%.
® Determined from XRD line broadening.
¢ Determined from XPS analysis.
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Fig. 3. ESR spectra of: (a) TiO,-com-A (b) TiO,-com-R (c¢) TiO,-sol—gel and
(d) TiO,-solvothermal.

than that of the commercial anatase TiO,. Such results suggest
that the nano-crystals were closely packed resulting in low pore
volume in the samples. Percentages of atomic concentrations of
Ti and O on the surface of the TiO, were determined by the X-ray
photoelectron spectroscopy. The Ti/O ratios were not signifi-
cantly different among the four TiO, samples. There was
probably an oxygen-rich layer near the surface of the TiO,
particles, which is formed by oxygen adsorption and easy
oxidation of titanium surface [28]. The ESR spectra of the TiO,
samples are shown in Fig. 3. The signals of g values less than 2
were assigned to Ti** (3d1) [29,30]. Nakaoka and Nosaka [31]
reported six signals of ESR measurement occurring on the
surface of titania: (i) Ti**O Ti**OH ™, (ii) surface Ti**, (iii)
adsorbed oxygen (0* "), (iv) Ti**O* " Ti**O*~, (v) inner Ti**, and

Table 2
Characteristics of the various TiO,-supported Pd catalysts

(@

(©)

Intensity (a.u.)

(b)

(a)

10 20 30 40 50 60 70 80 90
Degrees (20)

Fig. 4. XRD results of: (a) Pd/TiO,-com-A (b) Pd/TiO,-com-R (c) Pd/TiO,-
sol—gel and (d) Pd/TiO,-solvothermal.

(vi) adsorbed water. In this study, it is seen that the sol-gel and
solvothermal-derived TiO, exhibited only one signal at g value of
1.996 which can be attributed to Ti’** at the surface. Many Ti’*
ESR signals were observed for the commercial anatase TiO,, itis
indicated that more than one type of Ti** defects were presented
in the sample, i.e. surface Ti** and inner Ti>*. It should be noted
that the Ti** ESR signal was observed only for the anatase TiO,
(both micron- and nano-sized). The rutile TiO, did not exhibit
any ESR signal. It is suggested that Ti** in the rutile TiO, is more
difficult to be reduced to Ti’*. As rutile titania is more
thermodynamically and structurally stable than anatase titania so
that the Ti** ions fixed in the surface lattice of anatase TiO, is
easier to diffuse to the surface than one in the surface lattice of
rutile TiO, [24]. The intensity of the Ti>* signal was highest for
the solvothermal-derived TiO, suggesting that this preparation
method produces the highest amount of defects on the TiO,.

3.2. Characteristics and catalytic properties of Pd/TiO,
catalysts

The XRD patterns of the various Pd/TiO, catalysts are shown
in Fig. 4. There were no changes in the crystalline phase of the
TiO, after impregnation of palladium for all the catalyst samples.
The major XRD characteristic peak for PdO at 20 = 33.8° were

Catalyst BET surface CO pulse chemisorption” Pd dp® Pd° Atomic concentration® (%)
area® (m?/g) (x107"® molecule CO/g catalyst) dispersion® (%) (nm)
Ti/O Pd/Ti
Pd/TiO,-com-A 44.5 223 3.93 28.5 0.253 0.084
Pd/TiO5-com-R 17.2 1.55 2.73 41.0 0.240 0.168
TiO,-sol-gel 33.8 1.19 2.10 533 0.282 0.011
Pd/TiO,-solvothermal 26.0 0.49 0.86 130.2 0.274 0.006

# Error of measurement = +10%.

® Error of measurement = +5%.

¢ Based on the total amount of palladium loaded.

9 Based on d = 1.12/D (nm), where D = fractional metal dispersion [34].
¢ Determined from XPS analysis.
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Fig. 5. Pore size distribution results

evident only for the catalyst prepared with the solvothermal-
derived TiO,. The BET surface areas, CO chemisorption results,
and atomic concentration of surface element of the Pd/TiO,
catalyst samples are given in Table 2. The BET surface area of the
Pd catalysts were not significantly different form the original
TiO, supports, however, changes in the pore size distribution of
the catalysts due to Pd loading were observed for both sol—gel and
solvothermal-derived TiO, supported ones suggesting that Pd
was deposited in some of the pores of the TiO, (Fig. 5). It should
also be noted that Pd/TiO,-com-A was not heat-treated prior to
the impregnation step, while the other supports were treated at
1010,450, and 320 °C. Accordingly, it is also possible that a large
decrease in the surface area of the anatase supported catalyst is
caused by the calcination of the catalyst at 500 °C after the Pd
loading. The percentages of Pd dispersion calculated from the
CO chemisorption results were in the order Pd/TiO,-com-
A > Pd/TiO,-com-R > Pd/TiO,-sol-gel > Pd/TiO,-solvother-
mal. The largest Pd particle size calculated from the CO
chemisorption for the Pd/TiO,-solvothermal catalyst is in a good
agreement with the XRD results. It should be noted that as the
anatase TiO, was transformed to rutile phase TiO,, the amount of
CO chemisorption decreased from 2.23 x 10" to 1.55 x 10'®
molecules CO while the calculated average particle size of Pd°
metal increased from 28.5 to 41.0 nm. Thus, the presence of
rutile phase significantly decreased dispersion of palladium on
the titania supports. XPS analysis revealed an increasing Pd/Ti
surface concentration from 0.084 to 0.168 when rutile TiO, was
employed instead of anatase TiO,. In contrast, the Pd/Ti atomic
concentration ratios for those supported on sol-gel and
solvothermal derived TiO, were much lower than those of the
commercial TiO, supported ones.

In order to investigate the catalytic performance of the
different types of TiO, supported Pd catalysts, selective
hydrogenation of acetylene in excess ethylene was performed
in a fixed bed flow reactor. Fig. 6 shows acetylene conversions
and ethylene selectivities obtained from the various Pd/TiO,
catalysts. Acetylene conversions were in the range of 20-59%
and were found to be merely dependent on the Pd dispersion.
The selectivities of ethylene were varied from —1.4 to 76.2%
with the commercial rutile and the sol-gel derived TiO,
supported Pd catalysts exhibited the lowest and the highest
selectivities, respectively. However, it should be noted that the

7

—e— Pd/TiOj-com-A
6 1 —o— Pd/TiOz-com-R
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S —g— Pd/TiOy-solvothermal

o
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of the various Pd/TiO, catalysts.

high ethylene selectivities of the nano-TiO, supported Pd
catalysts may be because their conversions of acetylene were
low. It is thus more appropriate to use the results from Fig. 6
only to compare the selectivities of Pd/TiO,-com-A and Pd/
TiO,-com-R catalysts. The use of anatase TiO, as supports for
Pd catalysts resulted in positive values of ethylene selectivity
while the use of rutile TiO, produced ethylene loss due to over-
hydrogenation of ethylene to ethane. Ethylene hydrogenation is
usually believed to take place on the support by means of a
hydrogen transfer mechanism [32]. Thus, the rutile phase of
TiO, may be responsible for such reaction. Moreover, the
presence of Ti’* ions in anatase TiO, supports has a positive
effect on high ethylene selectivity, i.e. increasing desorption of
ethylene from the catalyst surface. It has been reported that the
presence of Ti** on TiO, can lower the temperature to induce a
strong metal—support interaction [24]. The SMSI between Pd
and TiO, support can result in lower adsorption strength of
ethylene on the catalyst surface and promotes ethylene
desorption [21]. There were no such differences in ethylene
selectivities for the micron- and the nano-anatase TiO,
supported Pd catalysts. This indicates that the crystallite size
of TiO, support did not have a significant impact on ethylene
selectivity; the difference in selectivity of ethylene was due
mainly to the presence/absence of Ti** defective sites on the
TiO, support. However, in the other studies reported previously
by our group [25,33], we have found that there was an optimum
amount of Ti** sites to produce high ethylene selectivity since
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W Ethylene selectivity
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Fig. 6. Catalyst performances in selective acetylene hydrogenation.
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only Ti** species that were in contact with palladium surface
promoted SMSI effect and ethylene desorption [24]. Too many
Ti** sites that were not in contact with Pd may result in an over-
hydrogenation of ethylene to ethane. This is probably why
ethylene selectivity of the Pd/TiO,-solvothermal is not the
highest among four catalysts although the ESR results of Fig. 3
indicated that the intensity of the Ti** signal was the highest for
TiO,-solvothermal.

4. Conclusions

The use of pure anatase TiO, (either micron- or nano-sized)
as supports for Pd catalysts produced high ethylene selectivities
during selective acetylene hydrogenation in excess ethylene. In
contrast, the use of pure rutile TiO, supported ones resulted in
ethylene loss due to over-hydrogenation of ethylene to ethane.
The differences in ethylene selectivity of the various Pd/TiO,
were due mainly to the presence/absence of the Ti** defective
sites on the TiO, support, rather than the difference in the
crystallite sizes of the TiO, support.
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Abstract

Nano-TiO, powders were synthesized by the solvothermal method under various reaction conditions in order to obtain average
crystallite sizes of 9—15nm. The amounts of surface defect of TiO, were measured by means of temperature-programmed desorption of
CO; and electron spin resonance spectroscopy. It was found that the ratios of surface defect/specific surface area increased significantly
with increasing TiO, crystallite size. The TiO, with higher amounts of surface defects exhibited much higher photocatalytic activity for

ethylene decomposition.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Al. Crystallite size; Al. Surface defect; Al. Surface structure; BI. TiOy; B1. Ti**

1. Introduction

Nowadays, titanium (IV) dioxide or titania (TiO,) is one
of the most popular and promising catalysts in photo-
catalytic applications for environmental remediation due to
the strong oxidizing power of its holes, high photostability,
and redox selectivity [1-7]. Titania can be synthesized by
various methods such as solvothermal method [8-11],
precipitation method [12], sol-gel method [13-15], and
thermal decomposition of alkoxide [16]. The properties of
TiO, synthesized by different methods vary in terms of
their crystal structure, chemical composition, surface
morphology, crystal defects, specific surface area, etc.
While the sol-gel method is widely used to prepare nano-
sized TiO,, the precipitated powders obtained are amor-
phous in nature and further heat treatment is required for
crystallization. The solvothermal method is an alternative
route for one-step synthesis of pure anatase nano-sized
TiO,. Particle morphology, crystalline phase, and surface

*Corresponding author. Tel.: + 662218 6882; fax: + 662218 6877.
E-mail address: piyasan.p@chula.ac.th (P. Praserthdam).

0022-0248/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jerysgro.2006.09.018

chemistry of the solvothermal-derived TiO, can be easily
controlled by regulating precursor composition, reaction
temperature, pressure, solvent property, and aging time
[17].

There always exist structural defects on the surface and
inside titania particles [18]. These structural defects are
related with the density of photoexcited electrons. Surface
defects are good for high photocatalytic activity because
they can act as active sites for adsorption and dissociation
of molecules on the TiO, surface [19-21]. However, the
bulk defect lowers the photocatalytic activity because they
provide sites for the recombination of the photogenerated
electrons. According to electron spin resonance (ESR)
spectroscopic study, the photoexcited electron trap at
surface Ti> " sites or Ti*" sites within the bulk and holes
trap at lattice oxygen ions [22-24]. Therefore, the bulk
defect should be reduced to obtain high photocatalytic
activity. The nature of defects on TiO, can be found in a
recent review by Watson et al. [25].

In this study, nano-TiO, powders with average crystallite
sizes in the range of 9-15nm were synthesized by the
solvothermal method. The effect of crystallite size on the
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amount of surface defects on TiO, was investigated by
means of X-ray diffraction (XRD), N, physisorption,
temperature-programmed desorption of CO,, and ESR
spectroscopy. Photocatalytic activities of the TiO, powders
were determined from a gas-phase decomposition of
ethylene under UV irradiation.

2. Experimental Procedure
2.1. Preparation of TiO,

Nanocrystalline TiO, was prepared using the solvother-
mal method according to that of Ref. [26] using titanium
(IV) n-butoxide (TNB) as starting material. In general,
15-25g of TNB was suspended in 100 cm? of toluene in a
test tube, which was then placed in a 300cm’ autoclave.
The gap between the test tube and the autoclave wall was
filled with 30 cm® of the same solvent used in the test tube.
The autoclave was purged completely by nitrogen before
heating up to 573K at a rate of 2.5 K/min. Autogeneous
pressure during the reaction gradually increased as the
temperature was raised. Once the prescribed temperature
was reached, the temperature was held constant for 0.5-8 h.
After the system was cooled down, the resulting powders
were repeatedly washed with methanol and dried in air.
The synthesis product was then calcined in a box furnace
by heating up to the desired temperature, in the range of
563-583K, at a rate of 10K/min and held at that
temperature for 1 h in order to remove any impurity that
might remain on the samples after washing with methanol.

2.2. Characterization

Powder XRD analysis was carried out using a SIE-
MENS D5000 diffractometer with Cu K, radiation. The
crystallite size of the product was determined from
broadening of its main peak (20 = 25°) using the Scherrer
equation. The specific surface area was calculated using
Brunauer-Emmett-Teller (BET) single-point method on the
basis of nitrogen uptake measured at 77K at a relative
pressure of 0.3. Before N, adsorption, each sample was
dried at 403K for 30min in a 30% N,—helium flow. The
amount of nitrogen desorbed was measured using a
thermal conductivity detector. Temperature-programmed
desorption using CO, as a probe molecule (CO,-TPD) was
performed to determine the Ti’" site existing on the
surface of a TiO, particle [27]. The CO,-TPD was carried
out using homemade equipment composed of a quartz tube
in a temperature-controlled bath connecting to a gas
chromatograph (GOW-MAC) with a thermal conductivity
detector. Approximately 0.05 g of a TiO, sample was dosed
by 1vol% CO; in helium for 1h and then desorbed from
143 to 273 K with a rate of 21.5 K/min. ESR spectroscopy
was conducted using a JEOL JESRE2X ESR spectrometer.
The intensity of ESR was calculated using a computer
software program ES-PRIT ESR DATA SYSTEM (ver-
sion 1.6). Transmission electron micrographs of the TiO,

samples were obtained using a JEOL JEM 1220 electron
microscope operated at 80 kVa.

2.3. Evaluation of photocatalytic activity

The decomposition of ethylene via photocatalytic reac-
tion was employed to evaluate photocatalytic activity of
the TiO, products obtained. Approximately 0.4g of the
synthesized TiO, was spread in a horizontal quartz reactor.
The air containing 0.1% ethylene was continuously
supplied at a constant flow rate with a gas hourly space
velocity of 120h™'. The reaction temperature was set at
313 K. For each run, an air stream with 0.1% ethylene was
first passed through the reactor without illumination until
reaching gas—solid adsorption equilibrium (typically
120-180 min) as indicated by identical inlet/outlet ethylene
concentration. Then, UV light was illuminated on the
surface of the catalyst by using 500 W mercury lamps. The
outlet gas was sampled and analyzed at regular intervals by
using a SHIMADZU GC-14B gas chromatograph
equipped with the flame-ionized detector.

3. Results and discussion

In this study, the crystallite size of the solvothermal-
derived TiO, was varied in the range of 9-15nm by
changing the concentrations of TNB, the reaction tem-
peratures, and the holding times. Increasing reaction
temperature and holding time resulted in an increase in
the average crystallite size of TiO,. The average crystallite
sizes and BET surface areas of the obtained TiO, from
various synthesis conditions are given in Table 1. The XRD
patterns of all the obtained TiO, powders are shown in Fig.
1. The characteristic peaks of pure anatase-phase titania
were observed at 25, 38, and 48° 260 [28] without
contamination of other phases such as rutile and brookite.
The average crystallite sizes of TiO, were calculated from
the full-width at half-maximum of the XRD peak at 20 =
25° using the Scherrer equation. As the average TiO,
crystallite size increased from 9 to 15nm, the BET surface
areas decreased monotonically from 126 to 51 m?/g. The
specific surface areas of the TiO, samples were also
calculated based on the correlation between surface area
and crystallite size as follows:

S2 = 6/dp,

where d is the average crystallite size and p is the density of
TiO5 (3.84 gem?) [29].

It is noticed that S; determined from N, physisorption
was smaller than S, calculated based on the crystallite size
for all the TiO, samples. This was probably the result of an
amorphous-like phase contaminated in the TiO, particles
[11]. Transmission electron microscope (TEM) imaging has
been carried out in order to determine the shape of the
particles and the existence of amorphous phase. A typical
TEM micrograph of the TiO,-9 nm sample is shown in
Fig. 2. The TEM images show that the TiO, products
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Table 1

Specific surface areas and average crystallite sizes of the TiO, samples obtained from various synthesis conditions

Sample  Amount of TNB in solvent (g)  Temperature (°C)  Holding time (h)  Crystallite size (nm)  Specific surface area (m?/g) S1/S>
S S5° —

1 15 300 0.5 9.0 126.4 170.9 0.74

2 25 300 2.0 11.0 92.3 139.9 0.66

3 25 320 6.0 12.5 78.2 123.1 0.64

4 25 350 6.0 14.5 53.1 106.1 0.50

S 25 350 8.0 15.0 51.1 102.6 0.50

48, is specific surface area determined from N, physisorption results.

®S, is specific surface area calculated based on the correlation between surface area and crystallite size of TiO, (S, = 6 /dp [29]).

& < Anatase TiO,

(e)
(d)
()
(b)
(a)

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
Degrees (20)

Fig. . XRD patterns of the TiO, samples with various crystallite sizes (a)
9nm, (b) 11nm, (¢) 12.5nm, (d) 14.5nm, and (e) 15nm.

obtained by solvothermal synthesis under the conditions
used consist of spherical particles with particle sizes
consistent with the calculated results. The TiO, samples
may contain a fraction of amorphous phase since the
preferential orientation of TiO, nanoparticles was not
clearly seen; however, it is probably due to the moderate
magnification used. In order to elucidate the structure of
TiO, nanocrystallites, a high-resolution transmission elec-
tron microscope with selected area electron diffraction
(SAED) may be needed.

Temperature-programmed desorption profiles of CO,
from the titania surface are shown in Fig. 3. The titania
samples exhibited two desorption peaks at temperatures ca.
183K and 213K, which were attributed to the two
structures of TiO, [30]. The peak at ca. 183 K is attributed
to CO, molecules bounding to regular five-coordinate Ti* "
site, which was considered as the perfect titania structure.
The second peak at ca. 213K has been considered as
desorption of CO, molecules bounding to Ti’" defect
structure. It is clearly seen from the TPD results that the
areas of the CO, desorption peak at 213K apparently
increased with increasing crystallite size. It is indicated that
the larger crystallite size of TiO, obtained from solvother-
mal synthesis possessed a higher amount of Ti®" surface

Fig. 2. A typical TEM micrograph of the TiO,-9 nm sample.

defects. The ratios of peak areas of Ti*"/Ti** were also
determined by curve fitting and area calculation using a
SYSTAT Peakfit program and the results are given in
Table 2. It was found that the Ti** density increased with
increasing TiO, crystallite size from 9 to 14.5nm. The
value of Ti* "/Ti*" for TiO,-14.5nm and TiO,-15nm was
not significantly different.

An example of the ESR results of the solvothermal-
derived TiO, powders is shown in Fig. 4. All the titania
samples exhibited one major signal at a g value of 1.996,
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Fig. 3. Thermal desorption spectra for CO, adsorbed on the various TiO,
samples.

Table 2
Ratios of peak areas of Ti*'/Ti** determined from the CO,-TPD
experiments

Average crystallite size® (nm) Ti3 " /Ti*t®e
9.0 0.923

11.0 1.046
12.5 1.299
14.5 1.580
15.0 1.474

“Based on XRD results.

®Based on CO,-TPD results.

I
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Fig. 4. ESR spectra for various TiO, samples.

which can be assigned to Ti®" at titania surface [31-33].
According to Nakaoka and Nosaka [24], there were six
ESR signals that occurred on the surface of titania: (i)
Ti**O~Ti*"OH™, (ii) surface Ti®", (iii) adsorbed oxygen
(0%), (iv) Ti*"TO* Ti**O?", (v) inner Ti*", and (vi)
adsorbed water. Fig. 5 demonstrates a relationship between
the intensity of ESR spectra per surface area of the TiO,

and the TiO, average crystallite size. It was found that the
amount of surface defect of TiO, increased with increasing
crystallite size.

Photocatalytic decomposition of ethylene was conducted
to assess the photocatalytic activity of TiO, samples with
various crystallite sizes. The conversion of ethylene as a
function of time-on-stream for all the samples is shown in
Fig. 6. In this study, ‘time-on-stream’ is defined as the time
that surface of the catalyst was illuminated by UV light
using 500 W mercury lamps. Photocatalytic activities of the
various TiO, crystallite sizes are evidently different;
ethylene conversions increased with increasing TiO,
crystallite sizes. It can be correlated to the different
amounts of Ti®" defects on TiO, samples, in which the
higher the amount of Ti®" present in TiO,, the higher
photocatalytic activity obtained. In photocatalysis, light
irradiation of TiO, powder with photon energy larger than
the band-gap energy produces electrons (¢') and holes (h ™)
in the conduction band and the valence band, respectively.
These electrons and holes are thought to have the
respective abilities to reduce and oxidize chemical species
adsorbed on the surface of TiO, particles. For a photo-
catalyst to be most efficient, different interfacial electron
processes involving e~ and h™ must compete effectively

1600

1200 A

800 1

400 ~

Intensity of ESR/surface area

0 T T T T T T T
0 2 4 6 8 10 12 14 16

Crystallite size (nm)

Fig. 5. The intensity of ESR spectra/surface area as a function of TiO,
crystallite size.
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with the major deactivation processes involving e —h ™"
recombination. In general, TiO, with higher crystallinity
and higher specific surface area typically shows higher
photocatalytic activity since the defect of crystal can be the
recombination center of the electron—hole pair; hence the
photocatalytic activity decreases [1,34,35]. However, the
role of Ti** surface defects on photocatalytic activity of
TiO, is different from that of crystal (bulk) defect. The
Ti®" surface defects serve as traps for photogenerated
electrons and consequently prolong lifetime of holes,
resulting in higher photocatalytic activity [36-38].

4. Conclusions

This work showed the impact of crystallite size of TiO,
in the range of 9—15nm on the Ti®* surface defect present
in TiO, powders. The amounts of Ti’" defects as
determined by ESR and CO,-TPD were found to increase
with increasing crystallite size of TiO,. The photocatalytic
activity of TiO, also increased in a similar trend due to an
increase in the surface defect/specific surface area of the
TiO, samples.
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Abstract

Role of ruthenium in the reduction behavior of Ru-promoted Co/TiO, catalysts
was investigated. Ru could facilitate the reduction but had no effect on water
production during reduction.

[ Kewwords: Reduction, cobalt catalyst, titania, Fischer-Tropsch

-

% INTRODUCTION

™ Due to their high activities [1], high selectivity to linear hydrocarbons and

low activities for the competitive water-gas shift (WGS) reaction [2,3],
supported cobalt (Co) catalyst is considered to be one of the most important
- catalysts for Fischer-Tropsch synthesis (FTS) as well as carben monoxide (CO)
‘ hydrogenation. During the past decade, titania-supported Co catalysts have
- been widely investigated by many authors, especially for the application of FTS
@ in a continuously stirred tank reactor (CSTR) [4-6]. In general, to increase the
X
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catalytic activity of the Co catalysts, many promoters such as ruthenium (Ru),
zirconium (Zr), lanthanum (La), rhodium (Rh), boron (B), and platinum (Pt)
have been investigated. It has been reported that a variety of these promoters
can increase the reducibility of Co, preserve the activity by preventing the
formation of coke, exhibit cluster and ligand effects, act as a source of hydrogen
spillover and enhance the dispersion. It should be mentioned that the active
form of Co catalysts is the reduced Co metal surface atom. Although Ru
promotion appears to enhance the rate of FTS, no studies have specifically
addressed how Ru promotes the reaction. Understanding how Ru can modify
the catalyst properties could lead to the design of more robust and active Co
catalysts.

This investigation focused on giving a better understanding of the roles of
Ru on reduction behavior of the Ru-promoted Co/TiO, catalyst. The impact of
Ru promotion on the reducibility of Co in the absence and presence of water
vapor was also investigated.

EXPERIMENTAL
Catalyst preparation

The unpromoted-Co/TiO, and Ru-promoted (CoRu/TiO,) catalysts were
prepared by the incipient wetness impregnation using cobalt nitrate
[Co(NO;)*6H,0] and ruthenium(Ill) nitrosyl nitrate [Ru(NO)NO;);] as
precursors. The TiO, used contained 81 mol % of anatase phase and 19 mol %
of rutile phase (Ishihara Sangyo, Japan). The catalyst samples were dried at
110°C for 12 h and calcined in air at 500°C for 4 h.

Catalyst pretreatments
Standard reduction

Standard reduction of the calcined catalyst was conducted in a fixed-bed
flow reactor under differential conditions (no gradient in the catalyst bed) at 1
atm using a temperature ramp from ambient to 350°C at 1°C/min and holding at
350°C for 10 h in a gas flow having a space velocity of 16,000 h* and
consisting of H.. The high space velocity of the H, flow was applied to insure
that the partial pressure of water vapor in the catalyst bed produced by cobalt
oxide reduction would be essentially zero.

SULIINVIOUZIVES L 4 0 fHda0 N N J2urab 8 S svaase . a vy

Hydrothermal treatment

In order to evaluate the stability of catalysts and impacts ol water vapor
during reduction, hydrothermal treatment was also conducted during standard
reduction above. In addition, besides using pure H,, mixtures of H, and water
vapor (5-10 vol.%) were also applied separately at the same reduction condition
as mentioned above,

Catalyst nomenclature

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

Co/Ti " Unpromoted cobalt catalyst on the titania support,
CoRu/Ti: Ru-promoted cobalt catalyst on the titania support,
(©): Calcined catalyst sample,

(RWO0), (RWS) and (RW10):  Reduced catalyst samples with no water vapor,
5 vol.% of water vapor, and 10 vol.% of water vapor added during standard
reduction, respectively.

Catalyst characterization

BET surface area was determined using N, adsorption at 77 K in a
Micromeritics ASAP 2010. v

X-ray diffraction was conducted using a SIEMENS D-5000 X-ray
diffractometer with Cuk, (A = 1.54439 A).

The Raman spectra of the samples were collected by projecting a continuous
wave laser of argon ion (Ar") green (514.532 nm) through the samples exposed
to air at room temperature.

Temperature-programmed reduction of calcined samples was carried out
using 50 mg of a sample and a temperature ramp from 35 to 800°C at 5°C/min.
The carrier gas was 5% H, in Ar.

Reaction

CO hydrogenation (H,/CO = 10/1) was performed to determine the overall
activity of the catalyst samples. Hydrogenation of CO was carried out at 220°C
and 1 atm. A flow rate of H,/CO/He = 20/2/8 cc/min in a fixed-bed flow
reactor under differential conditions was used.

I
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RESULTS AND DISCUSSION

The present study was conducted in order to investigate the roles of Ru in
the reduction behavior of CoRuw/TiO- catalysts. The characteristics and cataiytic
properties during CO hydrogenation are summarized in Table 1. It was
observed that upon Co loading and Ru promotion, there was no significant
change in the BET surface areas, suggesting no pore blocking or phase changes
in the TiO, support. The XRD peaks (not shown) of all calcined samples at 26,
37,48, 55, 62, 69, 71 and 75° (TiO; in anatase form) and 27, 36, 42 and 57°
(TiO; in rutile form) were observed. As expected, XRD peaks of Co;0; species
were also detected at 36, 46 and 65° after calcination of samples. However,
after reduction with or without water vapor added, only diffraction peaks at 37
and 63° corresponding to CoQ were observed. Thus, XRD revealed that Ru was
well dispersed in the catalyst samples. A similar trend was also observed in
Raman spectroscopy as seen for XRD results. It was found that the TiO;
support exhibited the Raman bands at 640, 514 and 397 cm™ (anatase form) and
445 cm’ (rutile form). The calcined samples showed Raman bands of the TiO,
support along with two shoulders at 690 and 480 cm’, assigned to Co0;0,
species. Raman specira for all reduced samples exhibited the similar Raman
bands as seen for the calcined ones indicating Co;0, on the surface. In order to
determine the number of reduced Co metal surface atoms, H. chemisorption
was performed as seen in Table 1. It indicated that water vapor during
reduction apparently resulted in both lesser number of reduced Co metal surface
atoms and reducibility due to Co-support compound formation (Co-SCF) as
reported in our previous works [7, 8]. It should be noted that Ru promotion may
result in enhanced activities during CO hydrogenation without changing
selectivity of products due to increased number of reduced Co '{@Q{\Q‘," face

. _ M Surface

mo“}];_ofg g.,.e n“iﬂm e v promonon can be discussed further based or: the TPR
$ as shown in Figs 1 (for the unpro

Ry promoted catalysts) and 2 (for the Ru-

. h. can be observed that Ru can only facilitate the
:é)ccn‘:s due to the hydrogen spillover effect
c;::it:;?:,::?;;i;!Egggg tl71at8waz'cjr vapor as a byproduct of a reduction process
reduction in order to inw:[st’iga]l.e t]li:‘.u?:)l‘:suz;‘ \;‘IIIJ(:;I':)V = :_1150 B
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et o ehavior of both unpromoted catalysts and Ru-promoted
. ating no shift of reduction lemperatures.  In summary, Ru

womoti : HP i
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resulting in lower reduction




70 JONGSOMIUT er el COBALT CATALYST
‘ ]
‘ - ‘ 540 T CeTiRwIn
3
. | 10 T Col'TH WS
| i =
] e Co'Ti.RWO
| s
| -
0 B o Th-A
A
| \
. | / .\
)  __ CaP,
4] 20 Rt 0 a4 16049

Ty eratnre )

Fig. I. TPR profiles of the unpromoted cobalt catalysts

i 455
T Cale [-RWID
155
— Cobtad T WS
- yak,
2 =
= S ol Ti-RWOo
5 N ,
415 s
z | - Cofta/Ti
a |
v -
s | 130 —
/1
fi )
/ot ) -
b | \ Coy,
1 e 400 600 200 1000

‘Tonpermure (*C)

Fig. 2. TPR profiles of the Ru-promoted cobalt catalysts




JONGSOMIIT et af: COBALT CATALYST 71

Acknowledgements. We gratefully acknowledge the financial support by the
National Reseuarch Council of Thailand (NRCT), the Thailand Research Fund
(TRF) and Thailand-Japan Technology Transfer Project (TJTTP-JBIC). We
would like to thank Prof. James G. Goodwin, Jr. at Clemson University, USA

tor his advice.

References

H.P. Wither, Ir., K.F. Eliezer, J.W. Mechell: fnd. Eng. Chem. Res.. 29, 1807 {1990).

E. lglesia: Appl. Caral. A., 161, 39 (1997).

R.C. Brady, R.). Pettie: J. Am. Chem. Soc., 103, 1287 (198]).

J.L. Li, G. Jacobs, T. Das, B.H. Davis: Appf. Catal. 4., 233, 255 (2002},

G. Jacobs, T. Das, Y.Q. Zhang, J.L. Li. G. Racoillet. B.H. Davis: dppl. Catal. A., 233,
263 (2002).

JL.Li, L.G. Xu, R. Keogh, B.H. Davis: Catal. Letr., 70, 127 (2000).

I B. Jongsomijit, J. Panpranot, 1.G. Geodwin, Jr.: J. Caral., 204, 98 {2001).

h# B. Jongsomjit, C. Sakdamnuson, J.G. Goodwin, Jr.: Catal. Lert, 94, 209 (2004),

NP e, S| ) =

=N



Studies in Surface Science and Catalysis, volume 159 28
Hyun-Ku Rhee, In-Sik Nam and Jong Moon Park (Editors)
© 2006 Elsevier B.V. All rights reserved

Elucidation of reduction behaviors for Co/TiO; catalysts with
various rutile/anatase ratios
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The present study revealed effects of various rutile/anatase ratios in titania on the
reduction behaviors of titania-supported cobalt catalysts. It was found that the presence of
rutile phase in titania could facilitate the reduction process of the cobalt catalyst. As a matter
of fact, the number of reduced cobalt metal surface atoms, which is related to the overall
activity during CO hydrogenation increased.

1. INTRODUCTION

Supported cobalt (Co) catalysts are preferred for Fischer-Tropsch synthesis (FTS) based on
natural gas [1] due to their high activities for FTS, high selectivity for long chain
hydrocarbons and low activities for the competitive water-gas shift (WGS) reaction. Many
inorganic supports such as silica, alumina, titania and Zeolites have been extensively studied
tor supported Co catalysts for years. It is known that in general, the catalytic properties
depend on reaction conditions, catalyst compositions, types of inorganic supports and the
degrees of metal dispersion as well. It is reported that during the past decades, titania-
supported Co catalysts have been investigated widely by many authors, especially for the
application of FTS in a continuously stirred tank reactor (CSTR) {2-4]. However, it should be
noted that titania itself has different crystalline phases such as anatase, brookite and rutile
phase. Thus, the differences in compositions of crystalline phases could result in changes on
physical and chemical properties of titania, then consequently for the dispersion of cobalt. In
order to give a better understanding of those, the focus of this present study was to investigate
the cobalt dispersion on titania consisting various ratios of rutile/anatase. The Co/TiO; was
prepared and then characterized using different characterization techniques.

2. EXPERIMENTAL

2.1 Material preparation
Preparation of titania support

The various ratios of rutile:anatase in titania support were obtained by calcination of
pure anatase titania (obtained from Ishihara Sangyo, Japan) in air at temperatires between
800-1000°C for 4 h. The high space velocity of air flow (16,000 k') insured the gradual
phase transformation to avoid rapid sintering of samples. The ratios of rutile:anatase were
determined by XRD according to the method described by Jung et al. [5] as follows:
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1

% Rutile = x 100
(A/R)0.884 + 1

Where, A,and R are the peak area for major anatase (20 = 25") and rutile phase (20 = 28°),
respectively.

Preparation of catalvst samples

A 20 wt% of Co/TiO; was prepared by the incipicnt wetness impregnation. A designed
amount of cobalt nitrate [Co(NO;)e6H,0] was dissolved in deionized water and then
impregnated onto TiOs containing various ratios of rutile:anatase obtained from above. The
catalyst precursor was dried at 110°C for 12 h and calcined in air at 500°C for 4 h.

2.2 Catalyst nomenclature

The nomenclature used for the catalyst samples in this study is following:
Rn: titania support containing n% of rutile phase (R)

Co/Rn: titania support containing n% of rutile phase (R)-supported cobalt

23 Catalyst characterization

X-rayv diffraction: XRD was performed to determine the bulk crystalline phases of catalyst. It
was conducted using a SIEMENS D-5000 X-ray diffractometer with CuK, (» = 1.54439 A).
The spectra were scanned at a rate of 2.4 degree/min in the range 26 = 20-80 degrees.
Scanning electron microscopy and energy dispersive X-ray spectroscopv: SEM and EDX
were used to determine the catalyst morphologies and elemental distribution throughout the
catalyst granules, respectively. The SEM of JEOL mode JSM-5800LV was applied. EDX
was performed using Link Isis series 300 program.

Transmission electron microscopy (TEM): The dispersion of cobalt oxide species on the
titania supports were determined using a JEOL-TEM 200CX transmission electron
spectroscopy operated at 100 kV with 100k magnification.

Hydrogen chemisorption: Static Ha chemisorption at 100°C on the reduced cobalt catalysts
was used to determine the number of reduced surface cobalt metal atoms. This is related to
the overall activity of the catalysts during CO hydrogenation. Gas volumetric chemisorption
at 100°C was performed using the method described by Reuel and Bartholomew [6]. The
experiment was performed in a Micromeritics ASAP 2010 using ASAP 2010C V3.00
software.

Temperature-programmed reduction: TPR was used to determine the reduction behaviors of
the catalyst samples. It was carried out using 50 mg of a sample and a temperature ramp from
35 to 800°C at 5°C/min. The carrier gas was 5% Hj in Ar. A cold trap was placed before the
detector to remove water produced during the reaction.

3. RESULTS AND DISCUSSION

In this present study, we basically showed dependence of the number of reduced cobalt metal
surface atoms on dispersion of cobalt oxides along with the presence of rutile phase in titania.
Both XRD and SEM/EDX results (not shown) revealed good distribution of cobalt oxides
over the titania support. However, it can not differentiate all samples containing various
ratios of rutile/anatase phase. Thus, in order to determine the dispersion of cobalt oxide
species on titania, a more powerful technique such as TEM was applied with all samples. The
TEM micrographs for all samples are shown in Figure 1. The dark spots represented cobalt
oxides species present after calcination of samples dispersing on titania consisting various
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ratios of rutile:anatase. It can be observed that cobalt oxide species were highly dispersed on
the titania supponts for Co/R0, Co/R3, and Co/R19 samples resulting in an appearance of
smaller cobalt oxide patches present. However, the degree of dispersion for cobalt oxide
species essentially decreased with increasing the rutile phase in titania from 40 to 99% as seen
for Co/R40. Co/R96, and Co/R99 samples resulting in the observation of larger cobalt oxide
patches. It was suggested that the presence of rutile phase in titania from 0 (pure anatase
phase) 10 19% exhibited the highly dispersed forms of cobalt oxide species for the calcined
samples. It is known that the active form of supported cobalt catalysts is cobalt metal (Co").
Thus, reduction of cobalt oxide species is essentially perfonmed in order to transform cobalt
oxide species obtained after calcination process into the active cobalt metal atoms for
catalyzing the reaction. Therefore, the static Ha chemisorption on the reduced cobalt samples
was used to determine the number of reduced Co metal surface atoms. This is usually related
to the overall activity of the catalyst during carbon monoxide (CO) hydrogenation [7].

Co/RO " Co/R19

-
-~
:‘ . ‘

CwR40

- 50 nm
100kV x 100k

Figure I TEM micrographs of samples on various nitile/anatase ratios in Litania

The resulted Ha chemisorption tor all samples revealed that the number of the reduced cobalt
metal surface atoms increased with the presence of rutile phase in titania up to a maximum at
19% of rutile phase (Co/R19) before decreasing with the greater amounts of rultile phase as
shown in Table 1. Considering the number of cobalt metal atoms for Co/RD (pure anatase
titania). the number was apparently low even though highly dispersed cobalt oxides species.
This was suggested that highly dispersed forms of coball oxide species be not only the tactor
that insures larger number of reduced cobalt metal surface atoms in Co/TiO; [8]. On the other
hand. it can be observed that the number of reduced cobalt metal surface atoms for Co/R40
and Co/R96 (with the low degree of dispersion of cobalt oxide species as seen by TEM) was
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larger than that for Co/R0. This was due to the presence of rutile phase in Co/R40 and Co/R96.
It should be mentioned that the largest number of reduced cobalt metal surface atoms for the
Co/R19 sample was attributed to both highly dispersed cobalt oxide species and the presence
of rutile phase in titania. In addition, the resulted TPR as also shown in Table | confirmed
that the presence of rultie phase could facilitate the reduction of cobalt oxide species by
lowering the reduction temperatures. As a result, the number of the reduced cobalt metal
surface atoms increased.

Table 1 Resulted H, chemisorptiion and reduction temperatures for various Co/TiO;

samples

Samples Total Hy Chemisorption Reduction Temperature

(umol Hy/g cat.) o)

Co/RO 0.93 370

Co/R3 1.55 270

Co/R19 ' 2.44 320

Co/R40 1.66 285

Co/R96 1.71 275

Co/R99 0.69 275

4. SUMMARY

The present research showed a dependence of various ratios of rutile:anatase in titania
as a catalyst support for Co/Ti0; on characteristics, especially the reduction behaviors of this
catalyst. The study revealed that the presence of 19% rutile phase in fitania for Co/TiO»
{Co/R19) exhibited the highest number of reduced Co metal surface atoms which is related
the number of active sites present. It appeared that the increase in the number of active sites
was due to two reasons; i) the presence of rutile phase in titania can facilitrate the reduction
process of cobalt oxide species into reduced cobalt metal, and ii) the presence of rutile phase
resulted in a larger number of reduced cobalt metal surface atoms. No phase transformation
of the supports further occurred during calcination of catalyst samples. However, if the ratios
of rutile:anatase were over 19%, the number of active sites dramatically decreased.
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Abstract

Here, we revealed the effect of particle size of the nanoscale SiO» on catalytic and characteristic properties of LLDPE/nano-SiO» composites
synthesized via the in situ polymerization with a zirconocene/MAO catalyst. In the experiment, SiO7 (10 and 15nm) was first impregnated
with MAO. Then, copolymerization of ethylene/1-hexene was performed in the presence of nano-SiO2/MAO to produce LLDPE/nano-SiOp
composites. It was found that the larger particle exhibited higher polymerization activity due to fewer interactions between SiOp and MAO.
The larger particle also rendered higher insertion of 1-hexene leading to decreased melting temperature (7). There was no significant change

in the LLDPE molecular structure by means of 3¢ NMR.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Nanoscale SiO; LLDPE; Polymerization; Metallocene; Polymer composite

1. Introduction

It is known that the copolymerization of ethylene with
higher 1-olefins is a commercial importance for production
of elastomer and linear low-density polyethylene (LLDPE).
LLDPE (density 0.920-0.940) is one of the most widely used
polyolefins in many applications, especially, for plastic films.
However, in some cases, the use of polyolefins and LLDPE is
limited by their drawbacks such as low mechanical strength,
low thermal resistance, poor optical properties and so on.
Hence, in order to improve the specific properties of these
polymers, some additives are used to blend with them.

It has been reported that blending polymer with inorganic
materials is considered a powerful method to produce new
materials called polymer composites or filled polymers. How-
ever, due to the significant development in nanotechnologies in
the recent years, nanoscale inorganic materials such as SiO;,
Al,O3 and TiO; have brought much attention to this research

* Corresponding author. Tel.: +6622186869; fax: +6622186877.
E-mail address: bunjerd.j@chula.ac.th (B. Jongsomyjit).

0009-2509/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ces.2006.10.005

field. Therefore, the polymer composites filled with nanoscale
fillers are well recognized as polymer nanocomposites. Essen-
tially, the addition of nanoscale fillers into polymers may lead
to overcome the drawbacks and produce new materials, which
are robust. Basically, there are three methods used to produce
the filled polymer: (i) melt mixing; (ii) solution blending; and
(iii) in situ polymerization. Due to the direct synthesis via poly-
merization along with the presence of nanoscale fillers, the in
situ polymerization is perhaps considered the most powerful
technique to produce polymer nanocomposites with good dis-
tribution and dispersion of the fillers inside polymer matrix. Al-
though LLDPE composites have been studied by many authors
(Danjaji et al., 2001, 2002; Huang and Zhang, 2003; Nawang
et al., 2001; Verbeek, 2002a,b), those polymer samples were
only synthesized by the melt mixing and solution blending.
Only few research articles have been reported on the LLDPE
nanocomposites synthesized via the in situ polymerization with
metallocene catalysts (Jongsomjit et al., 2005a).

In the present study, we developed a new technique to
synthesize the LLDPE/nano-SiO; via the in situ polymeriza-
tion with zirconocene/MAO catalyst. The effect of nano-SiO»
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particle size on characteristics and catalytic properties was in-
vestigated.

2. Experimental section

The preparation of LLDPE/nano-SiO, composites via in situ
polymerization was performed as follows; all chemicals [nano-
Si0> (10 and 15 nm) from Aldrich, toluene, rac-ethylenebis (in-
denyl) zirconium dichloride [rac-Et(Ind),ZrCl,] from Aldrich,
methylaluminoxane (MAO) donated by Tosoh Akzo, Japan,
trimethylaluminum (TMA), ethylene (National Petrochemical,
Thailand) and 1-hexene (Fluka Chemie)] were manipulated
under an inert atmosphere using a vacuum glove box and/or
Schlenk techniques.

The nano-SiO; filler was heated under vacuum at 400 °C
for 6h prior to impregnation with MAO. In order to impreg-
nate MAO onto the nano-SiO,, the method as follows was
described. One gram of the nano-SiO, was reacted with the
desired amount of MAO at room temperature and stirred for
30 min. The solvent was then removed from the mixture. About
20 ml of toluene was added into the obtained precipitate, stirred
the mixture for 5 min, and then removed the solvent. This pro-
cedure was done for five times to ensure the removal of impuri-
ties. Then, the solid part was dried under vacuum at room tem-
perature to obtain white powder of the nano-SiO,/ MAO. The
amount of [Al]yao in the nano-SiO; particles was determined
by the energy dispersive X-ray spectroscopy (EDX) as shown in
Fig. 1.

The ethylene/1-hexene copolymerization reaction was car-
ried out in a 100 ml semi-batch stainless steel autoclave re-
actor equipped with a magnetic stirrer. At first, 0.1, 0.2, and
0.3 g of the nano-Si02/MAO ([Allyvao/[Zr]cy = 1135, 2270,
and 3405, respectively) and 0.018 mol of 1-hexene along with
toluene (to make the total volume of 30ml) were put into
the reactor. The desired amount of Et(Ind),ZrCl, and TMA
([Alltma /[Zr]cae = 2500) was mixed and stirred for 5-min ag-
ing at room temperature, separately, then was injected into the
reactor. The reactor was frozen in liquid nitrogen to stop reac-
tion for 15 min and then the reactor was evacuated to remove
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Fig. 1. Average amount of [Al]pao in SiO; determined by EDX.

argon. The reactor was heated up to polymerization tempera-
ture (70 °C). To start reaction, 0.018 mol of ethylene was fed
into the reactor containing the comonomer and catalyst mix-
tures. After all ethylene was consumed, the reaction was termi-
nated by addition of acidic methanol (0.1% HCI in methanol)
and stirred for 30 min. After filtration, the obtained copolymer
(white powder) was washed with methanol and dried at room
temperature. In order to give a better understanding for the
preparation of the LLDPE/SiO;nanocomposites.

The LLDPE/nano-SiO, composites obtained were charac-
terized by means of scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX) to identify mor-
phologies and elemental distribution, respectively. Transmis-
sion electron microscopy (TEM) was also used to investigate
the dispersion of nano-SiO; in LLDPE. The molecular struc-
ture of LLDPE/nano-SiO, composite was obtained using '3C
NMR. The melting temperature (7;,) was determined using
differential scanning calorimetry (DSC). The molecular weight
(MW) and molecular weight distribution (MWD) of the LLDPE
fraction were measured using gel permeation chromatography
(GPC).

3. Results and discussion

Prier to XRD measurement, the sample was mounted on an
adhesive carbon tape as pellets. They were prepared in a glove
box and transferred under inert atmosphere. The XRD patterns
for the nano-SiO, before and after impregnation with MAO
(not shown) exhibited the similar XRD patterns indicating only
broad XRD band of the amorphous SiO,. After impregnation
of MAO onto the SiO;, no XRD peaks of [Allyao Were de-
tected indicating highly dispersed form of it being present. By
means of EDX as shown in Fig. 1, it was found that the average
amounts of [Al]lyiao on 10 and 15nm-SiO, were 10.75 and
6.55 wt%, respectively. Thus, in order to keep the similar ratios
of [Allmao/[Zr]ca for each nano-SiO», the amounts of catalyst
used needed to be adjusted. After the in situ polymerization
was done, the polymerization time and yield were recorded.
They are listed in Table 1 along with some other characteristics
of polymers. It can be observed that the total polymer yield
for two of the runs was considerably less than 0.5 g. Besides,
the ethylene content of all the products, except for one, made
with the 15nm silica particles was < 0.4 g (calculated from
the yield and the 1-hexene content of product). The low yields
found in two of the runs should be due to two possible factors
according to the effect of SiO; size: (1) the deactivation of
catalyst occurred at a certain time after polymerization, and
(2) the chain transfer was prevailed resulting in only oligomers
obtained, then they were washed out during filtration. To better
illustrate the effect of particle size of nano-SiO, on the activ-
ities at the same amounts of it, a plot of activity versus the
weight of nano-SiO; used corresponding to different ratios of
[Allmao/[Zr]cat is shown in Fig. 2. It can be observed that in-
creased amounts of nano-SiO, resulted in increased activities
during polymerization for both 10 and 15 nm-SiO,. This can
be attributed to an increase in the [Allpao/[Zr]cq ratios from
1135 to 2270 and, then to 3405 corresponding to 0.1, 0.2, and
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Filler Weight (g) Polymerization Yield (g) Time (s) Activity® %810, T,€(°C) 1-Hexene insertion? (%)
Nano-SiO; (10 nm) 0.1 0.1355 1714 811 37.9 102.3 25.7

0.2 0.9164 326 28,827 16.0 70.4 47.7

0.3 0.8633 330 26,827 23.0 86.3 38.7
Nano-SiO; (15nm) 0.1 0.5505 400 23,163 14.4 99.6 29.7

0.2 0.9555 149 107,930 16.2 89.7 54.5

0.3 1.002 134 125,853 21.6 87.7 65.0

*Activities (kg of polym/mol of Zrh) were measured at polymerization temperature of 70 °C, [ethylene] =0.018 mol, [1-hexene] =0.018 mol, [Allya0/[Zr]=
1135 to 3405, [Alltma/[Zr] = 2500, in toluene with total volume =30ml and [Zr]., =0.71 x 105 M (for 15nm SiO») and 1.17 x 1075 M (for 10 nm SiO,).

®The amount of SiO, present in the LLDPE composites based on yield.
“Melting temperature (7,,) was obtained from the DSC measurement.
d1-hexene insertion or incorporation was calculated based on '*C NMR.
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Fig. 2. Activities regarding different particle size and amount added of
nano-SiOj.

0.3 g of the nano-SiO,, respectively. It was reported that the
greater amounts of MAO resulted in more active species being
present during polymerization (Jongsomjit et al., 2004a,b). It
was proposed that MAO possibly had many functions, such
as an alkylating agent, a stabilizer for a cationic metallocene
alkyl and/or counterion, an ionizing and/or reducing agent for
the transition element, and a scavenger for the metallocene
catalytic system. However, one of the most important roles of
MAQO is apparently to prevent the formation of ZrCH,CH,Zr
species, which is formed via a bimolecular process (Chao
et al., 2003).

Considering, activities for both 10 and 15nm-SiO;, it was
found that the 15 nm-SiO; exhibited higher activities with the
same ratios of [Allyao/[Zr]ea as seen in Fig. 2. The higher
activities can be attributed to fewer interactions between SiO;
and MAO arising from the larger particles. It should be noted
that SiO; is one of the materials having strong interaction with
species being present on its surface (Kogelbauer et al., 1995).
A wide range of variables including particle size, types of mate-
rial, and pretreatment condition can affect the particle interac-
tion (Jongsomyjit et al., 2001). The smaller particles may interact

10-nm SiO,/MAO 15-nm Si0,/MAO

e

Steric Hindrance |

<

Increase

‘ Interaction |

Increase

‘ Comonomer Insertion |

Increase

Space for catalyst activation and
monomer inseration

Scheme 1. Conceptual model for impact of nano-SiO; particle size on steric
hindrance, interaction, and comonomer insertion.

more with MAO resulting in decreased activities because it is
more difficult for metallocene to react with the strongly inter-
acted MAO on SiO» surface. Besides, the strong interaction be-
tween SiO; and MAO, it should be mentioned that the smaller
particles also render more steric hindrance. In fact, steric hin-
drance means more bulky (less space). Considering the small
and large particles with the same amounts of MAO on them,
the gap between the MAO should be larger on the larger par-
ticles due to higher external surface areas. Thus, smaller par-
ticles should have more steric hindrance than the larger ones.
As the result, the insertion of 1-hexene is more difficult due
to the steric hindrance (more bulky). It is known that SiO, is
one of many supports having a strong interaction with species
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being present on it. A wide range of variables including particle
size, nature of adsorbed species, preparation methods and pre-
treatment conditions can affect the interaction. The effects of
particle size and nature of adsorbed species i.e., MAO can be
superimposed on each other. Based on the results, it was sug-
gested that the smaller SiO, particles may interact more with
MAQO resulting in lower activity. In order to give a better un-
derstanding, a conceptual model for impact of nano-SiO; par-
ticle size on the steric hindrance, interaction, and comonomer
insertion is illustrated as shown in Scheme 1.

The characteristics of LLDPE/nano-SiO, were also further
investigated. The typical morphologies of LLDPE/nano-SiO;
composites obtained by SEM and the elemental distribution
for Si and O are shown in Fig. 3 . There was no significant
change in polymer morphologies for LLDPE nanocomposites
containing 10 and 15 nm-SiO; with the same amounts of SiO».
It can be observed that SiO, was well distributed in polymer.
As known, images from high resolution TEM is an essential
component of nanoscience, therefore TEM was performed to
identify the dispersion of nano-SiO, in LLDPE. The TEM mi-
crographs of LLDPE/nano-SiO; are shown in Fig. 4 . Fig. 4a—
represented LLDPE with 10 nm-SiO, at 0.1-0.3 g of SiO,, re-
spectively. Fig. 4d—f showed LLDPE containing 15nm-SiO;
at 0.1, 0.2, and 0.3 g of SiO,, respectively. As seen from both
10 and 15 nm-SiO;,, they appeared as a bunch of spherical-like
particles indicating the agglomeration of the primary particles.
This was suggested that the poor dispersion being observed.
The poor dispersion was due to interaction between particles
leading to agglomeration. In addition, there was no pronounced
difference among each LLDPE/nano-SiO, sample. Thus, in or-
der to obtain well dispersion, the modification of the nano-SiO,
needs to be further investigated for future work. It has been
known that '3C NMR is one of the most powerful techniques
to identify the polymer microstructure, especially polyolefins.
The resulted '>C NMR spectra (not shown) for all samples were
assigned typically to the LLDPE obtained from copolymeriza-
tion of ethylene/1-hexene. The triad distribution was identified
based on the method described by Randall (1989). It can be
observed that the LLDPE consisting of 10 and 15 nm-SiO; ex-
hibited similar '3C NMR patterns indicating similar molecu-
lar structure of polymer. Based on calculations described by
Galland et al. (1996), the triad distribution of monomer is listed
in Table 2. It indicated that all LLDPE samples were ran-
dom copolymer with the difference in 1-hexene insertion. This
result was also similar with what we found in our previous
works without the addition of nano-SiO, (Jongsomjit et al.,
2004a—c, 2005a—d). According to the triad distribution shown
in Table 2, the insertion of 1-hexene can be calculated based
on the reference (Galland et al., 1996). The 1-hexene insertion
in LLDPE/nano-SiO; is shown in Table 1. It can be observed
that larger particle resulted in increased 1-hexene insertion due
to less steric hindrance. Hence, with larger particles, the large
molecule of 1-hexene can insert more. The melting temperature
(T,,) as also shown in Table 1 trended to decrease with more
insertion of 1-hexene due to decreased crystallinity. However,
it can be observed that the 7}, of the nanocomposites of 15 nm-
SiO; (weight 0.2 and 0.3 g) with higher 1-hexene insertion were

LLDPE/SiOy

4—) 1 micron

Fig. 3. A typical SEM and EDX images for LLDPE/nano-SiO; composites.

higher than those of 10 nm-SiO, (weight 0.2 and 0.3 g) with
lower 1-hexene insertion as shown in Table 1. This should be
addressed that besides the effect of 1-hexene insertion on the
T, the SiO; particles added also affect the 7, of polymer as
well. Apparently, while higher 1-hexene insertion resulted in
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Fig. 4. TEM micrographs of: (a) SiO-10nm, 0.1g; (b) SiOz-10nm, 0.2g; (c) SiOz-10nm, 0.3g; (d) SiO-15nm, 0.1g; (e) SiO-15nm, 0.2g and (f)

SiOs-15nm, 0.3 g.

Table 2

Triad distribution® obtained from '*C NMR of LLDPE-SiO, nanocomposites

Filler Weight (g) EEE EEH + HEE HEH EHE EHH + HHE HHH
Nano-SiO; (10nm) 0.1 0.66 0.09 0 0.04 0.21 0

0.2 0.39 0.12 0.02 0.06 0.41 0

0.3 0.47 0.13 0.02 0.07 0.31 0
Nano-SiO; (15nm) 0.1 0.61 0.09 0 0.05 0.25 0

0.2 0.31 0.12 0.03 0.07 0.47 0

0.3 0.19 0.12 0.04 0.08 0.57 0

2E refers to ethylene and H refers to 1-hexene.

lower T,,, higher content of SiO; in polymer rendered higher
T, . It was reported that the particles in polymer matrix can act
as nucleating agents (Luyt et al., 2006). Consequently, they in-
crease the crystallinity of polymer. When the particles are too
small (i.e., 10nm-SiOy), they may locate themselves in the in-
terlamellar spaces, which leave little room for additional crys-
tallization. So, the presence of these particles may even inhibit
crystallization. In the case, higher 7}, for LLDPE nanocompos-
ites of 15 nm-SiO, having higher 1-hexene insertion compared
to those of the 10 nm-SiO; was essentially observed.

The additional study was conducted by keeping the
[Allmao/[Zr] ratio (at 2270) constant with changing the cata-
lyst concentrations, [Zr]. Thus, the amounts of nano-SiO» can

be varied without changing the [Allyao/[Zr] ratio. In fact,
only 15nm-SiO; was chosen to study the effect of amounts
of nano-SiO; added. Using the similar ways as mentioned
above, the activities and characteristics of LLDPE/15 nm-SiO,
composite were obtained as shown in Table 3. It was found
that at the specified condition the activity went to a maximum
with the certain amount of nano-SiO; (0.2 g), then went down
with increased amount of nano-SiO; (0.3 g). Increased activity
with increasing the amount of nano-SiO» at the beginning can
be attributed to increased distribution of MAO. Consequently,
this also resulted in increased 1-hexene insertion as seen in
Table 3. However, increased more amounts of nano-SiO» ap-
parently resulted in decreased activity. This was probably due
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Table 3

Activity and characteristics of LLDPE-SiO» nanocomposites at [Al]yao/[Zr] = 2270

Filler Weight (g) Polymerization Yield (g) Time (s) Activity® %Si0,° T €(°C) 1-Hexene insertion? (%)
Nano-SiO; (15 nm) 0.1 0.1000 717 4695 46.7 107.6 19.86

0.2 0.9555 149 107,930 16.2 89.7 54.5

0.3 0.7545 248 34,136 26.6 101.2 67.5

*Activities (kg of polym/mol of Zrh) were measured at polymerization temperature of 70 °C, [ethylene]=0.018 mol, [I-hexene]=0.018 mol, [Allyao/[Zr]=
2270, [Allpma/[Zr] = 2500, in toluene with total volume = 30ml and [Zr]ey = 0.36 to 1.07 x 1075 M.

YThe amount of SiO; present in the LLDPE composites based on yield.
“Melting temperature (7,,) was obtained from the DSC measurement.
d1-hexene insertion or incorporation was calculated based on '3C NMR.

Table 4

Triad distribution® obtained from '*C NMR of LLDPE-SiO, nanocomposites

Filler Weight (g) EEE EEH + HEE HEH EHE EHH + HHE HHH
Nano-SiO; (15nm) 0.1 0.61 0.09 0 0.05 0.25 0
0.2 0.31 0.12 0.03 0.07 0.47 0
0.3 0.19 0.12 0.04 0.08 0.57 0
4E refers to ethylene and H refers to 1-hexene.
Table 5
MW and MWD of LLDPE fraction in the composites
Filler Weight (g) MW (gmol™!) M, (gmol~!) MWD?
Nano-SiO; (10nm) 0.1 38,200 6900 5.5
0.3 27,200 3400 8.0
Nano-SiO; (15nm) 0.1 41,900 4800 8.7
0.3 31,700 4000 7.9

MWD was calculated from MW /M,,.

to stronger interaction between the particles. In addition, 7;,
(Table 3), triad distribution (Table 4) are also present. The
effect of nano-SiO; particle size on MW and MWD was also
investigated as shown in Table 5. In fact, no significant change
was observed regarding to the particle size of the nano-SiO».
Only slight increase in MW with the larger particles was
evident. It can be observed that increased amounts of SiO;
resulted in decreased MW. In addition, a slightly broad MWD
was seen for all samples.

4. Summary

Based on this study, it was found that the larger particle
(15nm-SiO,) exhibited higher activity due to fewer inter-
actions between SiOp and MAO. The larger particle also
rendered higher insertion of 1-hexene. In particular, higher
1-hexene insertion resulted in decreased melting temperature
due to decreased crystallinity. No change in molecular struc-
ture of LLDPE was observed. However, the agglomeration of
SiO; in polymer was seen by TEM. In order to overcome the
poor dispersion of particles, the nano-SiO; needs to be mod-
ified prior to use. Thus, the modification of SiO, should be
further investigated in the near future.
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Abstract

Solvothermal reaction of aluminum isopropoxide (AIP) in mineral oil at 250-300°C over 2h duration provides x-alumina powder, which
transforms directly to a-alumina after calcination at high temperature. The mechanism of the crystallization process appears to be the initial
formation of a spherical complex which subsequently decomposes further to precipitate a solid. This mechanism is suggested by XRD, IR,
TG/DTA, SEM and TEM characterization of the powder formed. x-Alumina attains a critical crystallite size around 15 nm through accretion on
calcination and then transforms directly to a-alumina through nucleation and growth process. Direct a-phase transformation of x-alumina powders
rather than passage through k-alumina can be explained by the absence of the cation contamination and the higher crystallinity of x-alumina in

the AIP decomposition process.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Solvothermal; Direct transformation; x-Alumina

1. Introduction

Alumina is one of the most common crystalline materials
used in many applications such as adsorbents, coatings, soft
abrasives, catalyst and catalyst support [1-3] due to its fine par-
ticle size, high surface area and catalytic activity. The structural
stability of alumina also makes it an important constituent of
many protective oxides formed on the surface of high tempera-
ture metals and alloys.

There are many metastable polymorphs of transition alu-
mina, including x-alumina. x-Alumina is normally prepared by
the dehydration of gibbsite (<200 nm) [3-5]. It transforms to
k-alumina at temperature around 650—750 °C before final trans-
formation to a-alumina at 1000-1100 °C. Both transformations
lead to loss in the surface area and changes in surface properties.
Three different unit cells have been proposed for x-alumina.

* Corresponding authors. Tel.: +66 63116537; fax: +66 34219368.
E-mail address: okornm@yahoo.com (O. Mekasuwandumrong).

0254-0584/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2006.01.040

Stumpf et al. [6] suggested that y-alumina has a cubic unit
cell with lattice parameter of 7.95 A, whereas other researchers
[4] proposed hexagonal unit cells with either a=5.56 A and
c=13.44A or a=5.57A and c=8.64 A. Hexagonal x-alumina
possess a layered structure, in which the hexagonal arrange-
ment of oxygen is inherited from the structure of gibbsite
and aluminum occupies octahedral sites within the hexagonal
structure.

Recently, Inoue et al. [7-10] have examined the thermal
decomposition of metal alkoxides in inert organic solvents, e.g.
glycols, and demonstrated that various kinds of novel crystalline
product, including x-alumina, can be directly obtained without
bothersome procedures such as purification of the reactants or
handling in inert atmosphere.

Nanocrystalline x-alumina prepared from the thermal
decomposition of AIP in inert organic solvent has high thermal
stability. It transforms directly to a-alumina at the temperature
around 1150°C, without passing into the k-phase [7,11,12],
resulting in neither the loss in surface area nor the change
in surface properties. Moreover, the abrupt crystal growth
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Table 1
The physical properties of as-synthesized products obtained by the thermal decomposition of AIP in mineral oil in various reaction conditions
Reaction conditions Phase Crystallite Sger (m? g~ S (m? g~y Pore volume Mode pore
- size (nm) (cm? g’l)b diameter (nm)*©
Temperature (°C) Time (h)
250 0 Amorphous - 7 7 0.03 11.8
250 2 X-Alumina 9 192 186 0.64 13.3
250 6 X-Alumina 10.8 149 189 0.43 11.5
270 2 X-Alumina 10.2 180 210 0.52 11.5
300 2 X-Alumina 9.4 124 138 0.45 14.2

4 Calculated from the initial slope of the #-plot.
b Total nitrogen uptake at relative pressure of 0.98.

¢ Calculated from the desorption branch of the isotherm using the BJH method.

occurring during phase transformation can be effectively
controlled. Therefore, nanocrystalline a-alumina can be simply
obtained via the direct transformation from nanocrystalline
Xx-alumina. In this paper, we provide results for the reaction of
AIP in mineral oil, including morphology of the synthesized
particles and the phase transformation behavior.

2. Experiment
2.1. Sample preparation

Twenty-five grams of aluminum isopropoxide (AIP; Aldrich; >97%) was
suspended in 100 ml of mineral oil (liquid paraffin; Ajax; specific gravity
0.830-0.890; CAS No. 8012-95-1) in a test tube, which was then set in a 300 ml
autoclave. In the gap between the test tube and the autoclave wall, 30 ml of
mineral oil was added. The autoclave was purged completely by nitrogen and
heated up to the desired temperature, in the range of 250-300°C, at a rate
of 2.5°Cmin~!, and held at that temperature for the desired period of time
(0-2h). After the mixture was cooled down, the resulting powders were repeat-
edly washed with acetone and dried in air.

Parts of the product obtained was calcined in a box furnace by heating-up to
the desired temperature (1000—-1200 °C) atarate of 10 °C min~—!. The calcination
process was held at that temperature for 1 h.

2.2. Characterization

Powder X-ray diffraction (XRD) was measured on a SIEMENS XRD D5000
using Cu Ko radiation. The crystallite size was calculated from the Scherrer
equation. The value of the shape factor, K, was taken to be 0.9 and a-alumina was
used as an external standard. Infrared (IR) Spectra were recorded on a NICOLET
FT-IR Impact 400 spectroscopy using an ex situ IR technique. The thermal
behavior of the samples were analyzed on a Perkin-Elmer Diamond TG/DTA
thermal analyzer at a heating rate of 10°C min~! in a 40 mI min~"' flow of dried
air. Nitrogen adsorption isotherm and BET surface area of the samples were
measured by a micromeritics medel ASAP 2000 using nitrogen as the adsorbate.
The primary particles of alumina samples were observed by a JEOL TEM-200cx
transmission electron microscope operated at 100 kV. Morphologies of alumina
products were observed on JEOL scanning electron microscope.

3. Results and discussions

Table 1 summarizes the physical properties of obtained prod-
ucts before calcination. The products synthesized from the
decomposition of AIP in mineral oil at 250, 270 and 300 °C with
a holding time exceeding 2 h are x-alumina, while the product
obtained from heating the system up to 250 °C without hold-
ing time is amorphous. The amorphous product has much lower
BET surface area and pore volume than all crystalline prod-

ucts. x-Alumina obtained by the reaction at 250 °C for 2 h has
the highest BET surface area and pore volume. When the reac-
tion temperature is increased or the holding time is prolonged,
BET surface area and pore volume of the obtained product is
decreased by the coagulation of primary particles due to ther-
mal effect.

The IR spectra of the products are shown in Fig. 1. All
as-obtained powders show two adsorption bands attributed
to water of crystallization at 3500-3200 cm~! (v(OH)) and
1640 cm ™! (3(OH)) [13]. The amorphous powder obtained by
quenching from 250 °C shows a strong adsorption bands at
1340-1470 cm~! due to the isopropyl hydrocarbon groups [13].
As the holding time or reaction temperature is increased, the
adsorption bands due to the organic group decrease and even-
tually disappear. The characteristic bands of boehmite were
detected at 773 and 615cm™! [10] in the products obtained
from 2 h reaction at 250 and 300 °C. This observation can be
explained by the formation of boehmite by hydrolysis of AIP
with water produced during the reaction.

Fig. 2 shows the results from the thermogravimetric analy-
sis, i.e. TGA and DTA plots, of all powders prepared in mineral
oil using various reaction conditions. Two weight decrease pro-
cesses were detected from the amorphous powder corresponding
on one endothermic and exothermic process. The first decrease
in mass at around 80-200 °C, accompanied by the endothermic
peak in DTA signal, is attributed to the desorption of physisorbed
water. The second sharp mass decrease in TGA plot with sharp
exothermic peak in DTA plot at around 300 °C is attributed to
the combustion of organic moiety. The overall mass loss of this
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Fig. 1. IR spectra of as-synthesized products at various reaction conditions.
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Fig. 2. TG and DTA data of the as-synthesized products.

amorphous sample is around 45%, which is lower than theo-
retically loss for AIP decomposition (75%). It is indicated that
the starting AIP partially decomposes in mineral oil during the
heating-up process. The remaining organic moieties from the
partial decomposition of AIP reside in the amorphous product.

The nitrogen adsorption isotherms of as-synthesized prod-
ucts are shown in Fig. 3. All the crystalline samples exhibit the
hysteresis loop with type-A adsorption characteristic, which is
corresponding to the presence of two-ended tabular pore struc-
ture. On the other hand, the amorphous product shows the type-E
hysteresis loop, which is an indication for the presence of tabular,
through short pores with winded parts of various widths [14,15].
These pores are formed among the primary particles of alumina.
Fig. 4 presents the pore size distribution of as-synthesized. All
crystalline products exhibited the typical characteristic of meso-
pore system with pore size around 10 nm. It is shown that all
products have narrow size distribution.

Fig. 5 shows the morphologies of as-synthesized and calcined
samples observed by SEM. Spherical particles with average
diameter around 1.8 wm were observed in the amorphous prod-
ucts prepared by quenching the reaction after the temperature
had reached 250 °C (Fig. 5a). For the reaction with the holding
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Fig. 4. Pore size distribution of as-synthesized product.

time prolonged to 2 h, similar spherical particles in the products
can still be observed. However, the average size of the particles
decreases to 1.2 um (Fig. 5b). These particles are secondary
aggregates of nanocrystalline x-alumina. With the increase of
reaction temperature to 300 °C, size of the secondary particles
further decreases to 1 um (Fig. 5c). The results suggest that
AIP decomposes stepwise in the inert solvent during heating-up
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Fig. 3. The nitrogen adsorption isotherms of as-synthesized products.
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Fig. 5. SEM images: (a) as-synthesized product prepared by quenching reaction in mineral oil at 250 °C, (b) as-synthesized product prepared in mineral oil at 250 °C
for 2 h, (c) as-synthesized product prepared in mineral oil at 300 °C for 2 h and (d) product (b) calcined at 1150 °C.

process, which results in an intermediate complex suspending
in mineral oil. SEM micrographs confirms that this complex
assumes a spherical shape. During the holding period, the com-
plex further decomposes giving the nanocrystalline x-alumina
aggregated in form of spherical particles. The decrease in par-
ticle size with the increase in holding time and reaction tem-
perature is due to the loss of the organic moiety in the complex
by further decomposition. In this case, there are two nucleation
processes. The first nucleation process is the formation of tiny
droplets of the intermediate complex. This process is related to
the salting out phenomena. During the partial decomposition of
organic moieties, the decomposed intermediate is supersaturated
in the solution and it is salted out forming the glassy droplets.
Because the number of droplets formed in mineral oil is small,
the droplets grow and large spherical particles are obtained. The
second nucleation step is the formation tiny crystallites of x-
alumina. The morphology of products obtained in this work is
different from y-alumina obtained from the reaction in toluene
[12]. This result will be further discussed.

According to Derjaguin-Landua—Verwey—Overbeek
(DLVO) theory, the energy barrier between two particles, which

100 nm

inhibit agglomeration, is expressed as follow:

( Ak > 2
Vo = | — | + 2meperka
12

where A is the effective Hamaker constant, « the Debye—Huckel
parameter, o the particle diameter, ¢o the permittivity in the
free space, ¢, the dielectric constant of the continuous phase
and ¢ is the particle surface potential. Because of the constant
ionic strength of the solvent, g9 and « is constant, the max-
imum repulsive force estimated from the second term of the
right hand side of the equation (27‘[808rK(¥¢2) is determined
by the dielectric constant, particle size and repulsive force.
Mineral oil (liquid paraffin) is the mixtures of long straight
chain hydrocarbon produced as the bottom product from dis-
tillation. The dielectric constant of long chain hydrocarbon is
around 1.9-2 (C;3Hp3=2.02, C4H30=2.05, Ci9Hy49=2.09),
which lower than toluene (2.379). According to the quite low
dielectric constant of mineral oil, the particles become discrete
and form spherical particles. Fang and Chen [16] reported that,
for the synthesis of TiO; by the reaction of TiCly in a mixed
solvent of n-propanol and water, the spherical particles were

1 OO_nm

Fig. 6. TEM images: (a) as-synthesized product prepared in mineral oil at 250 °C for 2 h and (b) product (a) calcined at 1150 °C.
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Fig. 7. The XRD patterns of powder synthesized by the reaction of AIP in mineral oil calcined at various reaction conditions: (a) 250 °C for O h and (b) 300 °C for
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formed in the solvent with n-propanol/water ratio resulting in
the lowest value of dielectric constant.

Transmission electron micrographs of the as-obtained pow-
der and calcined powder are shown in Fig. 6. The as-synthesized
x-alumina products are comprised of agglomerated primary
particles having average diameter around 10 nm. As shown in
Table 1, the crystallite size calculated by XRD peak broadening,
using the Scherrer equation, is 9 nm. Good agreement between
both values indicates that each primary particle observed by
TEM is a single crystal of x-alumina.

The XRD patterns of calcined product are shown in Fig. 7.
The amorphous product remains amorphous even after calcina-
tion at 600 °C (Fig. 7a). However, after calcination at 1000 °C,
v-alumina is observed. The a-phase transformation takes place
at temperature around 1150°C and completes at 1200 °C. It
should be noted that the peak at 42.5°, which is correspond-
ing to x-alumina, is not detected. This indicates that x-alumina
is not formed by calcination of the amorphous product. There-
fore, the formation of x-alumina occurs only in the inert organic
solvent. For the calcination of x-alumina obtained from thermal
decomposition of AIP at 300°C for 2h (Fig. 7b), x-alumina
transforms to a-alumina directly at temperature around 1100 °C.
No k-alumina was detected. The x-to-a phase transformation is
completed at temperature around 1200 °C. Phase transformation
sequences of products obtained from other reaction conditions
are summarized in Table 2.

After calcination, the secondary particles still remain spher-
ical with unchanged average particle size, regardless of the
crystalline phase (see Fig. 5d). Some finger-like primary parti-
cles aggregating on the spherical secondary particles were also
observed after the calcination at 1200 °C. TEM micrographs of
calcined samples clearly show two groups of primary particles
after the phase transformation. The first group is the spherical x-

Table 2

alumina particles, which do not transform to a-alumina. These
particles have crystallite size calculated from the Scherrer equa-
tion that is the same as particle size observed by using TEM. The
second group of primary particles is the finger-like a-alumina
transformed from the low-temperature transition alumina nano-
crystals via the nucleation and growth mechanism (see Fig. 6b).

The direct phase transformation of x- to a-alumina is a
specific property for powders prepared by the decomposition
of AIP in an inert organic solvent. In our previous work, it
has been proposed that the direct phase transformation is the
result from the absence of contaminating cations in crystals,
as well as high crystallinity of the synthesized product due to
the small amount of water adsorbed on the surface. Chou and
Nieh [17] have reported that the nucleation of a-alumina occurs
along (22 0) crystallographic plane of y-alumina in nanocrys-
talline oxide synthesized by radio frequency reactive sputtering
deposition. Johnston et al. [18] have reported that y-alumina
prepared by laser ablation synthesis directly transforms into
a-phase and they have attributed that the particle size of the prod-
uct is well below the grain size limit for super plastic alumina
(500 nm). Bahlawane and Watanabe [19] prepared anhydrous
alumina which transformed directly to a-alumina by sol—gel
method. Shek et al. [20] have reported that amorphous powders
prepared by oxidation of pure aluminum metal crystallize to
v-alumina, which directly transforms to a-alumina at 1370 K.
They have attributed this result to the facilitation of nucleation
of a-alumina by the strain relaxation of the transition alumina
lattice. However, relaxation of the «y-alumina structure should
decrease the energy level of y-alumina and disturb the nucle-
ation of more stable phases. Simpson et al. [21] have reported
that samples prepared via electron-beam evaporation of alumina
onto a sapphire substrate held at room temperature crystallize to
vy-alumina, which transforms into a-alumina without formation

The crystallite size calculated by the Scherrer equation and phase of the as-synthesized and calcined products

Reaction condition

Crystallite size and phase of alumina after treat at various temperatures (°C)

Temperature (°C) Time (h) As-synthesized 1000 1100 1150 1200

250 0 — (Amorphous) 6.2 () 16.5 (), 31.1 (o) 33.7 (o) —(w)

250 2 9 (x) 9.2 (x) 9.6 (x) 12.3 (x), 36.4 (o) 68 (o)
250 6 10.8 (x) 11.2 (x) 12.5 (x) 15.2 (x), 39.2 (o) 77.2 (o)
270 2 10.2 (x) 9.4 (x) 10.3 (x) 15.6 (x), 33.5 (o) 97.5 ()
300 2 9.4 (x) 10.8 (x) 14.2 (x), 39.5 (o) 14.6 (x), 41.3 (o) 44.7 (o)




450 0. Mekasuwandumrong et al. / Materials Chemistry and Physics 100 (2006) 445—450

of other intermediate phases. They have attributed this result to
the epitaxial growth of a-alumina on the sapphire substrate. Ogi-
hara et al. [22] have prepared monodispersed, spherical alumina
by the controlled hydrolysis of aluminum alkoxide in a dilute
solution containing octanol and acetonitrile. They have found
that the amorphous product crystallizes to y-alumina at 1000 °C
which converted to a-alumina at 1150 °C without intermediate
phase. However, they did not give any explanation for this result.
It has also reported that y-alumina formed by thermal decom-
position of aluminum sulfate transforms into a-alumina directly
[23-25].

The crystallite sizes of calcined products are summarized in
Table 2. The crystallite size of is initially about 9—-10nm. x-
Alumina grows to 16 nm upon calcination but the growth stop at
this size even after the calcination at high temperature. At higher
calcination temperature, only a-alumina was observed. It is sug-
gested that x-alumina grows to the critical size and then abruptly
transforms into a-alumina. The result suggests that the critical
size of x-alumina, beyond which it is unstable and undergoes
phase transformation into a-alumina, is around 16 nm. Once
the phase transformation takes place, the primary particles grow
drastically and then become sluggish. The a-phase transforma-
tion is considered to occur through a nucleation and growth
mechanism [26,27]. Investigations on the phase transformation
after the crystallite size has reach the critical size have been
reported by many researchers [28-30]. Yen et al. [28,29] have
found that, during the phase transformation, there is a critical
size for 0-alumina (around 22 nm) at the nucleation stage, which
initiates the formation of a-alumina nucleus.

4. Conclusion

Thermal decomposition of AIP in mineral oil at temperature
between 250 and 300 °C with holding time of 2 h results in the
micro-spherical particles formed by agglomeration of nanocrys-
talline x-alumina. On the contrary, the powder obtained during
the heating-up process to 250 °C is amorphous. The fact that
x-alumina is not formed by the calcination of the amorphous
intermediate confirms that x-alumina is formed only by AIP
decomposition in the inert organic solvent. It is suggested that a
spherical particle of complex moieties forms through stepwise
decomposition of AIP in the solvent. With the prolonged hold-
ing time or increased reaction temperature, this complex sheds
organic moieties and solid-state phase of x-alumina is formed.
After calcination at high temperature, x-alumina transformed
to a-alumina directly. The crystallite size of x-alumina is ini-
tially around 9—10nm and grows upon the calcination to the
critical size of 16 nm, beyond which yx-alumina transforms to a-
alumina. This direct transformation behavior of nanocrystalline
x-alumina is attributed to the absence of cations and the less
defect structure.
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Abstract

Solvothermal reaction of zinc acetate in various alcohols resulled in the formation of zinc oxide (ZnO) nanorods. The eifects of reaction
conditions on the product morphelogy as well as crystallization mechanism were investigated by using X-ray diffraction (XRD), infrared
spectroscopy (IR), scanning clectron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and transmission electron microscopy
(TEM) 1echniques. It was found that average diameter and length of the nanorods increased with an increase in reaction iemperature or the initial
concentralion of zinc acetate. On the contrary, the aspect ratio of the product depended upon type of alcehol used as the reaction medium. The
aspect ratio of Zn0O nanorods increased from 1.7 10 5.6 when the alcohol was changed from 1-butanci 10 1-decanol. An investigation of the reaction
mechanism suggested that the formation of ZnO nanorods was initiated from the esterilication reaction between zine acetate precursor and alcohol

10 torm Zn0O seeds.
©) 2006 Elsevier Ltd and Techna Group S.rl. All rights reserved.
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1. Iniroduction

Nanostructured materials have received increasing attention
due to their potential uses as active components or
interconnects in nanoscaled electronic, optical, optoelectronic,
clectrochemical, and e¢lectromechanical devices [1]. One
material that has been in great interest from wide range of
technological field associated with nanotechnology is zinc
oxide (ZnO) [21. ZnO is a material with large direct band gan
(3.3 ¢V) and excellent chemical and thermal stability. It has
unique optical and acoustic properties, as well as electronic
properties of the II-VI semiconductor with large exciton
binding energy (60 meV) [3]). Therefore, zinc oxide has been
used in various applications, e.g. as varistor, gas-sensor, catalyst
and pigment. According to great function of zine oxide, several
techniques have been proposed for zinc oxide synthesis, e.g.
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hydrothermal synthesis [4,5], thermal decomposition method
[6.7], sol-gel synthesis [8], flame spray pyrolysis [9], and
precipitation method [10].

Control of the particle shape is another concern for
nanostructured material synthesis because electrical and optical
properties of nanomaterials depend sensitively on both size and
shape of the particles. Therefore, it is desired to synthesize
nanomaierial in a controllable shape and size by simple
approach. For zine ovide particles, various chapes ioclbeding
nanorods [11-13], whiskers [14.15] and nanowires [16] have
been successfully prepared. However, it was the result from
different synthesis methods under different preparation con-
ditons [17]).

In this study, the solvothermal method was employed to
synthesize ZnO nanorods. This technique is based on thermal
decomposition of organometallic compound in organic solvent
and has been successfully applied for the synthesis of various
types of nanosized metal oxide with large surface area, high
crystallinity and high thermal stability [18-20]. The influences
of reaction conditions, i.¢. iype of solvent, concentration and
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3. Results and discussion
3.1. Effect of various reaction conditions

XRD pattemns of powders synthesized by the solvothermal
reaction in various alcohols at 250 °C are shown in Fig. 1. All
peaks of the obtained product were comresponding to the
hexagonal wurtzite structure of ZnO with lattice parameters a
and ¢ of 3,24 and 5.19 A, respectively. No peak from either ZnO
in other phases or impurities was observed. This result confirmed
that ZnO was successfully synthesized by the solvothermal
reaction in all alcohols investigated. Nevertheless, it should be
noted that the XRD pattern of the product synthesized in 1-
butanol showed slight splil for all XRD peaks, which suggested
non-homogeneity in the crystal structure of the ZnO product.

Fig. 2a—d show SEM images of the products synthesized in
I-butanol, 1-hexanol, 1-octanol and 1-decanol, respectively. It
was clearly illustrated that morphology of particles synthesized
in these alcohols were significantly different. Nearly spherical
particles were obtained when 1-butanol was used as the reaction
medium, while smooth solid hexagonal rods were observed in
the product prepared in 1-decanol. Therefore, it could be taken
that the product from the solvothermal synthesis in alcohol was
£n0Q nanorods und the length of the rods increased when
alcohol with longer molecule was employed.

Morphology of the primary ZnO panticle was examined from
TEM huoages, as shown in Fig. 3. The resulis confirmed with
SEM ebscivation that nanorods synthesized were straight and
non-porous. The selected area electron diffraction (SAED)
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Fig. 4. The size disiributions for diameter of ZnO nanorods synthesized in: (a)
1-butanol, (b} 1-hexanol, (¢) 1-octanol and (d) 1-decanol.

patterns shown as the inset in Fig. 3 suggested that each primary
particle was a rod-shaped single crystal of ZnO. The observed
morphology was consistent with the hexagonal nanorods grown
in 00 1 direction. It was also found that all synthesized ZnO
nanorods were guite uniform in size. The distributions of
diameter of the rods measured from TEM micrographs are
shown in Fig. 4. According to Fig. 4. it was shown that the
synthesized ZnO nanorods had narrow size distribution,
regardless of the type of alcohol employed. The average
diameter and length as well as the calculated aspect ratio of the
particles are summarized in Table I.

According 1o Table 1, ZnO synthesized in alcohol baving long
carbon chain tended to be nanorods that were longer and had
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Table 1
The crystallite size and aspect ratio of ZnO nanorods
Solvent Synthesis Amount of zinc Average diameter of Average Aspect
emperature (°C) acetate used (g) product (nm) length (nm) ratio
1-Butanol 250 15 107 184 1.7
1-Hexanol 250 15 91 264 29
1-Octanol 200 15 67 284 42
1-Octanol 230 15 75 308 4.1
1-Octanol 250 10 79 316 40
1-Octanol 250 15 84 343 4.1
1-Octanol 250 20 97 385 4.0
1-Octanol 300 15 110 472 43
1-Decanol 200 15 69 392 5.7
1-Decanol 230 15 74 419 5.7
1-Decanol 250 10 76 423 56
1-Decanol 250 15 81 455 5.6
1-Decanol 250 20 91 506 5.6
diameter smaller than those synthesized in short-chain alcohol.
The aspect ratio of the obtained nanorods increased correspond-
ing to an increase in length of the carbon chain of the reaction
medium. When 1-decanol was used instead of 1-butanol, the * Zn(CH;CO2)
length of nanorods increased from 184 to 455 nm, while the
average diameter decreased from 107 to 81 nm. Consequently, s Zn(CH3CO,)2.2H:0
the aspect ratio increased approximately three-fold. 3
Table 1 also summarizes dimension of ZnO particles i A 7100
synthesized under various reaction conditions. It was found that 2
both average diameter and length of the ZnO nanorods £
increased with an increase in either initial concentration of the - :
precursor (i.e. zinc acetate) or reaction temperature. This
observation suggested the increase in crystal growth with ©
number of nuclei sites as well as the energy of the system. (b)
However, it should be noted that the aspect ratio of ZnO — A A (@)
particles was not affected by either the temperature or amount 1015 20 25 30 35 , :: 45 50 55 60 65 70
-thets

of precursor. In the other words, the change in the reaction
conditions did not alter the growth of ZnO nanoparticles into
preferential orientation. Type of alcohol employed as the
reaction medium was the only major factor affecting the aspect
ratio of the synthesized particles.

The aspect ratio of ZnO nanorod was determined from relative
growth rates from various faces of the crystal. The rate of crystal

Aspect ratio
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Fig. 5. The correlation between boiling points of the employed solvent and
aspect ratio of ZnO products.

Fig. 6. The X-ray diffraction patterns of: (a) the reaction precursor, i.e. zinc
acetate, (b) ZnO synthesized in 1-octanol at 150 °C and (c) ZnO synthesized in
1-octanol at 200 °C.

(@)
«Q
g
2
‘E
g ®
-

(c)

T T ¥ T ¥ T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber

Fig. 7. IR spectra of: (a) the reaction precursor, i.e. zinc acetate, (b) ZnO
synthesized in 1-octanol at 150 °C and (c) ZnO synthesized in 1-octanol at
200 °C.




Fig. 8. SEM imagces of ZnO synthesized in 1-octano] for 2 h at {a) 150 °C and (b) 250 °C.

growth from any particular face was controlled by a combination
of internal factors (e.g. intermolecular bonding preference or
dislocation in crystal) and external factors (e.g. supersaturation
condition, reaction temperature and type of solvent) [211. ZnO in
wurtzite structure is a polar crystal with (00 1) facet having
higher-symmetry (C6v) than the other faces. Therefore, crystal
growth along c-axis, or (0 0 1) direction, is a typical behavior
observed from wurtzite ZnQ. Nevertheless, Cheng and Samulski
[4] have reported that the growth rate from each face of ZnO
under the condition of hydrothermal synthesis is also controlled
by properties of solvent that affected the interface—solvent
interactions. The resulis in this work supperted this report. It was
tound that the aspect ratio of the ZnO product was correlated with
physical properties of the solvent. Fig. 5 shows a plot between
boiling points of solvent and aspect ratio of the ZnO product.
Interestingly, a linear relationship was observed. Although direct
relationship between the boiling point of solvent and the
preferential crystal growth may not have scientifically sig-
nificance, the boiling point of alcohol could be used as an index
for “non-polar™ nature of alcohol molecule. For all alcohols
investigated, the hydrogen bonding and the dipole~-dipole
interactions among molecules are roughly the same, but the
van der Waals dispersion forces are stronger in alcohol with
longer hydrocarbon chain amd it results in an increase in boiling
point of alcohol. As the long-~chain alcohol was employed as the
reaction medium, the interaction between the alcohol molecules
and the (0 ¢ 1) facet of the ZnO crystal, which was the slight
positively charged Zn surface, was weak, allowing ZnO crystal to
grow along the preferential ¢-axis.

Although the erystallization phenomenon of ZnO nanorod is
unambiguously demonstrated by the presented correlation
shown in Fig. 5, the detailed mechanism of the crystal growth is
still under investigation. However, the behavior shown in Fig. 5
should prove useful in practical application, since the
correlation allows and estimation of the aspect ratio of ZnQO
nanorod from type of alcohol used.

3.2. Imvestigation of reaction mechanism

To understand the reaction mechanism, the reaction
temperature in ocianol was decreased to 200 and 150°C,

respectively. Fig. 6 shows the XRD patterns of thus-obtained
products. It was found that the powder prepared at 150 °C was a
mixiure of zinc acetate and zinc oxide. No shift in XRD pattern
was observed. IR spectra of the product as shown in Fig. 7 also
confirmed the existence of zinc acetate in the product
synthesized at 150 °C without the presence of functional
groups corresponding to alcohol. These results indicated that no
intermediste was formed from the reaction between zinc
acetate and alcohol.

Fig. 8 shows SEM images of the as-synthesized products
prepared at various temperatures. The product prepared at
150 “C was composed of two types of particles, i.e. the particles
with irregular shape, which was assigned to be zinc acetate and
rod-shaped particles of ZnO. The elemental mapping showed
that carbon atoms were distributed only on the irregular-shaped
particles. The content of carbon decreased dramatically at the
boundary between the irregular-shaped particles and rod-like
particles. This SEM observation. together with XRD and FTIR
results, indicated that ZnO rods grew from the ZnO seeds
formed via the direct decomposition of zinc scetate.

To further investigate the reaction mechanism, the solvent
recovered afier the reaction was collected and analyzed by gas
chromatography. Ester and water were detected in the
remaining solvent. Therefore, it was proposed that the
interaction between zinc acetate and alcohol under ithe
solvothermal conditions resulted in esterifaction recaction,
which proceeded to form ZnO, ester and water, according to
the following reaction:

Zn{CH3CO0); +2R-OH — Zn0 + 2CH;-CO-R + H;0

Cnce the ZnO seeds were formed, further reaction resulted
in crystal growth of ZnO nanoparticles. The size and shape of
the particles were controlled by the reaction condition., as
discussed previously.

4. Conclusion

Zinc oxide nanorods were successfully prepared by one-step
solvothermal reaciion of zinc acetate in alcohols. The as-
synthesized ZnO was found to be an aggregation of nanorods
having aspect ratios of 1.7, 3, 4 and 5.6 when 1-butanol, 1-
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hexanol, 1-octanol and 1-decanol, respectively, was used as the
reaction medium. The interesting linear relationship between
boiling point of the solvent used and aspect ratio of the product
obtained was observed. This plot can be used to select the
appropriate solvent for the preparation of zinc oxide nanorod
with desired aspect ratio.
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ABSTRACT: The effect of aging on synthesis by the graft
copolymerization of styrene onto random ethylene-propyl-
ene-diene monomer with benzoyl peroxide (BPO) as the
Initiator is described. Results showed that yields of graft
copolymer are increased in the first 10 min. After 10 min,
the total polymer produced has a maximum at about 25
min. However, the portion of the graft copolymer is
decreased and the portion of the pure polystyrene is
increased. In addition, the influence factors, such as reac-

tion time, temperature, BPO concentrations and styrene
concentrations, effect of solvents on the extent of graft
copolymerization were discussed. The extent of grafted co-
polymerization was verified by hexane and acetone Soxh-
let (solvent extraction). © 2006 Wiley Periodicals, Inc. ] Appl
Polym Sci 102: 4809-4813, 2006

Key words: EPDM/styrene graft copolymer; benzoyl per-
oxide; aging effect

INTRODUCTION

Graft copolymer of styrene (St) with ethylene-propyl-
ene—diene monomer (EPDM) has been widely studied
in recent years. Among the several attempts to improve
the weak points of high impact polystyrene (HIPS), the
substitution of EPDM for butadiene has been widely
investigated."” The usual method is to replace the buta-
diene with EPDM because it has long been known that
EPDM has outstanding resistance® to heat, light, oxy-
gen, and ozone because of its nonconjugated diene
component.® In this study, St monomers were grafted
onto EPDM under argon atmosphere in the presence of
benzoyl peroxide (BPO) as an initiator. Various varia-
bles were observed to maximize the yield of product co-
polymer, such as aging of the solution, the concentra-
tion of St and others. The previous BPO reaction on
EPDM and St monomer has been preliminary studied.®
However, effects of aging the solution before mixing
with St has not been mentioned earlier, which could
further increase the yield of the copolymer. The excel-
lent properties of the copolymer are that the EPDM-g-
PS has a good miscibility between blends with PS® than
the normal EPDM and can be distributed in small do-
main size.”

The effects of the reaction time, temperature, ini-
tiator concentration, solvents, and aging time on the
graft reaction were investigated. The yields of graft

B Correspondence to: S. Thongyat (tsupakan@chula.ac.th).i
Contract grant sponsors: Thailand Research Fund (TRF);
TITTP-.

Journal of Applied Polymer Science, Vol. 102, 48094813 (2006)
©2006 Wiley Periodicals, Inc.

copolymer were analyzed by hexane Soxhlet and
acetone Soxhlet. The hexane will dissolve EPDM or
the short branch chain of EPDM-g-PS, while acetone
will dissolve the polystyrene formed.”

EXPERIMENTAL
Materials

The Dupont EPDM 4640 rubber used was donated by
S.K. Polymer Co., Thailand. The St monomer used to
prepare the copolymer was manufactured by Fluka
Chemie A.G., Switzerland, and purified with NaOH
and distilled under vacuum before use. The BPO, as a
free radical initiator, was manufactured by Merck,
Muchen, Germany, and recrystallined in ethanol before
use. The solvents such as n-hexane, heptane, THF, and
toluene were of analytical purity and used as received.

Preparation

EPDM (~ 5 g) was dissolved in 50 mL of toluene and
heated at 80°C. The solution was stirred until the
EPDM was completely dissolved. Free radical initiator
used was BPO, which was recrystallined in ethanol to
remove the impurities. St monomer was extracted with
NaOH solution (5% w/w) in distillated water, and
then was further purified by distilling over sodium
under vacuum atmosphere before use.

Graft copolymer polymerization

The copolymerization was conducted in a 250-mL
three-neck flask equipped with stirrer, under argon
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atmosphere. The graft reaction was carried out in
toluene solvent at 60 or 90°C. To stop the polymer-
ization reaction, excess acidic methanol was added
to the reaction solution. The precipitated polymer
was washed with methanol and dried under vac-
uum. The unreacted EPDM was extracted in hexane
Soxhlet extractor and the produced polystyrene was
further extracted in acetone Soxhlet extractor® for 12
h and the remaining graft copolymer of EPDM and
St (EPDM-¢-St) was obtained after drying.

RESULTS AND DISCUSSION

The purpose of this work is to limit the optimum
condition in the synthesis of graft copolymer of
EPDM and polystyrene to improve the properties of
the obtained polymer blends. Therefore, this section
provides information about some preliminary results
concerning the reaction conditions such as polymer-
ization time, polymerization temperature, concentra-
tion of initiator, condition of synthesis, effect of
solvent as a synthesis medium, and effect of aging
for initializing the synthesis. The characterizations
of graft copolymer were conducted by NMR and
DSC.” Moreover, the tensile strength tests have been
used to investigate the mechanical properties report-
ed elsewhere.”

Effect of time on synthesis of graft copolymer
of EPDM and St

The etfect of reaction time was investigated by vary-
ing the time for polymerization of EPDM and St in
the range of 14 h while using BPO as the initiator.
The copolymerization was performed in toluene at

0
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90°C using ~ 5 g of EPDM, 1.50 x 10 7 t0 2.08 x 103
mol/L BPO concentration, with total St concentra-
tion of 2.49 mol/L. The influence of time on the syn-
thesis of graft copolymer is shown in Figure 1.

From the previous data of Sheng,5 the yield of the
copolymer will increase as time goes by and slightly
increase after 1 h of polymerization. In a trend simi-
lar to that in Sheng’s work, the copolymer formed
(after extracting with acetone) has the tendency to
saturate at certain yield. However, when the poly-
merization time reaches 4 h, the portion that did not
dissolve in acetone (the moderate branch EDPM-¢-
PS) starts to increase abruptly, which indicated that
the growth of the side chains exceeds the solubility
limit in hexane (EDPM and short branch EDPM-¢-PS
will dissolve in hexane), while the quantity of PS
formed (that dissolved in acetone) is quite constant.
The experiments ceased after 4 h because the activity
of the catalytic process are not worth to perform.
The difference between Sheng’s data and our data is
the properties of the EDPM and reaction conditions
used, which might lead to different results; but,
however the tendency of the graph is very similar.

Effect of BPO initiator concentration on the
synthesis of graft copolymer of EPDM and St

The effects of the initiator concentration were inves-
tigated under 3 h polymerization times. The concen-
tration of BPO initiator was varied in the range of
2.08 x 1072 to 6.25 x 1072 mol/L. The polymeriza-
tions were performed in toluene at 90°C using ~ 5 g
of EPDM, with St concentration of 2.49 mol/L. The
influence of BPO concentration on synthesis of graft
copolymer is shown in Figure 2.

=~ Yicld {*%) (hexane)
60 B
- Yieh (%) {acttone)
50| =4~ Yield (%) (Jisg Sheng, 1996)

Yickt of geatt copolymer (%)

s r "

o [ i 1S 2 25 3 3s 4 435
Time (hrs)

Figure 1 Yield of graft copolymer at different times. Polymerization conditions: EPDM, 3-5 g; [St], 2.49 mol/L (20 mL);
BPO, 1.50 x 1072 to 2.08 x 1072 mol/L; solvent, toluene; polymerization temperature, 90°C.



GRAFT COPOLYMERIZATION OF EPDM AND STYRENE

4811

Y
~ 4 Yiedd 5 v aane)
w» i
- Yorkd 1) thcetonc) i

- B —i Yield (%) iimg sheng, |96
@ :
S
-
-
=
-
=
]
ke W8
-
-
% »
=

"

¢ . v v T -

[ 2 4 . 13 » 12 i 1*
[BPOIx 19 motL

Figure 2 Yield of graft copolymer at different BPO concentrations. Polymerization conditions: EPDM, 5.687 g; [St], 2.49
mol/L (20 mL); time, 3 h; solvent, toluene; polymerization temperature, 90°C.

.

As shown in Figure 2, the yield of the synthesized
graft copolymer increased with increasing concentra-
tions of BPQO, leading to a maximum value at about
4.67 x 107% mol/L. When the percent of BPO was less
than the maximum value, the amounts of monomer
radical, polymer radical, and graft copolymer radical
increased with increasing concentrations of BPO,
which increased the probability of interaction of radi-
cals. When the percent of BPO was in excess, the graft-
ing percent of St onto EPDM was decreased because
the reaction of BPO by itself gradually increases. The
viscosity of polymerization was increased with syn-
thesis time, and because of the increasing concentra-
tion of BPO, which was evident, the movement of rad-
icals was more difficult.” The trend of the results can
be compared with Sheng’s, but the ditferences arise
due to the dissimilar reaction conditions. (In Sheng’s
work, concentration of EPDM was 60 g/L, St concen-
tration was 0.3 mol/L, and time of reaction was 2 h.)

Effect of solvents on synthesis of graft copolymer
of EPDM and St

The effects of solvents were investigated by using
polymerization time of 1 h. The temperature for poly-
merization of EPDM and St was 60 and 90°C. The

TABLE 1
Yield of Graft Copolymer of Each Solvent at 60°C
Yield (%) Activity
Solvent (hexane) (g of polymer/(mol of BPO) h
Toluene 1.65 147.83
Hexane 0.24 21.357
Heptane 2.71 203.25
THF 0.03 272

polymerizations were performed using ~ 5 g of
EPDM, 1.507 x 107 to 2.039 x 107> mol/L BPO con-
centrations, with total St concentration of 1.24 mol/L.
The influences of solvent on synthesis of graft copoly-
mer are shown in Table I for the reaction at 60°C and
in Table II for the reaction at 90°C.

As shown in Table I, at 60°C, yields of graft copoly-
mer were increasing from THF, hexane, toluene, and
heptane respectively. However, at the temperature of
90°C, toluene gave more yield than heptane and eight
times higher yield from the same solvent at 60°C
(Table I). The nature of solvent may also affect k; (rate
of thermal decomposition).” Therefore, rate of thermal
decomposition of BPO to give free radical depends on
various solvents and temperature, as can be seen.
Therefore, at temperature of 90°C, cyclic solvent gives
higher initiator radical than linear solvent in the pro-
cess of high grafting polymer.

Effect of temperatures on the synthesis of graft
copolymer of EPDM and St in toluene solvent

The effect of temperature was mvestlgated by usm§
BPO concentrations of 1.507 x 107> and 2.039 x 10

mol/L at 1 h for polymerization of EPDM and St.
The polymerizations were performed in toluene and
using ~ 5 g of EPDM and 1.24 mol/L concentration

TABLE I
Yield of Graft Copolymer of Each Solvent at 90°C
Yield (%) Activity
Solvent (hexane) (g of polymer/{mol of BPO) h)
Heptane 25.57 191576
Toluene 29.30 219296

Polymerization conditions: EPDM, 4-5 g, [St], 1.24 mol/L
(10 ml) BPO, 1.507 x 1072 to 2.039 x 1073 mol/L; poly-
merization temperature, 60°C.

Polymerization conditions: EPDM, 4-5 g, [St] 1.24 mol/L
(10 ml); BPO, 1.507 x 107 to 2.039 x 10~ mol/L; poly-
merization temperature, 90°C.
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Figure 3 Yield of graft copolymer at different temperatures. Polymerization conditions: EPDM, 4-5 g; [St], 1.24 mol/L
(10 mL), BPO, 1.507 x 107° to 2.039 x 107> mol/L; solvent, toluene.

of St. The influence of temperature on synthesis of
graft copolymer is shown in Figure 3.

As shown in Figure 3, yield of graft copolymer
increased with increasing temperature, yielding a
maximum value at 90°C and then decreased at the
same time, presumably because of the reduction of
the half-life of BPO with rising temperature,'® which
would increase the number of BPO radicals. When
the temperature of the reaction was more than 90°C,
the ¢xtent of grafting decreased because the number
of radicals was decreased while increasing velocity

of decomposition of BPO.? Thus, most of the reac-
tions are commenced at 90°C.

Effect of aging time on synthesis of graft
copolymer of EPDM and St

The effect of aging time was investigated by using BPO
as the initiator. The time for polymerization of EPDM
and St was set at 2 h. The copolymerization was per-
formed in toluene at 90°C using ~ 5 g of EPDM, BPO
concentration about 1.50 x 10" to 2.08 x 107> mol/L,

60
=Y el (%} (hexane)
50 ~—- Yield (%} (acetanc)
9
‘g 40
g
=
S
g 301
;’:
E
2]
3 20
=
2
e
10 4
0 Hi 20 30 40 50 o0 10
Aging Time (mins)

Figure 4 Yield of graft copolymer at different aging times. Polymerization conditions: EPDM, 3-5 g; BPO, 1.5 x 107% to
2.08 x 10 > mol/L; solvent, toluene; polymerization temperature, 90°C; polymerization time, 2 h.
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with total St concentration of 2.49 mol /L. The influence
of aging time on synthesis of graft copolymer is shown
in Figure 4.

As shown in Figure 4, yield of graft copolymer
increased with increasing aging time, yielding a
maximum value at 10 min (acetone) and 30 min
(hexane). After 10 min, the portion that can be dis-
solved in acetone is increased, which indicates that
more polystyrene is formed and can be detected by the
portion that dissolved in acetone. However, the aging
time is important for the reaction because the initial
reaction solutions were very viscous and the reaction
of the free radical is impeded by the viscosity of the
solution. However, the BPO free radical can be
decomposed by as many processes’ and too long
aging may cause adverse effects on the reactions,
which can be clearly seen in Figure 4.

* CONCLUSIONS

This research revealed the importance of aging time
besides all the process parameters. The increase of
the aging time to an appropriate amount will
increase the vield of EPDM-¢-PS to a larger extent.

4813

However, too much aging time will cause adverse
effect on the polymerization reaction. All the process
parameters were elucidated, which also comply with
the results of Sheng.5 Effect of solvents at different
temperatures were stated, and in this reaction, tolu-
ene is the best solvent.
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ABSTRACT: In this research, the reinforcement of poly-
propylene (PP) was studied using a new method thatis more
practical for synthesizing polypropylene-block-poly(ethyl-
ene-propylene) copolymer (PP-co-EP), which can be used as
a rubber toughening agent. This copolymer (PP-co-EP) could
be synthesized by varying the feed condition and changing
the feed gas in the batch reactor system using Ziegler-Natta
catalysts system at a copolymerization temperature of 10°C.
The 1’C-NMR tested by a 21.61-ppm resonance peak indi-
cated the incorporation of ethylene to propylene chains that
could build up the microstructure of the block copolymer
chain. Ditferential scanning calorimetry (DSC), scanning
electron microscopy (SEM), and dynamic mechanical analy-
sis (IDMA) results also confirmed these conclusions. Under

these conditions, the morphology of copolymer trapped i
PP matrix could be observed and the copolymer T, woul
decrease when the amount of PP-co-EP was increased. DM,
study also showed that PP-co-EP is good for the polypropy.
ene reinforcement at low temperature. Moreover, the PP-cc
EP content has an effect on the crystallinity and morpholog
of polymer blend, i.e., the crystallinity of polymer decrease:
when the PP-co-EP content increased, but tougher mechan
cal properties at low temperature were observed. © 200
Wiley Periodicals, Inc. ] Appl Polym Sci 103: 3609--3616, 2007

Key words: polypropylene-co-poly(ethylene-propylene
copolymer; synthesis; rubber toughening; Ziegler-Natt:
polypropylene

INTRODUCTION

Isotactic polypropylene (iPP) is a typical semi-crystal-
line polymer that has been used to produce various
products. However, it has a mechanical properties
limit. It is well known that iPP has poor mechanical
properties in the low-temperature range (0°C in the
normal refrigerator) under its glass transition temper-
ature (T;). The general method to improve the me-
chanical properties of iPP is to blend iPP with a rub-
bery material such as poly(ethylene-propylene), co-
polvmer {EPR), ethylene-propylene-diene terpolymer
(EPDM), or any other copolymer."” The iPP/EPR
blends, called toughened polypropylene, have been
widely used in consumer products and automotive
industry. However, the strong incompatibility of EPR
and iPP has presented a considerable problem in the
modification of mechanical properties of iPP/EPR
blending systems/methods.*

Copolymers are interesting alternatives as impor-
tant materials to improve mechanical properties of
iPP. The propylene-co-poly(ethylene-propylene) co-
polymer is one of the polymers that can be used
for the rubber toughening of PP. Examples of the

Correspondence to: S. Thongyal (tsupakan@chula.ac.th).
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DISCOVIR SOMITNING GREAY

syntheses and characterization of PP-co-EP have beer
reported.” !

Coates and colleagues® reported the synthesis of .
syndiotactic  polypropylene-block-poly(ethylene-prc¢
pylene) with a metallocene catalyst system. Fukui anc
Murata® also reported the synthesis of polypropylene
block-poly(ethylene-co-propylene), using metallocern
catalyst systemns. However, these catalysts are nc
only expensive but are also rapidly deactivated b;
moisture and oxygen. Until now, the metallocen
catalysts have remained difficult to operate and us
practically.

Nitta et al.” reported that the PP/EPR blends an
polypropylene-block-poly(ethylene-co-propylene) ca
be synthesized by a short-period polymerizatios
method. Mori et al.® reported the synthesis of a poly
propylene-block-poly(ethylene-propylene) by high
pressure-type and stopped-flow polymerization meth
ods using the Ziegler—Natta catalyst.

However, the short-period polymerization ant
stopped-flow polymerization methods are not practi
cal and are too complicated in polymer synthesis fields
as they must be controlled by a computer to generat
sudden changes in gas feed conditions in0.2s.

Fan et al.® reported that fraction of structure an:
properties of iPP/EPR in situ blend was synthesize:
by spherical Ziegler-Natta catalyst in two stages: th
liquid phase propylene homopolymerization, and thel
the gas phase ethylene-propylene copolymerization.
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However, all the above-mentioned methods are not
practical to use in the industrial applications. To over-
come the problem, this work presents a new and sim-
ple method for the synthesis of polypropylene-co-poly
(ethylene-propylene) (PP-co-EP) copolymer, using the
Ziegler—Natta catalyst for industrial production. The
nuclear magnetic resonance (NMR) results confirmed
the corporation of ethylene (E) in the molecule of pro-
pylene (P). The results of differential scanning calo-
rimetry (DSC) and dynamic mechanical analysis
(DMA) show that less pure P and pure E are pro-
duced in the PP-co-EP polymers. The copolymer
obtained can be used for the rubber toughening of
polypropylene. The DMA results show the advantage
in the low temperature range below T} of the pure PP
in the blending of PP with PP-co-EP polymers.

EXPERIMENTAL
Materials :

Ethylene and propylene (polymerization grade) and
triethylaluminum (AlEt;; TEA) were obtained from
Bangkok Polyethylene Company (Bangkok, Thailand).
TiCl; was purchased from Merck. Anhydrous MgCl,
was supplied by Sigma-Aldrich; phthalic anhydride,
diethylphthalate (DEP, used as an internal donor) and
n-decane were purchased from Fluka Chemie A.G.
(St. Gallen, Switzerland). Hexane was donated by
Exxon Chemical Thailand (Bangkok, Thailand).

The solvents were distilled over sodium/benzophe-
none under argon atmosphere before use. Ultra-high-
purity (UHP) argon (99.999%) was obtained from Thai
Industrial Gas Company (Bangkok, Thailand) and was
further purified by molecular sieves —3 A, BASF cata-
lyst R3-11G, NaOH, and phosphorus pentoxide (P2Os),
to remove traces of oxygen and moisture. Commercial-

THANYAPRUEKSANON, THONCYAI, AND PRASERTHDAM

grade polypropylene was donated by the Thai Poly-
plastic Industry Public Company (Bangkok, Thailand).

All chemicals were manipulated under purified ar-
gon. All operations were carried out under an inert
atmosphere of argon, using a vacuum atmosphere
glove box and/or standard Schlenk techniques.

Preparation of catalyst

Anhydrous magnesium chloride (MgCl,), n-decane,
and 2-ethyl-1-hexanol were put into a Schlenk tube
and heated to 130°C for 2 h under magnetic stirring
and argon atmosphere. Then phthalic anhydride was
introduced into the solution and stirred until MgCl,
was completely dissolved. The resulting uniform solu-
tion was cooled to room temperature, and wholly
dropped wise of titanium tetrachloride (TiCl,), kept
stirring at —20°C. The temperature was then raised to
110°C, and diethylphthalate was injected in. The mix-
ture was maintained at this temperature for 2 h. After
the 2-h reaction, the solid portion was collected from
the reaction mixture and again suspended in 20 mL of
titanium tetrachloride and reacted at 120°C for
another 2 h. It was then collected and later washed
with n-decane and n-hexane for 2 and 3 times, respec-
tively. The resulting solid was next vacuum dry to
form a powder in gray color which must to be stored
under argon atmosphere.

Synthesis of polypropylene-co-poly
(ethylene-propylene) copolymer

Polymerization was carried out in a 100-mL stainless
steel autoclave reactor with magnetic stirrer in hex-
ane, using a MgCl,/DEP/TiCl,~TEA catalytic system.
The polymer was synthesized in a two-stage reaction
process. First, the solvent, co-catalyst, and catalyst

i (EEE),

Figure 1

Journal of Applied Polymer Science DOI 10.1002/app

13C.NMR spectrum of PP-co-EP copolymer (polymer 5).
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TABLE 1T
Characteristics of Polymer Blend and Polypropylene
Heat 1° Heat 2° Cool®
Polymer® Mn MWD Ty T AH T, T AH T. AH
EPOO 35,283 10.47 —0.22 165.96 97.18 -1.45 165.96 96.59 106.92 96.54
EPO5 — — —7.48 167.07 95.76 ~8.42 165.21 94.03 109.08 95.61
EP10 56,474 4.09 —10.54 167.82 91.91 —11.13 167.79 91.68 108.70 91.64
EP15 — — -13.98 166.31 89.13 -14.82 165.21 88.69 109.75 88.88
EP20 70,676 4.96 —16.14 164.18 83.53 -16.34 16213 83.33 110.17 83.38

* EPQO, EPOS, EP10, EP15, and EP20, referring to PP, were added PP-b-EP 0%, 5%, 10%, 15%, and 20%, respectively.
" Ramp rate = 40°C/min both heating and cooling; heating 1 ~ cooling — heating 2 from —60° to 200°C, AH = k] /g.

were coated with gold particles by ion sputtering de-
vice to provide electrical contact for the specimens.

Dynamic mechanical properties of blending poly-
mers were characterized, using Perkin-Elmer DMA-
Pyris Diamond. The entire experiment was operated
at 1 Hz in tension mode over a temperature range of
- 140°C to 150°C with 1.5°C/min; sample sizes were
10 x 50 x 0.5 min, using liquid nitrogen as the cryo-
genic medium.

The molecular weight and molecular weight distri-
bution were finally determined using gel permeation
chromatography (GPC, Waters 2000) with Styragel
HT6E column at 135°C with 1,2 4-trichlorobenzene as
the solvent.

RESULTS AND DISCUSSION
Synthesis of copolymer

Figure 1 shows a typical ""C-NMR spectrum of the
synthesized PP-co-EP (polymer 5). The chemical shift
assignments for C resonances are similar to those
reported by Fukui et al.° The mole fractions of pro-

pylene/ethylene unit (P/E unit) in the block copoly-
mer were determined as 37/63 mole% from the peak
areas of methylene and methyl carbons.”>"** From the
BC-NMR spectrum, the peak at 21.61 ppm showed
the characteristic of propylene (P) that has the ethyl-
ene (E) laid in the adjacent of PPPPE, indicating the
cooperation of E in the P chain. Because only the pure
propvlene was allowed in the reactor at the begin-
ning, the first polymerization product in the reactor
was the propylene pure chains only (for a duration
of 10 min) The second step of polymerization allowed
E to react in the reactor for a duration of 30 min,
so that the discovered E incorporated in the P chain
would support the formation of the block copolymer
of PP and EP in the second stage. This shows that
at least some of the PP chain will survive through
the second stage of the reaction, with E incorpora-
tion as the consequence. Unfortunately, because of
the batch reactions, the variation in the partial pres-
sure of propylene and ethylene changed with time
during the synthesis prevailed against the exact quan-
titative calculations of the cooperation of E in the P
chain.

Heat Flow Endo Up

EP10

EPOS

EP0OO

-40 -20 0 20 40 60

80 100 120 140 160 180

Temperature (°C)

Figure 3 DSC curves of EP00, EP05, EP10, EP15, and EP20.

Journal of Applied Polymer Science DOI 10.1002/app
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T, of PP according to the incorporation of E in these
systems also supports the incorporation of E onto PP
chains without substantial termination of the active
site of PP.

In polymer 6, only the P was allowed in the reactor,
and the polymer formed is the PP only. Because the
time for PP to react is the same as other samples
before the supply of E to the reactor, the polymer
formed will represent the PP chains before the cooper-
ation of E. The clear Ty of PP was observed at ~9°C,
which was clearly higher than the T, of the corporate
polymer with E. The molecular weight of PP6 and the
T confirm the high quality of PP produced. If we fur-
ther corporate E onto this PP, the polymer formed will
have substantial characteristics of PP. Moreover, the
higher T,,, of pure PP in polymer 6 than in the other
cooperation of E samples shows that the crystals of
pure PP were affected by the cooperation of E, and no
clear separated peak T, for pure PP was observed
again after cooperation with E.

According to the DSC results, the appearance of the
rubbery phase of the block copolymer can be seen in
SEMs of polymer fracture [Fig. 2(a)]) The minor phase
of EP can be seen as the phase separated droplets in
the fracture surface picture. In the pure PP micro-
graphs [polymer 6, Fig. 2(b)], the droplet characteris-
tics cannot be observed. These appearances support
the DSC results that represent the two phase charac-
teristics.

Polymer blend

The influence of PP-b-EP incorporated in commercial-
grade polypropylene on Tg, Ty, and T, of polymer
blend is shown in Table II. The suffix number at the
name of the blend stands for the weight percentage of
the PP-co-EP added to the blend. As can be seen, T,
value decreases with an increase of the PP-b-EP con-
tent (from 0% to 20%), while Ty, and T, values are not
clearly affected. Generally, T represents an amot-
phous part of polymer. The T; value of pure polypro-
pylene is approximately 0°C (EP00) and the T of the
blend with PP-co-EP decreases with the increase of the
PP-b-EP copolymer content.” The T, of polymer blend
ranges from that of PP and synthesized PP-b-EP. The
Tm and T, results suggest that EP molecule does not
substantially affect the crystallinity of polypropyl-
ene.'® Moreover, AH indicated the crystallinity of
polypropylene. It was found that AH decreased with
an increase of PP-b-EP content. Thus, the addition of
PP-b-EP can reduce the crystallinity of polypropyl-
ene.’” Qur results confirm the previous work on the
blend of PP and EP;”**17 thus, our PP-co-EP can affect
the properties of the PP like other references but is
better in that it has an easier preparation. Figure 3
shows heat 2 DSC curve of PP (EP00) and polymer

blend in which the T,,, of the polymer blend was simi-
lar to PP.

Figure 4 shows the effect of PP-b-EP on the dynamic
mechanical properties of the polymer blend. The
result indicates that both PP and peolymer blend have
similar values of E within the range of —140-150°C
[Fig. 4(a}]. As shown in Figure 3(b), the E of polymer
blend is higher than PP at a temperature of < 0°C.
This means that the polymer blend can dissipate more
energy than pure polypropylene (EP00) at low tem-
perature (< 0°C). Figure 4(c) shows the value of tand,
which is determined by E”/E’. The tand of polymer
blend is higher than that of the pure polypropylene. It
can be said that the toughness of the polymer blend
increases within the range of low temperature, while
PP-co-EP only presents in the polypropylene blend. In
addition, the Tp peak, ascribed to glass transition in
amorphous part, is present in polymer blend [Fig.
4(c)]. The broader Tj peak resulted from the incorpo-
ration of EP molecule in the amorphous PP region.'
Moreover, the T of E at ~ —100°C was not observed.
This may suggest that the samples have too small an
amount of PE molecules generated in amorphous
phases to be detected by DMA.

As shown in Figure 5, SEM confirmed that the poly-
mer blend has greater toughness than PP. From the
room temperature fracture surface of polymer blends,
these pictures show a rubbery morphology in addi-
tion to the PP matrix. The blends have an additional
rubbery phase that stretches and binds the PP to-
gether. The more PP-co-EP added, the more the
stretched rubbery phase can be observed. This rub-
bery phase might be responsible for the low-tempera-
ture toughness of the blends.

CONCLUSION

The results presented show that the PP-co-EP can be
synthesized by a simple method. The ethylene content
in the copolymer chain increased while increasing the
ethylene fed pressure. The *C-NMR result indicated
incorporation of ethylene in the propylene chain, DSC
and SEM showed the rubbery material of the copoly-
mer resulting from lowering the T, of the blends fur-
ther than the T, of pure PP in the copolymers. The
convenient condition shown in the present work for
the synthesis PP-co-EP is 30 psi of propylene feeding
and 70 psi of ethylene feeding pressure at a 10°C
copolymerization temperature. The results of PP/PP-
b-EP blends show a relationship among the PP-b-EP
content with toughness, T,, and crystallinity. DSC,
DMA, and SEM indicated that the PP-b-EP included
in the amorphous region of PP and the polymer
blends have lower T, and crystallinity, but higher
toughness, than commercial-grade PP within the low-
temperature range. We can conclude that PP-b-EP is a

Journal of Applied Polymer Science DOI 10.1002/app
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good rubber toughening agent for polypropylene
reinforcement at low temperature that can be simply
prepared, using the method described.
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Interfacial Adhesion Enhancement of
Polyethylene-Polypropylene Mixtures by Adding
Synthesized Diisocyanate Compatibilizers
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TABLE ]
Characterizalion of Polymer

Healing 1 (°C)"

Cooling ("C)™ Heating 2 (¢

Polymer Mw® (2107Y MwD* Ty s Ty

AHy Tal -Tw AMy Ten Twx T, AW

PEOM 11732 7.5 145 Nd Nd
PPOH 395 8.7 Nd 156 -5
PE-b-PE Na Na 135 Nd Nd
rrb-rp Na Na o3 158 -7
PE-b-PP 583 15 130 153 —~6
PE/PP 324 n.1 135 151 -6
A%PEDIY MNa Na 136 163 Nd
GRPENPP Na Na 138 166 Nd
12%PEbIPP Na Na 138 165 Nd
2L PEDPP Na Ma 137 164 MNd

1814 110 Nd 123.6 137 Nd Nd 1188
a7 100 Nd 58.8 Nd 154 ~5 51.4
2554 108 Nd 83.2 132 Nd Nd 81
325 102 Nd 28.7 Nd 153 -8 297
717 113 120 96.7 129 152 -7 B3
658.3 a8 110 671 135 151 —b (4.7
131.6 11 Nd 133.7 134 1641 Nad 137.3
137.9 10 Nd 1347 ] Jend Nd 157.8
122.9 s Nd 1223 136 163 Nd 1223
1199 119 Nd 120:5 136 16l Nd 113.9

Na, not-available.
Nd, not detected.

* Determined by gel permeation chromatography, PS standard.

* Determined by DSC, AH = (1/g).

of the melted blend of pure PE/PP is lower than all of
the PE-b-PP addition samples, and this implied that
the cystallinity of melted blend of pure FE/PP is
mceeased when added with PE-B-PP. In other words,
the copelymer enhanced the crystallization of both FE
and PP in the melted blend of PE/PP. From the high-
est AH, the largest percent of crystallinity is at 6% PE-
b-PP in PE/PP. This may result in the best mechanical
properties because of the formed crystal and contrib-
ute to the highest tensile strength. In addition, portion
of T,, that represented the PP erystal in PE/PP were
increased from pure PE/PP in all the composition of
added PE-B-PP. Usually, T, describing the quality of
crystallinity in polymer blend form crystalline and
decrease the entanglement in polymer blead), This

can be concluded that the-addition of our PE-D-PP al-

ter both the quality and'quantity'of the erystalliniéy of *
PE/PP.

The chain structure of polymer blend and block co-
polymer was studied by DSC analysis of crystalline-
sepregated samples. After stepwise annealing of the
samples at different temperatures, the Jong PP and PE
segments can form crystalline lamellae of different
thickness according to their sequential lengths, and
these lamellae will melt at different temperatures.*
By recording the endothermic curves of the polymer
blend and block copolymer in a DSC scan, we are
able to identify the sequential contribution of PE/PP
blend and effects of the synthesized PE-b-PP in crys-
taliinity of PE/PP.

The T, of the block copolymer should exhibit the
glass transition of each of the respective homopolymer
component as same as polymer blends."*'* According
to Table I, the T of PPY around —5°C indicate the
cooperation of PP in the compatibilizer. Unfortunately,
because of the low T, of PE at —110°C,' it cannot be
detected in these DSC experiments. However, the crys-
talline melting characteristic of PE-D-PP shows the com-
bination characteristics of both PE and PP. The melting

Jowrnal of Applied Pelymer Science DOI 10.1002/app

peak at about 130-T40°C corresponds to the melting
temperature of PE crystal and the peak above 140°C
correspends to the melting temperature originate from
PP crystal. The appearance of the curves of PE/PP
blend and PE-b-F'P is similar. In the cases of adding PE-
PP to PE/PP blend, the melting temperatures of PP

in PE/PP increase about 10°C (as shown in Table 1).

This may confirm the appearance of the synthesized
PE-B-PF and the consequence of the addition of block
copolymer:.

Morphology

Acm;ﬁ?ﬁg o SEM picturg, it clearly shows the differ-
ences of the rough surface particles and the bridge
formation with PR'matrix of PE/PP blend, which con-
tinuously changed according to the concentration of
PE-b-PP. The addition of PE-b-PP to PE/PP blend viv-
idly shows the smaller phase particles size as increased
concentrations. Many studies'® " on polymer alloys
have shown that for multiphase polymer systems, the
toughening effect is determined by two factors. First,
the smaller the particles and the narrower the particles
size distributions are, the better impact the strength is.
Second, the stronger the adhesion between particle and
the matrix, the betier is the impact properties.

The SEM micrographs of compatibilized PE/PP
blends (3, 6, 12, and 20% PE-b-PP) are shown in Fig-
ures 2 and 3. Figure 2 shows the tensile fracture of
PE/PP and compatibilized PE/PP, while indicated
that the interfacial adhesions, and therefore the com-
patibility of the PE and PP phases is better than the
uncompatibilized PE/PP. In room temperature frac-
ture experiments, the PE is in the form of tough rub-
bery polymer compared to PP. These might be shown
as the stretch rubbery structure in the blends. The
cryogenic fracture of the similar blends in Figure 3
will result in the clear domain size because at the
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Figure 2 SEM of tensile fracture surface of (a) PP, (b) PE/PP blend, (c) PE/PP+ PEbPP3%, (d) PE/PP+ PELPP6%, (e}
PE/PP+ PEbPP12%, and (f) PE/PP+ PEbPP20%.

cryogenic temperatuse both PE/PP are in the glassy In Figure 3, the cryogenic fracture of PE/PP and
states and the fractures cut directly to the cross sec-  compatibilized PE/PP indicated clearly decrease in
tions of the segregation size in the blends. domain sizes (dispersion of PE in PP} and finer parti-
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wile strangth and the: elosgation ot break incransed,

These show thm the addiion of PE--PP o PE/PP
FE iy the relnioroemistit ol 'Puij'lﬂl!f b}p‘ |evcriska-
by, ihe anieriics] ndbicsia 1
6% PE-L-PP in PE/PP, the B
blend ocourred, whichiresulted, (rom
and toughness of the spmples. Thus, the
erties of PE-S-FP i PE/PPF were in agrecnsent with
A0 sesnlis a8 we diseussed sarfler that the 6wl %
PR has e most cenforcement chamclermsbics.
The reasans of d irneile atrength and hongn-
fion at break at 12 and 20% PE-»-PP conients might be
Bovibie of thelower percent orystal In the sampies io-
ﬁult‘u-r wlih the increase of PE. PP pure froom FE--PP
yiit have ithe higher moloculsr weight than the com-
mercinl PE/PP, The nmount of high moleciilar weight
might result in the more Incompatibie of PE/TP. As

5

usial, the portion of high mobecular weight in the
bl will resull in phise separation of the high mo
eculnr welght: specics easier than thir low modecalar
welghi portions" The SEM reguilis supporbed whil
can b found in tensile fosfing. As the consdquence,
this can be concluded that the addition of ver FE-b-
P will hisve the optimuim at 6 wi 5 PE-PP.

COMNCLUSIONS

A pew synthesls method of FED-PP copolymer by
converling the H-terminated chain ends o hydnsoyls
tormiatéd ones and blocking with dilgocyinate i
periormed by the effective compatibilizer for immisci
Ele blewl of PE/TT. The diisocyanale linkages of PE-
bPT copolvinens were confirmed Ly IR which indi-
cated that PE-I-PH copalymers oeciirred 1 the Block-
ing ronction. The effects of PE-B-FP copolymers on the
muorphology of PE/FT blends were invistigaled by
BEM with image analysis The presence of the bloeck
ciopilymer dramatically reduced the phake sz, Fup-
thermore, the mechanical prispertics, sich s sl
strongily clohgation at break, and crvetallinity, have
Leen imprived because of PE-PP copulymers, The
phasgbinding phenomeéna happenad booaisse the PE
LT contained PE and PP ammments, which; atinched
angd bounad the PESPP segregato phase blend,; lending
i superior propertios vis changing morphology than
it normal mixkng blend without PE-D-PF. As con-
firmed by DSC, the compatiblized blends showed the

i i cystallinity peree . The optimiim £on-

den itiger is PE--FP, which shows.
LS ! s DEC, ensile tests, and
SEM resy -

The midhisr thanks the Banphok Polveibylene for the GPC
chaticterizatime and thank the MNalieal Pobrochamicsl for
supplying the sthylee and propylen gie, Fisrthorinon
we liké b thank MEKTEC manulocturing (Tholland) for
apparting the charncterice sqitiprends, and Wi Mongna-
el for (8 analysis

Heferences

L Pakal, T Vansen, C. B Tocke, O & Toban Eng 5o 1500, 13,

i

2. Tha, 1) W Rankine AL Kenm, [0 CAS Palym Tl 1954 13,
7. Bhanka, B, A 1, 1o Chem, F2 Amasasinghe. LD Ol | Py
4, Radapmie, £ Cabuljak, & Mocronol Maber Bng 2007, 157, 120
8. Androsjusiling A G vt sl | Merromaf S5 Pace 10089, 36, 511X
. Vaocara, 1L, Ditniodeitn AT Husag, 5% 11 Appl Folpn Sci
7 Wang M, B Wang, B e, Lo BEl YW W | R et Hail-
oo A, T,
& Bt $) Biilving § | e Fodyen | 2062, 24, 2798
i, Clansie, M, O A= F ] App Tobim S 001, 80, FHS

Jorrrmd of Appiind ol Science DO 1001002/ app

TABLEN 1
Enmlh_‘n_rr ol Medhapical Propesies a e
Modohe . Temale sivegih
Hample {MEPA) i) Elnginmon )

PRAE e A4 2246 2

by T TEL19 ﬂg :13 FueE, i, 5N
L o T4 . %

I EdP G 7158 Bl ey Loningros
AL BRLIY TLEa - 119

W 4048E - Dwo AG@G7 (vee 00234

ity 2P ad ucdla AP PANOLAI0GNT 1 A2 AB U CZAPPRIT 132

ALY



J I ZBE Customer A ID: 25945 Date: 15-FEBRUARY-07 Stage: | Page. B

8 UBONNUT, THONGYAL AND PRASERTHIDAM
10. Ubonnut, L. Masters” Thesiz, Chulalongkorn University, Bang- 16. Jiang, B. Z.; Uhlmann, D. R Sande, ). B. V. ] Appl Pelym Sci
kok, Thailand, 205, 1985, 30, 2485.
1L Starck, ' Polvm Int 1996, 40, 111, 17. Yang, D. C: Zhang, B. L; Yang, Y. K; Fang, Z: Sun, G. F.
120 Allport, 12O janes, W. H, Eds. Bleck Copolymers; Applied Polym Eng Sci 1984, 24, 612
Science Publishers: London; 1973; Chapter 4. 18. Van Gisbergen, J. G. M.; Hoeben, W, F. L. M., Mejjer, H. E. H.
i3. Noshay, A., McGrath, ], E. Block Copolymers, Overview and Polymer 1991, 31, 1539.
Critical Survey; Academic Press: New York, 1977; Chapter 5¢. 19. Jiang, M. Physical Chemistry in Polvmer Alloys; Chengdu,
I Frank, H- P Polypropylene; Gardon and Breach: New York, 1968, China: Sichuan Educational 'ress, 1988.
15. Baldwin, E. P.; Ver Strate, G, Rubber Chem Technol 1972, 45, 709, 20. McMaster, L. P. Macromolecules 1973, 6, 76().

Jerwrnal of Applied Polymer Science DOI 10.1002 /app

iD. 40456 Doto: 15/2/07  Time: 00:34  Path: J:/Production/APP#/VOL00000/070132/3BZICZAPP#070132



[

-
|

J

TR

Korean Chem bng., 24(3), 397302 (2007

Synthesis of nanocrystalline alumina by thermal decomposition of aluminum isop¥époxide
in 1-butanol and their applications as cobalt catalyst support
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Center of Excellence on Catalysis and Catalytic Reaction Engineering, Department of Chemical Enginecring,
Faculty ol Engineening, Chulalongkom University, Bangkok 10330, Thailand
*Department ol Chemical Engineering, Faculty of Engineering and Industrial Technology,
Silpakorn University, Nakom Pathom 73000, Thailand
(Received 21 August 2006 = accepred 13 November 2006)

Abstract—Nanocrystalline alumina powders were prepared by thermal decomposition of aluminum isopropoxide
(AIPY in J-bwanol at 300 °C for 2 h and employed as cobalt catalyst supports. The crystallization of alumina was found
10 be influenced by the concentration of ATP in the solution. At low AP content, wrinkled sheels-like structure of 3
ALO, was formed, winle at hugh AIP concemrations, line spherical panicles of 7=ALO; were obtained. It was found
that using these fine particles alumina as cobalt calalyst supporis resulted in much higher amounts of coball active siles
measured by . chemisorption and higher CO hydrogenation activities.

Key waords: Nanoorystalline Aluming, Thernal Decomposinon, Coball Catalyst, Solvothermal Method, CO Hydregenation

INTRODUCTION

Alumina powders are very interesting crysiallme materials with
broad applicability as adsorbents, coatings, sofl abrasives, ceranic
tools, fillers, wear-resistant cormmics, calidysts, and catalyst sup-
ports |1,2]. Because ol ther line particle size, high surface area,
high meling pont (above 2,000°C), igh purity, good adsorbent,
and high catalytic activity, they have been employed in @ wide range
of large-scale technological processes [34].

Various transition alummas (@ 3 z, & 7 and &) have been pre-
pared by different methods, such as sol-gel synthesis | 3,6], hydro-
thermal synthesis {7}, mictowave synthesis [8], emulsion evapora-
tion [9], plasma teclmique [10]. and solvothenmal synthesis [11-
18]. Among these methods, solvothenmal synthesis aitracts the most
altention because it gives the products with small umtorm mor-
phology, well-controlled chemical composition, and namrow size
distribution. Furthermore, the desired shape and size of particles
¢can be produced by controlling process conditions such as solute

concentration, reaction lemperature, reaction time, and the type of’

solvent (19,20}, For example, Bemtsen et al. [21] described a sim-
ple route to high surface urea nanostuctured MaS, based on the
decomposition of cluster-based precursor (NH LMo S, oxH.O in
toluene at 380°C. It was found that solvothenmal decomposition
resufted i nanostructured material distinet from that obtained by
decomposition of the precursor in sealed quartz wbes @ the same
temperature. Wang et al. [22] prepared nanocrystalling tituva in al-
cohols under solvothermal conditions at 100 °C for 24 h. The selec-
tion of crystal structures, grain sizes, and morphologies was achigved
by simply varying the alcohols and other reaction conditions.
Almmina prepared by the solvothemial methiod is considered high
thermal stability. In our recent works [23-26), nanocrystalline tran-
sition alumina with micro spherical particles and high thermal stabil-

"To whom correapondence should be addressed.
E-mail: piyasan, piachula.ac.ih
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ity has been synthesized by decomposition of aluminum isopropoxide
(AlP) under solvothermal conditions. The mechanism of the pro-
cess mvolves the formation of amorphous complexes before fur-
iher decomposition 1akes place. Inoue ct al. {27 prepared siica-
modified alumna by the reaction of AIP und tetmethyl orthosili-
cate (TEOS) in 1 4-butanediol 30 eC The ]':r&iucls were found
K maintam farge surface areas afier caleinanon at high temperature.
In 1his stucy, the influence of concentration of aluminum isopro-
poxide in {-butanel used in the preparation of nanocrystalline alu-
mina by solvothermal method on the properties of alumina powders
and alumina supported coball catalysts was investigated by osing
various characlerization fechmques such as XRD, BET analysis,
CEM, SEN, EDX, L, chenmsorpion, and temperature-programmed
recduction. The eatalytic actvity of the catalysls was tested in car-
bon monoxide hydrogenation at 220 °C and atmospheric pressure.

EXPERIMENTAL

1. Catalyst Preparation
I-1. Preparation of Nanocryslalline Al (),

A selected amount of alwminum isopropoxide (Aldrich) (10-35 g)
was suspended in 100 mi of 1-butanol (Ajax Finechem) in a test
tube, which was then placed in a 300 mi auteclave. In the gap be-
tween the test wbe and the antoclave wall, 30 mi of 1-butano] was
added. The atmosphere inside the autoclive was purged completely
with nitrogen. The mixture was heated o 300°C at a heating rate
of 2.5 °C/min and was Kept at that temperature for 2 h. Alter cool-
ing 1o room temperature, the resulting powders were collected after
repeated washing with acetone by centrifugation. They were then
air-dried. The calcination of the products was carried out 1n a box
fumace by heating up 10 6007°C at a rate of 10°C/nin and held at
that femperature for 1 h.

[-2. Preparation of ALO,-Supported Co Catalysts

The Co/ALO, eatalysts were prepared by incipient weiness im-

pregnation of ALO, with a desired amount of an aqueous solution
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of cobah mitrate [Co(NO,)-6HL.O] (Aldrich), The Tinal loading of
the catalysts was determined by atomic absorption spectroscopy
(Varan Spectra AROD) 1o be ea. 10w1% coball. The calalvsts were
died @ 110°C for 24 hand calemed inair at 300°C for 2 h using a
ramnp rate of 1 "Crmin,
2. Catalvst Nomenclalnre

in this study, alurmina and alumina-supported cobalt catalysts are
referred 0 as Alsx and Co/Al=x, where x is the amount (g) of AIP
iised in the preparation of alumina powders. For example, Al-10
and Co/Al-10 refer to ALO; and Co/ALO, catalyst prepared with
i0g Al
3. Catalyst Characterization

XRD patterns of the samples were collected with a SIEMENS
12-5000 X-ray diffiractometer with Cu K, radiation {(A=1.54439 A).
Fhe spectra were scanned al a rate of 0.04%5tep from 20=15" 1o 807,
BET surface areas were calculated by using the BET-single point
method at Jiquid N, temperature. Transmission electron microscopy
{TEM) was performed with a JEOL JEMI1220. SEM and EEX were
performed with a JEOL JSM-35CF scanning electron microscope
in the back sealtering electron (BS1E) mode al 20 kY, EDX was per-
formed by using Link Isis 300 software. Static 11, chemisorption
was camied out on the reduced cobalt catalyst samples at 100°C
according to the method desenibed by Reuvel and Barthedomew | 28]
hy nsme a Micromeritics Pulse Chemisorb 2700 system. Prior to
H. chemisorption. the catalyst samples were reduced at 350°C in
flowing Il for 3 b Tempemture-programmed reduction (TPR) was
performed by using an in-howuse system. Approximately 0.1 ¢ ol
the catalyst was placed 1 the middle of a siainless steel reactor, A
femperatire amp from 35 to 600°C at a ramp rate 5 "C/min and
the reducton gas 5% H, in Ar were used. A thermal conductivity
detector (TCDY was used to determing the amount ol hydrogen con-
sumed. A cold trap was placed before the defector fo remove water
produced during the reduction. The hydrogen consumplion was cal-
ibrated by using TPR of silver oxide (Ag.0) at the same conditions.
4. Reaclion

CO hydrogenation was carried oul i a fixed-bed quartz reactor
under differential reaction conditions {-<10% conversion) at 220 °C,
Fatm total pressure, and FLACO=10/1. The otal flow rate of H.,
CO/Ar was 80832 ce/min. Typically. 0.1 g of the catalyst sample
was redoced arsite in flowing H, (50-cefmin) at 350 °C for 3 hprior
to CO hydrogenation. After the startup. samples were taken in §-h in-
lerval and analyzed by gas chromatography. Steady state-was reached
within 6 h inall cases.

RESULTS AND DISCUSSION

1. Effect of AIP Concentration on the Properties of AlQO,
Fig. | shows the XRD pattems of various alumina powders ob-
taned from thermal decomposition of AIP in 1-butanol after calei-
nation al 600°C for 1 h. XRD patterns of ALO, show strong dif-
fraction peaks at 31°, 33°, 38°, 43%, 47.5", and 68° (according to the
JCPDSs ditabase). It was found that when lower amounts of AIP
were used, only paluming was formed as seen by the XRD char-
aclenstic peaks at 26337 according to the JCPDSs database. The
XRD charactenistic peaks of z-alumina were observed at 2054257 for
the ones prepared with AIP 25 and 35 g. The intensity of 3-akimina
peaks became stronger with increasing amount of AP content. Tt
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is midicated that merensing AP content during the synthesis resulted
in formation of mixed phase between palumina and y-alumina. The
crystalhization process of alumina was probably affected by the a-
mounts of AIP in 1-butanol.

: 'f_j-: r--f\lumiu_s_
| 1= r-Alnminza

Intensity {w..)

15 18 18 45 55 B s
Degrees {26)
Fig. 1. XRD patterns of various nanocrystalling aluming prepared

by the reaction of ALFP in 1-butanol at 300°C for 2 h (after
caleinations at 600 °C for 1 h).

Fig. 2. TEM images of alwmina obtained by the reaction of AIP in
F-butanol at 3M°C for 2 h with different amounts of Al |
{a2) AU (D) A5 (03 AL25 (d) AL3S,




Table 1. The physical and chemical properties of ALO, supports

_S;E‘];Iplt:&‘- Amounts of AITE:,T;-)_ " SI-II'I‘.\'-ILI' :'m:zl-lm"fgj'
Al-10 10 70
Al-15 i5 120
Al-25 25 139
Al-33 35 145

‘Error of measuremeni=+ 5%

TEM images of alunmsing powders prepared with differern amounts
of AP are shown in Fig. 2, For the enes prepared wath lower amiounts
ol AIP, Al-10 and Al-15, the wrinkled sheets morphology was ol-
served. They were found 10 be stmilar to those obtained fivm the
formation of yalumina by decomposition of glycol or atky] deriva-
tives on boehinite [26.27]. As the amounts of AIP increased. the
wrinkled sheets morphology became less apparent and spherical
particles were observed. The presence of spherical particles was prob-
ably due to the formatizn of zalurming, which is normally tormed
by thermal decomposiion reaction of AP in inert organie solvents
at 300°C [23-26]. TEM resuls were i good agreement wity dwe
XRD patterns that a mixture of jalumina and zalumma was ob-
served when AIP concentration increased.

The phystcal properties of the alumina products are simmarized
in Table 1. The BET surkiace arcas increased with inereasing Al
concentration as a result of marphology changing ron winkled

sheets struchare 10 small sphencad particles: BET swrfce area ol

the AL-35 (145 m’/g) was found 1o be twice of that of Al10 (70 mY/
o). Similar trend was observed for the bulk density of the alumina
powders. The bulk density increased with increasing AIP contents.

Mechanism of thermal decomposition of AIP i alcohol has been
proposed in our previous works [23.26] mvoiving three compeli-
tive reactions. First, A1l reacted with 1-butanol vielding aluminum
butoxide, which decomposed further 1o give the alkyl (butyl} deriv-
ative of boehmite, Second, 1-butanol can be dehiydrated 1o give water
which then hydrolyzes slumimum sopropoxide or butoxide yielding
paeudobochmite. Finally, the direct decomposition of aluminum al-
koxide in organic solvent, which proceeded slovwest, gave z-alu-
mina. In the present work, at low AIP content, bochmite was prob-
ably the main product and alamina was oblained afier calemation
at 600°C for | h. The moemphology of the bochmite products ob-
tained via solvothenmal reaction was wiinkled sheets [ 23,26, which
was also similar 10 those of alumina decomposed from. How-

ever, when the amounts of AIP in |-butanol increased, formation of

Jealumina from direct decompeosition of AIP in the solvent occurred
as the main reaction.
2, Characteristics of Co/ALO, Catalysts

The XRD patterns of cobult catalysts supported on alumina pre-
pared with various amounts of AIP are shown i Fig. 3. The XRD
patterns of the Co/ALO, catalysts were not significantly diflerent
from those of alumina supports. No XRD peaks of Co,O, or other Co
compounds were detected. This indicates that cobait was present in
a highly dispersed form on alumina even for cobalt loading as high
as [0 w% [29].

SEM and EDX were performed m order 1o study the momphol
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. ﬁ_-l.l.!-gdcl.lf-ii_\' (g/fem’y’

Morphology e

(.3824 Wrinkled sheets

0.3858 High amount of wrinkled sheets

03928 Wrinkled sheets and small amount of
spherical particles

0.5238 Small amount of wrinkled sheets and

high amount of spherical particles

0 = y-Alumina
O = y.Alumina

Ca/Al-35

Co/Al-25

i o}
: (9

ColAl-10

Intensity (a.u.)

15 15 35 43 58 65 75
Degreos {20) 2
M
Fig. 3. XRD patterns of Co/AlL(, catalysts with different amounts
of AIR

ogy and elemental distibution of the catalyst samples, respectively.
Typical SEM micrographs of Co/ALL), calalysis are shown i Fig.
4. There was no significant change in morphology of the catalyst
samples due to the effect of AIP concentrations in 1-butanol used
in the preparation process. The white or light spots observed in all
figures ¢an be attribuled to the cobalt patches distributed on the ex-
ternal surface of catalyst granules, Fig. 5 shows the SEM mico-
graphs and the EDX mapping of the cross-sectioned Co/Al-35 cat-
alyst granule. The distribution of cobalt was found 1o be well dis-
persed throughout the catalyst granule.

The relative amounts of active surface coball on the catalyst sam-
ples were caleulated from L1, chemisorption expeniments at 100°C
according 1o Reuel and Bartholomew [28]. It is known that onfy
surface cobalt metal atoms are active for CO hydrogenation, not its
oxide or carbide [30]. The H, chemisomption results are reported in
Table 2. The amounts of H, chemnisorption increased from 0.90 to
20.65 pmolg cat., with increasing amount of AIP in 1-butanol used
it the preparation of the alumina supports from 10 to 35 g 1tis likely
that the increase in the relative amounts of active cobalt metals was
due 1o the formation of the small spherical particles of palumina.
As also seen in the Table 2, the amount of H, chemisorption of Cal
Com-Al (1338 pmol/g cat), prepared fom the commercial #alu-
mina which the crystal shape of alumina was spherical (the results
wias not shown), was befter than solvothermat-made Co/palumina
{0.90 pmol/g cat) but lower than Co/z-alumina (20.65 pumol/g cat).

Korean J, Chem, Enp{Vol. 24, No. 3)



Fig. 5. SEM micrograph and EDX mapping of cruss-sectioned Co/Al-35 catalyst eranule,
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It was again confirmed that the spherical morphology of the alu-
mina support is important in achieving a higher amount of active
cobalt metal.
3. Reduction and Catalytic Behaviors of Co/ALO, Catalysts
Temperature program reduction (TPR) 1s a powertul tool for stud-
ying the reduction behavior of the catalysts. The TPR profiles of
various nanocrystalline alumina supported cobalt catalysts are shown
m Fig. 6. All the catalyst samples exhibited two main reduction peaks
which could be assigned to the two-step reduction of Co,O,: first
reduction of Co,0, to CoO and then the subsequient reduction of
Co0 to Co’ [31]. The two reduction steps may not always be ob-

Table 2. The characteristics and H, chemisorption of cobalt cata-

lyst

Catalyst Surface area  Amount of H. chemisorption

samples (m¥g)" (pmol/g caty”

Co/Al-10 6l 0.90

Co/Al-15 87 . 2.29

Co/Al-25 108 7.58

Co/Al-35 114 20.65
Co/Com-Al* 145 13.38

“Error=+5%, as determined directly.
*Commercial yalumina, BET surface area of alumina 230 m¥/g.

Co/Al3s |

|

|

Co/Al-10 |

H, consumption (a.u.)

0 100 200 RIUY 400 500 6y
Temperature ("C)

Fig. 6. TPR profiles of the catalyst samples.

served as separate peaks in TPR profile [32}, as seen in the Co/Al-
35 sample. A wide range of variables such as metal.particle size
and metal-support interaction have an influence on the reduction
behavior of cobalt catalysts resulting in the observation of different
locations of the TPR peaks. The TPR profiles for all the catalysts
except Co/Al-35 appeared to be not significantly different, suggest-
ing that the AIP content had little impact on the interaction of cobalt
and alumina supports. Thus, high dispersion of cobalt obtained on
Co/Al-35 was rather to be due to the formation of small spherical
particles alumina and not to the change in reducibility of the cata-
lysts.

CO hydrogenation reaction was carried out as a test reaction to
determine the catalytic activity of the catalyst samples. The results
are shown in Table 3. It is clearly seen that alumina prepared with
higher amounts of AIP in 1-butanol resulted in much higher CO
hydrogenation activities and CH, selectivities. The reaction results
confirm the amount of surface cobalt metals measured by H, chemi-
sorption.

CONCLUSIONS

Nanocrystalline alumina powders were prepared by thermal de-
composition of AIP in 1-butanol with various AIP contents. The
concentration of AIP in i-butanol had a significant impact on the
properties of alumina and alumina supported cobalt catalysts. In-
creasing amounts of AIP in the solution resulted in the transformation
of wrinkled sheet yalumina to fine spglerical particles of y-alumina.
It also gave rise to the cobalt active sites and CO hydrogenation
activities when employed as supports for preparation of Co/AlLO,
catalysts.
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Abstract

In the present study, the nanoSiO, and nanoZrO, were used as the fillers for linear low-density polyethylene (LLDPE) nanocomposites. In fact,
the LLDPE nanocomposites were synthesized via the in situ polymerization of ethylene/1-octene with a zirconocene/MAO catalyst in the presence
of the fillers. The LLDPE—nanocomposites were further characterized by means of TEM, DSC, '*C NMR and XPS. It was found that productivity
increased more when the nanoZrO, filler was applied. The similar distribution for both fillers was observed by TEM. Based on the '*C NMR
results, it appeared that the LLDPE nanocomposites obtained from both fillers were random copolymer. In particular, the resulted binding energy
and elemental concentration at surface obtained from XPS measurement were further discussed in more details.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Polymer nanocomposite; Nanofillers; Metallocene; LLDPE; XPS

1. Introduction

Polymer composites are important commercial materials
with various applications. It is known that materials or fillers
with synergistic properties can be selected to create the polymer
composites with desired properties. However, upon the signi-
ficant development of nanoscience and nanotechnology in the
recent years, nanoscale fillers have brought attraction to
research in polymer composite. As known, polymers filled
with nanoscale fillers are recognized as polymer nanocompo-
sites. Apparently, with addition of nanoscale fillers into poly-
mers, robust materials can potentially be produced due to the
synergistic effects (cooperating for enhanced effects) arising
from the blending process. In general, there are technically three
methods used to produce a polymer composite; (i) a melt mix-
ing [1-5], (ii) a solution blending [6] and (iii) in situ poly-
merization [7]. Due to the direct synthesis via polymerization
along with the presence of fillers, the in situ polymerization is
perhaps considered the most promising technique to produce

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

0167-577X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2006.07.034

polymer nanocomposites with homogeneous dispersion of
nanoscale fillers inside the polymer matrix. Based on the com-
mercial interest of using metallocene catalysts for olefin
polymerization, it has led to an extensive effort for utilizing
metallocene catalysts efficiently [8—11]. With a combination of
knowledge in nanotechnology, polymerization, and metallocene
catalysis, a promising way to synthesize the polymer nano-
composites using a metallocene catalyst is captivating.

In our previous work [12], we revealed that LLDPE nano-
composites could be synthesized via the in situ polymerization
with a zirconocene/MAO catalyst. However, our present study
focussed on further development in order to give a better un-
derstanding on how different nanoscale fillers could interact
inside the polymer matrix. Obviously, this can result in different
properties of polymer nanocomposites obtained.

2. Experimental

All chemicals [ethylene (99.96%) donated by the National
Petrochemical of Thailand, toluene (Exxon), rac-ethylenebis
(indenyl) zirconium dichloride [rac-Et(Ind),ZrCl,] from Aldrich,
methylaluminoxane (MAQO, 2.67 M in toluene) donated by the
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Table 1

Characteristics of LLDPE nanocomposites

Characteristics LLDPE— LLDPE-
nanoSiO, nanoZrO,

1) Productivity (kg polymer/mol cat. h) 1319 6924

2) Melting temperature, 7, (°C) 90 94

3) Copolymer type (obtained from '*C NMR) Random Random

4) C 1s binding energy (eV) 286.5 285.7

Tosoh Akso, Japan, trimethylaluminum (TMA, 2.0 M in toluene)
from Nippon Alkyls, Japan, 1-octene (98%, Aldrich), nanoSiO,
(Aldrich) and nanoZrO, fillers] were manipulated under an inert
atmosphere using a vacuum glove box and/or the Schlenk tech-
niques. 1-Octene was purified by distilling over sodium under
argon atmosphere. Toluene was dried over dehydrated CaCl, and
distilled over sodium benzophenone under argon atmosphere
prior to use.

The nanoZrO, filler was synthesized by flame spray pyro-
lysis (FSP) as described by Mueller et al. [13]. The primary
particle size of ZrO, was in the range of 6—35 nm. The crystal
structure consisted of the tetragonal/monoclinic phase (95/5 by
mol%). The nanoSiO, filler was obtained from Aldrich (30—
40 nm). First, 1 g of the filler reacted with a desired amount of
MAUO in toluene at room temperature and was stirred for 30 min.
The solvent was then removed from the mixture. About 20 ml of
toluene was added into the obtained precipitate, the mixture was
stirred for 5 min, and then the solvent was removed. This proce-
dure was done for 5 times to ensure the removal of impurities.
The white powder of nanoscale filler-impregnated MAO was
obtained.

The ethylene/1-octene copolymerization reaction on the
filler-impregnated MAO was carried out in a 100-ml semi-batch
stainless steel autoclave reactor equipped with a magnetic
stirrer. At first, 0.3 g of the nanoscale filler-impregnated MAO
([AllMao/[Zr]=3405) and 0.018 mol of 1-octene along with
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Fig. 2. *C NMR spectra of the LLDPE—nanoSiO, and LLDPE—nanoZrO, and
their triad distribution identification (E refers to the ethylene sequence and O
refers to the 1-octene sequence).

toluene (to make a total volume of 30 ml) were put into the
reactor. The desired amount of rac-Et(Ind),ZrCl, (5% 10> M)
and TMA ([Al]lrma/[Zr]=2500) was mixed and stirred for 5 min
aging at room temperature, separately, then was injected into the
reactor. The reactor was heated up to polymerization temperature
at 70 °C. To start reaction, 0.018 mol of ethylene was fed into the
reactor. After, all ethylene was consumed, the reaction was ter-
minated by addition of acidic methanol. After filtration, washing
with methanol and drying at room temperature, white powder of
nanoZrO,; (Si0O,)-filled polymer was obtained.

The polymer sample was then characterized using the dif-
ferential scanning calorimetry; DSC (NETZSCH DSC 200),
transmission electron microscopy; TEM (JEOL-TEM 200CX),
X-ray photoelectron spectroscopy; XPS (Shimadzu AMICUS
with VISION 2 control software), and "*carbon nuclear mag-
netic resonance; '°C NMR (JEOL JMR-A500).

| LLDPE-nanoZrO,

—_— 20 nm

Fig. 1. TEM micrographs of the LLDPE—nanoSiO, and LLDPE—nanoZrO,.
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3. Results and discussion

In the present study, we synthesized the LLDPE—nanoSiO, and
LLDPE—nanoZrO, composites via the in situ polymerization with a
zirconocene/MAO catalyst. At low amounts of the MAO impregnated-
fillers, the activities of catalyst were very low. Hence, the amount of
filler at 0.3 g which was corresponding to the ratio of [Al]yao/[Zr]=
3405 was applied. After polymerization, the white powder of LLDPE
nanocomposites was obtained. The characteristics of LLDPE nano-
composites are shown in Table 1. It was found that the productivity of
LLDPE—nanoZrO, synthesized via this specified condition was much
higher than that of the LLDPE—nanoSiO, about 5 times. This was
probably due to the strong interaction between MAO and the nano-
Si0,. The melting temperature (7,,,) obtained by DSC showed only
slight difference in T}, of the two samples. As known, images from
high resolution transmission electron microscopy (TEM) are an es-
sential component of nanoscience and nanotechnology, therefore, TEM
was performed in order to determine the distribution and dispersion of
fillers. The TEM images of the LLDPE-SiO, and LLDPE-ZrO, are
shown in Fig. 1. As seen from both two images, the nanoscale fillers
appeared as a group of spherical-like particles indicating the agglo-
meration of the primary particles. It only indicated that the nanoscale
fillers were well distributed inside the polymer matrix, but somehow
were poorly dispersed due to the agglomeration. There was no signi-
ficant difference based on the TEM images for the LLDPE—nanoSiO,
and LLDPE—nanoZrO,.

Among a number of important aspects for making a polymer com-
posite, one has to mention how the microstructure of polymer is altered
with the addition of nanoscale fillers. Technically, the nanoscale fillers
added should not affect the polymer microstructure, but only change
the physical properties based on the macroscopic point of view. It has
been known that up to now '*C NMR is one of the most powerful
techniques used to identify the microstructure of polymer, especially
polyolefins. The *C NMR spectra obtained from LLDPE—nanoSiO,
and LLDPE—nanoZrO, are shown in Fig. 2. The resulted *C NMR
spectra were assigned typically to the LLDPE obtained from the
copolymerization of ethylene/l1-octene. The triad distribution was
identified based on the method reported by Randall [14] where E refers
to the ethylene sequence and O refers to the 1-octene sequence. It can
be observed that both samples exhibited the similar '>*C NMR patterns
indicating the similar molecular structure. Upon the calculation
described by Galland et al. [15], the distribution of comonomer was
random as also shown in Table 1. This was similar to what we have
found in our previous work when no filler was added [10]. However, as
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Fig. 3. A plot of binding energy for C 1s obtained from XPS of LLDPE—
nanoSiO, and LLDPE—nanoZrO,.

Table 2
Elemental distribution on the surface of LLDPE nanocomposite and the binding
energy measured by XPS

Polymer nanocomposite Peak B.E. FWHM Atomic conc. Mass conc.

V) (V) (W) (%)
LLDPE—nanoZrO, O1ls 5333 1.386 1.79 2.37
Cls 2857 1419 98.19 97.47
Zr3d 1857 0.756 0.02 0.16
LLDPE-nanoSiO, Ols 5343 2368  29.99 32.35
Cls 2865 1.740  59.90 48.50
Si2p 104.6 1.944  10.11 19.15

seen from Fig. 2, it showed that the degree of 1-octene incorporation
for LLDPE—nanoZrO, was slightly higher.

Although '*C NMR showed that the molecular structure of polymer
did not change upon the addition of the nanoscale fillers, it cannot
differentiate interaction arising from different fillers inside the polymer
matrix. Hence, a more powerful characterization technique was neces-
sary for such a purpose. Here, we used the X-ray photoelectron spec-
troscopy (XPS) to identify different interactions inside the polymer
matrix. Since XPS is one of the most powerful techniques used for
many applications in surface analysis, so it is also interesting to extend
the use of XPS in order to probe the different interactions of the
polymer nanocomposites. A plot of the binding energy (BE) for C 1s
obtained from XPS for both LLDPE-nanoSiO, and LLDPE-nano-
710, is shown in Fig. 3. BE for the LLDPE—nanoSiO, was found to
be 286.5 eV whereas the BE for LLDPE—nanoZrO, was 285.7 eV
(Table 1). Obviously, as seen from Fig. 3, the shift of BE was observed
with different nanoscale fillers due to perhaps a different interaction
between the fillers and polymer matrix. In fact, the binding energy
between 285.7 and 286.5 eV was assigned to the C—C bond in the
polymer chain under a different environment. It must be noted that the
samples used in this study are insulators. The insulators are always a
problem in XPS due to the sample charging. The problem can be
partially alleviated, but shifts in BE of several eV can still occur in the
presence of charging. To overcome the charging problem, the samples
must be coated with a very thin layer of gold by sputtering. It is
common practice in XPS to refer the BE to the C 1s electrons that are to
be measured. Hence, the energy reference for Ag metal (368.0 eV for
3ds/») was used in this study. Besides the BE obtained from XPS, the
amounts of Si and Zr atomic and mass concentrations at surface (the
depth for XPS is ca. 5 nm) were also determined as shown in Table 2.
Surprisingly, with the same amount (0.3 g) of the nanoscale fillers
added to the polymer, the penetration of them was totally different. As
seen in Table 2 for the mass concentrations, it can be observed that only
0.16% of Zr was found at the surface. This indicated that the ZrO, filler
penetrated more deeply into the polymer matrix. In contrast, it was
found that 19.15% of Si was present at the surface. It was suggested
that the SiO, filler preferred to be located on the surface more. There-
fore, a different location of fillers in the polymer matrix would result in
a different interaction indicating the slight shift of BE of the C—C bond
in the polymer chain as seen by XPS.

4. Summary

In summary, the LLDPE—nanoSiO, and LLDPE—nanoZrO,
were synthesized via in sifu polymerization using a zircono-
cene/MAO catalyst. With the use of nanoZrO,, the productivity
increased more pronouncedly about 5 times. The distribution of
both nanoscale fillers obtained from TEM was similar. It also
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showed that both LLDPE-nanocomposites exhibited the
similar *C NMR spectra indicating that only random copo-
lymer was obtained. In particular, the XPS measurement indi-
cated only a slightly different interaction for those LLDPE—
nanocomposites. It was found that the different location of the
nanoscale fillers rendered the BE shift of the C—C bond in the
polymer chain.

Acknowledgments

We thank the National Science and Technology Development
Agency (NSTDA), the Thailand—Japan Technology Transfer
Project (TJTTP-OECF), and the Thailand Research Fund (TRF)
for the financial support of this project. We also thank Dr. Okorn
Mekasuwandumrong for providing the nanoZrO, filler used in
this study.

References

[1] C.J.R. Verbeek, Mater. Lett. 56 (2002) 226-231.
[2] R. Nawang, 1.D. Danjaji, U.S. Ishiaku, H. Ismail, Z.A.M. Ishak, Polym.
Test. 20 (2001) 167-172.

[3] Y. Haung, Y.Q. Zhang, Y.Q. Hua, J. Mater. Sci. Lett. 22 (2003) 997-998.
[4] 1.D. Danjaji, R. Nawang, U.S. Ishiaku, H. Ismail, Z.A.M. Ishak, Polym.
Test. 21 (2002) 75-81.
[5] CJ.R. Verbeek, Mater. Lett. 52 (2002) 453-457.
[6] G.B. Rossi, G. Beaucage, T.D. Dang, R.A. Vaia, Nano Lett. 2 (4) (2002)
319-323.
[7] T.K. Mandal, M.S. Fleming, D.R. Walt, Nano Lett. 2 (1) (2002) 3-7.
[8] C.L.P. Shan, J.B.P. Soares, A. Penlidis, Polym. Chem. 40 (2002) 4426—4451.
[9] K.L. Chu, C.L.P. Shan, J.B.P. Soares, A. Penlidis, Macromol. Chem. Phys.
200 (1999) 2372-2376.
[10] B. Jongsomyjit, P. Kaewkrajang, P. Praserthdham, Mater. Chem. Phys. 86
(2004) 243-246.
[11] B. Jongsomjit, S. Ngamposri, P. Praserthdam, Catal. Letters 100 (2005)
139-146.
[12] B. Jongsomjit, E. Chaichana, P. Praserthdam, J. Mater. Sci. 40 (2005)
2043-2045.
[13] R. Mueller, R. Jossen, S.E. Pratsinis, M. Watson, M.K. Akhtar, J. Am.
Ceram. Soc. 87 (2004) 197-202.
[14] J.C. Randall, J. Macromol. Sci., Rev. Macromol. Chem. Phys. C29 (1989)
201-315.
[15] G.B. Galland, P. Quijada, R.S. Mauler, S.C. deMenzes, Macromol. Rapid
Commun. 17 (1996) 607-613.



Available online at www.sciencedirect.com
.“ ScienceDirect

Materials Chemistry and Physics 100 (2006) 445-450

MATERIALS
CHEMISTRY AND
PHYSICS

www.elsevier.com/locate/matchemphys

Preparation and phase transformation behavior of
x-alumina via solvothermal synthesis

Okorn Mekasuwandumrong **, Varong Pavarajarn®,

b

Masashi Inoue®, Piyasan Praserthdam *

& Department of Chemical Engineering, Faculty of Engineering and Industrial Technology,
Silpakorn University, Nakorn Pathom 73000, Thailand
b Research Center on Catalysis and Catalytic Reaction Engineering, Department of Chemical Engineering,
Faculty of Engineering, Chulalongkorn University, Bangkok 10330, Thailand
¢ Department of Energy and Hydrocarbon Chemistry, Graduate School of Engineering, Kyoto University, Kyoto 606-8077, Japan

Received 9 August 2005; received in revised form 21 November 2005; accepted 23 January 2006

Abstract

Solvothermal reaction of aluminum isopropoxide (AIP) in mineral oil at 250-300°C over 2h duration provides x-alumina powder, which
transforms directly to a-alumina after calcination at high temperature. The mechanism of the crystallization process appears to be the initial
formation of a spherical complex which subsequently decomposes further to precipitate a solid. This mechanism is suggested by XRD, IR,
TG/DTA, SEM and TEM characterization of the powder formed. x-Alumina attains a critical crystallite size around 15 nm through accretion on
calcination and then transforms directly to a-alumina through nucleation and growth process. Direct a-phase transformation of x-alumina powders
rather than passage through k-alumina can be explained by the absence of the cation contamination and the higher crystallinity of x-alumina in

the AIP decomposition process.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Solvothermal; Direct transformation; x-Alumina

1. Introduction

Alumina is one of the most common crystalline materials
used in many applications such as adsorbents, coatings, soft
abrasives, catalyst and catalyst support [1-3] due to its fine par-
ticle size, high surface area and catalytic activity. The structural
stability of alumina also makes it an important constituent of
many protective oxides formed on the surface of high tempera-
ture metals and alloys.

There are many metastable polymorphs of transition alu-
mina, including x-alumina. x-Alumina is normally prepared by
the dehydration of gibbsite (<200 nm) [3-5]. It transforms to
k-alumina at temperature around 650—750 °C before final trans-
formation to a-alumina at 1000-1100 °C. Both transformations
lead to loss in the surface area and changes in surface properties.
Three different unit cells have been proposed for x-alumina.

* Corresponding authors. Tel.: +66 63116537; fax: +66 34219368.
E-mail address: okornm@yahoo.com (O. Mekasuwandumrong).

0254-0584/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2006.01.040

Stumpf et al. [6] suggested that y-alumina has a cubic unit
cell with lattice parameter of 7.95 A, whereas other researchers
[4] proposed hexagonal unit cells with either a=5.56 A and
c=13.44A or a=5.57A and c=8.64 A. Hexagonal x-alumina
possess a layered structure, in which the hexagonal arrange-
ment of oxygen is inherited from the structure of gibbsite
and aluminum occupies octahedral sites within the hexagonal
structure.

Recently, Inoue et al. [7-10] have examined the thermal
decomposition of metal alkoxides in inert organic solvents, e.g.
glycols, and demonstrated that various kinds of novel crystalline
product, including x-alumina, can be directly obtained without
bothersome procedures such as purification of the reactants or
handling in inert atmosphere.

Nanocrystalline x-alumina prepared from the thermal
decomposition of AIP in inert organic solvent has high thermal
stability. It transforms directly to a-alumina at the temperature
around 1150°C, without passing into the k-phase [7,11,12],
resulting in neither the loss in surface area nor the change
in surface properties. Moreover, the abrupt crystal growth
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Table 1
The physical properties of as-synthesized products obtained by the thermal decomposition of AIP in mineral oil in various reaction conditions
Reaction conditions Phase Crystallite Sger (m? g~ S (m? g~y Pore volume Mode pore
- size (nm) (cm? g’l)b diameter (nm)*©
Temperature (°C) Time (h)
250 0 Amorphous - 7 7 0.03 11.8
250 2 X-Alumina 9 192 186 0.64 13.3
250 6 X-Alumina 10.8 149 189 0.43 11.5
270 2 X-Alumina 10.2 180 210 0.52 11.5
300 2 X-Alumina 9.4 124 138 0.45 14.2

4 Calculated from the initial slope of the #-plot.
b Total nitrogen uptake at relative pressure of 0.98.

¢ Calculated from the desorption branch of the isotherm using the BJH method.

occurring during phase transformation can be effectively
controlled. Therefore, nanocrystalline a-alumina can be simply
obtained via the direct transformation from nanocrystalline
Xx-alumina. In this paper, we provide results for the reaction of
AIP in mineral oil, including morphology of the synthesized
particles and the phase transformation behavior.

2. Experiment
2.1. Sample preparation

Twenty-five grams of aluminum isopropoxide (AIP; Aldrich; >97%) was
suspended in 100 ml of mineral oil (liquid paraffin; Ajax; specific gravity
0.830-0.890; CAS No. 8012-95-1) in a test tube, which was then set in a 300 ml
autoclave. In the gap between the test tube and the autoclave wall, 30 ml of
mineral oil was added. The autoclave was purged completely by nitrogen and
heated up to the desired temperature, in the range of 250-300°C, at a rate
of 2.5°Cmin~!, and held at that temperature for the desired period of time
(0-2h). After the mixture was cooled down, the resulting powders were repeat-
edly washed with acetone and dried in air.

Parts of the product obtained was calcined in a box furnace by heating-up to
the desired temperature (1000—-1200 °C) atarate of 10 °C min~—!. The calcination
process was held at that temperature for 1 h.

2.2. Characterization

Powder X-ray diffraction (XRD) was measured on a SIEMENS XRD D5000
using Cu Ko radiation. The crystallite size was calculated from the Scherrer
equation. The value of the shape factor, K, was taken to be 0.9 and a-alumina was
used as an external standard. Infrared (IR) Spectra were recorded on a NICOLET
FT-IR Impact 400 spectroscopy using an ex situ IR technique. The thermal
behavior of the samples were analyzed on a Perkin-Elmer Diamond TG/DTA
thermal analyzer at a heating rate of 10°C min~! in a 40 mI min~"' flow of dried
air. Nitrogen adsorption isotherm and BET surface area of the samples were
measured by a micromeritics medel ASAP 2000 using nitrogen as the adsorbate.
The primary particles of alumina samples were observed by a JEOL TEM-200cx
transmission electron microscope operated at 100 kV. Morphologies of alumina
products were observed on JEOL scanning electron microscope.

3. Results and discussions

Table 1 summarizes the physical properties of obtained prod-
ucts before calcination. The products synthesized from the
decomposition of AIP in mineral oil at 250, 270 and 300 °C with
a holding time exceeding 2 h are x-alumina, while the product
obtained from heating the system up to 250 °C without hold-
ing time is amorphous. The amorphous product has much lower
BET surface area and pore volume than all crystalline prod-

ucts. x-Alumina obtained by the reaction at 250 °C for 2 h has
the highest BET surface area and pore volume. When the reac-
tion temperature is increased or the holding time is prolonged,
BET surface area and pore volume of the obtained product is
decreased by the coagulation of primary particles due to ther-
mal effect.

The IR spectra of the products are shown in Fig. 1. All
as-obtained powders show two adsorption bands attributed
to water of crystallization at 3500-3200 cm~! (v(OH)) and
1640 cm ™! (3(OH)) [13]. The amorphous powder obtained by
quenching from 250 °C shows a strong adsorption bands at
1340-1470 cm~! due to the isopropyl hydrocarbon groups [13].
As the holding time or reaction temperature is increased, the
adsorption bands due to the organic group decrease and even-
tually disappear. The characteristic bands of boehmite were
detected at 773 and 615cm™! [10] in the products obtained
from 2 h reaction at 250 and 300 °C. This observation can be
explained by the formation of boehmite by hydrolysis of AIP
with water produced during the reaction.

Fig. 2 shows the results from the thermogravimetric analy-
sis, i.e. TGA and DTA plots, of all powders prepared in mineral
oil using various reaction conditions. Two weight decrease pro-
cesses were detected from the amorphous powder corresponding
on one endothermic and exothermic process. The first decrease
in mass at around 80-200 °C, accompanied by the endothermic
peak in DTA signal, is attributed to the desorption of physisorbed
water. The second sharp mass decrease in TGA plot with sharp
exothermic peak in DTA plot at around 300 °C is attributed to
the combustion of organic moiety. The overall mass loss of this
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Fig. 1. IR spectra of as-synthesized products at various reaction conditions.
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Fig. 2. TG and DTA data of the as-synthesized products.

amorphous sample is around 45%, which is lower than theo-
retically loss for AIP decomposition (75%). It is indicated that
the starting AIP partially decomposes in mineral oil during the
heating-up process. The remaining organic moieties from the
partial decomposition of AIP reside in the amorphous product.

The nitrogen adsorption isotherms of as-synthesized prod-
ucts are shown in Fig. 3. All the crystalline samples exhibit the
hysteresis loop with type-A adsorption characteristic, which is
corresponding to the presence of two-ended tabular pore struc-
ture. On the other hand, the amorphous product shows the type-E
hysteresis loop, which is an indication for the presence of tabular,
through short pores with winded parts of various widths [14,15].
These pores are formed among the primary particles of alumina.
Fig. 4 presents the pore size distribution of as-synthesized. All
crystalline products exhibited the typical characteristic of meso-
pore system with pore size around 10 nm. It is shown that all
products have narrow size distribution.

Fig. 5 shows the morphologies of as-synthesized and calcined
samples observed by SEM. Spherical particles with average
diameter around 1.8 wm were observed in the amorphous prod-
ucts prepared by quenching the reaction after the temperature
had reached 250 °C (Fig. 5a). For the reaction with the holding
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Fig. 4. Pore size distribution of as-synthesized product.

time prolonged to 2 h, similar spherical particles in the products
can still be observed. However, the average size of the particles
decreases to 1.2 um (Fig. 5b). These particles are secondary
aggregates of nanocrystalline x-alumina. With the increase of
reaction temperature to 300 °C, size of the secondary particles
further decreases to 1 um (Fig. 5c). The results suggest that
AIP decomposes stepwise in the inert solvent during heating-up
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Fig. 3. The nitrogen adsorption isotherms of as-synthesized products.
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Fig. 5. SEM images: (a) as-synthesized product prepared by quenching reaction in mineral oil at 250 °C, (b) as-synthesized product prepared in mineral oil at 250 °C
for 2 h, (c) as-synthesized product prepared in mineral oil at 300 °C for 2 h and (d) product (b) calcined at 1150 °C.

process, which results in an intermediate complex suspending
in mineral oil. SEM micrographs confirms that this complex
assumes a spherical shape. During the holding period, the com-
plex further decomposes giving the nanocrystalline x-alumina
aggregated in form of spherical particles. The decrease in par-
ticle size with the increase in holding time and reaction tem-
perature is due to the loss of the organic moiety in the complex
by further decomposition. In this case, there are two nucleation
processes. The first nucleation process is the formation of tiny
droplets of the intermediate complex. This process is related to
the salting out phenomena. During the partial decomposition of
organic moieties, the decomposed intermediate is supersaturated
in the solution and it is salted out forming the glassy droplets.
Because the number of droplets formed in mineral oil is small,
the droplets grow and large spherical particles are obtained. The
second nucleation step is the formation tiny crystallites of x-
alumina. The morphology of products obtained in this work is
different from y-alumina obtained from the reaction in toluene
[12]. This result will be further discussed.

According to Derjaguin-Landua—Verwey—Overbeek
(DLVO) theory, the energy barrier between two particles, which

100 nm

inhibit agglomeration, is expressed as follow:

( Ak > 2
Vo = | — | + 2meperka
12

where A is the effective Hamaker constant, « the Debye—Huckel
parameter, o the particle diameter, ¢o the permittivity in the
free space, ¢, the dielectric constant of the continuous phase
and ¢ is the particle surface potential. Because of the constant
ionic strength of the solvent, g9 and « is constant, the max-
imum repulsive force estimated from the second term of the
right hand side of the equation (27‘[808rK(¥¢2) is determined
by the dielectric constant, particle size and repulsive force.
Mineral oil (liquid paraffin) is the mixtures of long straight
chain hydrocarbon produced as the bottom product from dis-
tillation. The dielectric constant of long chain hydrocarbon is
around 1.9-2 (C;3Hp3=2.02, C4H30=2.05, Ci9Hy49=2.09),
which lower than toluene (2.379). According to the quite low
dielectric constant of mineral oil, the particles become discrete
and form spherical particles. Fang and Chen [16] reported that,
for the synthesis of TiO; by the reaction of TiCly in a mixed
solvent of n-propanol and water, the spherical particles were

1 OO_nm

Fig. 6. TEM images: (a) as-synthesized product prepared in mineral oil at 250 °C for 2 h and (b) product (a) calcined at 1150 °C.
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formed in the solvent with n-propanol/water ratio resulting in
the lowest value of dielectric constant.

Transmission electron micrographs of the as-obtained pow-
der and calcined powder are shown in Fig. 6. The as-synthesized
x-alumina products are comprised of agglomerated primary
particles having average diameter around 10 nm. As shown in
Table 1, the crystallite size calculated by XRD peak broadening,
using the Scherrer equation, is 9 nm. Good agreement between
both values indicates that each primary particle observed by
TEM is a single crystal of x-alumina.

The XRD patterns of calcined product are shown in Fig. 7.
The amorphous product remains amorphous even after calcina-
tion at 600 °C (Fig. 7a). However, after calcination at 1000 °C,
v-alumina is observed. The a-phase transformation takes place
at temperature around 1150°C and completes at 1200 °C. It
should be noted that the peak at 42.5°, which is correspond-
ing to x-alumina, is not detected. This indicates that x-alumina
is not formed by calcination of the amorphous product. There-
fore, the formation of x-alumina occurs only in the inert organic
solvent. For the calcination of x-alumina obtained from thermal
decomposition of AIP at 300°C for 2h (Fig. 7b), x-alumina
transforms to a-alumina directly at temperature around 1100 °C.
No k-alumina was detected. The x-to-a phase transformation is
completed at temperature around 1200 °C. Phase transformation
sequences of products obtained from other reaction conditions
are summarized in Table 2.

After calcination, the secondary particles still remain spher-
ical with unchanged average particle size, regardless of the
crystalline phase (see Fig. 5d). Some finger-like primary parti-
cles aggregating on the spherical secondary particles were also
observed after the calcination at 1200 °C. TEM micrographs of
calcined samples clearly show two groups of primary particles
after the phase transformation. The first group is the spherical x-

Table 2

alumina particles, which do not transform to a-alumina. These
particles have crystallite size calculated from the Scherrer equa-
tion that is the same as particle size observed by using TEM. The
second group of primary particles is the finger-like a-alumina
transformed from the low-temperature transition alumina nano-
crystals via the nucleation and growth mechanism (see Fig. 6b).

The direct phase transformation of x- to a-alumina is a
specific property for powders prepared by the decomposition
of AIP in an inert organic solvent. In our previous work, it
has been proposed that the direct phase transformation is the
result from the absence of contaminating cations in crystals,
as well as high crystallinity of the synthesized product due to
the small amount of water adsorbed on the surface. Chou and
Nieh [17] have reported that the nucleation of a-alumina occurs
along (22 0) crystallographic plane of y-alumina in nanocrys-
talline oxide synthesized by radio frequency reactive sputtering
deposition. Johnston et al. [18] have reported that y-alumina
prepared by laser ablation synthesis directly transforms into
a-phase and they have attributed that the particle size of the prod-
uct is well below the grain size limit for super plastic alumina
(500 nm). Bahlawane and Watanabe [19] prepared anhydrous
alumina which transformed directly to a-alumina by sol—gel
method. Shek et al. [20] have reported that amorphous powders
prepared by oxidation of pure aluminum metal crystallize to
v-alumina, which directly transforms to a-alumina at 1370 K.
They have attributed this result to the facilitation of nucleation
of a-alumina by the strain relaxation of the transition alumina
lattice. However, relaxation of the «y-alumina structure should
decrease the energy level of y-alumina and disturb the nucle-
ation of more stable phases. Simpson et al. [21] have reported
that samples prepared via electron-beam evaporation of alumina
onto a sapphire substrate held at room temperature crystallize to
vy-alumina, which transforms into a-alumina without formation

The crystallite size calculated by the Scherrer equation and phase of the as-synthesized and calcined products

Reaction condition

Crystallite size and phase of alumina after treat at various temperatures (°C)

Temperature (°C) Time (h) As-synthesized 1000 1100 1150 1200

250 0 — (Amorphous) 6.2 () 16.5 (), 31.1 (o) 33.7 (o) —(w)

250 2 9 (x) 9.2 (x) 9.6 (x) 12.3 (x), 36.4 (o) 68 (o)
250 6 10.8 (x) 11.2 (x) 12.5 (x) 15.2 (x), 39.2 (o) 77.2 (o)
270 2 10.2 (x) 9.4 (x) 10.3 (x) 15.6 (x), 33.5 (o) 97.5 ()
300 2 9.4 (x) 10.8 (x) 14.2 (x), 39.5 (o) 14.6 (x), 41.3 (o) 44.7 (o)
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of other intermediate phases. They have attributed this result to
the epitaxial growth of a-alumina on the sapphire substrate. Ogi-
hara et al. [22] have prepared monodispersed, spherical alumina
by the controlled hydrolysis of aluminum alkoxide in a dilute
solution containing octanol and acetonitrile. They have found
that the amorphous product crystallizes to y-alumina at 1000 °C
which converted to a-alumina at 1150 °C without intermediate
phase. However, they did not give any explanation for this result.
It has also reported that y-alumina formed by thermal decom-
position of aluminum sulfate transforms into a-alumina directly
[23-25].

The crystallite sizes of calcined products are summarized in
Table 2. The crystallite size of is initially about 9—-10nm. x-
Alumina grows to 16 nm upon calcination but the growth stop at
this size even after the calcination at high temperature. At higher
calcination temperature, only a-alumina was observed. It is sug-
gested that x-alumina grows to the critical size and then abruptly
transforms into a-alumina. The result suggests that the critical
size of x-alumina, beyond which it is unstable and undergoes
phase transformation into a-alumina, is around 16 nm. Once
the phase transformation takes place, the primary particles grow
drastically and then become sluggish. The a-phase transforma-
tion is considered to occur through a nucleation and growth
mechanism [26,27]. Investigations on the phase transformation
after the crystallite size has reach the critical size have been
reported by many researchers [28-30]. Yen et al. [28,29] have
found that, during the phase transformation, there is a critical
size for 0-alumina (around 22 nm) at the nucleation stage, which
initiates the formation of a-alumina nucleus.

4. Conclusion

Thermal decomposition of AIP in mineral oil at temperature
between 250 and 300 °C with holding time of 2 h results in the
micro-spherical particles formed by agglomeration of nanocrys-
talline x-alumina. On the contrary, the powder obtained during
the heating-up process to 250 °C is amorphous. The fact that
x-alumina is not formed by the calcination of the amorphous
intermediate confirms that x-alumina is formed only by AIP
decomposition in the inert organic solvent. It is suggested that a
spherical particle of complex moieties forms through stepwise
decomposition of AIP in the solvent. With the prolonged hold-
ing time or increased reaction temperature, this complex sheds
organic moieties and solid-state phase of x-alumina is formed.
After calcination at high temperature, x-alumina transformed
to a-alumina directly. The crystallite size of x-alumina is ini-
tially around 9—10nm and grows upon the calcination to the
critical size of 16 nm, beyond which yx-alumina transforms to a-
alumina. This direct transformation behavior of nanocrystalline
x-alumina is attributed to the absence of cations and the less
defect structure.
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Abstract

This paper reports the results of a study into the effect of mixed 7y and y
crystalline phases in Al,O; on the characteristics and catalytic activities for CO
hydrogenation of Co/Al,O3 catalysts. The catalysts were characterized by X-ray
diffraction, N, physisorption, transmission electron microscopy, and H;
chemisorption. Increasing Co loading from 5 to 20 wt% for the mixed phase Al,Os-
supported Co catalysts resulted in a constant increase in both the number of cobalt
metal active sites and the hydrogenation activities. However, for those supported on

*Al,O3, Co dispersion increased up to 15 wt% Co and declined at 20 wt% Co loading.
It is suggested that the spherical-shape like morphology of the yphase Al,O;

prevented agglomeration of Co particles, especially at high Co loadings.



1. Introduction

Alumina is one of the most common commercial carriers used to disperse
catalytic materials because of its excellent thermal stability, high mechanical
resistance, and wide range of chemical, physical, and catalytic properties. In general,
acidic, high surface area alumina hydrates are produced at relatively low temperatures
by precipitation from either acidic or basic solutions and then are transformed to
“transition” B, ¥, B, %, ¥, 8, 6, and aAl,O3 by dehydration and treatment at high
temperatures [1].

Despite a wide range of crystalline structures, only ¥ and &Al,Os have been
studied often as catalyst supports. Typically, ¥Al,O3 provides a better dispersion of

catalytically active metals than &Al,O3; due to its higher surface area. Only a few

publications have reported the effect of other crystalline phases of alumina on the
properties of alumina-supported catalysts. For example, Chary et al. [2] reported that
dispersion of vanadium oxide on alumina as well as its catalytic activities in partial
oxidation decreased with increasing calcination temperature due to the transformation
of yalumina into Balumina, dalumina, and aalumina phases. Recently, Moya et al.
[3] studied silver nanoparticles supported on &, i, and 3 Al,O3 prepared by a colloidal
processing route. It was found that silver particle sizes varied between 1-100 nm
depending on the alumina phase. To our knowledge, the effect of mixed ¥ and ¥
Al,O3 phases on the properties of Al,O3 as a catalyst support has never been reported.

In this study, nanocrystalline transition Al,O3; (¥Al,O3; and mixed ¥ and %

Al,O3) were synthesized by decomposition of aluminum isopropoxide (AIP) under
solvothermal conditions. The advantages of the solvothermal method are that it gives

products with uniform morphology, well-controlled chemical composition, and



narrow particle size distribution [4-8]. Furthermore, desired shapes and sizes of
particles can be tailored by controlling process conditions such as solute
concentration, reaction temperature, reaction time, and the type of solvent [9-10]. The
effects of mixed crystalline phases of Al;Os on the dispersion of cobalt on Al,O3 and

the resulting catalytic activity for CO hydrogenation were investigated.

2. Experimental
2.1. Preparation of alumina

Nanocrystalline transition Al,O3 was prepared by the solvothermal method
according to the procedure described in Ref. [11]. The desired amount of aluminum
isopropoxide (AIP) (Aldrich) (10, 15, 25, or 35 g) was suspended in 100 ml of 1-
butanol (Ajax Finechem) in a beaker, which was then placed in a 300 ml autoclave.
In the gap between the beaker and the autoclave wall, 30 ml of 1-butanol was added.
After the atmosphere inside the autoclave was purged completely with nitrogen, the
mixture was heated to 300°C at a heating rate of 2.5°C/min and was kept at that
temperature for 2 h. After cooling to room temperature, the resulting powders were
collected after repeated washing with acetone and were then air-dried. The calcination
of the products was carried out in a box furnace by heating up to 600°C at a rate of

10°C/min and held at that temperature for 1 h.

2.2. Catalyst preparation
The Al,Os-supported cobalt catalysts with different Co loadings (5, 10, 15,
and 20 wt%) cobalt were prepared by incipient wetness impregnation of alumina with

a desired amount of an aqueous solution of cobalt nitrate [Co(NO3),-6H,0] (Aldrich).



After impregnation, the catalysts were dried at 110°C for 24 h and calcined in air at

300°C for 2 h using a ramp rate of 1°C/min.

2.3 Catalyst characterization
X-ray diffraction patterns of the samples were collected using a SIEMENS D-

5000 X-ray diffractometer with Cu K radiation (4 = 1.54439 A). The spectra were

scanned at a rate of 0.04/step from 20 = 15 to 80. The composition of each
crystalline phase has been calculated from the calibration of X-ray diffraction peak
areas of the mixtures between each pure phase (physically mixed). BET surface areas
of the sample were calculated using the BET-single point method at liquid N
temperature. Transmission electron microscopy was performed to study the
morphologies of the catalyst samples and the dispersion of cobalt oxide species on the
alumina supports using a JEOL JEM 1230. The number of surface cobalt metal atoms
was determined by pulse H, chemisorption at 100°C on the reduced cobalt catalysts
based on the static method described by Reuel and Bartholomew [12] using a
Micromeritics Pulse Chemisorb 2750 system. Prior to H, chemisorption, the catalyst
samples were reduced at 350°C in flowing H, for 3 h. The X-ray photoelectron
spectroscopy (XPS) analysis was performed using an AMICUS photoelectron

spectrometer equipped with a Mg K_X-ray as a primary excitation and a KRATOS

VISION?2 software. XPS elemental spectra were acquired with 0.1 eV energy step at

a pass energy of 75 kV. The C 1s line was taken as an internal standard at 285.0 eV.



2.4 Reaction study

CO hydrogenation was carried out at 220°C and 1 atm total pressure in a fixed-
bed quartz reactor under differential reaction conditions. The Ho/CO ratio used was
10/1. Typically, 0.1 g of the catalyst sample was reduced in situ in flowing H, (50
cc/min) at 350°C for 3 h prior to reaction. After the start up, samples were taken at 1-
h intervals and analyzed by gas chromatography. Steady state was reached within 6 h

in all cases.

3. Results and Discussion

In this study, nanocrystalline alumina powders were prepared by thermal
decomposition of AIP in 1-butanol with various AIP content. XRD patterns of these
alumina samples after calcination at 600°C for 1 h are shown in Figure 1. The XRD
patterns of transition Al,O3; were observed at degree 26= 31", 33", 38', 43", 47.5’, and
68’. It was found that when lower amounts of AIP were used (10 and 15 g in 100 cm’
of 1-butanol), only ¥AlLOs; was formed by calcination, as seen by the XRD
characteristic peaks at 20 = 33" according to the JCPDSs database. These ¥Al,Os3
samples are denoted hereafter as Al-G1 and AI-G2, respectively. The XRD
characteristic peak of ¢alumina was observed at 260 = 42.5" for the supports prepared
with higher amounts of AIP (25 and 35 g in 100 cm’® 1-butanol). The mixed + and %
crystalline phase samples containing ¥%phase of ca. 33% and 57% were denoted as Al-
GC1 and Al-GC2, respectively. Pure alumina prepared by reaction of AIP in
toluene was used as the reference sample and denoted as Al-C. The intensity of %

AlLLO; peaks became stronger with increasing amount of AIP content during



preparation, indicating that increasing AIP content during the solvothermal synthesis
resulted in formation of alumina giving rise to mixed phases of ¥Al;O3 and %Al,O3

after calcination. The physical properties of the various Al,Oz samples are shown in
Table 1. The BET surface area of the AI-GC2 (145 mz/g) was found to be twice of
that of Al-G1 (70 mz/g). A similar trend was observed for the bulk density of the
AlOs powders. The bulk density increased with increasing amount of AIP used
during preparation (from 0.38 g/cm’ to 0.54 g/cm’). The BET surface areas also
increased with increasing AIP concentration, probably as a result of morphology
changing from a wrinkled sheet structure to small spherical particles (see Figure 3).
These results were confirmed by Al-C with highest BET surface area (180 m2/g),
highest bulk density (0.56 g/cm®) and complete spherical particle morphologies.
From results such as these, it has been proposed that for preparation with low AIP

contents, boehmite is the main product resulting in ralumina after calcination at

600°C for 1 h. The morphology of the boehmite products obtained via the
solvothermal reaction has been shown to be wrinkled sheets [13-14]. The precursor to

spherical-shaped %Al,03 was formed by direct decomposition of AIP in the solvent

and appeared to increase with increasing AIP concentration.

Figure 2 shows the IR spectra of alumina supports after calcination at 600°C
for 1 h. The IR peaks assigned to OH stretching were observed at around 3730 and
broad peak between 3200 to 3600 cm™. According to Peri’s model [15], the features
at 3791, 3730, and 3678 cm™" are assigned to surface isolated hydroxyl groups. The
broader peak at 3589 cm™ is due to the vibration of associated hydroxyl groups of
aluminum oxide. The spectra which assigned to OH groups of all samples were
nearly identical. Therefore, the amounts and nature of OH groups of all supports were

essentially same.



The nanocrystalline ¥Al,O3 and mixed ¥ and %Al,O; were then employed as

catalyst supports for Co catalysts. The Co/Al O3 catalysts were prepared using the
incipient wetness impregnation method with cobalt loadings of 5, 10, 15, and 20 wt%
in order to investigate the effect of mixed crystalline phases of Al,Os on the
dispersion of Co and its catalytic activity for CO hydrogenation. The XRD patterns
of the various Co/Al O3 catalysts after calcination at 300°C were not significantly
different from those of the Al,Os supports (results not shown). No XRD characteristic
peaks of Co304 and/or other Co compounds were detected for all the catalyst samples.
This suggests that the crystallite size of cobalt oxide on Al,O3 was probably below the
lower limit for XRD detectability (3-5 nm). Such results also indicate that cobalt
oxide species were present in a highly dispersed form on these nanocrystalline Al,O3
even for cobalt loadings as high as 20 wt%.

The morphology and distribution of cobalt oxide particles on the Al,O;
supports were investigated by transmission electron microscopy (TEM). The typical
TEM micrographs of 20 wt% of cobalt on alumina supports containing different

compositions of yand  phases are shown in Figure 3. In all the TEM figures, the
darker spots on the catalyst granules represent a high concentration of cobalt and its
compounds while the lighter areas indicate the support with minimal or no cobalt
present. It was found that the wrinkled sheets-like structure of +Al,O3; was maintained
after impregnation and calcination for both 20Co/Al-G1 and 20Co/Al-G2 catalysts
(Figure 2a and 2b). The mixed structure between spherical particles of xAl,O3 and
wrinkled sheets of ¥Al,O3; were also observed for 20Co/Al-GC1 and 20Co/Al-GC2

samples (Figure 2c and 2d). However, cobalt oxide species appeared to be more



agglomerated on the ¥ Al,O3 supports than on the mixed ¥ and %ones as shown by the

appearance of larger cobalt oxide particles/granules.

Static H, chemisorption on the reduced cobalt catalyst was used to determine
the number of active surface cobalt metal atoms [16]. The H, chemisorption results
for all the catalyst samples are reported in Table 2. The overall dispersion of reduced
Co and crystal size of Co” in the catalyst samples based on the H, chemisorption

results is also given. In order to distinguish the effect of mixed yyand y crystalline

phases of Al,O; and the effect of BET surface area, we also report the H,
chemisorption results in terms of the amount of H, chemisorption per total specific
surface area of the catalyst (see Figure 4). For the Co/Al-G1 and Co/Al-G2 catalysts
in which the Al,O3; contained only the yphase, the number of active surface cobalt
metal atoms per unit surface area increased with increasing Co loading up to 15 wt%.
Further increase of the amount of Co loading to 20 wt% resulted in both a lower
cobalt dispersion and fewer exposed surface cobalt metal atoms (Table 2), even
taking into account BET surface area (Figure 4). This is typical for supported Co
Fischer-Tropsch catalysts. Dispersion usually decreases with increasing Co loading
beyond a certain point [17-21]. On the contrary, the amounts of H, chemisorption per
unit surface area of the mixed yand y crystalline phases Al,O3 supported Co catalysts
(Co/Al-GC1 and Co/Al-GC2) constantly increased with increasing Co loading from 5
to 20 wt% (Table 2, Figure 4). To study the effect of phase composition on active
sites of Co catalyst, 15%Co/pure -alumina catalyst was characterized to compare

with 15%Co deposited on pure $+Al,O3 and mix phase supports. The amounts of H,

chemisorption increased from 9.2 to 21.4 umol/g catalyst as the y phase contents

increased from 0 to 57%. While the amounts of H, chemisorption of Co/pure y-



alumina catalyst ranged around 16.8 mol/g catalyst. It is suggested that the presence
of x phase in ¥Al,O3 may prevent agglomeration of Co particles especially at high Co
loadings, resulting in the maintenance of high Co dispersion. Because of its surface
sensitivity, XPS is used to identify the surface compositions of the catalysts as well as
the interaction between Co and the alumina supports. The results are given in Table 3.
It was found that the ratio of Al/O atomic concentration was slightly increased while
that of Co/Al decreased with the presence of ¥phase in ¥Al,O3 suggesting higher
dispersion of Co on the mixed phase Al,Os supports. There was also a slight shift of
Co 2p binding energy to higher values for the 15Co/Al-GC1 and 15Co/Al-GC2

catalysts compared to those supported on ¥Al,O; (Al-G1 and Al-G2). Such results

suggest stronger interaction between Co and the mixed phases ¥ and xAlO;.

CO hydrogenation was carried out in a fixed-bed quartz reactor under
differential reaction conditions in order to determine the catalytic activity of the
catalyst samples. The reaction results in terms of CO conversion, hydrogenation rate,
and the turnover frequency (TOF) per exposed Co atom calculated using the hydrogen
chemisorption data are given in Table 4. The catalytic activities increased with
increasing Co loading in general (at least to 15 wt% Co). For a similar Co loading,
Co catalysts supported on the mixed crystalline phases Al,Os exhibited higher CO
hydrogenation activities compared to those supported on the ones containing only 7y
phase Al,Os. The TOFs of the cobalt catalysts in which the Al,Os support contained
only the 7y phase decreased with increasing Co loading, suggesting perhaps an
underestimation of exposed Co metal atoms by H, chemisorption. However, the
TOFs for the mixed crystalline phases Al,Osz did not significantly change regardless

of cobalt loading percentage. The reaction results are in a good agreement with the

10



H, chemisorption results since CO hydrogenation is usually considered to be a
structure insensitive reaction [22-26]. Thus, higher dispersion of Co yields higher

hydrogenation activity.

4. Conclusions

Nanocrystalline Al,Os and mixed ¥ and y-Al,O; were obtained by
decomposition of AIP in 1-butanol by varying the amounts of AIP used under the
solvothermal conditions. For a similar Co loading, the presence of kphase in FAl,O3

support resulted in higher dispersion of Co as well as higher CO hydrogenation
activities of the Co/Al,O3 catalysts. It is suggested that the spherical-shape like
morphology of the %phase Al,Os provide better stability of the Co particles, especially

for those with high Co loadings.
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Figure 1 XRD patterns of the various nanocrystalline alumina prepared by the

reaction of AIP in 1-butanol at 300°C for 2 h (after calcination at 600°C for 1 h).
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Figure 2 IR spectra of various alumina supports.
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Figure 3 TEM micrographs of the various 20 wt% Co/Al,O5 catalysts

(a) 20Co/Al-G1 (b) 20Co/Al-G2 (c) 20Co/Al-GC1 (d) 20Co/Al-GC2.
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Figure 4 The amount of H, chemisorption/specific surface area of the Co/Al,O3

catalysts as a function of cobalt loading.
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