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Abstract

In this present study, we investigated many kinds of catalysts used in various
reactions. In general, the catalysts were synthesized, characterized and tested under
specified reaction conditions. There are many applications of catalyst used in this
project such as methanol dehydration, photocatalysis, propane oxidation, CO
oxidation, esterification and transesterification, ethylene polymerization catalysts
(Ziegler-Natta and metallocene catalysts), hydrogen production for fuel cell
application, isomerization of butane, CO hydrogenation, and metathesis reaction. As
the results, we can produce 32 international research articles (JCR database) and 1

patent.

Keywords: Heterogeneous catalyst; Activity; Gas phase; Liquid phase;

Characterization
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3.1.4.2. Scanning Electron Microscopy (SEM)
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3.1.4.3. Thermal Gravimetri Analysis (TGA)
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3.1.4.4. X-Ray Diffraction (XRD)
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3.1.4.5. C-Nuclear Magnetic Resonance (13C-NMR)
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3.1.4.6. Fourier Transformed Infrared Spectroscopy (FT-IR)

IA504 Nicolet FT-IR Impact 400 Spectrophotometer 1 Center of Excellence on Catalysis
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3.1.4.7. Differential Scanning Calorimeter (DSC)
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3.2.3.2 X-Ray Diffraction (XRD)

v 1 a 4 4 {2
lavesasdednadinsey lasl41nTe9 X-Ray Diffractometer Tui i 1%
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3.3.3.3 TPR (Temperature-programmed reduction)
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3.3.3.5 Fourier transform infrared spectroscopy
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Research output paper for DPG5280005 (Prof. Piyasan Praserthdam)

1% year

No

Title

Volume/Page/Year

Journal

IF
(2011)

Acknowledgement
(in paper)

“Modification of acid properties and catalytic
properties of AIPO4 by hydrothermal
pretreatment for methanol dehydration to
dimethyl ether” [Krit Lertjiamrath, Piyasan
Praserthdam, Masahiko Arai, Joongjai
Panpranot*]

378, 119-123, 2010

Applied Catalysis A: General

3.903

TRF&CHE

“Impact of Si and Zr addition on the surface
defect and photocatalytic activity of the
nanocrystalline TiO, synthesized by the
solvothermal method” [Piyawat
Supphasrirongjaroen, Piyasan Praserthdam,
Okorn Mekasuwandumrong, Joongjai
Panpranot’]

36, 1439-1446, 2010

Ceramics International

1.751

TRF&CHE

“Effect of Milling on the formation of
nanocrystalline y-Al,O5; from Gibbsite”
[Wasu Chaitree, Sirithan Jiemsirilers, Okorn
Mekasuwandumrong, Piyasan Praserthdam,
Tawatchai Charinpanitkul, Joongjai
Panpranot ]

89, 2387-2392, 2010

Journal of the American
Ceramic Society

2.272

TRF&CHE

“Improvement of propane oxidation activity
over Pt/Al,O3 by the use of mixed y- and -
Al,O3 supports” [Thongchai Glinrun, Okorn
Mekasuwandumrong, Joongjai Panpranot,
Choowong Chaisuk, Piyasan Praserthdam’]

100, 441-448, 2010

Reaction Kinetics Mechanisms
and Catalysis

0.927

TRF&CHE




Research output paper for DPG5280005 (Prof. Piyasan Praserthdam)

No

Title

Volume/Page/Year

Journal

IF
(2011)

Acknowledgement
(in paper)

“Solvent effect on synthesis of zirconia
support for tungstated zirconia catalysts”
[Peangpit Wongmaneenil, Bunjerd
Jongsomyjit*, Piyasan Praserthdam]

16, 327-333, 2010

Journal of Industrial and
Engineering Chemistry

1.977

TRF&CHE

“The role of zirconia surface on catalytic
activity of tungstated zirconia via two-phase
eaterification of acetic acid and 1-heptanol”
[Kanokwan Ngaosuwan, Bunjerd Jongsomyjit,
Piyasan Praserthdam’]

136, 134-140, 2010

Catalysis Letters

2.242

TRF&CHE

“Ethylene-hexene copolymer derived fom [t-
butylfluorenylsilyl-amido] dimethyl titanium
complex” [Ekrachan Chaichana, Supaporn
Khaubunsongserm, Piyasan Praserthdam,
Bunjerd Jongsomijit']

4, 94-100, 2010

Express Polymer Letters

1.769

TRF&CHE

“Study on solvent/alkoxide molar ratios on
synthesis zirconia nanoparticles for tungstated
zirconia catalysts over esterification”
[Peangpit Wongmaneenil, Bunjerd
Jongsomijit’, Piyasan Praserthdam]

139, 42-49, 2010

Catalysis Letters

2.242

TRF&CHE




Research output paper for DPG5280005 (Prof. Piyasan Praserthdam)

No Title Volume/Page/Year Journal IF Acknowledgement
(2011) (in paper)
9 “The influence of si-modified TiO, on the 16, 703-707, 2010 Journal of Industrial and 1.977 TRF&CHE
activity of Ag/TiO, in CO oxidation” [Nattaya Engineering Chemistry
Comsup, Joongjai Panpranot, Piyasan
Praserthdam’]
10 | “Thermodynamic analysis of calcium oxide 16, 785-789, 2010 Journal of Industrial and 1.977 TRF&CHE

assisted hydrogen production from biogas” [S.
Assabumrungrat’, P. Sonthisanga, W.
Kiatkittipong, N. Laosiripojana, A.
Arpornwichanop, A. Soottitantawat, W.
Wiyaratn, Piyasan Praserthdam]

Engineering Chemistry

Note: No. 1-10 are the output for 1* year (including in the previous 12-month progress report).




Research output paper for DPG5280005 (Prof. Piyasan Praserthdam)

2" Year

No

Title

Volume/Page/Year

Journal

IF
(2011)

Acknowledgement
(in paper)

11

“Elucidation of the basicity dependence of 1-
butene isomerization on MgO/Mg(OH),
catalysts” [Jiraporn Puriwat, Wasu Chaitree,
Kongkiat Suriye, Siraprapa Dokjampa,
Piyasan Praserthdam, Joongjai Panpranot’]

12, 80-85, 2010

Catalysis Communications

2.986

TRF & CHE

12

“The effect of phosphorous precursor on the
CO oxidation activity of P-modified TiO,
supported Ag catalysts” [Nattaya Comsup,
Joongjai Panpranot, Piyasan Praserthdam’]

11, 1238-1243, 2010

Catalysis Communications

2.986

TRF & CHE

13

“Effects of synthesis conditions and annealing
post-treatment on the photoatalytic activities
of ZnO nanoparticles in the degradation of
methylene blue dye” [Okorn
Mekasuwandumrong, Pongspak Pawinrat,
Piyasan Praserthdam, Joongjai Panpranot’]

164, 77-84, 2010

Chemical Engineering Journal

3.461

TRF&CHE

14

“Influence of mixed activators on ethylene
polymerization and ethylene/1-hexene
copolymerization with silica-supported
Ziegler-Natta catalyst” [Nichapat Senso,
Supaporn Khaubunsongserm, Bunjerd
Jongsomijit, Piyasan Praserthdam’]

15, 9323-9339, 2010

Molecules

2.386

TRF&CHE




Research output paper for DPG5280005 (Prof. Piyasan Praserthdam)

No

Title

Volume/Page/Year

Journal

IF
(2011)

Acknowledgement
(in paper)

15

“Observation of different catalytic activity of
various 1-olefins during ethylene/1-olefin
copolymerization with homogeneous
metallocene catalysts” [Mingkwan
Wannaborworn, Piyasan Praserthdam,
Bunjerd Jongsomijit ]

16, 373-383, 2011

Molecules

2.386

TRF&CHE

16

“Behaviors in ethylene polymerization of
MgCl,-SiO,/TiCl,/THF Ziegler-Natta
catalysts with differently treated SiO,”
[Nichapat Senso, Bunjerd Jongsomyjit,
Piyasan Praserthdam]

16, 1323-1335, 2011

Molecules

2.386

TRF&CHE

17

“The influence of comonomer on ethylene/a-
olefins copolymers derived from [Bis(N-(3-
tert butylsalicylidene) anilinato)] titanium (1V)
dichloride complex” [Patcharaporn
Kaivalchatchawal, Pattiya Suttipitakwong,
Sutheerawat Samingprai, Piyasan
Praserthdam, Bunjerd Jongsomijit']

16, 1655-1666, 2011

Molecules

2.386

TRF&CHE

18

“Effect of Ga modification on different pore
size silicas in synthesis of LLDPE by
copolymerization of ethylene and 1-hexene
with [t-BuNSiMe,Flu] TiMe,/MMAOQO
catalyst” [Ekrachan Chaichana, Supaporn
Khaubunsongserm, Piyasan Praserthdam,
Bunjerd Jongsomyjit’]

66, 1301-1312, 2011

Polymer Bulletin

1.532

TRF&CHE




Research output paper for DPG5280005 (Prof. Piyasan Praserthdam)

No Title Volume/Page/Year Journal IF Acknowledgement
(2011) (in paper)
19 44, 649-652, 2011 Journal of Chemical Engineering 0.662 TRF&CHE
“Flow patterns of liquid multiphase flow in of Japan
microreactors with different guideline
structures” [Chayanoot Kositanont, Sompong
Putivisutisak, Piyasan Praserthdam,
Suttichai Assabumrungrat, Hiroshi Yamada,
Tomohiko Tagawa']
20 | “Production of propylene from an 21, 83-90, 2012 Journal of Natural Gas 1.348 TRF&CHE

unconventional metathesis of ethylene and 2-
pentene over Re,0,/Si0,-Al,03” [Weena
Phongsawat, Benjamas Netivorruksa,
Kongkiat Suriye, Siraprapa Dokjampa,
Piyasan Praserthdam, Joongjai Panpranot’]

Chemistry

Note No. 11-20 are the output for 2" year, including in the previous 24-month progress report.




Research output paper for DPG5280005 (Prof. Piyasan Praserthdam)

3" Year

No

Title

Volume/Page/Year

Journal

IF
(2011)

Acknowledgement
(in paper)

21

“Effect of calcination treatment of zirconia on
W/ZrQ, catalysts for transesterification”
[Nichapat Senso, Bunjerd Jongsomijit’,
Piyasan Praserthdam]

92, 1537-1542, 2011

Fuel Processing Technology

2.945

TRF & CHE

22

“The influence of the t-butyl and cyclododecyl
substitution based on ansa-
fluorenylamidodimethyltitanium derivatives
on ethylene/1-hexene copolymerization”
[Patcharaporn Kaivalchatchawal, Piyasan
Praserthdam, Yuuichi Sogo, Zhengguo Cai,
Takeshi Shiono, Bunjerd Jongsomijit ]

16, 4122-4130, 2011

Molecules

2.386

TRF & CHE

23

“Effect of Ti oxidation state on ethylene, 1-
hexene comonomer polymerization by MgCl,-
supported Ziegler-Natta catalysts” [Nichapat
Senso, Piyasan Praserthdam, Bunjerd
Jongsomjit, Toshiaki Taniike, Minoru
Terano']

67, 1979-1989, 2011

Polymer Bulletin

1.532

TRF&CHE

24

“Investigation of Ti-Si composite oxide-
supported cobalt catalysts over CO,
hydrogenation” [Jakrapan Janlamool, Piyasan
Prserthdam, Bunjerd Jongsomyjit']
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An amorphous AIPO4 catalyst prepared by precipitation method was subjected to pretreatment with
10 mol% water vapor at 100-300 °C for 15 min prior to activity tests in the dehydration of methanol to
dimethyl ether (DME). The catalysts pretreated at 200-300 °C exhibited higher methanol conversion than
the non-treated catalyst while the one treated at a lower temperature of 100 °C showed lower activity. As
revealed by FT-IR and FT-Raman results, there was an increase of lattice hydroxyls on the hydrothermally
treated catalysts in the form of P-OH group (weak Brensted acid sites). Amine titration using Hammett
indicators confirmed the increase of both strength and number of acid sites on these catalysts. However,
hydrothermal pretreatment at 100 °C may result in catalyst poisoning by weakly bonded water molecules

AIPO, instead so that lower catalyst activity was obtained. More than 99% selectivity to DME was achieved on

Hydrothermal treatment
Acid properties

both non-treated and hydrothermally treated AIPO4 catalysts in this study.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Dimethyl ether (DME) is one of the promising alternative fuels
that can be used to replace liquefied petroleum gas (LPG) and diesel
fuels because of their similar properties to those of LPG and their
high cetane number [1-3]. Moreover, DME was identified as the
ultraclean alternative fuel for diesel engines with emission levels
meeting the California ULEV standards [4]. DME could be produced
from either synthesis gas or methanol. The production of DME via
methanol dehydration is more favorable as regards thermodynam-
ics and economy [2,5].

Methanol dehydration to DME is usually carried out over solid-
acid catalysts such as H-ZSM-5, steam de-aluminated H-Y zeolite
(SDY), and y-Al,03. The most widely used material is probably y-
Al,03, due to its suitable acidity for this reaction that yields good
performance in terms of methanol conversion and DME selectivity.
Aluminum phosphate (AIPO,4) is also one of the promising catalysts
in this reaction, because of its lower amounts of coking and by-
products and water resistant property [3,4]. The catalytic activity
of AIPO4 in methanol dehydration was found to be dependent on

* Corresponding author. Tel.: +66 2218 6869; fax: +66 2218 6877.
E-mail address: joongjai.p@chula.ac.th (J. Panpranot).

0926-860X/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcata.2010.02.013

the preparation method, chemical composition (Al/P molar ratio),
and activation temperature [3,6].

Water may be a poison in methanol dehydration reactions
because it could block active sites and impede methanol from
adsorption on the catalyst surface [7,8]. Nevertheless, there are a
number of studies reporting opposite results. For example, Lud-
many et al. [4] have shown that the presence of water in a reaction
canincrease the catalytic activity of amorphous titanium hydrogen-
phosphate (Ti(HPOg4),) in alcohol dehydration due to swollen effect
resulting in an increase of the inter layer of Ti(HPOg4),. The swollen
catalyst with water and alcohol inside the layers retains its high
activity until it loses the alcohol and water by evaporation. Fu et al.
[9] also reported a slight increase of activity of SDY zeolite catalyst
in methanol dehydration after regeneration under hydrothermal
conditions at 500°C for 2 h. Another hypothesis about why water
could increase the activity of alumina-based catalyst is that the
Lewis acid sites could change to weak Brensted acid sites upon
contact with humidity [7].

In the present work, an amorphous AIPO4 catalyst was pre-
treated under various hydrothermal conditions prior to activity
test in the dehydration of methanol. The catalysts were char-
acterized by X-ray diffraction (XRD), N, physisorption, Fourier
transform infrared spectroscopy (FT-IR), Fourier transform Raman
spectroscopy (FT-Raman), and amine titration with Hammett indi-
cators. The catalyst activities were correlated with their surface
characteristics and acid properties.
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2. Experimental
2.1. Catalyst preparation

An amorphous AIPO4 catalyst with Al/P molar ratio=1 was pre-
pared by a modified version of the aqueous solution precipitation
method of Bautista et al. [10]. Firstly, Al(NO3)3-9H,0 (analytical
grade, Aldrich) was diluted in deionized water and mixed with
H3PO,4 (85%, v/v Aldrich) by stirring at a controlled temperature of
0°C. Then aqueous ammonia solution was added drop-wise until
the precipitation occurred at pH of solution ca. 7. The precipitate
was filtered out and washed with distilled water to remove excess
substances and any contaminants, and then washed again with
2-propanol. The filtrated mass was dried at 110°C overnight and
calcined at 650°C in air flow for 3 h.

The AIPO4 so prepared was subjected to hydrothermal pretreat-
ments at different temperatures. It was exposed to a stream of
10 mol% water vapor in helium at a GHSV 5300 h~! cm3/min and
at temperatures of 100-300 °C for 15 min.

2.2. Catalyst characterization

The XRD patterns of the prepared catalysts were measured from
10° to 80° 26 using a SIEMENS D5000 X-ray diffractometer and
Cu Ka radiation with a Ni filter. Surface area, pore volume, and
average pore diameter were measured by N, physisorption using
a Micromeritics ASAP 2020. FT-IR was performed using a Nicolet
6700 spectrometer in the range of 4000-400cm™! at a resolution
of 2.0cm~!. FT-Raman was performed using a PerkinElmer, spec-
trum GX in the Raman shift range of 200-3600 cm~"! at a resolution
of 4.0cm~1. The acidity of the catalyst samples was determined by
amine titration method using Hammett indicators according to Ref.
[11]. The NH3-TPD was performed in a Micromeritic Chemisorb
2750 automated system. Before adsorption, the sample was pre-
treated in high purity N, (50 cm3/min) at 200 °C for 1 h. Then, it was
saturated with 15% NH3-He at 80°C for 1 h (50 cm3/min) and sub-
sequently flushed with flowing He at 100 °C for 1 h (50 cm3/min) to
remove physisorbed NH3. The temperature-programmed desorp-
tion was carried out from 35 to 600 °C at a constant heating rate of
10°C/min.

2.3. Catalytic activity test

The dehydration of methanol over non-treated and hydrother-
mally treated AIPO4 was carried out in a fixed-bed reactor (i.d.
6mm) using 0.2g of catalyst and a gas hourly space velocity
(GHSV) of 5300 h~1. Methanol was bubbled by helium through a
glass saturator maintained at 29 °C. The reaction was conducted at
150-300 °C under atmospheric pressure. The reactant and products
were analyzed using a gas chromatograph with a TCD detector and
Porapak-Q and Porapak-N columns at 110°C and 100°C, respec-
tively.

3. Results and discussion
3.1. Catalytic activity in the dehydration of methanol

The AIPO,4 synthesized by a modified precipitation method in
this work had amorphous structure as determined by XRD (not
shown) and possessed a BET surface area of 171.2m?2/g, a pore
volume of 0.758 cm3/g, and an average pore radius of 17.7 nm.
The non-treated AIPO4 catalyst was tested in the dehydration of
methanol to DME at the temperature range 150-300°C and the
results are shown in Fig. 1. As compared to a commercial y-Al,03
(Aldrich) that possessed BET surface area 149 m?/g, pore volume
0.23 cm3/g, and average pore radius 3.7 nm, the catalytic activity

Fig. 1. Methanol conversion profiles of step-up and step-down reaction tem-
perature experiments for the non-treated AIPO4 catalyst as compared to a
commercial y-Al,03 catalyst (reaction conditions were 0.2 g catalyst, 1atm, and
GHSV=5300h"1).

of our synthesized AlIPO4 catalysts in the dehydration of methanol
was much higher. Based on the NH3-TPD results (Fig. 2), the lower
activity of y-Al, 03 was attributed to the lower number of acid sites
present. Moreover, while the AIPO4 catalyst exhibited a large broad
peak with the highest peak intensity at ca. 125 °C, the commercial
v-Al;03 showed two desorption peaks at ca. 80 and 360 °C, indi-
cating the presence of both relatively weak and strong acid sites on
'Y-A1203.

The catalytic activities of AIPO,4 catalyst were further inves-
tigated in the dehydration of methanol using step-up and
step-down reaction temperature tests. For a step-up reac-
tion temperature experiment (increasing temperature from
150 - 200 — 250 — 300°C), methanol conversion occurred at
200°C and increased with increasing reaction temperature. Equi-
librium conversion (~82%) was reached at 300°C. The AIPO,
catalyst gave >99% selectivity to DME with less than 1% of by
products such as carbon monoxide and methane. For a step-
down reaction temperature experiment using a new catalyst
sample (decreasing temperature from 300 — 250 — 200 — 150°C),
methanol conversion at 200°C increased to 45.1% as compared to
15.3% for the step-up temperature one. The AIPO4 catalyst also
showed some conversion of methanol of ca. 8% at 150°C. It is
hypothesized that there was an effect of water vapor and/or initial

Fig. 2. NH3-TPD results of the synthesized-AIPO4 and the commercial y-Al, 05 cat-
alysts.
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Fig. 3. Effect of water pretreatment temperature on the conversion of methanol
for the hydrothermally treated and non-treated amorphous AlIPO4 catalysts (0.2 g
catalyst and GHSV=5300h"1).

high reaction temperature on the improvement of catalytic activ-
ity. The latter hypothesis, however, was rejected since treating the
AlIPO4 catalyst at 300°C in neutral atmosphere of helium for 1h
prior to reaction test did not result in an increase of catalytic activ-
ity (similar conversion to the step-up reaction temperature test).
In order to prove the former hypothesis that the presence of water
vapor could increase the activity of AIPO4 in methanol dehydra-
tion, we subjected the material to pretreatment with 10 mol% water
vapor at various temperatures between 100-300 °C for 15 min prior
to reaction test. The activities of treated and non-treated AIPO4 cat-
alysts in methanol dehydration are shown in Fig. 3. It was found
that all the treated catalysts exhibited higher activity than the non-
treated one except the one that was treated at 100°C. There was
no change in product selectivity for all the catalysts in which >99%
selectivity to DME was obtained.

3.2. Surface characteristics and acidity of the AIPO4 catalysts

Surface characteristics and acidity of the catalysts were deter-
mined by FT-IR, FT-Raman, and amine titration using Hammett
indicators. The AIPO4 catalysts were investigated by FT-IR in
two regions: 400-1800cm~! and 2500-4000cm~'. The results
are shown in Figs. 4 and 5, respectively. According to the liter-
ature [6,12,13], there are two major types of hydroxyl groups:

Fig. 4. FTIR spectra at wavelength 400-1800cm~! of the non-treated AIPO4 and
100-300°C water vapor pretreated AlPOy4 catalysts.

Fig. 5. FTIR spectra at wavelength 2500-4000cm~" of the non-treated AIPO4 and
100-300°C water vapor pretreated AlPO4 catalysts.

the hydroxyl stretching vibration bands of adsorbed molecular
water absorption (surface hydroxyls) and the hydrogen-bonded
hydroxyl groups (lattice hydroxyls). In Fig. 3, the peaks in the
range around 400-800cm~! were attributed to asymmetric and
symmetric stretching vibrations of Al-O-P bonds, corresponding to
the non-stoichiometric aluminum phosphates [6]. The peak that
centered around 1100 cm~! was attributed to PO, in a chain struc-
ture with two oxygen atoms from the phosphorous coordination
sphere bonded to aluminum atoms [6]. These peaks identifying
Al-0-P and PO, confirmed that the catalysts were aluminum phos-
phate. Another peak centered around 1650 cm~! was assigned to
the physisorption of water molecules (H-O-H) or surface hydroxyls
on the catalysts. There was no significant difference in the water
physisorption bands among the non-treated and treated catalyst
samples.

The stretching vibration of hydrogen-bonded hydroxyl groups
canbe detected in the wavelength region of 2500-4000 cm~! witha
large broad adsorption band centered near 3400 cm~!. These peaks
were attributed to the chemisorption of water molecules on the
catalyst surface. Using the “fityk 0.7.4” curve fitting program (GNU
General Public License, version 2, as published by the free software
foundation), we achieved the de-convolution of FT-IR spectra of
each catalyst. The results for the non-treated and 250 °C-treated
AlIPO,4 catalysts are shown as examples of the de-convoluted spec-
tra in Fig. 6. The peaks in the region of 2500-4000cm~! for the
treated catalysts can be separated into 5 main peaks at 2950, 3400,
3600, 3750, and 3800 cm~!. There was an absence of an FT-IR peak
at 2950cm™! for the non-treated AlPO,4 catalyst. Moreover, the
intensity of FT-IR bands at wavelengths of 3600 and 3750 cm™!
of the pretreated AIPO4 were significantly higher than those of the
non-treated one. The strong sharp band around 3750 cm~! accom-
panied by a broad band around 3400cm~! could be assigned to
the hydroxyl stretching mode of surface phosphate or pyrophos-
phate species [13]. The shoulder that appeared at ca. 2950 cm~! of
the pretreated catalyst suggests the presence of hydroxyl groups
of various strengths attached to phosphorous in the samples [6].
These results confirmed that there was an increase of hydroxyls on
phosphate groups in the AlIPO4 catalysts after hydrothermal pre-
treatment. In other words, molecules of water were adsorbed and
bonded with phosphorous atoms in the catalysts in the form of
P-OH.

The Raman spectra of fresh and pretreated AlIPO4 catalysts are
shown in Fig. 7. The Raman bands at 1050 and 1200 cm~! indicate
the presence of PO32~ and PO, !, respectively [14]. A study of phos-
phate groups using Raman spectroscopy by de Jager and Prinsloo
[15] showed that Raman shifts around 876-992cm~! could be
assigned to P-OH bands in several structures, due to matrix effects
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Fig. 6. De-convolution FT-IR spectra of hydroxyl groups of non-treated (a) and
250°C pretreated (b) AIPOy4 catalysts.

Fig. 7. FT-Raman spectra at Raman shift 900-1500 cm~" of the non-treated AIPO4
and 100-300 °C water vapor pretreated AIPO4 catalysts.

and different phosphate functional groups such as PO,1~, PO32-,
PO,43- and P,0,2". In the present study, the Raman shift at ca.
985 cm~! appeared after pretreatment with water vapor, indicat-
ing the formation of P-OH. Such a result was in good agreement
with the FT-IR data, which suggested that pretreatment with water
vapor could result in the formation of hydroxyls that are adsorbed
and chemically bonded with phosphate groups in the AIPO4 cata-
lyst.

The relative amount of P-OH on the pretreated AIPO4 catalysts
was determined according to the semi-quantitative analysis [16].
For the FT-IR results, it is reported in term of a ratio of the area
of de-convoluted hydroxyl peak at 2950 cm~! and the Al-O-P peak

Table 1

at 833 cm~!. For the FT-Raman results, ratios of the area of P-OH
at Raman shift 985cm~! and PO, ! at 1200cm~! were used. The
relative amounts of P-OH by semi-quantitative analysis from FT-IR
and FT-Raman are shown in Table 1. The highest and the lowest
amounts of P-OH were obtained on the AIPO4 pretreated at 250
and 100 °C, respectively. The amount of P-OH followed the activity
trend in the dehydration of methanol to DME.

The strength and number of acid sites of the non-treated and
treated AIPO, catalysts were also measured by amine titration
using Hammett indicators. Values are reported in a range depend-
ing on the acid strength (pK,) of indicators (methyl red, methyl
orange, methyl yellow, and crystal violet). The numbers of acid sites
in different ranges of Hammett indicators are shown in Table 1.
Using methyl red as Hammett indicator, all the treated catalysts
changed color to acid form of methyl red while the non-treated
catalyst had color in base form. These results indicated that the
non-treated AlPO4 catalyst had lower acid strength than methyl
red (pK; =4.8). In other words, acidity of the AIPO4 catalysts after
pretreatement with water vapor was higher than pK, =4.8. How-
ever, all the treated catalysts had color in base form when Hammett
indicators with higher acid strength such as methyl orange, methyl
yellow, and crystal violet were used so that they could not be
titrated by amine. Thus, the acid strength of treated AIPO4 was in
the range of pK, =4.8-3.3, based on the acidity of methyl red and
methyl orange, respectively. It was found that the pretreatment
with water vapor at 250 °C gave the highest number of acid sites,
while the pretreatment at 100°C resulted in the lowest amount
of acidity, in good agreement with results from FT-IR, FT-Raman,
and reactions. Since there was no significant change in BET surface
area and pore characteristics of the AIPO4 catalysts upon hydrother-
mal pretreatment under the conditions used, the differences in
the catalytic activities of the hydrothermal treated catalysts could
also be attributed to the difference in the distribution of acid
strength, in addition to the changes of numbers of acid sites and
acid strengths.

3.3. Reaction mechanism

The pretreatment with water vapor at 200-300°C has been
shown to result in an increase of activity of AIPO4 catalyst in the
dehydration of methanol. The improved catalyst performance was
attributed to the increase of acid strength and acidity of the AIPO4
catalyst. As shown by FT-IR and FT-Raman results, there were lat-
tice hydroxyls that are chemically bonded with phosphate groups
in the AIPO4 catalyst after hydrothermal treatment. Such results
also suggested a change of Lewis acid sites to Bronsted acid sites
on the AIPO,4 catalyst. Higher acid strengths on the pretreated cata-
lysts were confirmed by amine titration using Hammett indicators.
According to the mechanism for dehydration of methanol over ZrP
and TiP catalysts proposed by Clearfield et al. [17], the P-OH group
isinvolved in water condensation at Bronsted acid sites and forma-
tion of methoxy groups on the orthophosphate surface, which are
the initial steps for methanol etherification. The methoxy group is

The relative amount of P-OH group of hydrothermally treated AIPO4 samples from FT-IR and FT-Raman calculated by semi-quantitative analysis and the amount of acid sites

by amine titration using methyl red indicator.

Pretreatment temperature Relative amount of P-OH?

Amount of acid sites® (mmol H* /g cat.)

FT-IR at 2950 cm~!

Raman shift at 985 cm™!

100°C 0.49
200°C 1.23
250°C 1.35
300°C 0.91

0.00846 0.266
0.02431 0.276
0.03245 0.359
0.02871 0.340

2 See the text for determination.
b Determined by amine titration using methyl red indicator
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Scheme 1. Possible reaction mechanism for dehydration of methanol to DME over
AlPO4 catalyst.

considered to be highly polar due to the strong electronegativity
of the phosphate group. The methoxy species can then react with
methanol through a four-member ring electron transfer process to
form DME. The proposed mechanism is illustrated in Scheme 1. We
have clearly shown that P-OH is an important intermediate for the
dehydration of methanol over AIPO4 catalyst.

4. Conclusions

The pretreatment with 10 mol% water vapor at 200-300 °C has
been shown to result in an increase of catalytic activity of AIPO4
catalyst in the dehydration of methanol to DME. The improved cat-
alyst performance was attributed to the increased acid strength and
acidity of the AIPO,4 catalyst. The peaks corresponding to P-OH were
observed by both FT-IR and FT-Raman techniques. Such results sug-
gested that Lewis acid sites could be changed to Bronsted acid sites
on the pretreated AIPO4 catalysts which would result in higher acid
strength, as also confirmed by amine titration with Hammett indi-
cators. However, hydrothermal pretreatment at 100 °C resulted in
lower catalytic activity than the non-treated one, due probably to
blocking of catalyst active sites by the weakly bonded hydroxyl
groups.
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Abstract

In the present work, the effects of Si and Zr addition on the surface defect and photocatalytic activity of the solvothermal-derived TiO, were
investigated. The metal-doped TiO, samples were prepared with the molar ratio Si/Ti and Zr/Ti ranging from 0.002 to 0.1 and were subjected to two
different cooling temperatures (room temperature and 77 K) after calcination as a post-synthesis treatment. The presence of a small amount of
metal dopant caused a slight change in the TiO, crystallite and BET surface area (ranging from 7.8 to 10.6 nm and corresponding surface area 95 to
159 m%/g). The photocatalytic activity of TiO, did not depend solely on the surface area but rather affected by the concentration of Ti** on the
catalyst surface as shown by a linear ascending trend of the ethylene conversion and the amount of Ti**/surface area of the catalysts. It is noted that
addition of Zr had more positive effect than Si and the effect of post-treatment on the photocatalytic activity of TiO, catalysts was more pronounced

than the addition of metal dopants.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: B. Defects; Semiconductor; Nanostructures; Solvothermal; Catalytic properties

1. Introduction

Titanium (IV) dioxide or titania (TiO,) has a wide range of
applications due to its excellent physical and chemical
properties. Titania is commercialized as the most powerful
photocatalyst because it has high photoactivity for most
photocatalytic reactions and is nonexpensive as well as
nontoxic to human life [1,2]. The photocatalytic activity of
TiO, is greatly influenced by its crystal structure, crystallite
size, crystallinity, surface area, incident light intensity, and
porosity [3]. With the decrease in particle size to nanometer
scale, the catalytic activity of titania is enhanced because the
optical band gap is widened due to an increase in surface area
[4,5], surface defect [6,7], and a shift of the absorption/
luminescence spectra towards shorter wavelengths (so-called
“blue shift™).

* Corresponding author. Tel.: +66 2218 6869; fax: +66 2218 6877.
E-mail address: joongjai.p@eng.chula.ac.th (J. Panpranot).

Surface defects in titania crystal are the results of surface
oxygen vacancies, which leave Ti’" sites exposed [8,9]. The
surface Ti’* sites play an essential role in photocatalytic
process over titania photocatalyst [10—12]. Yamazaki et al. [13]
reported that the competitive adsorption of water and ethylene
molecules occurred on the same Ti** sites while the oxygen
molecules adsorbed separately on the Ti** sites. Thus, an
increase of Ti’" sites substantially increased oxygen adsorption
and photocatalytic oxidation efficiency. In addition, Park et al.
[14] showed that the photoelectrons were trapped by the
surface defects (Ti**) leading to the inhibition of the e —h*
recombination. Relationship between the amount of Ti**
defects on TiO, surface and their photocatalytic activities have
been reported by many authors [15-18].

Many methods have been proposed to synthesize nanocrys-
talline TiO, in anatase phase such as sol-gel [19,20],
solvothermal [21] and hydrothermal methods [22]. Solvother-
mal synthesis, in which chemical reactions occur in aqueous or
organic media under the self-produced pressure at low
temperature (usually lower than 250 °C), is an advantageous

0272-8842/$36.00 © 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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method because it does not require high temperature treatment
step that usually causes grain growth, reduction in specific
surface area, and phase transformation of the TiO, particles as
occurred in the sol-gel process [23]. The solvothermal method
has been used to successfully synthesize various types of
nanosized metal oxides with large surface area, high crystal-
linity, and high thermal stability [24,25].

Incorporation of metals into anatase phase TiO, has been
frequently studied as a way to improve the photocatalytic activity
of TiO, nanoparticles. Addition of a second metal such as silicon
[26,27], zirconium [28], tungsten [29], cerium [30] and
aluminium [31] has shown to enhance the thermal stability for
phase transformation of titania particles from anatase to rutile
and increase the surface area of titania. For example [32],
anatase-type TiO, doped with 4.7 and 12.4 mol% ZrO, that were
directly precipitated as nanometer-sized particles from acidic
precursor solutions of TiOSO,4 and Zr(SOy4), by simultaneous
hydrolysis under hydrothermal conditions at 200 °C, showed
higher photocatalytic activity than pure anatase-type TiO, for the
decomposition of methylene blue. The thermal stability for phase
transition from anatase to rutile of TiO, doped with ZrO, was
greatly improved. Cheng et al. [33] reported that silica-doped
TiO, showed high photocatalytic activity due to the suppression
of phase transformation of titania from anatase to rutile and
formation of oxygen vacancies.

Howeyver, in most of the aforementioned studies, the effect of
second metal addition on the photocatalytic activity of TiO,
was studied at relatively high metal contents (10-50 wt.%).
Thus, it is of interest for this study to investigate the effect of
second metal addition (Si and Zr) at relatively low metal
content (Si/Ti and Zr/Ti molar ratio between 0.002 and 0.1) on
both surface defect and photocatalytic activity of the TiO,-
based catalysts. The properties of TiO, samples were
characterized using various analytical methods such as X-ray
diffraction (XRD), N, physisorption, electron spin resonance
spectroscopy (ESR), and X-ray photoelectron spectroscopy
(XPS). Photocatalytic activity of the TiO, was tested in a gas-
phase decomposition of ethylene under UV irradiation.

2. Experimental
2.1. Preparation of nanocrystalline TiO,

The TiO, catalyst was prepared with a procedure reported by
Payakgul et al. [34] using titanium (IV) n-butoxide (TNB,
Aldrich) as a titanium source. The Si- and Zr-doped TiO, were
prepared by adding a small amount of TEOS (tetraethylortho-
silicate, Aldrich) and zirconium (IV) n-butoxide (Aldrich) into
the solution of 25g TNB (Aldrich) in 100 ml toluene,
respectively. The molar ratios of Si/Ti and Zi/Ti calculated
were in the range 0.002-0.1. Then, set up the test tube in a
300 cm® 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 the desired temperature, in the
range of 573 K at a rate of 2.5 K/min. Autogenously pressure
during the reaction gradually increased as the temperature was

raised. Once the prescribed temperature was reached, the
temperature was held constant for 2 h. After the system was
cooled down, the resulting powders were repeatedly washed
with methanol and dried in air.

2.2. Quenching treatment

The detailed experiment has already been reported in our
earlier works [35,36]. Prior to quenching, the synthesized
catalysts were calcined in air atmosphere at 573 K with a
heating rate of 10 K/min for 1 h, and then it was taken out and
immediately quenched in air at room temperature and 77 K.
After the samples were quenched, all the catalyst samples were
dried in air at room temperature and stored in a desiccator.

2.3. Sample nomenclature

The base samples were TiO,-RT and TiO,-77 K which
referred to the TiO, catalysts without a second metal addition
that were cooled down in air at room temperature (RT) and 77 K
after calcination, respectively. The nomenclature used for the
metal-doped TiO,, for example “0.002-(Si)-TiO,-RT” was
referred to the Si-doped TiO, with Si/Ti molar ratio 0.002 that
was cooled down in air at room temperature.

2.4. Characterization

Phase identification and crystallite size of pure and modified
nanocrystalline titania were investigated by X-ray diffraction
(SIEMENS D5000) using Ni filter Cu K|, radiation from 20° to
80° 26. The crystallite size of TiO, was determined from half-
height width of the 1 0 1 diffraction peak of anatase using the
Scherrer equation. The BET surface area was obtained from the
N, adsorption isotherms measured at 77 K in a Micromeritics
ASAP 2000. Electron spin resonance spectroscopy (ESR) was
conducted in vacuum at room temperature and without
illumination using a JEOL, JES-RE2X electron spin resonance
spectrometer. To obtain the “g” value, MnSO, was used as
reference standard material. The intensity of ESR was calculated
using a computer software program ES-PRIT ESR DATA
SYSTEM (version 1.6). The XPS measurement was carried out
using an AMICUS photoelectron spectrometer equipped with an
Mg K, X-ray as a primary excitation and KRATOS VISION2
software. XPS elemental spectra were acquired with 0.1 eV
energy step at a pass energy of 75 kV. The background pressure
during the spectra accumulation was typically 10~° Pa. Detailed
spectral scans were taken over Ti 2p, O 1s, Zr 3d, Si 2p and C 1s
regions. All the binding energies were referenced to the C 1s peak
at 285.0 eV of the surface adventitious carbon.

2.5. Photocatalytic activity measurement

In photocatalytic experiments, the catalysts were packed into
a 60 cm long 9 mm diameter horizontal quartz fixed bed reactor.
The weights of the catalysts were kept constant at 0.40 g, and in
all cases the illuminated length of catalyst was identical. High
purity grade air containing 0.1 vol.% ethylene was continuously
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fed at a constant flow rate with a gas hourly space velocity
(GHSYV) of 120 h™'. An air stream with 0.1 vol.% ethylene was
first passed through the reactor without irradiation until reaching
gas—solid adsorption equilibrium. Then, UV light (A = 365 nm)
was irradiated on the surface of the catalyst using 125 W mercury
lamp (Philips, HPLN). The distance between the lamp and the
reactor was 20 cm. The light irradiance at surface of the reactor
was 0.65 mW/cm?®. The irradiated sample area was approxi-
mately 4 cm?® Analysis of the ethylene feed and other
hydrocarbon products were conducted with an on-line SHI-
MADZU GC-14B gas chromatograph equipped with a flame
ionization detector (FID) and VZ-10 column. The retention time
of ethylene was approximately around 30 s. Other degradation
products such as CO and CO, were detected using SHIMADZU
GC-8A gas chromatograph equipped with a thermal conductivity
detector (TCD) equipped with Molecular sieve SA and Poropak-
Q columns, respectively. Steady state was achieved withinca. 3 h
after illumination.

3. Results and discussion
3.1. Textural properties of the TiO, photocatalysts

X-ray diffraction patterns of the base TiO, and the metal-
doped TiO, samples with metal/titanium molar ratio 0.1 are
shown in Fig. 1. All the samples exhibited the XRD patterns of
only pure anatase phase TiO, without any contamination of
other phases. However, the peak intensities of anatase TiO,
decreased with the insertion of second metal due probably to
the formation of amorphous phases [37]. No diffraction lines of
zirconia or silica were observed due to the very small amount
and/or the small crystallite sizes of the dopant phase lower than
XRD detection limit. Incorporation of Zr and Si into anatase
TiO, structure has been reported by others [38,39]. The average
crystallite sizes of TiO, samples were determined from the full
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Fig. 1. X-ray diffraction patterns of pure TiO, and metal-doped TiO,.

width at half maximum of the XRD peak at 20 = 25° using
Scherrer’s equation. As shown in Table 1, addition of a small
amount of Si or Zr to TiO, powder, the average crystallite size
of TiO, decreased slightly from 11.0 to 9.0 nm. It is likely that
second metal doping suppressed crystal growth of TiO, thus
smaller crystallite sizes were obtained. According to the BET
analysis, it can be observed that the Si- and Zr-doped TiO,
samples have larger BET surface area than pure TiO,. The
effect was more pronounced for the Si-doped than the Zr-doped
ones. The increase in BET surface area can be related with the
lower degree of crystallisation of the mixed oxides with respect
to the pure TiO,. According to Daturi et al. [40], a maximum
increase of BET surface area for Zr-modified TiO, was
observed at the 0.5:0.5 atomic ratio. Thus, we can probably say
that addition of relatively small amount of dopant (atomic ratio
<0.1) in this study did not have much impact on the BET
surface area of TiO, powders. The BET equivalent particle
diameters were also calculated and summarized in Table 1. The
BET equivalent particle diameters were found to be larger than

Table 1
Physical properties and activities of Si- and Zr-doped TiO, samples synthesized by solvothermal method.
Sample nomenclature BET surface dxrp’ dgeT’ Intensity of Ethylene TON®
area® (mz/g) (nm) (nm) ESR/BET conversion? (%)
TiO,-RT 93 10.6 16.8 47 21.5 3.6
TiO,-77 K 97 10.6 16.1 257 34.6 5.6
(Si)-TiO,-RT (0.002) 159 9.0 9.8 77 23.5 2.3
(Si)-TiO,-77 K (0.002) 156 9.0 10.0 199 315 32
(Si)-TiO,-RT (0.005) 133 8.9 11.7 144 279 33
(Si)-TiO,-77 K (0.005) 136 8.6 11.5 213 324 3.7
(Si)-TiO,-RT (0.1) 133 9.0 11.7 56 22.1 2.6
(Si)-TiO,-77 K (0.1) 136 8.4 11.5 62 225 2.6
(Zr)-TiO,-RT (0.002) 95 9.5 16.4 111 25.7 42
(Zr)-TiO,-77 K (0.002) 99 9.7 15.8 225 33.2 52
(Zr)-TiO,-RT (0.005) 101 7.7 15.5 245 345 53
(Zr)-TiO,-77 K (0.005) 106 7.8 14.7 322 39.5 5.8
(Zr)-TiO,-RT (0.1) 104 8.2 15.0 57 222 33
(Zr)-TiO,-77 K (0.1) 105 8.4 14.9 79 23.5 3.5

? Determined using BET method.
° Determined using Scherrer’s equation.

¢ Calculated from dggr = 6/(SSA X p,), where p, is the weighted density of TiO, (3840 kg/m3).
d Photocatalytic reaction was carried out at 313-328 K, 1 bar, and 0.1% ethylene in air.

¢ Turnover number.
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Fig. 2. ESR spectra of (a) 0.002 Si-doped TiO,, (b) 0.005 Si-doped TiO5, (c) 0.1 Si-doped TiO,, (d) 0.002 Zr-doped TiO,, (e) 0.005 Zr-doped TiO,, and (f) 0.1 Zr-

doped TiO,.

the ones calculated from XRD results. This can be explained by
the agglomeration of TiO, particles, which could inhibit the
adsorption of N, molecules.

It is believed that the process of annealing or calcination has
shown to result in a variety of surface defects, strains, and
reconstructions of materials [41]. So, the variation of cooling
temperature was applied as a post-synthesis treatment with the
aim to create more defects on the TiO, surface and as a
consequence, improve their photocatalytic activities. More-
over, the post-synthesis treatment in cooling temperature did
not significantly alter the specific surface area and the average
crystallite size of the TiO, (see Table 1).

3.2. Electron spin resonance spectroscopy (ESR) study

The number of defective sites of TiO, or Ti** was
determined using electron spin resonance spectroscopy

technique and the results are shown in Fig. 2. Nakamura
et al. [42] and Serwicka [43] reported two signals occurring
on the surface of TiO, during ESR analysis without
illumination indicating: (i) the surface Ti** and (ii) the bulk
defect. Nakaoka and Nosaka [44] reported six signals in ESR
measurement on the surface of titania namely (i) Ti**OH ",
(ii) surface Ti**, (iii) adsorbed oxygen (0*"), (iv) Ti**0*",
(v) inner Ti**, and (vi) adsorbed water. In the present study,
all the TiO, samples exhibited similar ESR spectra, in which
mainly one signal at the g value of 1.996 was observed.
According to Nakaoka et al. [42], this peak was attributed to
the Ti** sites on surface TiO,. It is clearly seen that the Zr-
doped TiO, exhibited higher intensity of the ESR signals
than the Si-doped ones. The intensity of ESR spectra per
surface area of the TiO, is given in Table 1. The results
indicate that Zr-doped TiO, possessed higher concentration
of Ti** defective sites than Si-doped TiO».
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Table 2
XPS binding energies (eV) and FWHM (eV) values of Si- and Zr-doped TiO, catalysts.
Sample nomenclature Ti 2p O Is Zr 3d Si 2p

BE FWHM BE FWHM BE FWHM BE FWHM
TiO,-RT 459.3 1.7 530.8 1.5 - - - -
TiO,-77 K 459.2 1.7 530.6 14 - - - -
(Si)-TiO,-RT (0.002) 458.8 14 530.1 1.5 - - 102.1 2
(Si)-TiO,-77 K (0.002) 458.9 14 530.2 1.5 - - 102 1.9
(Si)-TiO,-RT (0.005) 458.3 14 530.1 1.5 - - 102.1 2.1
(Si)-TiO,-77 K (0.005) 458.4 14 530.2 1.5 - - 102.1 2.3
(Si)-TiO,-RT (0.1) 458.5 1.5 530.2 1.6 - - 102.3 2.2
(Si)-Ti0,-77 K (0.1) 458.6 1.5 530.3 1.6 - - 102.4 2.1
(Zr)-TiO,-RT (0.002) 458.5 14 530.2 1.5 182.1 1.8 - -
(Zr)-TiO,-77 K (0.002) 458.3 1.4 530.1 1.6 182 2 - -
(Zr)-TiO,-RT (0.005) 458.3 1.5 530.3 14 182.1 1.9 - -
(Zr)-Ti0,-77 K (0.005) 458.6 1.4 530.3 1.6 182.4 1.8 - -
(Zr)-TiO,-RT (0.1) 458.2 14 530.1 1.5 182.3 2.2 - -
(Zr)-TiO,-77 K (0.1) 458.4 1.4 530.3 1.5 182.1 2.1 - -

3.3. X-ray photoelectron spectroscopy (XPS) study

It is well known that XPS is a surface probe detecting
electrons that are generated from a depth of a few nanometers
on the surface of the sample. To make the XPS results
comparable to those of ESR measurement, elemental composi-
tion and chemical states on the surface of metal-doped TiO,
samples that were subjected to two different cooling
temperatures were studied. The binding energy values and
the full width at half maximum (FWHM) values of Zr 3d, O 1s,
Si 2p and Ti 2p photoelectron peaks as determined by XPS of
the various TiO, samples are summarized in Table 2. The
binding energies for Si 2p and Zr 3d levels are in agreement
with those reported for pure SiO, [45] and ZrO, [46] at 103.0
and 183.5 eV, respectively. No significant variation has been
observed for these elements over the metal-doped TiO,
samples. However, the binding energy of the Ti 2p band for
the metal-doped samples was found to be lower than that of the
pure TiO,. For better comparison, the XPS bands of Ti 2p for
Si- and Zr-doped TiO, are shown in Fig. 3. Normally, the Ti 2p
XPS spectra of TiO, sample show two shoulder peaks at lower
binding energy (Ti 2p;/,) and higher binding energy (Ti 2p,,),
respectively, in line with the earlier reports by Mukhopadhyay

Fig. 3. Ti 2p XPS spectra of various TiO, samples: (a) TiO,-RT, (b) 0.1-(Zr)-
TiO,-RT, and (c) 0.1-(Si)-TiO,-RT.

and Garofalini [47]. The presence of defect is visible as a
shoulder in the XPS spectra which was assigned to Ti**
oxidation state. From Fig. 3, the binding energy of Ti 2p
electrons was found to be lower than the value normally
published for Ti** ions in TiO, (459.2 eV) [48,49]. However,
the Ti 2p spectrum was slightly broadened and a shoulder band
appeared at 1.6 eV lower than the Ti** binding energy, this
could be associated with the Ti** defect state [50].

3.4. Photocatalytic activity test

The photocatalytic activity of the TiO, and metal-doped
TiO, samples was tested for the photocatalytic decomposition
of ethylene in gas-phase under UV illumination. Under these
conditions, the only products detected by gas chromatography
were CO, and H,O. The mechanism of photocatalytic
decomposition of ethylene has been reported by many
researchers [13,51]. The mechanism is believed to involve
absorption of an UV photo by TiO, to produce an electron—hole
pair. Both hole and electron play an important role on creating
the reaction intermediate, which react further and form CO, as
the final product.

Photocatalytic activities of the TiO, samples with different
proportions of Si/Ti and Zr/Ti were evaluated in the
decomposition of ethylene in gas-phase and the results are
shown in Table 1. In our previous studies [35,36], the effects of
cooling media and temperature on the photocatalytic activities
of solvothermal-derived TiO, have been reported. It was found
in this study that the photocatalytic activity of the metal-doped
TiO, cooled down in different cooling temperatures is also
evidently different. The ethylene conversion results show that
the metal-doped TiO, at lower amounts of metal exhibited
higher photocatalytic activity than the pure titania. Ethylene
conversions at steady state for the metal-doped TiO, samples
after cooling at room temperature were ranging from ca. 22% to
39% while pure TiO, sample under similar reaction conditions
gave ca. 21% ethylene conversion. The turnover number (TON)
was calculated from the ratio of the number of photoinduced
transformation for a given period of time and the number of
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Fig. 4. Plot between ethylene conversion at steady state (ca. 3 h) and dopant
content.

photocatalytic sites (surface area). From Table 1, TONs for all
the catalysts were greater than unity, the (photo) catalytic
character of the reaction or process was confirmed.

The photocatalytic activity of metal-doped TiO, depended
on the cooling temperature applied after calcination. It was
found that metal-doped TiO, samples cooled at lower
temperature exhibited higher photocatalytic activity than those
cooled in high temperature ones. For example, the ethylene
conversion of 0.005 Zr-doped TiO, was 34.5% and 39.5% for
the sample cooled down at room temperature and at 77 K,
respectively. Additionally, the metal content has an obvious
effect on the activity of the metal-modified TiO, catalysts. The
plots of ethylene conversion versus metal content (Fig. 4) show
that there existed an optimal metal content (atomic ratio) to
achieve the highest photocatalytic activity. If the concentration
of metal is too low, the promotional effect is not significant
while for high metal content, the active sites of TiO, may be
blocked and lower catalytic activity would be obtained. An
optimum metal content on photocatalytic activity of the Zr- and
Si-doped TiO, has also been suggested by Fu et al. [28] for
much higher metal loading range. The specific activity of TiO,
synthesized by sol-gel method was enhanced by the addition of
SiO, (optimum at 16 wt.%) or ZrO, (optimum at 12 wt.%). The
increase in activity of the modified catalysts was attributed to
both an increase in surface area (ranging between 250 and
400 m*/g) and chemical change on the catalyst surface.

The results in this study show that for a similar metal
content, the Zr-doped TiO, exhibited higher photocatalytic
activity than the Si-doped ones. However, one may notice that
the Si-doped TiO, had larger BET surface areas than the Zr-
doped ones and in general, anatase TiO, nanoparticles with
higher specific surface area typically exhibit higher photo-
catalytic activity. The increase of surface area means the
increase of the number of active sites on which the electron
acceptor and donor are adsorbed and participate in the
photocatalytic reaction. In our present study, the presence of

Fig. 5. Photocatalytic activity at steady state (ca. 3 h) of metal-doped TiO, for
ethylene decomposition as a function of the intensity of ESR/BET.

very small amount of metal dopants caused only a slight change
in the TiO, crystallite and BET surface area (ranging from 7.8
to 10.6 nm and corresponding surface area 95 to 159 m?/g). The
photocatalytic activity of TiO, did not depend solely on the
surface area but were found to be correlated well with the
concentration of Ti** on the catalyst surface as illustrated by a
linear ascending trend of the ethylene conversion and the
amount of Ti**/surface area of the catalysts in Fig. 5. It should
also be noted that the effect of post-treatment on enhancing the
concentration of Ti** on the TiO, was more pronounced than
the addition of metal dopants.

4. Conclusions

The Si- and Zr-doped TiO, with Si/Ti and Zr/Ti molar ratios
ranging from 0.002% to 0.1% were prepared via the
solvothermal method using titanium n-butoxide as the titanium
precursor and toluene as the solvent. It was found that selection
of a suitable second metal doping can enhance photocatalytic
activity of the TiO,. Based on ESR and XPS analyses, the
improved photocatalytic activity of the TiO, is suggested to be
due to the presence of Ti** defect sites on the surface of TiO,.
Moreover, a post-synthesis treatment by cooling in air at 77 K
effectively enhanced the amount of Ti*" and photocatalytic
activity of the TiO, and the metal-doped TiO,.
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Gibbsite (FG) with mean particle diameter (dso = 13 pm) was
milled in an attrition mill for 12 and 24 h using alumina balls as
grinding media and calcined at different temperatures in the
range of 350°—600°C. The properties of the alumina obtained
were determined by X-ray diffraction, N, physisorption, the-
rmogravimetric/differential thermal analyses, and transmission
electron microscopy. Without milling, the alumina obtained nor-
mally contained the mixed phases between y- and y-phase
alumina. On the other hand, high purity of nanocrystalline -
phase alumina (100 wt%) can be produced by calcination of the
24-h milled FG at 600°C. The isothermal kinetics measurements
revealed that the rate constant (k) for phase transformation in-
creased as the particle size of gibbsite decreased and the calcu-
lated activation energy for transformation from FG to alumina
decreased from 20.6 to 14.7 and 6.8 kJ/mol after milling for 12
and 24 h, respectively. The physical properties of nanocrystalline
y-alumina obtained by the calcination of milled FG were com-
parable to those produced by the solvothermal method. The
present results offer a simple way to prepare a large amount of
pure y-phase alumina for particular industrial applications.

I. Introduction

ALUMINA (Al,O3) is one of the most common crystalline ma-
terials used as catalysts, catalyst supports, sorbent, coating,
and ceramics.'™ Compared with the other oxides, alumina has
high surface area, good catalytic activity, high mechanical resis-
tance, good thermal stability, high strength, and toughness.””’
There are many methods to synthesize alumina such as solvo-
thermal,””’ molten salt synthesis,8 shock wave action,’ solfgel,lo
spray pyrolysis,!' and thermal decomposition of aluminum hy-
droxide (boehmite and gibbsite).'*!?

y-alumina is a crystallographic form of series of alumina,
which is normally obtained by dehydration of gibbsite
(<200 nm)."* When it is fired, y-alumina will transform to k-
alumina at a temperature in the range of 650°-750°C and con-
sequently form a-alumina at a temperature around 1000°C. The
x-phase alumina has been used as catalysts and catalyst supports
and interesting results were obtained.'>!” For examples, CO hy-
drogenation activities of Co/Al,Oj5 catalysts increased when the
catalysts were ]i)repared on the mixed y- and y-phase Al,O5."
Khom-in ef al.'® studied the solvothermal-derived nanocrystal-
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line pure y-Al,O3, x-Al,O3, and mixed-phase y- and x-Al,O; in
the dehydration reaction of methanol to dimethyl ether. Me-
ephoka er al.'” used both y- and ¥-ALO; as supports for the
preparation of Pt/Al,O5 for CO oxidation reaction. Most of the
recent studies show that highly stable nanocrystalline %-Al,O3
can be prepared by the solvothermal method using aluminum
iso-propoxide as the precursor. Such a technique, however, is
quite tedious and costly because it requires a high-pressure
reactor, high temperature, and long reaction time.

Gibbsite (a-Al(OH)3) is a cheap starting material widely used
in the transformation of alumina because it can be dehydrated
to various phases (x.7,0,k,0).'®!° Figure 1 shows the diagram of
phase transformation of alumina from gibbsite. The transfor-
mation route depended on temperature, heating environment,
particle size of staring gibbsite, and heating rate.”® Typically, for
small particles (<1 pm), the phase transformation process
occurs by route 1 and produces y-alumina.'* In addition, the
transformation of bayerite*' and diaspore22 to a-Al,O5 has been
studied. It was indicated that yx-alumina was not formed from
these starting materials.

The formation of y-alumina from gibbsite has been observed
in previous works. Jang et al.'? studied the effect of grinding on
the phase transformation of gibbsite (starting particle size
64.2 um). The y-phase alumina was observed at 450°C for the
sample grind for 5 h (particle size 9.7 pm) and completed at
around 910°C. Bhattacharya et al.?® investigated the thermal
decomposition of fine gibbsite (1.5 um) and the formation of y-
alumina appeared at 500°C and its crystal remained until
around 800°C. Mercury et al.> studied the decomposition of
synthetic gibbsite by neutron thermodiffractometry and found
that y-alumina was formed at the temperature above 500°C. The
grinding method is an effective method for the reduction of
particle size due to its simplicity, minimal environmental prob-
lems, convenient operation, and absence of wastes. Attrition
mills are widely used in order to reduce particle size; moreover,
they are ideally appropriate for the industrial process due to
their high efficiency and availability in large scale.?*

In the present study, the effect of milling on the phase trans-
formation behavior of gibbsite was extensively investigated. The
properties of the alumina obtained were investigated using
a laser diffraction-based size analyzer, X-ray diffraction
(XRD), thermogravimetric/differential thermal analyses
(TGA/DTA), N, physisorption, transmission electron micros-
copy (TEM), and isothermal kinetics measurement.

II. Experimental Procedure

(1) Sample Preparation

Gibbsite with dso = 13.0 m (Merck, Darmstadt, Germany) was
used as a starting material. In order to reduce its particle size,
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Fig.1. Phase transformation of alumina from gibbsite to a-alumina.

the starting material was milled in an attrition mill for 12 and 24
h using alumina balls as grinding media and water as milling
fluid. Approximately 100 g of gibbsite and water 300 mL were
first mixed in a plastic pot. Alumina balls were weighed before
and after milling as well as filled to a half volume of the milling
pot. Cooling water was fed continuously in the attrition mill in
order to remove heat. Rotational speed of the mill was fixed at
500 rpm. The sample was collected every 2 h and dried at 105°C
overnight in an oven to remove water. The dried sample was
subsequently milled using a mortar to deagglomerate. The sam-
ples were calcined in a tube furnace in air (95 mL/min) by heat-
ing to a desired temperature at a rate of 10°C/min and was held
at this temperature for 4 h. Then, the samples were cooled down
to room temperature in N> flow (75 mL/min).

The products are designed as FG**h™**C where the first two
asterisks represent the milling time and the latter three asterisks
represent the temperature of calcination. The abbreviation of
FG is gibbsite (starting material).

(2) Characterization

Particle size distribution was measured using a laser diffraction-
based size analyzer (reflective index 1.57; Malvern Mastersizer,
Worcester Shire, England). All the samples were measured on
DI water as dispersant. Dispersion and deagglomeration of par-
ticles were ensured by ultrasonic treatment before measurement.
XRD analysis was carried out using a Siemens D5000 diffracto-
meter (Karlsruhe, Germany) with CuKa radiation with Ni filter.
The scans were recorded in the 20 range of 10°-80° using a step
size of 0.04°. The average crystallite size was estimated using the
Scherrer equation. The surface areas of samples were measured
by N, physisorption using a micromeritics chemisorb 2750
(Norcross, GA). TGA/DTA of the ground and unground sam-
ples were performed (SDT Analyzer Model Q600 from TA In-
struments, New Castle, DE) at a heating rate of 10°C/min in
flowing air (100 mL/min). The morphology of samples was in-
vestigated by TEM (JEOL JEM 2010, Tokyo, Japan), operating
at 200 kV.

The fraction of y-Al,O; was determined by quantitative
XRD analysis, using CaF, (Merck, Germany) as an internal
standard. A 0.2000+0.0001 g of sample was placed in a porce-
lain dish. One tenth of the sample weight of CaF, was weighed
and mixed with the sample for 5 min. The analysis was calcu-
lated by the ratio of the integrated intensities of the 43° (CuKuo
20) of x-Al,O5 and integrated intensities of the 28.1° (CuKa 20)
of CaF,. Their ratios were compared against a standard cali-
bration curve of y-Al,O3;/CaF,. The calibration curve was
determined using a mixture of y-alumina and the same amount
of CaF,, spanning the range of 20-90 wt% yx-alumina.

(3) Isothermal Kinetic Measurements

The samples were heated at three different temperatures in the
range of 450°—600°C with different holding times. The activation
energy for the transformation of gibbsite to x-Al,O; was esti-
mated b;/ isothermal experiments according to the Arrhenius
method.”® First of all, the value of the rate constant (k) was
calculated by the Johnsom—Mehl-Avrami equation (Eq. (1)).%

x(1) =1 — exp[—(k1)"] )]

where x is the phase fraction of x-Al,O5 at time (¢) and # is the
reaction exponent. For analyzing Eq. (1), it can be rewritten in
the form of the following Eq. (2).

Vol. m, No. 1t
In(—In(1 — x)) =nlnk+nlnt 2

The value of k and n can be calculated from the slope and
interception of a linear plot of In ¢ and In(-In(1-x)). After the
value of k is obtained, the activation energy (E,) can be esti-
mated by the Arrhenius equation (Eq. (3)).

Ink=InAd — L
RT

©)

where 4 is a constant, R is the gas constant (8.314
J-(K-mol)™Y), and T is the working temperature. The value
of E, can be calculated from the slope of a linear plot of In k and
IT.

III. Results and Discussion

(1) Particle Size Distribution

The size distributions of gibbsite agglomerates and particles
before and after milling are shown in Fig. 2. The median particle
size (dsp) decreased from 13 to 3 um and 0.6 pm after milling
for 12 and 24 h, respectively. Moreover, the unimodal pore
size distribution in the starting gibbsite changed to bimodal
distribution after milling for 24 h. During milling, the evolution
of the distribution of gibbsite is lower, and the mean size
decreased.” Regarding the starting specific surface area of
25 m?/g and microscopic evidence (shown in Fig. 9), the 13
um is referred to the agglomerate size of the raw powder,
whereas the particle size in the as-delivered state was ca. 2-3
pum. It is noted that particle size distribution of the samples did
not come from alumina balls because the weight loss of balls was
determined to be <1% (initial weight 761.9 g and after milling
759.9 g). Milling run of the alumina balls for 24 h in pure water
without gibbsite was carried out in order to determine the typ-
ical mean particle size of the wear debris (possible o seeds and
abrasives coming from the grinding media). The result is also
shown in Fig. 2 and the typical mean particle size was deter-
mined to be 24 m.

(2) XRD and TGA|DTA Results

Figures 3 and 4 show the results from the TGA and DTA plots,
of the gibbsite powder after milling for various times. Two
weight processes were detected corresponding to two endother-
mic and one exothermic process. The decrease in mass at around
150°-600°C, accompanied by the endothermic peaks in DTA

—e— FGOh
—A— FG12h
—— FG24h
—*— Alumina abrasive

%volume

.01 10 1.00 10.00 100.00
particle size (d,,, um)

Fig.2. The particle size distribution of unmilled and milled gibbsite at
various milling times.
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Fig.3. The thermogravimetric curves of unmilled and milled gibbsite at
various milling times.

signal, is attributed to the dehydration of gibbsite to form al-
umina. The endothermic peak was shifted toward the lower
temperature with an increasing milling time, indicating an ac-
celeration of the dehydration of gibbsite by the milling process.>!
The overall weight losses of all the samples were approximately
around 35%, which were in good agreement with the calculated
value of 34.6% for the dehydration reaction

2AI(OH); — ALO;3 + 3H,0 @)

The dehydration of FGOh (Fig. 4(a)) in first endothermic step
(236°C) was due to loss of water in the sample. The second en-
dothermic peak (306°C) is corresponding to a weight loss of
22.5%, XRD measurements of FGOh treated at 400°C also
show a peak at 20 = 14.4° (Fig. 6(d)). It points out that boehmite
formed at this range of temperature. In addition, the endother-
mic peak at around 526°C indicated that boehmite transforms to
alumina. Figure 6(b) shows that diffraction peaks of mixed
phases of alumina were observed at 500°C. However, this en-
dothermic peak disappeared when milling time increased, indi-
cating that the milling conditions affected the transformation
sequence of gibbsite.'?

XRD data were undertaken to study the transformation
phases from gibbsite at various temperatures. The XRD pat-
terns of FGOh, FG12h, and FG24h are shown in Fig. 5. The
intensities of XRD peaks decreased and became wider as the
milling time increased. It is due to decreasing of the crystallinity
and particle size of gibbsite. Figures 68 shows the XRD pat-

weight loss (%)

60 T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Fig.4. The differential thermal analyses curves of unmilled and milled
gibbsite at various milling times.

intensity (a.u.)
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Fig.5. The X-ray diffraction patterns of unmilled and milled gibbsite at
various milling times; (a) FGOh, (b) FG12h, and (c) FG24h.

terns of calcined FGOh, FG12h, and FG24h at various temper-
atures. For the calcined FG12h, the mixture between boehmite
and y-phases was found at 400°C and the x-phase was observed
at a higher calcination temperature. In the case of prolonged
milling (FG24h), the transformation of gibbsite to y-alumina
was completed at 350°C. This implies that the small particle sizes
are effective for reduction in the transformation temperature of
gibbsite to y-alumina.*®

When particle size of gibbsite is small, the dominant peak
(26 = 14.4°) of boehmite would be reduced (Figs. 6(d) and 7(d)).
As a result, y-alumina occurred from the small particle size of
gibbsite. It has been known that the dehydration sequence of
gibbsite in air is affected by its particle size. In small gibbsite
particles (< 10 um), boehmite is rarely formed, but in the case of
larger particles (> 100 pm), boehmite is formed because the wa-
ter formed by the decomposition of the gibbsite cannot rapidly
escape from the larger particles.>'>?%%” Consequently, transfor-
mation of gibbsite occurred through route 1 (Fig. 1). However,
the boehmite phase may be observed from the small particle size
of gibbsite, if the gibbsite particle is a crystal.’® Bhattacharya
et al®® found that crystal gibbsite (0.25 Pm) can produce boeh-
mite at 400°C. Nevertheless, Jang et al.'* used ground gibbsite
losing the crystalline structure, and boehmite was not observed
at low temperature. When FGOh was heated, boechmite was
observed at 400°C and x-alumina was formed at 450°C. How-
ever, x-alumina was not the only phase of alumina that occurred

intensity (a.u.)

10 20 30 40 50 80 70 80
2theta (degree)

Fig.6. The X-ray diffraction patterns of FGOh calcined at various
temperatures, b, boehmite; x, x-AlL,Os; o, y-AlL,O3 (a) 600°C, (b) 500°C,
(c) 450°C, and (d) 400°C.
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Fig.7. The X-ray diffraction patterns of FG12h calcined at various
temperatures, b, boehmite; x, x-Al,O;3 (a) 600°C, (b) 500°C, (c) 450°C,
and (d) 400°C.

at this temperature; the peak of y-alumina was also observed.
For the micrometer sizes, both transition routes (Fig. 1) may
possibly occur, which depends on the heat treatment condi-
tions.?® The decomposition of boehmite would occur at 300°C at
atmospheric pressure. The typical temperature regorted for the
decomposition of boehmite to y-Al,O5 is 450°C.%

In the past, a-seeding has been shown to influence phase
development and transformation kinetics of alumina.?%° It may
be possible that the y peaks in Figs. 6-8 could have been en-
hanced by such a seeding effect. However, in the present study,
the contamination from abrasives appeared to have very little
impact on the reduction of transformation temperature of gibbs-
ite to x-alumina due to the very small amount presented. The
amounts of wear debris obtained by milling the alumina balls in
water for 24 h with and without gibbsite were only 2 and 3 wt%
of the gibbsite weight, respectively. According to the literature,
the effect of a-seeding was dependent not only on the size of the
seeds but also on the amount of the seeds presented. For exam-
ples, Kano et al*® showed that the presence of 50 wt% a-
alumina seeding reduced the transformation temperature of
gibbsite to o-alumina by 120°C (from 1030° to 910°C), while
for 5 wt% o-alumina seeding, the transformation temperature
decreased only about 30°C. Similarly, Xie et al.>° reported that
Al(OH); can be transformed to a-Al,O; at a relatively lower
temperature (1100°C) with the help of seeds by wet grinding of

imtensity (a.u.)
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Fig.8. The X-ray diffraction patterns of FG24h calcined at various
temperatures, b, boehmite; x, x-Al,O5 (a) 600°C, (b) 500°C, (c) 400°C,
(d) 350°C, and (e) 300°C.
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Table I. The BET Surface Area and Alumina Phase of
Unmilled and Milled Samples after Calcination at 600°C

Samples Phase Surface area (m?/g)
FGOh — 25.1
FGOh600C v and ¥ 101.8
FG12h600C X 110.5
FG24h600C X 122.6

high-purity Al,O; balls when the seed concentration was in-

creased to > 10 wt%. Moreover, the average particle size of the

abrasives in this study was much larger than those reported in

the literature for reduction in the transformation temperature

of gibbsite powder %i.e., 24 pm (this work) as compared with
).

0.6 pm in Xie et al.®

(3) BET Surface Area

Based on BET surface analyses of calcined samples summarized
in Table I, the FGOh had significantly smaller surface area. After
calcinations, the structure of gibbsite was destroyed, resulting in
a drastic increase in surface area of the calcined samples. With
the same calcination temperature, FG24h600C had the highest
surface area of 122.6 m?/g. The increase in the surface area of
treated samples is due to the decrease in particle size. These
results are in good agreement with that of Ogata ez al.,'” who used
gibbsite as the starting material and found that the specific surface
area increased when the calcination temperature increased.

Table II summarizes the crystallite size (dxrp) and the frac-
tion of y-phase of the calcined samples. It can be seen that the
increase in calcination temperature resulted in a larger crystallite
size. Meanwhile, the fraction of x-alumina increased with the
increasing calcination temperature. These results indicated that
high-gurity x-alumina can form at the higher temperature. Du
et al.*! also reported that the fraction of a-phase in o-alumina
synthesized from bayerite would increase with increasing calci-
nation temperature. Macédo et al.>® found that the high fraction
of a-alumina can be produced from y-alumina when the calci-
nation temperature increased from 750° to 900°C. At low tem-
perature (450°C), the fraction of x-alumina rapidly increased
from 0.58 to 0.89. It is implied that mechanical activation
affected the formation of y-alumina. Under isothermal condi-
tion, the fraction of y-alumina increased when the particle size
decreased. It is confirmed that the small particle size of gibbsite
can produce high purity of y-alumina. In comparison with pure
x-alumina prepared by the solvothermal method as reported
previously by our group (crystallite size 6 nm and BET surface
area 168 m?/g),!” the physical properties of y-alumina obtained
by the calcination of FG24h were comparable to those of the
solvothermally derived ones.

(4) Kinetics Measurements

Table III summarizes the transformation rate constants (k) of
unmilled and milled gibbsite, which was calcined at different

Table II. The Particle Size (dxgrp) of the Samples after
Calcination and the Fraction of y-Phase

Samples T (°C) dxrp (nm)" Fraction of y-phase’
FGOh 450 38 0.58

500 4.1 0.72

600 44 0.88
FGI12h 450 3.7 0.68

500 3.8 0.94

600 42 0.95
FG24h 450 33 0.90

500 3.7 0.99

600 3.8 1

fCalculated by the Scherrer equation. *Calculated by quantitative XRD.
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Table III. Rate Constant (k) for Milled and Unmilled Gibbsite
at Different Temperature

Milling time (h) k (min~")
T=600°C
0 0.0142
12 0.0178
24 0.0359
T=500°C
0 0.0110
12 0.0153
24 0.0248
T=450°C
0 0.0033
12 0.0054
24 0.0188

temperatures. For any constant temperature, k increased with
the increasing milling time. At a low temperature, the milling
can increase k more significantly. For example, at 450°C acti-
vation of the sample, milling for 24 h increased the reaction rate
constant 5.7 times (compared with the sample for 0 h?, but at
600°C it increased only 2.5 times. Panchula and Ying®' synthe-
sizing o-alumina from milled and unmilled y-alumina reported
that k increased with the increase in calcination temperature and
milling time from 30 to 120 min.

Table IV. Activation Energy of Milled and Unmilled Gibbsite

Sample E, (kJ/mol)
FGOh 20.6
FGI12h 14.7
FG24h 6.8

Table IV shows the activation energy for phase transforma-
tion of unmilled and milled gibbsite to y-alumina. The activa-
tion energy decreased from 20.6 to 14.7 and 6.8 kJ/mol after
milling for 12 and 24 h, respectively. This result indicated that
the activation energy decreased with the decreasing particle size
of the starting gibbsite. In general, reducing the particle size
would lead to an increasing surface energy of the particle,
thereby resulting in the decreasing of activation energy for phase
transformation and transformation temperature as shown in the
DTA profile.?® The XRD patterns also confirmed that the trans-
formation temperature of gibbsite to y-alumina reduced from
450° to 350°C after milling for 24 h. It may be attributed to the
fact that gibbsite grows to the critical size of phase transforma-
tion and then transform to y-alumina at a lower tempera-
ture.”®3! Moreover, the milling of gibbsite for 12 and 24 h can
be up to 28% and 67% of the activation energy compared with
that of the unmilled gibbsite. Several researchers observed the
kinetics of transition alumina. Macédo er al.>® studied the ki-

Fig.9. The transmission electron micrographs of FGOh (a, b), FG12h (c), and FG24h (d).
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Fig.10. The transmission electron micrographs of FG0Oh400C (a), FGOh600C (b), FG12h400C (c), FG12h600C (d), and FG24h600C (e).

netics of y- to a-alumina. They found that the activation energy
of this phase transformation was 201 +4 kJ/mol. Chang er al.*®
studied the size effect of y-alumina to a-alumina. The activation
energy reduced from 506 to 321 kJ/mol when ds, of x-alumina
decreased from 155 to 40, respectively. Yang er al.>* presented
the formation during 6-Al,O5 to a-Al,O5 transformation. They

used three kinds of O-powder (as-received, homogenized,
homogenized, and additionally unaxial-pressed compact) as
the starting material. The activation energy was 299, 189, and
148 kJ/mol, respectively. Candela and Perlmutter®® studied the
kinetics of boehmite formation by the thermal decomposition
of gibbsite under water vapor pressure from 100 to 3200 Pa. The
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activation energy was 142410 kJ/mol. In the present work,
the value of activation energy was lower than those reported in
the above-mentioned works due to the lower transformation
temperature.

(5) TEM Observation

The effect of grinding on the morphology of gibbsite and
x-AlL,O3; were studied by TEM observation. Figure 9 shows
the TEM micrographs of unmilled (a and b) and milled (c and d)
gibbsite powder. The unmilled fine gibbsite clearly consisted
of pseudohexagonal plates, while irregular and flaky particles
were observed for milled samples. It revealed that the milling
effectively changed the morphology of gibbsite and reduced
particle size. Figures 10(a) and (b) show the TEM micrographs
of FGOh400C and FGOh600C, respectively. Figure 10(a) shows
that the structure is a strip. It was due to the formation of
boehmite. However, this structure disappeared when gibbsite
was milled for 12 h and calcined at the same temperature
(Fig. 10(c)). It was probably due to the decreasing of boechmite
phase in calcined samples. Figures 10(b), (d), and (e) exhibited
the TEM micrographs of FGOh600C, FGI12h600C, and
FG24h600C, respectively. Figures 10(d) and (e) indicated that
the dispersed y-alumina with narrow size distribution was ob-
tained from milled gibbsite, whereas the larger particle of mixed
phase (¥, y) was obtained from unmilled one (Fig. 10(b)).
Besides, the morphology of samples is similar to that of gibbs-
ite treated by mechanical milling.

IV. Conclusions

High-purity nanocrystalline y-alumina can be produced from
milled gibbsite (FG12h and FG24h). The transformation tem-
perature of gibbsite to y-alumina decreased from 450° to 350°C
when the milling time of gibbsite was increased from 12 to 24 h,
respectively. For the unmilled gibbsite (FGOh), the mixed y and
v-phase Al,O3 were formed at 450°C. The fraction of x-alumina
increased with the increase in the milling time and calcination
temperature. The activation energy for phase transformation of
gibbsite to y-Al,Oj3 also decreased with the reducing particle size
of the starting gibbsite.
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Abstract The use of mixed y- and y-phase Al,O5 as supports for preparation of
Pt/Al,0O3 catalysts resulted in higher acidity of Al,O; and higher Pt dispersion
compared to the pure phase supports. As a consequence, higher propane oxidation
activities were obtained.

Keywords Chi alumina - Phase composition - Pt/Al,O3 - Propane oxidation

Introduction

The catalytic combustion of hydrocarbons has widely been used for power
generation in gas turbine combustors and emission control of automotive exhausts.
Pt/Al,O35 is recognized as the most active catalyst for the catalytic combustion of
lower alkanes such as propane, while supported palladium catalysts are more active
for methane oxidation [1-5]. The reaction mechanism of alkane oxidation over
precious metal supported on alumina under oxygen rich conditions has been
reported [6-9]. It is suggested that oxygen adsorbs much more effectively than
alkanes resulting in high coverage of chemisorbed oxygen on the metal surface. The
slowest reaction step has been postulated to be the dissociative chemisorption of
alkane on the bare metal surface with breakage of the weakest C—H bond [10-13]
followed by its interaction with oxygen adsorbed on an adjacent site. Many
researchers reported “structure-sensitiveness” of the reaction in the case of methane
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combustion over supported metal catalysts [1, 2, 14, 15]. Yazawa et al. [16] reported
that propane combustion over Pt catalysts was structure-sensitive in which the
turnover frequency increased with an increase in acid strength of support materials
and a decrease in platinum dispersion.

1-Al,O5 is one of the metastable polymorphs of transition alumina with relatively
high thermal stability compared to y-Al,O3. Nanocrystalline transition alumina has
been synthesized by decomposition of aluminum isopropoxide under solvothermal
conditions [17-20]. Pansanga et al. [21] showed that high catalytic activities for CO
hydrogenation of Co/Al,03 can be obtained over the ones supported on mixed y- and y-
Al,Os. Mephoka et al. [22] synthesized alumina supports with various y/y ratios by
solvothermal synthesis and found that the ones with 30-70% yx-phase Al,O5; gave
higher Pt dispersion than pure y-phase and improved catalytic activity in CO
oxidation. In those studies, the effect of mixed y- and y-crystalline phase Al,O3 on the
catalytic activity of Al,O3 supported catalysts in structure-insensitive reactions such
as CO oxidation and CO hydrogenation has been clearly demonstrated.

Thus, it is the goal of this study to investigate the catalytic activity of the Pt
catalysts supported on mixed y- and y-Al,O5; with various y/y ratios in a structure-
sensitive reaction such as propane oxidation reaction. The catalyst activities were
evaluated in terms of propane conversion and light-off temperature. The catalysts
were also characterized by N, physisorption, X-ray diffraction (XRD), transmission
electron microscopy (TEM), CsHg temperature program desorption (C3Hg-TPD),
and NHj3 temperature program desorption (NH3-TPD).

Experimental
Preparation of Al,O5; and Pt/Al,O3

Nanocrystalline Al,O3 samples with various y/y compositions were prepared by the
solvothermal method using approximately 25 g of aluminum isopropoxide
dissolved in a mixed solution of toluene and 1-butanol as starting materials
according to the method described by Meephoka et al. [22]. The as-synthesized
powders were calcined in a flow of air at 600 °C for 6 h. The 0.3% Pt/Al,O3
catalysts were prepared by incipient wetness impregnation with a desired amount of
an aqueous solution of hexachloroplatinic acid hexahydrate and then calcined in air
at 380 °C for 2 h.

Catalyst characterization

XRD patterns of the samples were collected using a SIEMENS D-5000 X-ray
diffractometer with Cu K, radiation and a Ni filter in the 26 range of 20°-80°. The
BET surface areas were measured by N, adsorption—desorption isotherm at liquid
nitrogen temperature (—196 °C) using a Micromeritics ASAP 2020. The morphol-
ogies of catalyst samples were determined by TEM using a JEOL JEM-2010
transmission electron miscroscope. C3Hg-TPD and NH;-TPD experiments were
carried out using a Micromeritics Chemisorp 2750 system. The dispersion of active
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Pt metals was measured using CO pulse-chemisorption technique in a flow of
helium in a Micromeritics ASAP 2750.

Reaction study

Propane oxidation over various Pt/Al,O; catalysts was performed in a quartz tube
(i.d. 6 mm). Approximately 0.2 g of catalyst was loaded in the reactor. It was then
reduced by hydrogen for 1 h at a flow rate of 100 cm®/min at 500 °C and then
cooled to room temperature before the reaction. The composition of products was
analyzed on-line using a gas chromatograph with a TCD detector (SHIMADZU GC
8A) with a Porapak QS column. The reaction gas of 1% C;Hg and 7% O, was fed to
the catalyst bed at a space velocity of 16,000 h™'. The reaction temperature was
raised by 50 °C steps from 100 to 450 °C. At each temperature, the reaction
products were analyzed 20 min after the bed temperature attained predetermined
value.

Result and discussion

The XRD patterns of Pt/Al,O5 catalysts with various y- and y-Al,O3; compositions
are shown in Fig. 1. All the catalyst samples exhibited the typical pattern for
transition alumina without any additional peaks for Pt phases due probably to the
very low amount of Pt present (0.3 wt%). Nanocrystalline Al,O5 supports with pure
%~ and y-phase were obtained by the reaction of aluminum isopropoxide (AIP) in
toluene and 1-butanol, while the mixed-phase Al,O3; were obtained by the reaction
in the mixed solvents. In this paper, the Pt catalysts supported on Al,O5 support with
0, 30, 50, 70 and 100% yx-Al,O5 are referred to as Pt/COG100, Pt/C30G70, Pt/
C50G50, Pt/C70G30, and Pt/C100GO, in order. The XRD characteristic peak at
20 = 43° was used for the calculation of y-phase (%) according to those reported by
Meephoka et al. [22].

The TEM images of 0.3 wt% of Pt/Al,O5 containing different compositions of
y- and of y-phase Al,Osare shown in Fig. 2. The wrinkled sheet morphology was
attributed to the presence of y-Al,O; while y-Al,O; were shown as spherical
particles [17], [23], [24]. As the percent y-Al,O3 increased, the wrinkled sheets
morphology became less apparent and more spherical particles structure was seen.
However, Pt/PtO metal clusters/particles were not distinguishable in all the TEM
images.

The acidity of the Pt/Al,O3 catalysts was determined by NH;-TPD experiments
and the results are shown in Fig. 3. Two broad peaks with a maximum temperature
at 80-110 °C and 290-310 °C were observed in all cases. Compared to the pure
phase Al,Os;, the mixed-phases showed a slight peak shift toward higher
temperature. The amounts of NH3 adsorbed on Pt/Al,O5 catalysts were calculated
from the peak areas and the results are given in Table 1. The results indicated that
acidity of Pt/Al,O3 was higher and stronger when they were supported on the mixed
y- and of y-phase Al,Oj3 than those supported on the pure phase ones.
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Fig. 1 XRD patterns of 0.3% Pt/Al,O3 catalyst
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Fig. 2 TEM images of 0.3% Pt/Al,O; catalyst with various phase composition
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Fig. 3 NH;-TPD profiles of catalysts with various phase composition

Table 1 Physiochemical properties of 0.3% Pt/Al,O5 catalyst

Sample BET surface Crystallite Acidity CO chemisorption x Pt
area (mz/g)'d size (nm) (umol g’l)b 10™'® (molecule CO/ dispersion

g catalyst)® (%)*

Pt/COG100 203 5 733 3.25 38.9

Pt/C30G70 189 5 768 3.56 42.6

Pt/C50G50 177 6 775 3.55 425

Pt/C70G30 163 6 770 3.58 42.8

Pt/C100GO 151 6 724 3.18 38.1

2 Error = 4%, SD = 5.1
® Error = 3%, SD = 13.4
¢ Error = 3%, SD = 0.1
4 Error = 3%, SD = 0.9

The BET surface area, crystallite size, and CO chemisorptions results of the Pt/
Al,Oj5 catalysts are summarized in Table 1. The BET surface area decreased from
203 to 151 m%/g as the y-phase content increased from 0 to 100% although the
average crystallite size of Al,O3 supports remained constant at around 5 to 6 nm.
The amounts of active Pt metals on the catalyst surface were calculated from CO
chemisorption experiments at room temperature. The calculation of Pt active sites
was based on the assumption that one carbon monoxide molecule adsorbs on one
platinum site. The metal active sites of Pt supported on pure y- and y-Al,O3 were
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essentially similar at around 3.2 x 10'® molecules CO/g cat., while the active sites
of Pt supported on mixed phase Al,O3 (30, 50, and 70% of y-phase) were higher
than those on the pure phase Al,O; (approximately 3.6 x 10'® molecules CO/g
cat.). This can be explained by the difference between particle morphologies of the
different alumina phase structures.

The characteristics of the surface active sites of Pt/Al,O5 catalysts were studied
by means of the temperature programmed desorption of C3Hg from 50-500 °C and
the results are shown in Fig. 4. The major C3Hg desorption peak appeared at ca.
425 °C for those supported on the single phase Al,O3 (either pure y- or y-Al,03). It
is clearly seen that the same peak was significantly shifted towards lower
temperature (to ca. 320 °C) for the Pt/Al,0O; catalysts containing mixed y- and y-
Al,Oj3 supports. It is suggested that the Pt may interact more strongly on the mixed
Al,Oj3 structures than on the single phase ones so that the adsorption strength of
C;3Hg was altered (lower).

Fig. 5 shows the activities of Pt/Al,O5 catalysts in propane oxidation as a
function of reaction temperature. The catalytic activity of supported platinum
catalyst depended on the platinum dispersion. Moreover, the activity of Pt-based
catalysts for propane combustion also increased with increasing support acidity. A
similar trend has been reported by Garetto et al. [25]. Since the C;Hg-TPD
experiments showed that propane desorption behaviors were different between the
mixed phase Al,O; supported Pt catalysts and the single phase supported ones.
Faster desorption of C3Hg from Pt surface would, therefore, result in more active Pt
surface available for reaction to proceed; as a consequence an increase in oxidation
activity was obtained. According to the reaction mechanism in the literature, the rate
of propane oxidation increases by increasing the active sites for both dissociation
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Fig. 4 C;3;Hg-TPD profiles of catalysts with various phase composition
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Fig. 5 C;Hg conversion profiles of 0.3% Pt/Al,05 for the propane oxidation

of C-H bond and oxygen adsorption [8, 10, 26]. The advantages of mixed phase
composition effect on the activity and selectivity characteristics have also been
reported for other catalyst systems [22, 23, 27-29].
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ABSTRACT

Solvothermal reaction of zirconium n-butoxide (ZNB) in different solvent media, such as 1,3-
pentanediol, 1,4-butanediol, 1,5-pentanediol and 1,6-hexanediol resulted in the formation of zirconium
dioxide (ZrO,) nanostructure. Then, the 15%W/ZrO, (WZ) catalysts using different zirconia supports
were prepared by impregnation method. The effects of solvent on preparation of zirconia on the catalytic
performance of WZ catalysts in esterification of acetic acid and methanol at 60 °C were investigated. The
experimental results showed that ZrO, particles prepared in 1,4-butanediol (ZrO,-BG) have a spherical
shape, while in other glycols the samples were irregularly-shaped particles. The reaction results of
esterification illustrated that the W/ZrO,-BG catalysts had high surface acidity and showed high acetic
acid conversion. The W/ZrO,-PeG catalysts (ZrO, particles prepared in 1,5-pentanediol, PeG) exhibited
the lowest surface acidity among other samples due to strong interaction of proton species and the
zirconia supports as proven by TGA. One of the possible reasons can be attributed to different amounts of
carbon residue on the surface of catalysts.

© 2010 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Tungstated zirconia [WO,/ZrO, (WZ)] catalysts have attracted
much attention because of their ability to catalyze a wide range
of reactions, such as dehydration [1], isomerization [2-4], and
esterification [5,6]. The advantages of WO,/ZrO,, such as higher
stability under high-temperature treatments and reductive
atmospheres, lower deactivation rates during catalysis, and
easier regeneration [7-9] are of considerable interest for
practical applications in the petrochemical industry. Several
authors revealed that the catalytic properties of WO,/ZrO, only
depend on the W surface density (W/nm?). This surface density
can be modified by varying the tungsten loading and the
calcination temperature [10-12]. The tungsten oxide overlayer
can be present as isolated surface monotungstates, polymeric
surface polytungstates, and crystalline WO3 particles on the
oxide supports [13].

Since the preparation of tungstated zirconia by impregnation
of hydrated zirconia was reported by Hino and Arata [14], several
investigations about the influence of the preparation method
on the activity of WO,/ZrO, materials have been investigated
[15-17]. Some of the general conclusions are that the incorpo-
ration of tungsten into the zirconia favors the formation of the

* Corresponding author. Tel.: +66 2 1 2186869; fax: +66 2 2186877.
E-mail address: bunjerd.j@chula.ac.th (B. Jongsomjit).

tetragonal phase, inhibits sintering of the support and enhances
the acid strength of these solids by the slight reduction of the WO,
species. Since then, many papers have been focused on the
properties of catalysts prepared from zirconium oxyhydroxide
[7,15,18-25]. Systems based on the W deposited on crystallized
zirconia were studied to a smaller extent [3,4,6,26-28]. In
addition, the influences of the initial state of the support on the
acidic properties of the catalyst and their relation with the activity
and surface structure are not fully understood. Recently, we have
reported the characteristics and catalytic behaviors of tungstated
zirconia catalysts, which can be altered by different calcination
atmospheres [6]. It revealed that the presence of F-center
(electrons stabilized in oxygen vacancies) on zirconia surface
occurred during reduction treatments leading to enhancement of
activity for tungstated zirconia catalyst due to the formation of
monotungstate surface morphology resulted into high acidity of
the catalyst.

In the present study, four different solvent media were used to
prepare the nanocrystalline zirconia prepared by the solvothermal
method. The application of synthesized zirconia as supports for
tungsten catalysts was further investigated. The influences of the
solvent used during preparation on the physicochemical proper-
ties of the zirconia were investigated by means of N, physisorption,
XRD, XPS, and SEM. The corresponding solvothermal-derived
zirconia supported tungsten catalysts were further characterized
by Raman spectroscopy, TGA, XPS and were tested for catalytic
activities in the acetic acid esterification reaction.

1226-086X/$ - see front matter © 2010 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights reserved.
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2. Experimental
2.1. Preparation of zirconia

Zirconium dioxide was prepared by methods previously
reported [6]. Approximately 25 g of zirconium tetra-n-butoxide
80 wt% solution in 1-butanol (ZNB, Aldrich) was suspended in
100 ml of the desired solvent in a test tube, which was then placed
in a 300 ml autoclave. The solvents used in this work were 1,3-
propanediol (PG, purity 98%, Aldrich), 1,4-butanediol (BG, purity
99%, Sigma-Aldrich), 1,5-pentanediol (PeG, purity 98%, Merck) and
1,6-hexanediol (HG, purity 97%, Merck). The gap between
autoclave wall and the test tube was filled with 30 ml of the
same solvent. The autoclave was completely sealed and purged
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 methanol by centrifugation. The products
were then air-dried and were used without further calcinations.

2.2. Preparation of W/ZrO,

The zirconia samples obtained from 2.1 were used as supports.
The zirconia doped with tungsten catalysts were prepared by the
incipient wetness impregnation method using tungsten (VI)
chloride (WClg, Aldrich, 99.9%) sufficient for yield materials having
15 wt% of Wloading. The catalysts were dried at 110 °C for 12 h and
calcined in air at 500 °C for 3 h.

2.3. Catalyst nomenclature

The different solvothermal-derived zirconia supports are
designated as ZrO,-PG, ZrO,-BG, ZrO,-PeG and ZrO,-HG in which
PG, BG, PeG and HG refer to the solvent used (PG = 1,3-propanediol,
BG = 1,4-butanediol, PeG = 1,5-pentanediol and HG = 1,6-hexane-
diol). The tungsten catalysts supported on different zirconia
supports are designated as W/ZrO,-PG, W/ZrO,-BG, W/ZrO,-PeG
and W/Zr0,-HG.

2.4. Catalyst characterization

2.4.1. XRD measurements

X-ray powder diffractograms of various investigated samples
were determined using a D5000 (Siemens) using Ni filter Cu Ka
radiation from 20° to 80°. Crystallite size was calculated from the
Scherrer equation using 101 diffraction peak of tetragonal
zirconia. The fraction of tetragonal (f;) phase in the W/ZrO,
catalysts are estimated by the following formula [22]

A(101)

6= Awt(ZrOZ) (1)

where A{(101) stands for the area of the (101) peak of the
tetragonal phase and Ay the area of all the tetragonal and
monoclinic peaks in the pattern.

2.4.2. Surface area measurements

The specific surface areas (Sger) of various samples were
determined from nitrogen adsorption studies conducted at
—196 °C in a Micrometrics ASAP 2020 device. Prior to the
adsorption measurements, the sample was degassed at 300 °C
for 3 h under reduced pressure of 10~> mmHg.

2.4.3. Acidity measurements

The number of acid sites was also estimated by using a method
involving an aqueous ion-exchange step of the catalyst H* ions
with Na* ions, followed by titration of the resulting solution [29].

2.4.4. Raman spectroscopy

The molecular structure of the supported tungsten oxide phases
was determined using Raman spectroscopy since this technique
has the ability to discriminate between the different tungsten
oxide molecular structures [2,14,16,19]. The Raman spectra of the
samples were recorded using a PerkinElmer Spectrum GX
spectrometer, collected by projecting a continuous wave YAG
laser of Nd (810 nm) through the samples at room temperature. A
scanning range of 700-1400 cm~! with a resolution of 2 cm~! was
applied.

2.4.5. X-ray photoelectron spectroscopy (XPS)

The XPS measurement was carried out using an AMICUS
photoelectron spectrometer equipped with an Mg Ka X-ray as a
primary excitation and KRATOS VISION2 software. XPS elemental
spectra were acquired with 0.1 eV energy step at a pass energy of
75 kV. All the binding energies were referenced to the C 1s peak at
285.0 eV of the surface adventitious carbon.

2.4.6. Thermogravimetric analysis (TGA)

TGA was performed using a TA Instruments SDT Q 600 analyzer.
The samples of 10-20 mg and a temperature ramping from room
temperature up to 800 °C at 10 °C/min were used in the operation.
The carrier gas was N, UHP.

2.4.7. Electron spin resonance spectroscopy (ESR)

JEOL JESRE2X A model ESR was used to measure the surface F-
center and Zr*>* on the surface of ZrO, and W/ZrO, [30]. Before
measurement, the sample was dried at 120 °C overnight. A 0.1 g of
sample was placed in a sample tube, which was sealed at
atmospheric pressure and room temperature.

2.5. Activity test

The activity test was performed on the basis of esterification
reaction between acetic acid and methanol. The reaction was
conducted at 60 °C with magnetic stirring in a closed 250 ml
regular glass reactor using 20 g of acetic acid (99.9%) and 2 wt% of
catalyst heated to the desired temperature, and the methanol
(99.9%) was then added to the mixture (3 eq. molar). Sample was
withdrawn periodically from the reactor, quenched to room
temperature, and centrifuged in order to separate the solid catalyst
from product to prevent further reaction. Concentration of reacted
samples was determined using a SHIMADZU gas chromatograph
(GC-14B) equipped with Chrompack SE52 column and flame
ionization detector. UHP N, was used as the carrier gas. Reactions
were tested in batch process for 6 h.

3. Results and discussion
3.1. Textural properties and crystalline structure of the catalysts

The X-ray diffraction patterns of the zirconia powders prepared
by the solvothermal method in various solvents are shown in Fig. 1.
The XRD patterns indicate only tetragonal crystalline zirconia (t-
Zr0,) for all as-synthesized products. No other crystal structures
were observed. The average crystallite sizes calculated from the
XRD line broadening using the Scherrer equation and the BET
surface areas of the zirconia are reported in Table 1. The average
crystallite sizes of zirconia were approximately 2.7-4.0 nm. Within
experimental error, there was significant difference in the
crystallite sizes and BET surface areas of the zirconia prepared
in different glycols, the crystallization pathway of zirconia in the
various glycols is probably different [31]. The isotherms of
products obtained from ZNB with different glycols are shown in
Fig. 2. The isotherms of all parent materials are of IV type (IUPAC
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Fig. 1. XRD patterns of the ZrO,.

classification) with a capillary condensation step above 0.4 P/Py,
which is typical of ordered mesoporous structures. Fig. 3a-d shows
SEM images of the products synthesized in 1,3-propanediol, 1,4-
butanediol, 1,5-pentanediol and 1,6-hexanediol, respectively. It
was reported that when the starting material were completely
dissolved into the glycol, nanocrystals were formed [32]. Each
particle was, therefore, a single crystal grown from a nucleus. It
was found that the samples prepared in 1,4-butanediol have a

Table 1
Textural characterization of zirconia supports.

329

Fig. 2. Typical adsorption/desorption isotherms of the ZrO,.

spherical shape and a dense mass while in other glycols the
samples were irregularly-shaped particles. The secondary particles
which appeared as separate spherical particles when prepared in
1,4-butanediol seem to be formed by aggregation of primary
particles. These results were found to be in agreement with our
previous work [33]. It has been proposed by Kongwudthiti et al.
[31] that the mechanisms during crystallization of zirconia in the
different glycols were completely different. The ESR was used to

Sample Crystallite size (nm) XRD phases BET surface area (m?/g) Pore volume (cm?/g) Pore Size (nm)
Zr0,-PG 2.7 t-Zr0, 276 0.29 3.60
Zr0,-BG 4.0 t-Zr0, 184 0.19 2.69
Zr0,-PeG 3.1 t-Zr0, 54 0.02 3.84
Zr0,-HG 2.8 t-Zr0, 63 0.05 5.70

Fig. 3. SEM micrographs of (a) ZrO,-PG (b) ZrO,-BG (c) ZrO2-PeG, and (d) ZrO2-HG.
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Table 2
Physicochemical properties of W/ZrO, catalysts.
Sample Crystallite XRD phases Fraction of BET surface W surface density Surface acidity® Monotungstate/
size (nm) tetragonal area (m?/g) (W-atom/nm?) (pmol/g) polytungstate
phase?® intensity ratio
W)/Zr0,-PG 4.6 t-ZrO,, m-ZrO, 0.41 79 6.2 70 1.8
W/Zr0,-BG 4.6 t-ZrO,, m-ZrO, 0.50 124 3.9 110 2.8
W)/ZrO,-PeG 3.6 t-ZrO,, m-ZrO, 0.36 49 10.0 55 1.1
W)/ZrO,-HG 3.1 t-ZrO,, m-ZrO, 0.43 62 7.9 75 2.5
2 Calculated from tetragonal zirconia (10 1) reflection from the equation f, = f%,

b Measured by ion-exchange and titration with 0.05 N NaOH.

identify the surface nature of ZrO,. The ESR spectra of all samples
show a symmetrical singlet with g = 2.00 assigned to F-center, i.e.,
electrons stabilized in oxygen vacancies [34,35] as shown in Fig. 4.
According to the present results, the order of F-center of zirconia
prepared by different solvents was as follows: ZrO,-PG > ZrO,-PeG
>Zr0,-BG > Zr0,-HG, which should be the origin of the formation
of different morphologies for ZrO, in the specified system.

The characteristics of various tungstated zirconia catalysts are
shown in Table 2. In this study, the zirconia was impregnated with
15 wt% of tungsten and calcined in air at 500 °C for 3 h. The BET
surface areas of the tungstated zirconia catalysts were slightly less
than that of the original zirconia supports suggesting that tungsten
was deposited in some of the pores of zirconia. This loss of surface
area is significantly inhibited by the presence of WO, species [36]
or the emergence of monoclinic zirconia (m-ZrO,). Among all these
catalysts, W/|ZrO,-BG shows higher surface area followed by W/
Zr0,-PG, W/Zr0O,-HG, and W/ZrO,-PeG, respectively. Based on the
values of surface area (at different solvents) and the same amount
of Wloading, it is possible to estimate nominal W surface densities
[37]. The W surface coverage of W/ZrO,-BG sample can be achieved
at the density of 3.9 W-atom/nm?, which was in good agreement
with monotungstates surface coverage value (0-4 W/nm?)
reported by earlier works [10]. While the W surface coverage of
W/Zr0,-PG, W/Zr0O,-PeG and W/ZrO,-HG are more than 4 W-
atom/nm? (6.2, 10.0 and 7.9 W-atom/m?, respectively). The X-ray
diffraction patterns of the tungstated zirconia catalysts are shown
in Fig. 5. The XRD patterns of W/ZrO, revealed the partial phase
transformation from t-ZrO, to m-ZrO, in all samples due to
calcination temperature with W loading. No diffraction peaks of
WOs crystallites (20 = 23.2°,23.6° and 24.48°) were observed for all
samples, indicating that tungsten oxide was well dispersed on
zirconia. It should be noted that the XRD peak at ca. 24.3° for all
samples was assigned to the monoclinic zirconia and not WO,
crystallites [38].

x100 Zr04-HG
_
=
2 Z105-PeG
X100 05-Pe
-y
»n
-]
2 x100 Zr0;-BG
=
=
Zr0y-PG
310 320 330 340 350 360 370

Magnetic feild

Fig. 4. ESR spectra of the ZrO,.

The Raman spectra of W/ZrO, catalysts are shown in Fig. 6. The
Raman spectra of the tungsten oxide component are generally found
at the 700-1400 cm ™' region because the strong crystalline ZrO,
support vibrations tend to dominate the spectra below 700 cm™!
[39,40]. Crystalline WO3 shows characteristic Raman bands at 807,
715, and 274 cm™! [41]. Absence of these bands indicates that
microcrystalline WOs is not formed on the surface of W/ZrO,
catalyst. These results are in well agreement with the XRD results,
where no independent peaks due to crystalline WOs5 are observed.
All the catalysts show broad bands of two components at 1020 and
850 cm™~!, which are attributed to the symmetric stretch of the
terminal W=0 of monotungstate and asymmetric stretch of the W-
O-W bonds of polytungstate, respectively [27,41], indicating that
polytungstates coexist with monotungstate under monolayer

® +Zro,
o m-ZrO,

W /ZrOyHG

W /Zr0,-PeG|

Intensity (a.u)

W /ZrO, PG

20 30 40 50 60 70 80
2 6 (degrees)

Fig. 5. XRD patterns for W/ZrO, calcined at 500 °C for 3 h.
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Fig. 6. Raman spectra of various W/ZrO,.



P. Wongmaneenil et al. /Journal of Industrial and Engineering Chemistry 16 (2010) 327-333 331

Fig. 7. SEM/EDX mapping for W distributions of (a) W/ZrO,-PG, (b) W/Zr0,-BG, (c) W/ZrO,-PG, and (d) W/ZrO,-PG.

coverage. Moreover, the complex WO, feature could be resolved by
curve fitting procedures only in the range 800-1200cm™! (not
shown here), the surface monotungstate/polytungstate ratio of W/
Zr0,-BG (ca. 2.8)is larger than those prepared with other solvents as
shown in Table 2. The elemental distribution was also performed
using SEM/EDX mapping on the external surface. The W distribution
in the various supports is shown in Fig. 7. As seen, all samples
exhibited good distributions of W without any changes in the
zirconia morphology. The typical measurement curve for the
quantitative analysis using EDX is shown in Fig. 8. The amounts
of W in various zirconia are also listed. Results revealed that the
Zr0,-BG exhibited the lowest amount of W present on the surface,
which can be attributed to the monotungstates surface coverage.
The ESR signals for all tungstated zirconia catalysts are shown in
Fig. 9. All catalysts exhibited the ESR signals of Zr>* (g, =1.97, i.e.,
oxygen vacancy site) and F-center. It is known that the intensity of F-

Fig. 8. A typical EDX spectrum for a W/ZrO, catalyst.

center signal on zirconia surface is disproportional to that of Zr>*
signal [34,35]. The amounts of Zr>* present on the surface of zirconia
are in the following order as; W/ZrO,-PeG > W/ZrO,-HG > W/ZrO,-
BG > W/ZrO,-PG. It is known from previous work [6] that by
calcinations in reductive and oxidative ambient, the electronic
density can move to F-center and Zr>*, In addition we found that the
presence of F-center on zirconia surface is able to enhance the
catalytic activity of tungstated zirconia catalyst. However, in our
present work, the highest amounts of F-center on the surface of
Zr0,-PG did not show the highest activity of tungstated zirconia
catalysts. It is therefore possible to explain these results by carbon
residue on the surface of catalysts obtained from the XPS analysis
(Table 3). The carbon residues on the surface of catalyst were found
to be in the order: W/ZrO,-PeG > W/ZrO,-PG > W/ZrO,-HG > W/
Zr0,-BG. On the other words, the higher amounts of carbon residue
on zirconia, the lower activity of WZ catalyst was.

g=2.00 gLl=-197

W/Zro,-HG
Al v

W/ ZrO,-PeG

Intensity (a.u.)

§ ——
W/Zr0o,-BG
P W/ Zr0,-PG
s oA o l it
e b b
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Magnetic feild

Fig. 9. ESR spectra of various W/ZrO, catalysts.
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Table 3

XPS results.
Sample B.E. (eV) Atomic concentration

Zr3d O1s W4f  W/Zr w/0 Zr/O C (%)

Zr0,-PG 1844  531.0 - - - 0.267 42.74
Zr0,-BG 184.1 530.2 - - - 0330 1191
Zr0,-PeG 185.1 531.3 - - - 0337 39.86
Zr0,-HG 1843  530.5 0.334  30.89

W/Zr0,-PG 185.7 5313  36.2 0311 0.079 0.265 29.74
W/ZrO,-BG 1849 530.7 36.6 0.146 0.047 0320 14.04
W/ZrO,-PeG 185.0 5313 35.0 0377 0.098 0.260 36.74
W/ZrO,-HG 1855 5308 37.7 0.171 0.054 0314 2349

3.2. Surface acidity of the samples

In order to form a catalytically active form, it is usually
necessary to anchor the amorphous WO, with ZrO, tetragonal
crystal phase [5,14,41]. Surface acidity is the most important
function of tungstated zirconia. The acidity measurements of the
catalysts by means of acid-base titration with NaOH allow us to
estimate the surface acidity. It was found that they are in the range
of ca. 70, 110, 55 and 75 pmol/g for W/ZrO,-PG, W/ZrO,-BG, W/
Zr0,-PeG and W/ZrO,-HG samples, respectively (Table 2). It was
observed that for W/ZrO,-BG catalyst showed the highest surface
acidity among all catalysts. The number of acid sites decreases in
parallel with the increase of W surface density content. Probably as
a result of the generation of new acid sites due to interaction and
dispersion of WO, on the surface of the support. When the
dispersion of WO, is maximum (at the theoretical monolayer
coverage) for W/ZrO,-BG sample, the acidity is maximum.
Moreover, samples with higher W surface density content show
loss of acidity that is probably due to the agglomeration of WO, on
the surface.

3.3. Reaction study

Acetic acid conversion in the esterification reaction of acetic
acid and methanol over the four tungstated zirconia catalysts as
mentioned before were shown in Fig. 10, indicating increased
conversion in the order of:W/ZrO,-PeG < W/Zr0,-PG < W/ZrO,-
HG < W/ZrO,-BG. The increased activity of W/ZrO,-BG can be
attributed to its higher acidity as observed from acid-base titration
techniques (Table 2). It is well known that the W surface density
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Fig. 10. Catalytic activity on the different W/ZrO, catalysts.
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Fig. 11. TGA profiles of various W/ZrO, catalysts.

content of the catalysts and the formation of WO, surface species is
an essential factor for remaining the acidity of the catalysts, which
may greatly influence the catalytic activity [10-28]. The formation
of WO, surface species was observed by Raman spectroscopy.
Based on this study, activity of catalyst is related to the increasing
surface monotungstate/polytungstate ratio with surface tungsten
oxide coverage. One of the possible reasons is that the interaction
and dispersion of WO, on the surface of the support. The degree of
interaction between the zirconia and adsorbed species can be
determined by the TGA measurement [42-45]. The TGA profiles for
all catalysts are shown in Fig. 11, indicating similar profiles for
various supports showing the desorption of similar species. We
observed that the weight losses of samples were in the order of W/
Zr0,-BG (4.8%) > W/ZrO,-HG (3.0%) > W/ZrO,-PG (2.7%) > W/
Zr0,-PeG (2.4%). This indicated that adsorbed species present on
ZrO,-PeG had the strongest interaction, and thus the lowest
observed esterification activity. The adsorbed species are presum-
ably involving with desorption of oxygenated and proton species
relating to acidity of catalysts [46]. As seen, the carbon residue on
the surface of catalysts apparently resulted in increased interaction
leading to decreased acidity of catalysts. It should be mentioned
that the acetic acid conversion in this present study was less than
our previous work [6]. This was due to different calcination
treatments for ZrO, prepared from the same solvent. As mentioned
in the previous work [6], the H, treatment during calcination can
result in increased F-center of ZrO, samples leading to increased
catalytic activity.

4. Conclusions

This study revealed the effects of solvent on morphology and
other characteristics of zirconia and their performance as
tungstated zirconia catalyst. It was found that a series of WO,/
ZrO, catalysts exhibited the tungsten density in the range of 3.9 to
10.0 W-atoms/nm?. XRD and Raman spectroscopy results indicat-
ed that the W phase is present as a surface interaction species. No
evidence for the formation of WO3; was found. The zirconia
prepared in 1,4-butanediol as the support resulted in the highest
surface acidity consequently having the highest activity. The lower
activities of tungstated zirconia catalysts prepared in other
solvents were due to stronger interaction of proton species and
the zirconia supports as shown by weight losses of samples in the
TGA profiles. The types of solvent used for preparation of the
glycothermal-derived zirconia may affect the amount of carbon
residue and WO, monotungstate/polytungstate ratio on the
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surface of catalysts resulting in the difference in proton species-
support interaction behavior.
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Abstract It is proven that surface nature of zirconia can
play crucial roles on determining the catalytic activity of
tungstated zirconia catalysts. The solvothermal method for
preparation of crystalline zirconia support can result in the
formation of Zr—OH bond on its surface. This surface
species related to the Zr-heteropolyacid, acting as strong
Brgnsted acid sites. It consequently affected on the cata-
lytic activity.

Keywords Zirconia - Tungstated zirconia -
Solvothermal method - Zr—OH bond - Zr-heteropolyacid

1 Introduction

Currently, the replacement of homogeneous catalysts with
suitable heterogeneous ones is a major key to develop
many processes, since heterogeneous catalysts are envi-
ronmental friendly and potentially used for a long time and/
or multiple reaction cycles. Moreover, it readily allows for
the implementation of continuous processes. Interestingly,
the heterogeneous catalyst demonstrated the remarkable
performance for two-phase esterification system (organic
and aqueous phases). It has been also known that the
replacement of adsorbed water molecule by acetic acid
molecule was only carried out by a solid acid catalyst. In
our previous study [1], we reported that the Amberlyst 15
exhibited higher turnover number (TON) than sulfuric acid
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(H>SO,) in the two-phase acid catalyzed esterification of
dilute acetic acid and 1-heptanol. It was proposed that the
Amberlyst 15 with adsorbed acetic acid on active sites can
move into the organic phase (upper phase) by agitator, and
then react with 1-heptanol leading to increased catalytic
activity because the reaction occurs in the organic phase. In
addition, increased activity can be also attributed to the
decrease of solvation effect by water.

A heterogeneous catalyst as a tungsten oxide supported
on zirconia (WZ) has been tremendously used for alkane
isomerization [2-5], alcohol dehydration [6, 7] and
recently biodiesel forming reaction [8—13]. This is because
of their acid properties, stability under reducing and oxi-
dizing conditions and regenerability [14]. The nature of
active site is a key factor in order to achieve the high
catalytic performance. For instance, the calcination tem-
perature and tungsten loading affects on the structure of
WO, presented in an isolated surface monotungstates,
polymerics surface polytungstates and crystalline WO;
particles on a zirconia support as reported in numerous
studies [3, 4, 6, 7, 15, 16]. Barton et al. [4] reported that the
maximum activity for tungsten loading was slightly rather
than monolayer coverage, so called polytungstate species
for hydrocarbon isomerization. Gregorio et al. [17] sug-
gested that the 15% of tungsten loading is a critical value to
achieve high activity, selectivity, and stability of the cat-
alyst on stream and good activity for saturated hydrocarbon
isomerization. Lopez et al. [11] reported that the calcina-
tion temperature of 800 °C contributed with tungsten oxide
polymeric structure can achieve the highest catalytic
activity for both esterification and transesterification. In
many cases, the preparation method of zirconia is allowing
to make different surface species formed [18-21]. The
generation of new active sites on the surface can bring
about various influences on activity and selectivity
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for certain types of reactions [22]. Lebarbier et al. [23]
reported that no significant effect of the initial form of the
support (Zr oxyhydroxide versus predominantly tetragonal
zirconia) was observed for n-hexane isomerization. Won-
gmaneenil et al. [24] found that the calcination of ZrO,
support in the reductive atmosphere (H,) can achieve
higher conversion for esterification of acetic acid than that
of oxidative atmosphere (O,). Although, the numerous
studies have been investigated, the influence of the ZrO,
support on the acid properties of the WZ catalysts and their
relation with the activity and surface structure are still
unclear.

This work has been focused on the behaviors of surface
nature for the ZrO, support prepared by the solvothermal
method before and after loading of 15 wt% of tungsten.
Based on the similar texture properties, non-treated ZrO,
support (crystalline zirconia bonding with hydroxide, Zr—
OH) was compared to the thermal treated ZrO, under H, as
a reduction atmosphere (crystalline zirconia, ZrQO,). All
catalyst characteristics have been investigated by means of
XRD, N, physisorption, FT-IR spectroscopy, Raman
spectroscopy, and electron spin resonance (ESR). The two-
phase esterification of dilute acetic acid and 1-heptanol was
performed to measure the catalytic activity of WZ catalysts
in a batch reactor. This is due to the outstanding properties
of WZ (distribution of acid site between Brgnsted and
Lewis acid sites) that would gain more beneficial for the
two-phase esterification, which requires the heterogeneous
catalyzed reaction [6, 12, 25, 26].

2 Experimental
2.1 Materials

Acetic acid (99.8%) and 1-heptanol (99%) were purchased
from Merck and used as received. Heptyl acetate (98%) as
standard of product was purchased from Wako Pure
Chemical Industries. Tungstated zirconia (WZ-X) was
prepared as described in Sect. 2.2

Aldrich) in a test tube, which was then placed in a 300 mL
autoclave. A 30 mL of 1,4-butanediol was filled in the gab
between the test tube and the autoclave wall. The autoclave
was purged with nitrogen. The mixture was heated to
300 °C at a rate of 2.5 °C/min. The temperature was held
constantly at 300 °C for 2 h. After reaction, this autoclave
was cooled and the resulting powder yield was repeatedly
washed with methanol by centrifugation. Subsequently,
they were dried in air and designated as Z-NT (non-treated
zirconia). Another ZrO, support was treated at 400 °C with
heating rate of 10 °C/min under flowing H, atmosphere
(UHP grade of gases from TIG) for 2 h, designated as Z-H,
(H, treated zirconia).

Tungstated zirconia (WZ) catalysts were prepared by the
incipient wetness impregnation of zirconia with an aqueous
solution of WClg to obtain the final catalyst having 15 wt% of
tungsten loading. The hydrolysis of WClg possibly resulted
in the well dispersion of WClg species in the aqueous solu-
tion, which is corresponding to work reported by Kob et al.
[28]. This probably leads to obtain well dispersion on the
zirconia support. The freshly impregnated catalyst was dried
at 110 °C for 12 h. Then, it was calcined at 500 °C for 3 h
[24]. The retained chlorine on WZ catalyst was less than
10 ppm, which was verified by the AgNOj; titration with
K,CrO, indicator. The nomenclatures given as WZ-NT and
WZ-H, were used for the tungstated on non-treated zirconia
and H, treated zirconia surface, respectively.

2.3 Catalysts Characterization

Powder X-ray diffraction (XRD) was performed by SIE-
MENS XRD D5000 using CuK, radiation. The average
crystallite size was determined using Scherrer’s equation
calculated from peak broadening as applied to the tetrag-
onal (101) peak.

Physical properties, such as BET surface area (Sggr),
pore diameters and BJH cumulative pore volumes were
evaluated with N, adsorption—desorption at —196 °C in a
Micromeritics ASAP 2020 [12]. The tungsten surface
density was calculated based on the BET surface area of
WZ and tungsten loading (15 wt%) as follows [24, 29]:

Promoterloading(%) / 100 x 6.023 x 10%

Surface density =
urtace Censtty = o rmula weight of promoter x BET surface area (m?/g~!) x 100!8

2.2 Catalyst Preparation

Zirconia as a support was prepared via a solvothermal
method as reported by Kongwudthiti et al. [27]. Zirconium
tetra-n-butoxide 80 wt% solution in 1-butanol (Aldrich)
was suspended in 100 mL of 1,4-butanediol (99%, Sigma-—

A JEOL, JESRE2X model electron spin resonance
spectroscopy (ESR) was used to measure the surface
F-center and Zr>* on the surface of ZrO, and WZ. Before
measurement, the sample was dried at 110 °C overnight.
0.1 g of sample was placed in a sample tube, which was
sealed at atmospheric pressure and room temperature.

@ Springer
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FT-IR analysis of ZrO, support was carried out in a
Nicol model 6700 of the IR spectrometer using the wave-
number ranging from 400 to 4,000 cm™"' with a resolution
of 4cm™'. A small amount of sample (0.2 g) was thor-
oughly mixed with ground KBr in an agate mortar and
pressed as pellets.

The Raman spectra of the samples were collected by
projecting a continuous wave YAG laser of Nd (810 nm)
through samples at room temperature. A scanning range of
200—1,400 cm™" with a resolution of 2 cm™" was applied.

2.4 Reaction Test

The catalyst activity via the esterification reaction between
dilute acetic acid (6 wt%) and 1-heptanol was conducted in
a stirred batch reflux system at temperature 90 °C. A three-
necked flask equipped with a condenser and stirrer was
charged with certain amount of 6 wt% of dilute acetic acid
(6.8 mL) and catalyst samples (0.3 g). Then, the system
was heated up to the reaction temperature after which the
pre-heated heptanol (3.2 mL) was added. Sufficient stirring
of the mixture was used to avoid external mass or heat
transport limitations. The reaction temperature was main-
tained by means of a thermostatic paraffin bath in which
the reactor was immersed. For catalytic activity measure-
ment, samples were diluted with 2-propanol (10 mL) to
stop reaction and perform in a single phase, and then
analyzed by GC (Shimudzu) equipped with a flame ioni-
zation detector and Chrompack SE52 column. The reaction
was repeated at different reaction times in order to obtain
the acetic conversion profiles. All catalysts were employed
under similar reaction conditions. GC analysis confirmed
that no by-products were formed. The acetic acid conver-
sion (%) was calculated as follows:

% acetic acid conversion

initial acetic acid conc.—acetic acid conc. at time (¢)

initial acetic acid conc.
x 100

3 Results and Discussion

Upon different treatments of zirconia, it was observed that
the color of Z-NT was white, whereas the color of the Z-H,
changed from white to dark yellow with the treatment of
H,. This suggested that the thermal treatment under
reductive atmosphere generated the F-center (color center)
[30] due to the strong Zr—O bond energy that is less likely
reduced by H, [24]. However, the color of catalyst (WZ
and WZ-H,) has returned to white again after calcination
because re-oxidation was obtained [2]. This phenomenon
supports the hypothesis in the color change with the pres-
ence of F-center which is only observed on the Z-H,

@ Springer

support. Figure 1 shows the XRD patterns of ZrO, support
as synthesized (Z-NT) and treated in H, atmosphere
(Z-H,). Tetragonal phase (t-ZrO,) is the primary crystalline
structure for Z-NT and Z-H, with the diffraction peaks at
30.2, 35.3 and 49.8° [11]. A crystallite size was calculated
from Scherrer’s equation of the tetragonal (101) peak [31]
as shown in Table 1. After the thermal treatment under
reduction atmosphere (H,) was applied on the ZrO,, it was
found that the crystallite size and the fraction of tetragonal
phase structure of Z-H, were still similar to those of Z-NT
sample. The crystallite sizes of WZ-NT (4.5 nm) and WZ-
H, (4.7 nm) were slightly larger than those zirconia sup-
ports before the tungsten loading when increasing of the
calcination temperature to 500 °C. The increase calcination
temperature was also allowing to present a fraction of
monoclinic phase (m-ZrO,) with the diffraction peak at
24.3° (Fig. 1), which is in agreement with the work
reported by Wongmaneenil [24]. For this study, the deposit
of tungsten did not exhibit to stabilize t-ZrO, phase
because the impregnation method appeared to permit
tungsten being present on the ZrO, crystallite surface. It is
known that the co-precipitation and sol-gel synthesis are
the methods for incorporating tungsten atom into ZrO,
lattice, which stabilizes the tetragonal structure [18, 19,
32]. WOs, on the other hand, has not been detected for both
WZ-NT and WZ-H,. This may be due to either relatively
low calcination temperature or tungsten loading [3, 4, 6, 7,
16, 33].

The catalyst textural properties determined by the BET
method and acid site concentrations as measured by ion-
exchange titration are listed in Table 1. The surface areas
of Z-H, and Z-NT were comparable within the experi-
mental error. This result suggested that the reductive cal-
cination treatment did not affect on the surface area as
corresponding to our previous study [24]. In general, the

o O t-ZrO,
0O m-Zro,

Intensity (a.u.)

20 30 40 50 60 70 80
2 0 (degree)

Fig. 1 XRD patterns for ZrO, supports and WZ catalysts
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Table 1 Surface area, theoretical W surface density, surface acidity, crystallite size and XRD phases for ZrO, support and WZ samples

BET surface area
(m’/g)*

W surface density
(W—atom/nmz)

Sample

Surface acidity by

exchange/titration (umol/g)®

Crystallite

size (nm)

XRD phases

Z-NT 161 -
Z-H, 155
WZ-NT 125
WZ-H, 125

3.93
3.93

233.0
133.0

4.1
43
4.5
4.7

t-ZrO,, m-ZrO,
t-ZrO,

t-ZrO,, m-ZrO,
t-ZrO,, m-ZrO,

* Experimental error + 7%

" Experimental error + 10%

penetration of tungsten species into the pore of ZrO, sup-
port could reduce the surface area of WZ-NT and WZ-H,
[34]. In order to estimate the theoretical nominal W surface
densities, WZ surface area and amount of tungsten loading
were used [29]. It was found that the W surface coverage of
both WZ-NT and WZ-H, were presented as the growing
surface polytungstated domain and crystalline of WOj;
(~4 W atom/nm?) [15, 35, 36].

The other physical properties, such as crystallite size,
tetragonal structure, and BET surface area for both Z-H,
and Z-NT were almost similar, except for the surface
defect. The electron spin resonance (ESR) spectroscopy is
one of the most powerful techniques used to detect the
structural defect, as shown in Fig. 2. The ESR signal of
ZrO, can be found with g values, g, = 1.97 assigned to
Zrit [37] and g = 2.00 assigned to F-center [38]. As seen,
no ESR signal for the Z-NT sample was observed in the
magnetic field ranging between 310 and 370 indicating that
no defect occurred on the surface of Z-NT sample. When
the ZrO, was treated in a reductive atmosphere (H,), the
F-center was present. The dominated intensity of F-center
on Z-H, may be produced by the reduction of hydroxyl
group on ZrO, surface, which is corresponding to the
previous reports [24, 30, 39, 40]. Due to the strong Zr-O
bond energy, H, may not reduce the ZrO, surface allowing
to insignificant intensity of Zr>" obtained [37]. The ESR
spectra of WZ catalysts were also illustrated in Fig. 2. WZ
catalysts were in the oxidation atmosphere during the
deposition of tungsten onto ZrO, support. Thus, the ESR
signals of Zr*™ were detected on the ZrO, support for both
WZ-NT and WZ-H, because the oxygen coordinatively
unsaturated Zr sites under oxidation atmosphere [40]. In
addition, the shift of F-center (V) to 7t (g1 = 1.97) for
WZ-H, was also observed within a good agreement to the
previous reports [24, 30].

FT-IR spectroscopy was used to clarify the chemical
bonding of ZrO, support obtained by different thermal
treatments in the range of 400—4,000 cm ™' as presented in
Fig. 3. It was found that five transmittance peaks were
observed over this range. A very broad band with the
highest frequency at 3,421 cm™' contributed to the

Intensity (a.u.)

340 350 360 370

Magnetic field

310 320 330

Fig. 2 ESR spectra of ZrO, supports and WZ catalysts

Transmittance (a.u.)

1631 617

3421

3000 2000 1000

Wavenumber (cm™?)

4000

Fig. 3 FT-IR spectra of ZrO, supports

physically adsorbed water molecular as reported in those
literatures [41-43]. In addition, the band at 1,631 cm™!
should be attributed to the OH group of free water related
to alcohol. The IR band within the range of 617-632 cm ™"
was corresponding to the bond of metal and oxygen (Zr-O)

@ Springer
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as presented for both ZrO, supports [43]. There were other
two peaks observed at 1,547 and 1,402 cm ™!, which are
corresponding to the metal and hydroxide (Zr—OH) bond
[42, 43]. It can be concluded that ZrO, supported prepared
from solvothermal method [27] exhibited the Zr-OH
group. However, this metal hydroxide bond can be elimi-
nated by the thermal treatment in the reduction atmosphere
(H,) indicated by the decrement of these characteristic
peaks. The FT-IR spectrum of ZrO, support is corre-
sponding to the ESR signal with the presence of F-center
on the Z-H, surface. Therefore, the F-center is probably
produced by the reduction of hydroxyl group on ZrO,
surface through the following reaction [39, 40]:

Zit —OH™ + %Hz — Zr*" 4+ F + H,0

In order to obtain a better insight for the changes upon
molecular level structure of the tungsten oxide overlayer
for WZ catalysts, the Raman spectroscopy was performed
as seen in Fig. 4. The Raman bands at 310, 402, and
473 cm™! were assigned to the tetragonal phase of ZrO,
[11, 35, 44] as presented in both catalysts. Both WZ-NT
and WZ-H, showed the characteristic peak of the terminal
W=0 band of the dehydrated surface WO, species at 910-
1,030 cm™' [11, 36]. The WZ-H, exhibited slightly higher
intensity of crystalline WO5 nano-particle (799 cm™") than
that of WZ-NT. The crystalline WO3 nano-particle was
observed upon the W surface density at ~4 W/nm?> as
reported by Wachs et al. [36]. The stretching and bending
modes of the bridging for W-O-W were assigned at
~500-800 and ~200-300 cm™! [35, 45]. As illustrated in
Fig. 4, WZ-NT had higher intensity of bending mode of the
bridging W—O-W than that for the WZ-H,, whereas the
stretching modes of bridging W—O-W were comparable. In
summary, three different tungsten species (W=0, WOs3;,
and W-O-W) were observed for both catalysts, which

245,
413 310/ /l

799

402
974 v

Intensity (a.u.)

1400 1200 1000 800 600 400 200

Raman Shift (cm™)

Fig. 4 Raman spectra of WZ-NT and WZ-H, catalysts

@ Springer

were probably due to the similar W surface density at
~4 W/nm®.

As known, acidity of WZ catalyst is a key factor to
enhance the catalytic activity for several reactions by
generation of active sites [2—13]. The catalytic active sites
were plausible for high surface acidity form with a
monolayer of polytungstated species (WOy) [3, 4, 11]. The
surface acidity was obtained from a larger population of
Brgnsted acid sites and the presence of stronger Brgnsted
acid sites [19]. WZ-NT and WZ-H, catalysts exhibited the
growing surface polytungstated domain and crystalline of
WOj; nano-particle. It is more likely to obtain the similar
Brgnsted acid site density based on the similar polytang-
stated domain. However, the WZ-NT has higher acidity
compared to WZ-H, as presented in Table 1. The higher
surface acidity of WZ-NT should be derived from the
different forms of polytungsted domain. The FT-IR spectra
of zirconia support suggested that the Zr—-OH bonding
presented in Z-NT appeared to result in a super acid center
(heteropolyacid of W, [XW12040]3 7), which was proposed
by Afanasiev et al. [46] and Scheithauer et al. [18, 44, 47].
In addition, the Raman spectrum of WZ-NT was resemble
the finger print of Raman spectrum of tungstophosphoric
heteropolyacid (H¢P,W30¢5) as a super acid [45]. The
only substantial difference between the WZ-NT and
WZ-H, catalysts in the monolayer region is the presence of
the Zr-heteropolyacid spices for the WZ-NT catalysts as
illustrated in Scheme 1. The catalytic activity sites seem to
be fully oxidized from noncrystalline surface polytungstate
networks incorporating trace levels of surface-exposed Zr
capable of stabilizing delocalized protons for Brgnsted acid
sites as well as heteropolyacids did [18, 44, 47].

As expected, after 9 h reaction period, WZ-NT exhib-
ited 17% higher for an acetic acid conversion than that for
WZ-H,, as shown in Fig. 4. Heteropolyacid as the strong
Brgnsted acid sites related to acid site density and catalytic
activity of esterification as corresponding to the work
reported by Park et al. [48]. This could be obtained from
the crystalline zirconia with Zr—-OH bonding. Our result is
in good agreement to the work claimed by Scheithauer
group [18, 44, 47] indicating that the Zr—OH group is
required to create the strong Brgnsted acid sites. This
reveals that the crystalline zirconia support prepared from
the solvothermal method also created Zr—-OH bonding as
well as amorphous zirconium oxide precursor. Based on
the TON of catalyst the appreciable catalytic activity

(a) 2XW120:]" (D)
WO, WO | | WO, WO, WO,WO,
L [ T
| ZrO, with OH | ZrO,

Scheme 1 Proposed catalytic active species presented in a WZ-NT
and b WZ-H, catalyst
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Fig. 5 Reaction profiles of acetic acid conversion using the different
WZ catalysts

of both WZ-NT and WZ-H, were 100 times greater than
that of the Amberlyst 15 as presented by Preserthdam and
Jongsomjit [1]. As known, the somewhat difference in
response of water flow rate for the Amberlyst 15 versus
WZ may have been caused by the presence of Lewis acid
sites on WZ resulting in enhanced activity [6, 25, 26]. In
addition, the WZ catalyst does not deactivate by leaching
of active species in the liquid phase transesterification
[8, 49], which is different from the SZ (sulfated zirconia)
under similar condition. In order to prove that, the leaching
experiment was also performed based on the procedure of
Suwannakarn et al. [49]. It was found that the acetic acid
conversion was less than 3%. This suggested that the
leaching of active spices in WZ catalyst did not occur for
the WZ catalyst Fig. 5 upon the preparation used in this
work [8, 12, 49].

4 Conclusions

In summary, the surface nature of zirconia was found to be
crucial for determining the catalytic properties of WZ
catalysts. The formation of Zr-heteropolyacid can be
obtained from crystalline zirconia with Zr—-OH bonding as
presented in WZ-NT. This active species provided
the strong Brgnsted acid sites, which are essential for the
esterification of dilute acetic acid and 1-heptanol. The
Zr-OH bonding for WZ-H, was eliminated by the thermal
treatment in the reduction atmosphere of the crystalline
zirconia support allowing to the presence of only poly-
tungstated domain.
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Abstract. The copolymers of ethylene and 1-hexene were prepared with half-metallocene titanium complex
([t-BuNSiMe,Flu]|TiMe») and modified methylaluminoxane (MMAO). The initial concentrations of 1-hexene were varied
to investigate how the different amounts of comonomer affect on the catalytic activity of copolymerization system and
microstructure of the copolymers. It has been found that this catalytic system was not active for hexene polymerization,
however, it can be active when ethylene was introduced to perform ethylene-hexene copolymerization. As comonomer,
1-hexene provides positive comonomer effect on the system although very high concentration of 1-hexene was introduced.
However, the microstructures of the obtained copolymers, which were examined by 13C-NMR need to be improved
because with highly alternating sequence distribution of comonomer causing them losing some essential specific thermal

properties.

Keywords: polymer synthesis, molecular engineering, metallocene, copolymer, LLDPE

1. Introduction

It is generally presumed that crystallinity of poly-
mer plays an important role in determining the
polymer properties, such as mechanical and ther-
mal properties [1, 2]. We have known that, in syn-
thesis of linear low-density polyethylene (LLDPE)
by copolymerization of ethylene with o-olefins, the
crystallinity depends mainly on the amount of
o-olefin (comonomer) content in copolymer [3].
So, if the comonomer content can be controlled,
properties of copolymer can be also altered. Appro-
priate crystallinity or comonomer content is varied
depending on the application of polymer. The high
comonomer content of copolymer has been com-
mercially produced, named plastomers [1]. The
advantages of plastomers are low density, high
elongation, and low haze in film form. In order to
obtain the plastomer derived from the metallocene

“Corresponding author, e-mail: bunjerd.j@chula.ac.th
© BME-PT
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catalysts, the open structure of metallocene catalyst
is crucial. Half-metallocenes and/or constrained
geometry catalysts (CGCs) are subset of general
metallocene catalyst , which pose the open struc-
ture because they have just one cyclopentadienyl
ring (or their family, such as, indenyl or fluorenyl
rings) bonded with the group IV transition metal
leaving the opposite side of that ring large enough
space for comonomer incorporation with less hin-
drance [4]. Therefore, plastomers or LLDPE with
high comonomer content can be obtained with this
type of catalyst.

As mentioned, comonomer contents are sensitive to
many factors, such as the structure of catalyst, type
of catalyst activators and the initial concentration
of comonomer in the system. When considering the
initial concentration, it has been found that the ini-
tial comonomer concentration not only affects
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directly on the comonomer contents, but it also
affects on the catalytic activity of system [5, 6].
Therefore, in this present study the effect of the ini-
tial comonomer concentration in ethylene-1-hexene
copolymerization with half-metallocene is investi-
gated to determine both the catalytic performance
and the specification of the obtained copolymers.

2. Experimental
2.1. Materials

All operations were manipulated under an argon
atmosphere using glove box and/or standard
Schlenk techniques. The [t-BuNSiMe>Flu]TiMe»
(Ti-complex) was synthesized according to the pro-
cedure described by Hagihara et al. [7]. Ethylene
(polymerization grade) was obtained from the
National Petrochemical Co. Ltd., Thailand. 1-Hex-
ene (= 97%) was purchased from Aldrich Chemical
Company, Thailand and further purified by distill-
ing over CaH; for 6 h. Modified methyl aluminox-
ane, MMAO [(Me-Al-O-),,-(i-Bu—-Al-O-),] hav-
ing 1.86 M in toluene, was donated by Tosoh Akzo,
Japan. Toluene (commercial grade) was donated by
the Exxon Chemical, Thailand Co. Ltd. It was dried
over dehydrated CaCl, and distilled over sodium/
benzophenone.

2.2. Polymerization procedure

Ethylene/1-hexene copolymerization reaction was
carried out in a 100 ml semibatch stainless steel
autoclave reactor equipped with a magnetic stirrer.
At first, the desired amounts of MMAO and the
toluene were introduced into the reactor. The tita-
nium complex in toluene (10 wmol-ml-') was put
into the reactor to make the [Allmmao/[Ti]car = 400.
Then, the reactor was immersed in liquid nitrogen.
1-hexene was added into the frozen reactor (to stop
or prevent possible polymerization of 1-hexene).
The reactor was heated up to the polymerization
temperature at 343 K. The polymerization was
started by feeding ethylene (0.018 moles) into the
reactor. The ethylene pressure and reactor tempera-
ture were kept constant during the polymerization
(pressure in reactor = 349 kPa (50 psi)). Due to the
fixed ethylene consumption (at 0.018 moles), the
polymerization time was defined as the time that all
ethylene gas was totally consumed (the equivalent
pressure drop of 42 kPa (6 psi) was observed). The
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polymerization time was recorded to calculate the
activity. The reaction was terminated by adding
acidic methanol and the material was stirred for
30 min. After filtration, the copolymer obtained
was washed with methanol and dried at room tem-
perature.

2.3. 3C-NMR spectroscopy

I3C-NMR spectroscopy was used to determine the
a-olefin incorporation and copolymer microstruc-
ture. Chemical shifts were referenced internally to
the CDCIl3 and calculated according to the method
described by Randall [8]. Each sample solution was
prepared by dissolving 50 mg of copolymer in
1,2,4-trichlorobenzene and CDCl3. 13C-NMR spec-
tra were taken at 333 K using a BRUKER
AVANCE II 400 operating at 100 MHz with an
acquisition time of 1.5 s and a delay time of 4 s.

2.4. Differential scanning calorimetry

The melting temperature of ethylene/l1-octene
copolymer products was determined with a Perkin-
Elmer diamond DSC. The analyses were performed
at the heating rate of 20°C/min in the temperature
range of 50-150°C. The heating cycle was run
twice. In the first scan, samples were heated, and
then cooled to room temperature. In the second
scan, samples were reheated at the same rate, but
only the results of the second scan were reported
because the first scan was influenced by the
mechanical and thermal history of samples.

3. Results and discussion
3.1. Reactivity of (co)monomer to catalyst

The catalytic activities based on polymer product
are shown in Table 1. It can be seen that there is no
catalytic activity for system conducted with only
1-hexene as monomer (entry 1). The opposite
occurred on entry 2 for the system that used only
ethylene as monomer. It suggests that this half-met-
allocene catalyst ([t-BuNSiMe;Flu]TiMe>) is
active for ethylene polymerization, but not for
1-hexene polymerization. This result agreed with
the finding of Intaragamjon et al. [9], who reported
that this catalyst cannot proceed 1-hexene polymer-
ization under the specified condition. It has been
known that ethylene is the most reactive olefin
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Table 1. Activities of system with various monomer concentrations

Entry Ethylene2 1-Hexene Time Weight ActivityP
[mol/l] [mol/1] [s] [g] (kg polymer/mol Ti .h)
1 0.0 0.6 475 - -
2 0.6 0.0 475 0.2468 187
3 0.6 0.3 500 1.0596 763
4 0.6 0.6 248 1.4030 2037
5 0.6 1.2 326 1.9241 2125

aEthylene addition into the system

bCopolymerization condition: Ti = 10 umol, AI/Ti = 400, temperature = 343 K, 349 kPa (50 psi) of ethylene pressure was applied

[10], so it can react with itself for polymerization in
the absence of any comonomer. Although 1-hexene
was not reactive in its homopolymerization, it can
be reacted in the system of copolymerization with
ethylene (entry 3-5). Thus, this should be clarified
in this finding that why 1-hexene was not active
unless ethylene was introduced together in the sys-
tem, even with the small amount of ethylene as
seen for entry 5.

The mechanism of polymerization by metallocene
catalyst system is reviewed here to explain the
result. There are three main steps for completing
the copolymerization (excluding chain transfer
step), as shown in Figure 1 [10]. The first step is the
‘activation’” of metallocene catalyst typically
achieving via contact with an appropriate cocata-
lyst species (MMAO in this case). The second is
the ‘initiation’ of the polymerization occurring as a
result of the displacement of the anion and coordi-
nation of the monomer in the primary complex. In
our study, this step seems to be a problem for
obtaining the 1-hexene polymerization, since the
ion-pairs still stay in their coordinated tightly.
Therefore, only the strong reactive monomer like
ethylene is able to insert in this coordination, and

consequently displace the anion and make coordi-
nation with catalyst active site. This step can gener-
ate an available coordination site on the metal
center, which provides high enough space for a
large molecule, such as 1-hexene to coordinate with
it in the next step. As the result, the final step that is
the ‘propagation’ step will be the open competition
between ethylene monomer and 1-hexene comone-
mer for insertion into the growing chain of poly-
mer.

As describe above, for this catalytic system, if eth-
ylene was not introduced into the system first,
1-hexene would not be reactive for this half-metal-
locene catalyst even open structure. However, in
many cases, 1-hexene can perform polymerization
by itself with some metallocenes such as
iPr(Cp)(Flu)ZrCl, and En(Ind)>ZrCl, [11] indicat-
ing that reactivities of a-olefin also depend on the
catalyst structure [12].

3.2. Effect of the amount of 1-hexene on
catalytic activity

In entry 3-5, introducing of 1-hexene into copoly-
merization enhanced catalytic activity higher than

Figure 1. Schematic representation of copolymerization mechanism
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Figure 2. Activity profile with various 1-hexene concen-
trations

that of system without 1-hexene (entry 2). When
the amounts of 1-hexene were increased, the cat-
alytic activities were also increased. They increased
pronouncedly when the amount of 1-hexene was
raised from 0.3 to 0.6 mol/l. However, they gradu-
ally increased when the amount of 1-hexene was
raised two times again from 0.6 to 1.2 mol/l. A
comparison of activities is also shown in Figure 2.
It can be explained that the first range of increasing
is because of comonomer effect in copolymeriza-
tion behavior [13]. The chain structure of 1-hexene
can increase the gap between the cationic active
species and counter anion more separately in prop-
agation step (Figure 1). Then, the propagation rate
of polymerization can be raised leading to enhanc-
ing the activity of copolymerization. However, at
1.2 mol/l of 1-hexene concentration (entry 5), the
anticipated activity can not be attained. This is
because high excess of 1-hexene obstructed active
sites of catalyst from reacting with ethylene
monomer, and consequently reduce rate of ethylene
insertion into the chain of growing polymer. The
explanation can be supported by polymerization
time of entry 5, which was longer than that of
entry 4. The longer polymerization time suggests
that, in entry 5, the rate of ethylene consumption
for polymerization was slower than that of entry 4.

Table 2. Comonomer incorporation and the reactivity ratios

Although the rate of ethylene consumption in
entry 4 was faster, activity or productivity of
entry 5 was higher. This is because initial concen-
tration of 1-hexene of entry 5 was higher then it
can produce more product than entry 4 did result-
ing in high catalytic activity for the system.

3.3. Effect of the amount of 1-hexene on
microstructure of copolymers

As seen in Table 2, the comonomer incorporations
apparently increased with increasing the amount of
1-hexene in copolymerization. In this copolymer-
ization process, which fixed the amount of ethylene
addition and kept ethylene pressure constant during
copolymerization, the incorporation of 1-hexene
can be increased by two primary reasons. One is
that enhancing the reactivity of 1-hexene or two,
diminishing the reactivity of ethylene. It can be
seen from Table 2 that reactivities of ethylene
decreased dramatically with increasing the concen-
tration of 1-hexene in the system while reactivities
of 1-hexene just slightly increased. So, it can be
concluded that the initial concentrations of 1-hex-
ene in the system have more effect on the reactivity
of ethylene than itself. The increase of 1-hexene
reactivity enables it to still incorporate continu-
ously into the growing chain even at high concen-
tration. The open structure of half-metallocene
catalyst is one of the important factors that retains
high reactivity of 1-hexene and encourages high
comonomer incorporation. As compared with the
works done by our group previously with normal
metallocene, it has been found that with the same
initial comonomer concentration in copolymeriza-
tion, the obtained copolymer from those studies
exhibited much lower comonomer incorporation
than in this study [14, 15].

On account of the fact that the uniform comonomer
incorporation is the key feature for producing low-
density plastomer, which exhibited plastic and elas-

Entry Ethylene 1-Hexene Incorporation? Reactivity®
[mol/1] [mol/1] E [mol%] H [mol%] I'E ra rErH
3 0.6 0.3 68.4 31.6 1.121 0.658 0.737
0.6 0.6 43.7 56.3 0.797 0.738 0.588
5 0.6 1.2 23.0 77.0 0.621 0.784 0.487

aExamined by 13C-NMR by Randall method [8]

bRelative comonomer reactivities (rg for ethylene and ry for 1-hexene) calculated by rr = 2[EE)/[EC]X, rg = 2X[CCJ/[EC],
[EE] = [EEE] + 0.5[CEE], [CC] = [CCC] + 0.5[ECC], [EC] = [CEC] + 0.5[CEE] + [ECE] + 0.5[ECC]
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Entry E[tllz';l‘;e I[I:l‘;’:fl']‘e EEE EEH HEH EHE EHH HHH
3 0.6 03 0.345 0292 0.048 0.172 0.144 0.000
4 0.6 0.6 0.091 0.270 0.076 0.185 0.339 0.039
5 0.6 12 0.015 0.130 0.085 0.154 0.424 0.192

Figure 3. 13C-NMR spectra of copolymers

tomeric behavior [16], the distribution of co-
monomer in the copolymers needs to be concerned
in order to obtain plastomers with desired specifi-
cation. The triad distribution for all copolymers
obtained from 13C-NMR is shown in Table 3. Triad
block of comonomer (HHH) was detected in sam-
ples having 1-hexene incorporation above 31.6%
(entry 4, 5). It was also noticed from Figure 3,
which showed 13C-NMR spectrum of the copoly-
mers that the peaks between 39.5 and 42 ppm (pro-
portional to the HHH triad) occurred obviously in
the copolymer from entry 4 and 5. Nevertheless,
the number of HHH triad was not converted
directly from the area under these peaks. There are
other peaks, which are more pronounced in the cal-
culation. Therefore, the larger area of these peaks
of entry 4 than entry 5 did not mean that entry 4
had more HHH triad than entry 5.

The presence of HHH triad can imply that the good
distribution of comonomer throughout the copoly-
mer chain was interrupted at high incorporation of
comonomer. Although the copolymers with high
1-hexene incorporation contain the block of
comonomer, they are still not the block copolymer.
It can be observed from the product of reactivity
ratio (rgrg), which is one of the parameters that can
identify types of copolymer. A value rgrg > 1 indi-
cates a block copolymer structure and rerg <1
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reveals an alternating copolymer structure. There-
fore, all the obtained copolymers are alternating
copolymers having the rgry value being lower
than 1. Once the alternating copolymers were
obtained, it means the comonomers in their chain
are distributed moderately well along the backbone,
then shortening the average backbone sequence
length for crystallization and therefore low crys-
tallinity, including low density, would be gained.
Thus, with these properties, the obtained copoly-
mers are in closing proximately to be low-density
plastomer. However, these copolymers might not
meet all properties required for the use in plastic
industry because they probably lost completely the
thermal properties.

As aresult of the fact that disadvantages of alternat-
ing copolymer, which have been found by Hung et
al. [17] that the polymer with a highly alternating
sequence distribution did not exhibit any melting
behavior. Based on the result, when the incorpora-
tions of comonomers increased, the obtained poly-
mer tended to exhibit more highly alternating
copolymer structure (rerg < 1). Therefore, they
might lose the melting behavior at high level of
1-hexene incorporation. To prove that, melting
temperatures of the obtained polymers were inves-
tigated by differential scanning calorimetry (DSC).
From the investigation, it was found that only the
sample from entry 2, which is the polyethylene
sample, has the melting temperature (130°C) and
the remaining samples cannot be found the melting
temperatures. Thus, the losses of thermal properties
existed in all obtained copolymers even the one that
had low comonomer content (entry 3, 31.6%).
Copolymers were formed the gel-like structure as
seen in Figure 4 when the 1-hexene was introduced
into the system, especially at the high level of
incorporation. With this structure, it is obviously
shown the character of amorphous material. There-
fore, it accords with the results from 13C-NMR and
DSC that the obtained copolymers should not have
the melting temperature.
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Figure 4. Digital photograph of copolymer with various 1-hexene contents a) 0%, b) 31.6%, c) 56.3% and d) 77.0%

4. Conclusions

It was found that the positive comonomer effect
occurred even though a very high concentration of
1-hexene that was introduced into the system.
However, the microstructures of the obtained
copolymer examined by 3C-NMR need to be
improved because the highly alternating sequence
distributions of copolymer cause the loss of essen-
tial specific thermal properties.
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Abstract A series of nanocrystal zirconia samples were
synthesized, characterized and studied for the esterifica-
tion reaction. The results showed that the solvothermal
method under different solvent/alkoxide molar ratios led to
remarkable effect on the amount of carbon residue
remained on the surface of catalysts resulting in the dif-
ference in proton species-support interaction behavior.
Moreover, the esterification activity of W/ZrO, varied
distinctly with the solvothermal synthesis condition of
nanocrystal zirconia.

Keywords W/ZrO, - Solvothermal synthesis -
Solvent content - Carbon residue - Esterification

1 Introduction

A large number of industrially important reactions are
catalyzed by solid acids. To improve their performance, a
detailed characterization of these catalysts is important.
Specifically, a systematic study of the development of acid
sites in relation to the nature of the surface structure is of
particular interest. Solid acids catalysts of the type WO,/
ZrO, have attracted much interest recently due to their
structural feature which can present strong acidic sites, and
thus are active for isomerization, alkylation and esterifi-
cation [1-6].
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The structural feature of the WO,/ZrO, catalysts have
been studied [7-12] and was showed that the active spe-
cies-support interaction plays an important role in con-
trolling the active phase features and in affecting the
support properties. Some authors suggest that the catalytic
activity is associated with interconnecting amorphous WO,
species on the surface of tetragonal zirconia. The creation
of strong acidic centers appears to require the presence of
WOy clusters in the presence of a significant proportion of
tetragonal zirconium oxide (ZrO,) [10, 13]. Several works
have shown that the catalytic properties of the WO,/ZrO,
are strongly affected by every step of the preparation
including the choice of the synthesis method and tungsten
loading. The main influences of the preparation method are
on: (i) the type of the active species formed; (ii) the dis-
persion of the active species; (iii) the acidity of the catalyst;
(iv) the different types of phases formed and (v) the surface
area. Synthesis methods, such as impregnation, co-
impregnation, hydrothermal, sol-gel, and solvothermal,
have been widely studied to optimize the preparation of
such catalysts with properties being appropriate for dif-
ferent purposes [14—17]. Among these methods, the most
used one for the preparation of pure tetragonal zirconia
phase is the solvothermal method. In this case, the proce-
dure consists of impregnation of crystal zirconium oxide
with a solution containing tungsten precursor [18]. After
the calcination, the tungsten species formed were com-
posed of isolated surface monotungstates and/or polymeric
surface polytungstates species (WOy) and WOj crystallites
[19]. Previous studies have emphasized on the amounts of
residual carbon remained the surface of catalysts certain
characteristics of the degree of interaction between the
zirconia and adsorbed species [20]. It revealed that ZrO,
particles prepared in 1,4-butanediol (ZrO,-BG) have the
lowest amounts of residual carbon on the surface of
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catalysts leading to enhanced activity for tungstated zir-
conia catalyst.

In the present research, we synthesized the nanocrys-
talline zirconia by the solvothermal method under different
solvent (glycol)/alkoxide molar ratios and investigated the
effects of the properties of zirconia obtained on the ester-
ification performances of W/ZrO,. It was confirmed that
carbon residue present on the surface of catalysts affects
the activity for tungstated zirconia catalyst in acetic acid
esterification reaction.

2 Experimental Section
2.1 W/ZrO, Catalyst Synthesis

W/ZrO, samples were prepared by the adsorption of a W
precursor on the surface of nanocrystalline zirconia
(ZrO,). First the zirconia support was prepared by the
solvothermal method of zirconium tetra-n-butoxide
80 wt% solution in 1-butanol [ZNB, Zr(O(CH,);CHj3),,
Aldrich] and 1,4-butanediol [HO(CH,),OH, Sigma-
Aldrich, 99%]. A desired amount of an alkoxide was
suspended in 100 mL of 1,4-butanediol in a glass vessel,
and then placed in a 300-mL autoclave filled with 30 mL
of the same solvent. The autoclave was completely sealed
and purged with nitrogen. The mixture was heated to the
desired temperature at a constant rate of 2.5 °C min~'
and held at that temperature for 2 h. After the autoclave
was cooled, the resulting powder was washed repeatedly
with methanol by centrifugation, and then air-dried at
room temperature. The products were then air-dried and
used without further calcinations. The molar ratios of
solvent/alkoxide used in this work were ranged from 12 to
29.

A series of samples was prepared by the incipient wet-
ness impregnation method using tungsten(VI) chloride
(WClg, Aldrich, 99.9%) sufficient for yield materials hav-
ing 15 wt% of W loading. The catalysts were dried at
110 °C for 12 h and finally calcined at 500 °C in air for 3 h
[4].

Samples are designated as ZrO,-x and W/ZrO,-x, where
x refers to the molar ratios of solvent/alkoxide.

2.2 X-Ray Diffraction

X-ray powder diffraction spectra were recorded using a
Siemens (D5000, Germany) powder diffractometer with a
copper anode (Cu Ko, 4 = 0.15418 nm) and a scanning
rate of 0.04° s~'. The crystalline planes of phases -ZrO,
and m-ZrO, were indexed following the Joint Committee
on Powder Diffraction Standards (JCPDS) cards and the
crystallite size was calculated from the Scherrer equation.

2.3 BET Surface Area

Nitrogen adsorption was measured at —196 °C with an
automatic adsorptiometer (Micromeritics ASAP 2020,
USA). The samples were pretreated at 300 °C for 3 h under
vacuum. The surface areas were determined from adsorp-
tion values for relative pressures (P/Py) ranging from 0.1 to
1.0 using the Brunauer—Emmett-Teller (BET) method.

2.4 Scanning Electron Microscope

Surface morphology of the samples was observed on Hit-
achi S-3400N (Japan) scanning electron microscope (SEM)
with an acceleration voltage of 15 kV. Catalyst samples
were gold coated prior to scanning.

2.5 Transmission Electron Micrographs

The TEM measurement was obtained using a JEOL JEM-
2010 (Japan) transmission electron microscope. The sam-
ples were supported on carbon-coated copper grids for the
experiment.

2.6 Thermogravimetric Analysis

The thermogravimetric (TG) analyses were performed on a
TA Instruments SDT Q 600 analyzer (USA). The samples
of 10-20 mg and a temperature range between 30 to
800 °C at 10 °C min~' were used in the operation with N,
UHP carrier gas.

2.7 X-Ray Photoelectron Spectroscopy

The XPS measurement was carried out using an AMICUS
photoelectron spectrometer (UK) equipped with an Mg Ko
X-ray as a primary excitation and KRATOS VISION2
software. XPS elemental spectra were acquired with 0.1 eV
energy step at a pass energy of 75 kV. The background
pressure during the spectra accumulation was typically
10~° Pa. Detailed spectral scans were taken over Zr 3d, O
Is, W 4f, C 1s and Ag 3d regions. The binding energy scale
of the spectra was calibrated to the silver Ag 3ds,, peak at
the energy of 368.2 eV [21].

2.8 Acidity Measurements

The number of acid sites was also estimated by using a
method involving an aqueous ion-exchange step, in which
0.2 g of catalyst was added to 10 mL of a 3.42 M aqueous
solution of NaCl under stirring. The exchange ions between
H* of catalyst and Na™ in the solution were carried out for
30 h at room temperature; the liquid was filtered off
and titrated with a 0.05 N aqueous NaOH solution.

@ Springer
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The endpoint for titration was determined using a pH meter
(pH ~ 7) and corroborated using pH paper [4, 22].

2.9 Catalytic Activity

The esterification of acetic acid with methanol has been
used as a probe reaction for studying the activity of the
catalysts. The reaction was carried out in liquid phase batch
reactor. The WZ catalyst taken was 2 wt% of acetic acid,
and acetic acid and methanol were taken in 1:3 molar ratio.
In a typical procedure, a 250-mL round bottom flask
equipped with a water condenser and magnetic stirrer was
kept in a constant temperature of oil bath. The reaction
was carried out at atmospheric pressure at 60 °C. Sample
was withdrawn periodically from the reactor, quenched to
room temperature, and centrifuged in order to separate the
solid catalyst from product to prevent further reaction.
Concentration of reacted samples was determined using a
SHIMADZU gas chromatograph (GC-14B) equipped with
Chrompack SE52 column and flame ionization detector.
UHP N, was used as the carrier gas.

3 Results and Discussion

The XRD patterns are shown in Fig. 1. It reveals that zir-
conia in the samples existed mainly in the form of tetrag-
onal phase (#-ZrO,) and only very few percentages of
monoclinic zirconia (m-ZrQO,) were detected in ZrO,-15
and ZrO,-12 [23]. The average crystallite sizes calculated
from the XRD line broadening using the Scherrer equation
and the BET surface areas of the zirconia are reported in
Table 1. The average crystallite sizes of zirconia were
approximately 3.4—4.0 nm. Within experimental error,
there was no significant difference in BET surface areas

® t-Zr0,
° o m-ZrO,

7r0; -12

Intensity (a.u)

20 30 40 50 60 70 80
20 (degrees)

Fig. 1 XRD patterns of the ZrO,

@ Springer

Table 1 Textural characterization of zirconia supports

Sample Crystallite BET Pore Pore
size® (nm) surface size volume
area (mZ/g) (nm) (cm3/g)
Zr0,-29 3.8 171 2.60 0.10
7r0,-22 34 170 2.52 0.09
7r0O,-17 39 186 2.64 0.17
ZrO,-15 3.8 187 2.68 0.18
7r0,-12 4.0 185 2.72 0.19

4 Calculated from XRD measurement based on Scherrer equation

and the crystallite sizes of the zirconia prepared in different
solvent/alkoxide molar ratios (different ZNB concentra-
tions). To check accuracy of the crystal size obtained from
the XRD analysis, TEM photographs of products were also
taken in comparison. Figure 2 shows an agglomeration of
crystals with an average diameter of 4.4 nm in ZrO,-17.
Since the crystal sizes from TEM and X-ray analysis are in
good agreement, it has been concluded that each primary
particles of the obtained products are single crystals of
zirconia. These results were found to be in agreement with
our previous work [24].

Typical SEM micrographs of zirconia samples prepared
in 1,4-butanediol with different molar ratios of solvent/
alkoxide are shown in Fig. 3a—e. The powders have a
spherical shape and a dense mass and seem to be formed by
aggregations of primary particles. The SEM photograph
shows these secondary particles as separate microspheres.
Interestingly, the lower solvent/alkoxide ratios (higher the
initial ZNB concentration), the larger the size of the

Fig. 2 TEM image of ZrO,-17
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Fig. 3 SEM photographs of products synthesized in 1,4 butanediol at 250 °C of a Zr0,-29, b ZrO,-22, ¢ ZrO,-17, d ZrO,-15 and e ZrO,-12

secondary particle. Furthermore, we can see boundaries of
small microspheres that agglomerated to form larger sec-
ondary particles. These boundaries are indicated by arrows
in Fig. 3. Increasing solvent/alkoxide ratios decreases
mean microsphere diameter while reducing sharply the
number of small microspheres.

Table 2, compares the catalytic properties of various
zirconia supported tungsten catalysts. In this study, the
zirconia was impregnated with 15 wt% of tungsten and
calcined in air at 500 °C for 3 h. In general, the penetration
of tungsten species into the pore of ZrO, support could
reduce the surface area of the tungstated zirconia catalysts.
This loss of surface area is significantly inhibited by the
presence of WO, species [4] or the emergence of mono-
clinic zirconia (m-ZrO,). In order to estimate the theoret-
ical nominal W surface densities, W/ZrO, surface area and

amount of tungsten loading were used [25]. It was found
that the W surface coverage of all catalysts were presented
as the growing surface monotungstated domain (approxi-
mately 3.6-4.0 W/nmz) [7]. It would appear that the sur-
face area and particle size of the catalyst particles were not
affected by solvent/alkoxide ratio since no physical chan-
ges were observed. The X-ray diffraction patterns of the
zirconia-supported tungsten catalysts are shown in Fig. 4.
The increased calcination temperature was also allowing to
present a fraction of m-ZrO,. It should be noted that the
XRD peak at ca. 24.3° for all samples was assigned to the
monoclinic zirconia (not WO, crystallites) [26-28].
The results were found to be in agreement with the work
previously reported by our group, the catalysts did not
show diffraction peaks at 20 = 23.2, 23.6 and 24.48
and did not show Raman bands at 720 and 807 cm™" that
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Table 2 Physicochemical properties of W/ZrO, catalysts

Sample Crystallite BET surface W surface Surface C atomic
size® (nm) area (m2/ 2) densityb acidity® concentration®
(W atom/nm?) (pmol/g) (%)
W/ZrO,-29 4.5 123 4.0 88 20.03
W/ZrO,-22 4.7 128 3.8 94 16.30
W/ZrO,-17 4.4 134 3.7 112 14.63
W/ZrO,-15 4.6 135 3.6 120 13.32
W/ZrO,-12 4.4 136 3.6 128 12.08

4 Calculated from XRD measurement based on Scherrer equation

{Promoter loading (%)/100} x6.023x 10>

® Calculated from the equation [25] Surface density =
¢ Measured by ion-exchange and titration with 0.05 N NaOH

4 Measured from XPS measurement

@ t-7Zr0,
o m-ZrO,
. [ ]
=}

oo W/ZrOy -12
_
=
8

2 W/Z1r0; -15
(Z]
s
£

= W/Zr0Oy-17

W/Zr0y -22

T T T T T
20 30 40 50 60 70 80

2 0 (degrees)
Fig. 4 XRD patterns for W/ZrO; calcined at 500 °C for 3 h

are characteristic of WO; [18, 20, 29]. No diffraction peaks
of WOj; crystallites were observed for all samples, indi-
cating that tungsten oxide was well dispersed on zirconia.

The acid site concentrations as measured by ion-
exchange titration are also listed in Table 2. It was found
that they are in the range of ca. 88, 94, 112, 120 and
128 pmol/g for W/Zr0,-29, W/Zr0,-22, W/ZrO,-17, W/
ZrO,-15 and W/ZrO,-12 samples, respectively. The num-
ber of acid sites increases in parallel with the decreased
solvent/alkoxide molar ratio. Probably as a result of the
residue carbon deposit on the surface of catalyst. The

Formula weight of promoterxBET surface area (m? g=")x10'®

amounts of residue carbon on the surface of catalysts were
characterized by XPS, as shown in Table 3. The C Is
envelopes were analyzed and peak-fitted after subtraction
of a Shirley background using a Gaussian peak shapes is
shown in Fig. 5. In this deconvolution operation, the
FWHM value adopted for all the C 1s lines were not higher
than 2.4 eV. High residual carbon concentrations are
apparently evident for the W/ZrO,-29. It can be seen that
when the solvent ratio was decreased from 29 to 12, the
carbon concentration decreased ca. 40%. These results
indicate a more pronounced effect of solvent ratio on the
carbon residual concentration and the acid site concentra-
tion of tungstated zirconia catalyst.

The esterification of acetic acid with methanol was
carried out over the catalysts of W/ZrO,-29, W/ZrO,-22,
W/ZrO,-17, W/ZrO,-15, and W/ZrO,-12 at 60 °C; the
conversions of acetic acid after 6 h of time on stream are
shown as a function of time in Fig. 6. The figure shows that
the W/ZrO, catalysts are quite effective for the reaction,
the W/ZrO,-12 catalyst showed especially high activities
for the esterification of acetic acid. This is due to the
highest acidity present as observed from acid-base titration
techniques (Table 2). It is interesting to note that the ratio
of solvent/glycol of the zirconia support synthesis has an
influence on the catalytic activity of the tunstated zirconia
catalysts. It is found that the conversion of acetic acid
decreases with increasing the solvent/glycol ratio from 12
to 29 as shown in Fig. 6. This is mainly due to the fact that

Table 3 C 1s XPS results

Sample Position BE (eV) FWHM (eV) Raw area (CPS) R? Carbon concentration
Atomic% Mass%
W/Zr0,-29  285.063 2.180 2643.5 0.98859  20.03 6.0
W/Zr0,-22  284.832 2.306 2340.9 0.97740  16.30 4.7
W/Zr0,-17  284.708 2.192 1927.2 0.98559 14.63 4.5
W/ZrO,-15  284.849 2.162 1870.1 0.98092  13.32 39
W/ZrO,-12  285.052 2.122 1549.9 0.98396  12.08 3.6
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Fig. 5 a C 1s XPS normalized spectra of a surface of (i) W/Zr0,-29, (ii) W/Zr0,-22, (iii) W/ZrO,-17, (iv) W/ZrO,-15 and (v) W/ZrO,-12.
b Evolution of C 1s XPS spectrum of a surface of various tungstated zirconia catalysts
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Fig. 7 TGA profiles of tungsten oxide on different supports

W/ZrO,-29 catalyst has the maximum residue carbon on
the surface (Table 3 and Fig. 5). The results clearly show,
in agreement with previous reports [20], an increased
carbon residue on the surface of catalysts. The acidity of
the solids after calcination at 500 °C was affected by the
residue carbon deposition on the surface of the catalysts.
One of the possible reasons is that the interaction between
the support and the dispersed oxide species. In order to
prove the interaction between the tungsten oxide and sup-
port, TGA measurement was performed. The TGA can
provide the useful information on the degree of interaction
for adsorbed species bound to support in terms of weight
loss and removal temperature [20, 30-33]. The TGA pro-
files for all catalysts are shown in Fig. 7. We observed that
the weight losses of samples were in the order of W/ZrO,-
12 (3.3%) > W/ZrO,-15 (2.4%) > W/Z1tO,-17 (2.2%) >
W/Zr0,-22 (1.8%) > W/ZrO0,-29 (1.6%). This indicated
that adsorbed species present on ZrO,-29 had the strongest
interaction among other supports, resulted in the lowest

@ Springer

activity obtained. In addition, the relationship between the
solvent/alkoxide ratios and other parameters is summarized
as shown in Scheme 1.

4 Conclusions

The liquid-phase esterification of acetic acid with methanol
at 60 °C was investigated to characterize the effect of
solvent/alkoxide molar ratios on synthesis nanocrystal
zirconia support on the esterification performances of
W/ZrO,. The catalytic activity of W/ZrO,-12, zirconia
support prepared by solvothermal method with the molar
ratio of solvent/alkoxide = 12 showed highest surface
acidity consequently having the highest activity. It can be
concluded that the molar ratios of solvent/alkoxide
remarkably affect the amount of carbon residue on the
surface of catalysts resulting in the difference in acidity of
catalyst.
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ABSTRACT

Nanocrystalline TiO, and Si-modified TiO, with Si/Ti ratios 0.01, 0.05, 0.1, and 0.3 were prepared by the
solvothermal method and employed as the supports for Ag/TiO, catalysts for CO oxidation reaction. The
incorporation of Si into the TiO, lattice in the form of Ti-O-Si as revealed by FT-IR results could inhibit
the agglomeration of TiO, crystallites, resulting in an increase of both surface area and metal dispersion.
However, there existed an optimum content of Si/Ti at ca. 0.05-0.1 which resulted in an improved
catalytic activity of Ag/TiO, in CO oxidation. Based on the O,-temperature program desorption (O,-TPD)
results, the catalysts with appropriate amounts of Si/Ti exhibited higher amount of O, adsorption and
much lower desorption temperature. It is suggested that the presence of Ti-O-Si promoted the
formation of active oxygen species and increased the mobility of lattice oxygen so that the catalytic
activity was enhanced. There was no improvement in CO oxidation activity of the Ag/TiO- catalyst when
the Si/Ti was further increased to 0.3 due probably to the formation of amorphous SiO, instead of the Ti-
0O-Si bond.

© 2010 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

1. Introduction

The main purpose of support modification is generally to obtain
high dispersion of metal catalyst or high active sites for catalytic
reaction. Support modification usually brings about changes in
surface properties of the support such as surface area and
interaction between metal particles and support, which are a
crucial factor affecting catalytic activity of the metal. The
modification of support with trace element has been investigated
widely by many researchers. This method can result in changes in
surface chemistry, crystal structure and size, and crystal defects of
support. For TiO, support, various doping elements have been
studied including silicon [1-6] lanthanum [7,8], yttrium [9-11],
zirconium [12-14], etc. The incorporation of trace element has
shown to increase both surface area and thermal stability of the
support.

It is well known that titanium dioxide (TiO;) is reducible metal
oxide that stronger interacts with group VIII noble metals than
other metal oxides such as SiO,, Al,03, and MgO [15-19]. For this
reason, titanium dioxide has attracted much attention for the
application as noble metal catalyst support in many reactions. CO
oxidation is one of the reactions that have been frequently
investigated using TiO, as the support. Nevertheless, only a few
studies have reported about the modification of TiO, with trace

* Corresponding author. Tel.: +66 2218 6883; fax: +66 2218 6769.
E-mail address: Piyasan.p@chula.ac.th (P. Praserthdam).

elements for application as catalyst support in CO oxidation
reaction. For examples, Tai et al. [20] have shown that modification
of TiO, aerogel support with silica-coating improved the catalytic
activity of Au/TiO, compared to that on pure TiO, support. Yu et al.
[8] reported that doping of La in TiO, support during the sol-gel
synthesis also enhanced the catalytic activity of Au/TiO, in CO
oxidation.

In this work, the effect of Si doping in TiO, support synthesized
by solvothermal method on the physicochemical properties of TiO,
and the catalytic activities of Ag/TiO, catalysts in the CO oxidation
reaction were investigated. The catalysts were also characterized
by X-ray diffraction (XRD), Fourier transformed spectroscopy (FT-
IR), temperature programmed desorption of oxygen (0,-TPD), and
pulse chemisorption.

2. Experimental
2.1. Preparation of TiO, and Si-modified TiO,

The TiO, nanoparticles were prepared by the solvothermal
method according to that of Ref. [21]. Titanium (IV) n-butoxide
(TNB) (97%, Aldrich) and 1,4-butanediol (Aldrich) were used as
TiO, precursor and organic solvent, respectively. Firstly, 25 g of
TNB was dissolved in 100 cm? of 1,4-butanediol. The solution was
mixed in the test tube and placed in 300 cm?® autoclave. Additional
1,4-butanediol, with a volume of about 30 cm?, was filled into the
gap between the test tube and the autoclave wall. The nitrogen gas
was purged into the autoclave reactor before heating up to 320 °C

1226-086X/$ - see front matter © 2010 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights reserved.
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at a rate of 2.5 °C/min and held constant at that temperature for
4 h. The Si-modified TiO, was prepared by addition of a certain
amount of tetraethylorthosilicate (TEOS, Aldrich) into the mixed
solution of TNB and 1,4-butanediol before setting up in the
autoclave. The molar ratios of Si/Ti were varied in the range of
0.01-0.3. After cooling naturally to room temperature, the
products were repeatedly washed with methanol and dried in air.

2.2. Preparation of Ag/TiO, catalysts

The obtained TiO, powder was used as support for preparation
of Ag/TiO, catalyst. A certain amount of AgNO3; was dissolved in
deionized water and loaded on the support by the incipient
wetness impregnation method. After impregnation, the samples
were dried at room temperature for 6 h and then at 110 °C
overnight in an oven. The obtained samples were calcined in air at
450 °C for 3 h. The metal content was maintained at 10 at.%Ag with
respect to the atomic weight of the TiO, support. The series of
catalysts are denoted by their atomic percentages of metal loading
and the silicon content in the TiO, supports. For example, 10%Ag/
TiO,-0.01Si is referred to the catalyst containing 10 at.%Ag on the
Si-modified TiO, with the molar ratio of Si/Ti 0.01.

2.3. Catalyst characterization

The XRD analysis was performed using the SIEMENS D5000
diffractometer with Cu K, radiation. The crystallite size and
crystalline phase of Si-modified TiO, were estimated by the
Scherrer equation. The XRD patterns were collected at a rate of
2.4°min~"' in the range of 20 =20-80°. The particle sizes of Si-
modified TiO, were investigated by transmission electron micros-
copy (TEM) with a Philips CM100 microscope. The specific surface
area of samples was determined by the Brunauer-Emmet-Teller
(BET) method using N, adsorption at 77 K in a Micromeritics ASAP
2020 instrument. The FT-IR spectra were collected at room
temperature using a NICOLET 6700 spectrometer in the range of
400-4000 cm ! with 4 cm™! resolution by the KBr technique. The
sample and KBr were dried at 110 °C for 24 h before analysis. The
samples were measured in a controlled humidity room. The
amount of metal active sites for Ag/TiO, catalysts was determined
using N,O pulse chemisorption according to the method described
previously by our group [22]. Approximately 100 mg of the catalyst
sample was reduced in hydrogen flow (50 cm®/min) at 200 °C.
After that the temperature was cooled down to 150 °Cin He stream
and a certain amount of N,O was injected. The N,O was analyzed
by TCD gas chromatography using a packed Porapak N column. The
metal active site of the Ag/TiO, catalyst was calculated assuming a
reaction stoichiometry of two Ag per oxygen atom.

The O0,-TPD experiment was performed in order to study the
characteristics of oxygen adsorption and desorption on the catalyst
surface. This method was adapted from Yu et al. [8]. Approximate-
ly, 0.1 g of the catalyst was reduced at 200 °C in hydrogen flow
(50 cm®/min) for 1 h. The temperature was then cooled down to
30°C in He stream (30cm?/min) and followed by oxygen
adsorption at 30 °C for 1 h with a flow of oxygen (30 cm®/min).
The physically adsorbed oxygen on the catalyst surface was swept
out with He stream until no signal of oxygen could be detected and
then the temperature was ramped with a heating rate of 10 °C/min
to 600 °C. The oxygen desorption signal was detected by the
thermal conductivity detector (TCD) during programmed heating.

2.4. Reaction study
A fixed-bed glass tube microreactor (i.d. 5 mm) was use to test

the catalytic activity of the catalyst samples in CO oxidation.
Approximately 100 mg of the catalyst powder was packed in the

middle of tubular microreactor between plugs of quartz wool. A
thermocouple was inserted into the reactor below the catalyst bed
to measure temperature at the catalyst outlet. The tubular reactor
was heated from room temperature to the desired temperature in a
vertical tubular furnace. The reactant gas mixture of 1% CO, 2% O-,
and the balanced He was introduced at a total flow rate of 100 cm?/
min or a gas hourly space velocity (GHSV)~ 30,600 h~!. The
catalyst was first reduced in situ at 200 °C in flowing hydrogen
(50 cm?/min) for Ag/TiO,, for 1 h. After the reduction, the reactant
gas mixture was switched into the reactor and maintained at a
desired temperature for 20 min. The concentration of CO was
monitored by an on-line GC-8ATP (Shimadzu) gas chromatograph
equipped with a TCD detector and a Porapak Q column. The
conversion of CO was defined as the number of moles of CO
converted per the total number of CO in feed stream. The
temperature at which conversion reaches 50% (defined as light-
off temperature) is used to compare the catalytic activities of the
catalyst samples.

3. Results and discussion
3.1. Effect of Si doping on the properties of TiO»

The XRD patterns of TiO, and Si-modified TiO, prepared by the
solvothermal method are shown in Fig. 1. All the samples exhibited
only pure anatase phase TiO, without any other phase contami-
nation. The XRD patterns of Si-modified TiO, showed the major
peak of anatase TiO; at 26 around 25°. Increasing of Si content can
affect the broadening of XRD peaks [23]. However, the peak
intensity of anatase TiO, decreased with increasing Si content,
indicating that the crystallite size of TiO, became smaller. The
crystallite sizes of TiO, and Si-modified TiO, are shown in Table 1.
The crystallite sizes of all Si-modified TiO, were smaller than the
unmodified TiO,. The peak position of anatase (10 1) and lattice

Fig. 1. XRD patterns of Si-modified TiO, with different Si/Ti molar ratios.

Table 1
Physical properties and amount of active sites of unmodified TiO,, Si-modified TiO,
support and 10%Ag/TiO,—xSi catalysts.

Sample Crystallite BET surface Active site
size (nm) area (m?/g) of 10%Ag/TiO,-xSi
(x10%° atom/g-catalyst)
Unmodified TiO, 15.0 77 1.27
Ti0,-0.01Si 9.8 103 2.10
TiO,-0.05Si 8.5 125 2.02
TiO,-0.1Si 7.0 136 1.98
TiO,-0.3Si 6.4 96 2.46
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Fig. 2. TEM images and the size distribution of (a) unmodified TiO, and (b) TiO,-0.05Si.

parameters of TiO, and Si-modified TiO, support are given in Table
2. The anatase (1 0 1) diffraction peaks for all the Si-modified TiO,
were shifted slightly to a higher angle compared to that of the TiO,
support, indicating a decrease of the distance between crystal
planes which related to the lattice parameters [24]. The decrease of
the lattice parameters for the Si-modified TiO, compared to the
TiO, was attributed to an insertion of the smaller ionic radius of Si
(0.042 nm) into the lattice of TiO, (ionic radius 0.064 nm) [25].
Moreover, the peak intensity of anatase TiO, decreased with
increasing Si content, indicating that the crystallite size of TiO,
became smaller.

Fig. 2 shows the TEM images of TiO, and TiO,-0.05Si. The
particle size distributions were in the range of 12-16 nm and 5-
9 nm for the TiO, and the TiO,-0.05Si, respectively. Such results
were in good agreement the XRD results in which the crystallite
size of TiO, supports decreased with Si doping. The existence of Si
in the TiO, framework may inhibit the TiO, moiety to form large
crystal [26]. Moreover, the replacement of Ti by Si atom in TiO,
lattice can also produce Ti-O-Si bond and the lattice shrinkage
because the bond length of Si-O bond (1.59 A) is shorter than that
of Ti-0 (1.79 A) [27], as a consequence the crystallite size of TiO> is
decreased. As also shown in Table 1, BET surface area of the TiO,

Table 2
The peak position of anatase and lattice parameters of unmodified TiO, and Si-
modified TiO, support.

Sample Peak position of anatase (101) Lattice  param-
eters (A)
(26) (degree) a (=b) c
Unmodified TiO, 25.28 3.7934 9.5003
TiO,-0.01Si 25.52 3.7528 9.5003
TiO,-0.05Si 25.32 3.7896 9.4523
TiO,-0.1Si 25.40 3.7766 9.4427
TiO,-0.3Si 25.40 3.7766 9.4427

supports increased with increasing Si content and reached a
maximum value of 136 m?/g for the TiO,-0.1Si. Further increase of
Si/Ti to 0.3 resulted in the decrease of BET surface area. Similar
results were observed by Jin et al. that the BET surface area of silica-
doped TiO, prepared by hydrothermal process decreased when the
molar ratio of Si/Ti was higher than 0.05 [28].

Fig. 3 shows the FT-IR spectra of Si-modified TiO, with the Si/Ti
molar ratio between 0.01 and 0.3 in the wave number ranging from
400 to 4000 cm™'. The spectra bands at ca. 1630 and 3400 cm™'
were attributed to H-OH bonds of adsorbed water molecules and
hydroxyl group of Ti-OH bonds, respectively [29-31]. The
hydroxyl group at 3400 cm~! of all Si-modified TiO, seems to
increase compared with the TiO, support. These results are in
agreement with Chen et al. [32], who reported that the hydroxyl

Fig. 3. FT-IR spectra of Si-modified TiO, with different Si/Ti molar ratios.
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groups of TiO, increased after Si doping in non-humidity system.
The IR spectra at ca. 700 and 800 cm~! were attributed to Ti-O-Ti
bonds in the TiO, lattice [33]. It is noticed that the spectra band in
the 400-850 cm™! region became weaker with the increase of Si
content, suggesting that the formation of Ti-O-Ti structure was
suppressed due to the formation of Ti-O-Si and/or Si-O-Si
structure. The presence of Ti-O-Si bond was confirmed by the
IR spectra band at ca. 950 cm~! [34-36]. The intensity of Si-O-Si
bonds at ca. 1070 cm™! also increased with increasing the Si
content. The presence of the amorphous silica could prevent the
agglomeration of TiO, nanoparticles, leading to a decrease of TiO,
particle size [37,38]. The metal active sites of Ag/TiO, catalysts
were determined by pulse chemisorption and are given in Table 1.
It is clearly shown that higher metal dispersion was obtained on
the Si-modified TiO,. The amount of metal active sites on the Si-
modified TiO, supported catalysts were nearly two times higher
than those supported on the unmodified ones. However, the
amount of metal active sites on the Si-modified TiO, was quite
similar especially for those with the Si/Ti ratio 0.01-0.1.

3.2. Effect of Si doping on the activity of CO oxidation

The CO conversions as a function of reaction temperature for
10%Ag/TiO, with different Si contents in the TiO, are shown in
Fig. 4. Addition of trace amount of Si in the TiO, supports can
improve the CO oxidation activity of the TiO, supported Ag
catalysts. However, there existed an appropriate amount of Si/Ti
molar ratio that yielded the higher CO oxidation activity at around
0.05-0.1. At their optimum Si/Ti ratios, the Si-modified TiO,
supported Ag catalysts showed light-off temperature at 68 °C,
which were much lower than the corresponding unmodified ones.
When the Si contents were higher than their optimum values, the
Si-modified TiO, supported catalysts exhibited lower CO oxidation
activity although these catalysts possessed higher amount of metal
active sites as measured by pulse chemisorption. Thus, the
modification of TiO, with Si atoms not only improved the metal
dispersion, but also affected the mechanism of CO oxidation.

The reaction mechanism for catalytic CO oxidation is known to
compose of two possible mechanisms (1) the CO molecule and
oxygen atom from external source are coadsorbed on metal active
site to produce CO, and (2) the CO molecule is adsorbed on metal
catalyst surface to form intermediate complex and then reacted
with surface lattice oxygen atom of TiO, support to generate CO5.
The oxygen from external source in gas phase then dissociates into
atomic oxygen and is adsorbed on the oxygen vacancies sites of the
TiO, support. As suggested by Mguig et al. [39], the latter

Fig. 4. CO conversion over 10 at.%Ag catalysts supported on Si-modified TiO, with
different Si/Ti molar ratios.

Fig. 5. O,-TPD patterns of 10 at.%Ag catalysts supported on Si-modified TiO, with
different Si/Ti molar ratios.

mechanism occurs more easily on defective surface or basic site
surface of metal oxide support. In the present study, the
modification of TiO, support with trace amount of Si resulted in
an increase of the amounts of hydroxyl group and the formation of
basic site surface and improved CO oxidation activities. Thus, it is
likely that CO oxidation on the Si-modified TiO, supported Ag
catalysts occurred via such mechanism.

According to the mechanism proposed by Bollinger and Vannice
[40] for CO oxidation over Au/TiO, catalysts, the adsorption of CO
and O, occurred on two different sites, CO adsorbed on Au and O,
adsorbed on TiO,. Then CO reacted with surface lattice oxygen of
TiO, to form CO, leading to the formation of surface oxygen
vacancies. During the CO oxidation, these oxygen vacancies were
filled by chemisorbed oxygen species from gas phase. The oxygen
adsorption and desorption behaviors of the Ag/TiO, catalysts were
investigated by using O,-TPD experiments and the results are shown
in Fig. 5. The Si-modified TiO, supported Ag catalysts with optimum
Si/Tiratios exhibited much lower desorption temperature and larger
amount of desorbed O, compared to the non-modified ones and the
ones with excess Si. According to Iwamoto et al. [41], there are three
kinds of adsorbed oxygen species on TiO, surface. The adsorbed
oxygen consists of weakly adsorbed surface oxygen, strongly
adsorbed surface oxygen and surface lattice oxygen. The weakly
adsorbed oxygen desorption in the range of 100-180 °Cand ~230 °C
were assigned to O, and O~ species, respectively [42]. The
desorption temperature of strongly adsorbed surface oxygen and
surface lattice oxygen were reported in the range of 470-490 °C, and
810-870 °C, respectively [43,44]. The results demonstrated that the
Si-modified TiO, supported Ag catalysts with optimum Si/Ti ratios
produced the highest amount of O, and O~ species whereas the
non-modified ones and the ones with excess Si produced O~ species
and strongly adsorbed surface oxygen. It has been reported that the
adsorbed O~ species were the most active species for CO oxidation
[8]. In addition, Qu et al. [45] suggested that the strongly adsorbed
surface oxygen species blocks the adsorption and diffusion of weakly
adsorbed surface oxygen, causing a decrease in the CO oxidation
activity of the catalysts.

The results in this work show that oxygen in Ag/TiO,-0.05Si
and Ag/TiO,-0.1Si catalysts desorbed more easily so that the
catalysts exhibited higher CO oxidation activity. It is suggested that
the formation of Ti—-O-Si bonds produced an appreciable change in
the electronic properties of these catalysts. Generally, TiO, was
classified as a support which exhibits the strong metal-support
interaction with precious metals. Bernal et al. [46] reported that
the temperatures of oxygen desorption from metal catalyst surface
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increased when a strong interaction between the metal particles and
support occurred. The addition of Si into TiO, lattice to form Ti-O-Si
bonds may lead to a decrease of the metal-support interaction and
resulted in a decrease of oxygen desorption temperature. In other
words, the adsorbed oxygen on the Si-modified TiO, with optimum
Si/Ti ratios can be dissociated to atomic species which desorbed at
lower temperature. Moreover, the presence of Si in TiO, could
decrease the strength of surface lattice oxygen bonding, resulted in
higher mobility of lattice oxygen which has been reported to be
beneficial for CO oxidation [47,44].

On the other hand, an excess Si content in the TiO, support (i.e.,
for Si/Ti = 0.3) exhibited the increase of amorphous SiO, formation
which revealed by Si-O-Si bonds from FT-IR results. Qu et al. [48]
reported that interaction between Ag and SiO, became strongly
when the catalyst was pretreated in oxygen at high temperature
like a calcination of the catalyst in an oxygen atmosphere. Thus, the
formation of SiO, in TiO, lattice led to a shift of oxygen desorption
temperature towards higher temperature and decreased the
catalytic activity in CO oxidation.

4. Conclusions

The presence of trace amount of Si atoms in the TiO, supports
with Si/Ti=0.05-0.1 has resulted in an improved -catalytic
performance of Ag/TiO, catalysts in the CO oxidation. The insertion
of Si atoms into the TiO, lattice in the form of Ti-O-Si not only
increased the metal active sites by increasing specific surface area of
the catalyst and inhibition the agglomeration of TiO, crystallites but
also altered the strength of O, adsorption-desorption behavior on
the catalyst surface. As shown by the O,-TPD results, the Si-modified
TiO, supported catalysts exhibited higher amount of oxygen
adsorption and lower desorption temperature, which could promote
the formation of active oxygen species and increase the mobility of
lattice oxygen so that the catalytic activity was enhanced. An excess
Si content (i.e., Si/Ti = 0.3), on the other hand, resulted in higher
oxygen desorption temperature and no improvement of the catalyst
activity, due probably to the formation of amorphous SiO,.
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ABSTRACT

This paper investigates calcium oxide assisted hydrogen production from biogas. Preliminary
experiments were performed to compare the catalytic performance of combined carbon dioxide
reforming and partial oxidation of biogas among four different adsorbent (CaO)/catalyst (Ni/SiO,-MgO)
arrangements; i.e. (i) Ni/SiO,-MgO before CaO, (ii) CaO before Ni/SiO,-MgO, (iii) Ni/SiO,-MgO mixed with
CaO0, and (iv) Ni/Si0,-MgO0 without CaO. The mixture of CaO and Ni/SiO,-MgO was found to be the best
arrangement, offering the highest hydrogen yield. Thermodynamic investigation of the integrated
sorption-reaction systems for hydrogen production from biogas was performed. The system can be
operated under thermal neutral condition when appropriate operating parameters are adjusted. Finally
based on the thermal neutral operation, the effects of H,O/CH4 and CaO/CH,4 ratios on the required O,/
CH,4 ratio, hydrogen yield, hydrogen concentration and CO/H, ratio in product were determined.
Obviously the use of CaO adsorbent can improve hydrogen production and there is an optimum H,O/CH,4
ratio which offers the highest hydrogen production at each CaO/CH4 ratio. Increasing H,O/CH,4 ratio
generally increases H,/CO ratio but decreases hydrogen concentration in the product.

© 2010 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Energy production from renewable sources is one of several
approaches to reduce emissions of greenhouse gases (GHG).
Nowadays, GHG is one of significant problems that have a great
impact on global warming. About 75% of the anthropogenic carbon
dioxide (CO,) emissions to the atmosphere during the past 20
years are due to fossil fuel burning [1,2]. In addition to CO,
methane (CH,) produced in natural environments from anaerobic
degradation of organic substrates is another major constituent
significantly contributing to a greenhouse effect with a 23-fold
higher global warming potential than CO, [3,4]. With the
increasing concern on environmental problems, many countries
are pursuing efforts to develop renewable energy sources and fuels
with lower carbon content as an alternative future energy
resource. Increasing fuel combustion efficiency and capturing/
storing CO, produced are also important aspects in developing new
energy technologies.

* Corresponding author. Fax: +66 2 218 6877.
E-mail address: Suttichai.A@chula.ac.th (S. Assabumrungrat).

Hydrogen is considered to be the most promising future energy
carrier [2,5]. A hydrogen-based energy economy coupled with the
anticipated limits on CO, emissions provides a good opportunity
for the investigation of H, production processes that are more
energy-efficient and environmental friendly. A sorption-enhanced
H, production (SEHP) in which the hydrocarbon reforming, water—
gas shift, and CO, removal reactions occur simultaneously at high
temperatures over a mixture of reforming catalyst and CO,
sorbent, could be a potential alternative. In the SEHP process, CO5 is
reacted with a solid sorbent (adsorption/carbonation step) and
converted to a solid carbonate. Regenerating the sorbent (desorp-
tion/calcination step) results in releasing CO, which is in a form
suitable for storage. Several sorbent materials, i.e. calcium oxide
[6], lithium oxides [6-9], hydrotalcites [6,10,11], double salts
[6,12], and basic alumina [6,13], have been studied for the sorption
of CO, at high temperatures. Recently, calcium oxide (CaO) has
been examined thoroughly as a suitable sorbent for SEHP processes
[6,14-20]. It was reported to be thermodynamically the best
candidate among various metal oxides for CO, capture in zero
emission power generation systems [2,20]. In addition, CaO is
cheap and readily available in nature. Thus, the CaO sorption
process has been a well-known CO, capture technology nowadays.

1226-086X/$ - see front matter © 2010 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights reserved.
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This study concentrates on the production of H, from biogas via
a sorption-enhanced system. The experiment of the combined
carbon dioxide reforming and partial oxidation of biogas over an
industrial Ni/SiO,-MgO catalyst and a CaO adsorbent was carried
out to investigate the effect of an adsorbent and catalyst bed
arrangement on the reaction performance. Further, a thermody-
namic analysis was performed to investigate the effects of
temperature, oxygen, water, and CaO sorbent under a thermal
neutral operation in which no external heat is required to sustain
the reactor operation.

2. Theory
2.1. Sorption-enhanced dry reforming and partial oxidation of biogas

2.1.1. Reforming and partial oxidation
The main reactions taking place in the system are:
Methane dry reforming with carbon dioxide:

CH4 4+ COy - 2CO +2H, AH,g4 = 261 kJ/mol (1)
Methane partial oxidation with oxygen:

CH4 +1/20,+»CO +2H, AHyg5 = —36 kJ/mol (2)
When steam is introduced to the reaction system, the steam
reforming of methane and the water gas shift reaction can be
occurred as follows.
Methane steam reforming reaction:

CH4 + Hy0 < CO +3H, AH,o5 = 206 kJ/mol (3)
Water gas shift reaction:

CO +H;0+CO, +Hy AH,q4 = —41.5 kJ/mol (4)

Methane reforming with carbon dioxide (Eq. (1)) and steam
(Eq. (3)) are highly endothermic, the forward reaction are
thermodynamically favored with high operating temperature
and low pressure while methane partial oxidation (Eq. (2)) and
water gas shift reaction (Eq. (4)) are mildly exothermic.

2.1.2. Sorption of carbon dioxide on calcium oxide
Carbon dioxide sorption (carbonation reaction) on calcium
oxide can be explained by the following reaction:

CO; +Ca0 — CaC0O3 AH595 = —178 kJ/mol (5)

Utilization of CaO to capture carbon dioxide can improve the
operation performance as the exothermic heat from carbon
dioxide sorption can be utilized for the endothermic reactions.

2.2. Thermodynamic analysis

For understanding the advantages of combining sorption and
reaction for H, production and studying of suitable operating
condition, a thermodynamic analysis of the important reactions
(Egs. (1)-(5)) were investigated. Aspen Plus simulator was used for
equilibrium calculations. The minimization of Gibbs free energy
method has been used for predicting the product compositions at
equilibrium. The products are in both gas phase i.e. CHy, CO, CO5,
0,, Hp, H,O and solid phase i.e. C. The effect of operating
parameters, i.e. H,O/CH4 and CaO/CH, ratios were investigated.
The material and energy balances were solved in order to
determine the thermal neutral operation in which no external
heat is required to sustain the reactor operation.

3. Experimental

A commercial-grade reforming catalyst, Ni/SiO»-MgO, contain-
ing 55 wt.% of nickel supplied from Japan and a commercial-grade
calcium oxide adsorbent supplied from Riedel-de Haén were
employed in this study. The catalyst was cylindrical extrudate with
a diameter of 3 mm and a length of 3 mm. Silicon carbide supplied
from Fluka with an average size of 40-100 mesh was used as a
dilution material for the catalyst. The reaction was carried out in a
reaction system described in our previous work [21]. The reactor
was a quartz tube (internal diameter = 0.011 m, length = 0.5 m)
heated by a temperature-controlled electric oven. Experiments
were performed using Ni/SiO,-MgO catalyst (0.1314 g) diluted
with silicon carbide (0.438 g) and CaO adsorbent (0.657 g). CaO
adsorbent acts as a CO, acceptor in the sorption-enhanced system.
As shown in Fig. 1, four different bed arrangements in the sorption-
enhanced operation were considered as follows: (i) Ni/SiO,-MgO
before CaO, (ii) CaO before Ni/SiO,-MgO, (iii) Ni/SiO,-MgO mixed
with Ca0, and (iv) Ni/SiO,-MgO without adsorbent. High pure CH4
(99.999%), CO, (99.999%) and 0O, (99.99%) were used as the
reactant gases. Argon was used for purging the system. The
reaction was taken place at 1023 K and atmospheric pressure.
The catalyst was reduced in a hydrogen flow (30 cm?/min) for 1 h
and then the gas feed containing CH4 (12.5cm3/min), CO,
(12.5 cm®/min) and O, (6.25 cm>/min) was switched to the reactor.
It should be noted that with the difference in bed arrangements it
becomes difficult to keep the same space velocity and contact time
for each configuration. Therefore, the comparison of reaction
performance among the different arrangements was based on the

Fig. 1. Different adsorbent/catalyst arrangements in the sorption-enhanced
operation.
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same ratio of gas feed rate per catalyst weight. The composition of
exit gas effluent was analyzed every 10min by a TCD gas
chromatograph (Shimadzu GC-8A, Japan) equipped with a
Porapak-Q and Molecular Sieve 5A column. The H, yield were
defined as

H, molar flow rate/2

Hy yield = CH4 molar feed flow rate

(6)

4. Results and discussion

A preliminary set of experiments was performed to determine a
suitable adsorbent/catalyst arrangement for hydrogen production
from simulated biogas, a mixture of CH, (50 mol%) and CO,
(50 mol%). Hydrogen yields achieved from the operation under
four different bed arrangements are shown in Fig. 2. It can be seen
that for the case without CaO (conventional operation), hydrogen
yield initially increases and levels off at a hydrogen yield of about
57%. For the case of packing Ni/SiO,-MgO before CaO, it shows
similar behavior as the first case in term of hydrogen yield,
indicating that the presence of CaO after the catalyst bed does not
help improving the reactions in the system. However, it was
observed that hydrogen concentration in the exit gas is consider-
ably higher than the first case since CO; in the reaction product was
adsorbed by CaO. Importantly, the improvement in hydrogen yield
was observed for the cases of packing CaO before Ni/SiO»-MgO and
Ni/Si0,-MgO mixed with CaO with. For the case of packing CaO
before the catalyst, in which some CO, in the feed was removed
before reaching the subsequent catalyst bed, the increasing of
hydrogen yield was observed over 20 min of reaction time. As for
the case of mixing CaO with the catalyst in the bed, the
improvement of hydrogen yield becomes more significant and
the superior yield is observed until 80 min of reaction time.
Previous report suggested that with pure CO, of 1atm, the
minimum temperature for CO, desorption from CaCOs is 1173 K
[22]. Hence, CaO could be assumed effective for CO, adsorption in
the range of operating temperature in our study. However, it
should be noted that for all experiments, hydrogen yields always
approached the same value of about 57% after prolonged period
since the sorption of CO, by CaO become insignificant when most
of CaO is converted to CaCOs. In addition, the study further
demonstrated that when sorbent bed is appropriately integrated in
the reaction system, the values of hydrogen yield higher than the
equilibrium value (75%) can be achieved.

Fig. 2. Hydrogen yield achieved from different adsorbent/catalyst arrangements
(T=1023 K, CH4:C05:0, = 1:1:0.5).

Fig. 3. Hydrogen yield in the CaO assisted hydrogen production system (T = 1073 K
and 0,:CH4=0.5).

According to these preliminary results, it is obvious that the use
of CaO in the combined carbon dioxide reforming and partial
oxidation of biogas particularly under the mode of mixture of CaO
and Ni/SiO,-MgO can improve the hydrogen yield compared to the
conventional system without CaO. Therefore, the reaction system
under the mode of mixture of CaO and Ni/SiO,-MgO was selected
for further studies. It is noted that for practical application of this
adsorbent/catalyst system under steady-state condition, a fluid-
ized bed reactor with continuous feeds of a gas mixture and CaO is
generally considered as a suitable option for the sorption-
enhanced hydrogen production from biogas. When this reactor
is equipped with a regenerator for regenerating CaCOs to CaO, the
system can be operated continuously under steady-state condi-
tion. In addition, the removed CO, can be further sequestrated, if
necessary, in order to reduce the amount of CO, released to the
environment.

As the next step, the technical feasibility of the above system
without a regenerator was studied based on thermodynamic
analysis. The reactions taking place are assumed at equilibrium
compositions and the feed biogas is assumed to consist of 50% CH,4
and 50% CO,. The effects of some major operating parameters; i.e.
H,0/CH4, and CaO/CH4 ratios on hydrogen yield, hydrogen
concentration, CO/H; ratio in product gas, and overall enthalpy
change were investigated in order to understand the role and
behavior of CaO assisted hydrogen production from biogas. It is
noted that the inlet O,/CH,4 ratio and operating temperature was
fixed at 0.5 and 1073 K, respectively.

Figs. 3 and 4 show the hydrogen yield and enthalpy change of
the system at various values of H,O/CH,4 and CaO/CH4 ratios. It was

Fig. 4. Overall enthalpy change in the CaO assisted hydrogen production system
(T=1073 K and O,:CH4 =0.5).
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Fig. 5. 0,/CH,4 ratio required for thermal neutral operation of the CaO assisted
hydrogen production system (T = 1073 K).

demonstrated that at low H,O/CH,4 ratio and without the presence
of Ca0, hydrogen yield as low as 37.5% is achieved because the
hydrogen production is predominately governed by the carbon
dioxide reforming and partial oxidation which offer low hydrogen.
When water is added in the reaction system, more hydrogen is
observed according to the promotion of methane stream reforming
and water gas shift reaction. The highly endothermic stream
reforming causes the enthalpy change to become less negative
(Fig. 4). Under the presence of CaO in the system, the removal of
carbon dioxide can further increase the hydrogen yield by shifting
the water gas shift reaction and consequently shifting the methane
steam reforming. The enthalpy change becomes more negative as
the carbonation (Eq. (5)) is a highly exothermic reaction. From
Fig. 4, it is evident that when the operating parameters are
carefully adjusted, the system can be operated at a thermal neutral
condition (AH = 0) in which the heat generated is equal to the heat
consumed. For example, at 0,/CH4 =0.5, the suitable values of
H,0/CH4ratio are 1.1 and 3.3 when the CaO/CH,4 ratios are 0.25 and
0.5, respectively.

In the following studies, only the results at thermal neutral
condition are determined as it is a desirable condition for practical
operations - no effort on heat addition to or heat removal from the
system is required. The values of O,/CH4 ratio required at different
H,0/CH,4 and CaO/CH,4 ratios are shown in Fig. 5. It is obvious that
higher O,/CH,4 ratios are required when the system is operated at
higher H,O/CH,4 ratios while lower O,/CH,4 ratios are needed at
higher CaO/CH4 ratios. This is because of the endothermic and
exothermic natures of the steam reforming and carbonation
reactions, respectively. Figs. 6-8 show the corresponding hydrogen
yield, H,/CO ratio and hydrogen concentration in product,

Fig. 6. Hydrogen yield at the thermal neutral operation of the CaO assisted hydrogen
production system (T = 1073 K).

Fig. 7. H,/CO ratio at the thermal neutral operation of the CaO assisted hydrogen
production system (T = 1073 K).

respectively. Unlike the results shown in Fig. 2 (isothermal
condition), there is an optimum H,0/CH4 ratio which provides
the highest hydrogen yield for each CaO/CH4 ratio in the thermal
neutral operation (Fig. 6). At low H,0/CH,4 ratio, low hydrogen
yield is obtained as most hydrogen is derived from the carbon
dioxide reforming and the partial oxidation of methane which give
lower hydrogen than does the steam reforming. When operating at
a higher H,O/CHj4 ratio, higher hydrogen yield is achieved from the
promotion of methane steam reforming and water gas shift
reaction as evident by the observed higher H,/CO ratio in the
product (Fig. 7). However, when the system is operated at too high
values of H,O/CHy, operation at higher O,/CH,4 ratios is required as
shown in Fig. 5 so that the exothermic heat generated from the
partial oxidation and complete combustion of methane is sufficient
for providing the increased endothermic heat demand from the
presence of higher extent of steam. Therefore, less hydrogen is
generated. From Fig. 8, it is observed that the addition of extra
steam lowers the hydrogen concentration in most cases due to the
dilution of gas product by excess water and the requirement of
higher oxygen in the system.

When the reactions are incorporated with the addition of
Cao, it is evident that the CaO assisted hydrogen production
shows beneficial effects on all the hydrogen yield, H,/CO ratio
and hydrogen concentration. The removal of CO, from the
reaction system by CaO sorption promotes the water gas shift
reaction and subsequently the steam reforming, and therefore,
increases all the hydrogen yield, hydrogen concentration and
H,/CO ratio. In addition, the exothermic heat generated from the
carbonation reduces the requirement of O,/CH4 ratio and thus
suppresses the hydrogen production from the partial oxidation

Fig. 8. Hydrogen concentration at the thermal neutral operation of the CaO assisted
hydrogen production system (T = 1073 K).
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reaction which offers lower hydrogen production and hydrogen
concentration.

5. Conclusion

The reaction tests for hydrogen production from biogas using
four different adsorbent/catalyst arrangements; (i) Ni/SiO,-MgO
before CaO, (ii) CaO before Ni/SiO,-MgO, (iii) Ni/SiO,-MgO mixed
with CaO0, and (iv) Ni/SiO,-MgO without CaO, indicated that the
CaO assisted hydrogen production is best to be performed under an
operation with mixture of CaO and Ni/SiO,-MgO. The thermody-
namic investigation revealed that the H,O/CH,4, CaO/CH,4 and O,/
CH,4 ratios can be appropriately adjusted to achieve thermal
neutral condition in which the system requires no external heat
source for the operation. Based on this condition, at a higher H,0/
CH,4 feed ratio, the system requires either higher 0,/CH,4 or CaO/
CH,4 ratio to maintain the thermal neutral operation. It is clearly
demonstrated that the use of CaO adsorbent can promote the
hydrogen production and hydrogen concentration in the product.
In addition, there is an optimum H,O/CH4 ratio which offers the
highest hydrogen production at each CaO/CH,4 ratio.
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Keywords:

The gas-phase isomerization of 1-butene to 2-butene was investigated on the MgO/Mg(OH), catalysts
containing different basicities (i.e., weak, medium, and strong basic sites). The isomerization reaction mainly
proceeded on either the strong or the medium strength basic sites while the weak basic sites had little
impact on the isomerization activity. As revealed by CO,-temperature program desorption (CO,-TPD),
Fourier-transformed-infrared spectroscopy (FT-IR), and electron spin resonance (ESR), the crystalline MgO
contained both weak and strong basic sites while the Mg(OH), phase exhibited only the medium strength

MgO one. The strong basic sites of MgO were correlated well with the presence of oxygen atoms in the lattice of
Mg(OH), crystalline MgO. The medium strength basic sites in Mg(OH),, on the other hand, were arisen from the
Basicity hydroxyl groups in the Mg(OH), structure.

Isomerization © 2010 Elsevier B.V. All rights reserved.
1-butene

1. Introduction

In the field of heterogeneous catalysis, many reactions involve
acidic-basic properties of the catalyst surface. Compared to the wide
use of heterogeneous acid catalysts, commercialization of heteroge-
neous base catalysts and characterization of solid bases have been less
reported [1,2]. According to a survey by Tanabe and Holderich [2], the
number of industrial processes that use solid acids, solid bases, and
acid-base bifunctional catalysts are 103, 10, and 14, respectively. Basic
catalysts are active and selective for various reactions including
isomerization, dehydrogenation, amination, hydrogenation, alkyl-
ation, and condensation [3]. Many of these reactions have been
carried out industrially using liquid base catalysts. The replacement of
liquid bases by solid base catalysts would have the advantage such as
decreasing corrosion and environmental problems and easier sepa-
ration and recovery of the catalysts [4]. The fundamental study on the
structure, reactivity, and deactivation of solid bases are, therefore,
necessary before they can be widely used as the solid acid catalysts
[5].

Magnesium oxide (MgO) is one of the well-known basic catalysts.
It is interesting in its essential basic surface character, which makes an
effective catalyst and catalyst support [6]. Besides 0%~ sites, hydroxyl
groups also act as basic sites and have been shown to promote basic
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reactions [7]. In addition, it has the ability to stabilize metals in
unusual oxidation states and to retard sintering and evaporation of
the metal atoms [8,9].

Due to the rising demand of propylene, the isomerization of 1-
butene to 2-butene on MgO catalysts has now become an important
reaction in the metathesis of ethylene and 2-butene for propylene
production [10,11]. However, little is known about the active sites of
the MgO basic catalyst in 1-butene isomerization reaction and
controversy still exists. For examples, Baird and Lunsford [12]
suggested that electron donors, presumably the strongly basic 0%~
ions located on the corners of the cubic oxide lattice are related to the
active site for the isomerization of 1-butene. Matsuda et al. [13,14]
reported that the isomerization activity could be correlated with
stronger basicity than He=22.3 and was inactive on MgO catalysts
existing only in the weak basic sites. In addition, Klabunde and
Matsuhashi [15] concluded that surface defects are responsible for 1-
butene isomerization.

The purpose of this study was to elucidate the dependence of
basicity of the isomerization of 1-butene on MgO and Mg(OH),
catalysts. The catalysts were prepared by co-precipitation method
using Mg(NOs3), and KOH. The basic properties of the catalysts were
varied by changing the calcination temperature. The catalyst activities
were evaluated in the gas-phase isomerization of 1-butene to 2-
butene. Various analytic techniques have been employed in order to
determine the physical and basic properties of the catalysts including
X-ray diffraction (XRD), N, physisorption, CO,-TPD, Fourier-trans-
formed-infrared spectroscopy (FT-IR), and electron spin resonance
(ESR).
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2. Experimental
2.1. Catalyst preparation

The catalysts were synthesized by co-precipitation method using
magnesium nitrate hexahydrate (Mg(NOs3),.6H,0) (Sigma Aldrich)
and potassium hydroxide (KOH) (AnalaR) as the starting materials.
Firstly, 0.8 M of Mg(NOs),.6H,0 and 0.9 M of KOH solutions were
prepared in de-ionized water. These two solutions were added
dropwise into 200 cm® of de-ionized water under vigorous stirring.
The pH was controlled at 11-12. Then, the complete solution was first
separated by centrifuging and the solid product washed 5 times in de-
ionized water. The white paste was subsequently dried in ambient air
overnight and in an oven at 80 °C for 24 h. Finally, the white solid was
calcined at various temperatures of 200, 400, 600 and 800 °C for 2 h in
air with a ramp rate of 4°C/min. After thermal treatment, the
synthesized catalysts were immediately kept in vials and then
preserved in a desiccator to prevent from surface hydration. The
calcined samples were denoted as Mg0200, Mg0400, MgO600, and
Mg0800 according to the calcination temperature used.

2.2. Catalyst characterization

The XRD patterns were collected using a SIEMENS XRD D5000
diffractometer with Cu K, radiation and a Ni filter in 10-80° 26
angular regions. The crystallite size of samples was calculated using
the Scherrer's equation. The BET surface area was determined by N,
physisorption using a Micrometritics ASAP 2000 automated system.
Each sample was degassed at 200 °C for 4 h prior to N, physisorption.
The CO,-TPD was performed to determine the basicity of MgO
catalysts using a Micromeritic Chemisorb 2750 automated system.
Before adsorption, the sample was pretreated in He for 1 h (flow rate
50 cm?/min) at the temperature which MgO was calcined. Then, it
was cooled down to 100 °C and subsequently adsorbed by CO, for 1 h.
The temperature-programmed desorption was carried out at a
constant rate of 10 °C/min from ambient to 750 °C. The ESR was
performed in a JEOL model JES-RE2X at room temperature. The
hydroxyl groups of the catalysts were identified by FT-IR using a
Nicolet 6700™ spectrometer in the range of 3800-3400cm™ ' at a
resolution of 4.0 cm™ !. The catalyst morphology was observed using a
Hitachi S-3400N scanning electron microscope. For the pre-adsorbed
CO, FT-IR experiments, the catalysts were first pretreated ex-situ in He
flow 50 cm®/min in a quartz cell at the temperature which they were

calcined. Then, the samples were cooled down to 100 °C and
subsequently followed by CO, adsorption for 1 h and purging with
He for 30 min. The infrared spectra of the pre-adsorbed CO, samples
were collected using the Nicolet 6700 spectrometer.

2.3. Reaction study

The gas-phase isomerization of 1-butene was carried out in a
stainless steel 316 down flow reactor at 300 °C and atmospheric
pressure. For a typical run, 10% 1-butene in nitrogen was used as
reactant and approximately 0.3 g of catalyst was packed in the reactor.
The total flow rate was 26 cm>/min composed of 2.6 cm?/min of the
reactant and 23.4 cm®/min of N, carrier gas. The composition of
products and feed stream were analyzed by a Shimadzu GC-2014 gas
chromatograph equipped with FID detector (aluminum oxide porous
layer open tubular capillary column).

3. Results and discussion
3.1. Physical properties of the prepared catalysts

The XRD patterns of the prepared catalysts are shown in Fig. 1. For
the uncalcined powder and the Mg0200 sample, the characteristic
diffraction peaks corresponding to Mg(OH), phase were apparent at
26 degrees=18.6°, 32.9°, 38.1°, 50.9°, 58.7°, 62.1°, 68.3° and 72.1°
[16-19]. For those calcined at 400 °C and higher temperature, the
diffraction peaks corresponding to MgO crystalline can be observed at
26 degrees=237.0°, 43.0°, 62.4°, 74.8° and 78.7° [16,18]. The TGA
results (not shown) confirmed that the Mg(OH), was completely
transformed into MgO at the temperature >400 °C.

The physical properties of the uncalcined and calcined MgO at
various calcination temperatures are shown in Table 1. The average
crystallite sizes of Mg(OH), phase in the uncalcined and the Mg0200
samples were determined to be 17.1-17.4 nm with the corresponding
BET surface area 42-46 m?/g. For the sample calcined at 400 °C in
which only the MgO crystalline phase was observed, the crystallite
size was 6.8 nm. A significant decrease of primary particle size when
Mg(OH), was transformed into MgO crystalline phase can be
explained by the elimination of water and fragmentation of primary
particle [20]. An increase in calcination temperature of MgO from 400
to 800 °C led to an increase of crystallize size from 6.8 to 16.0 nm and
as a consequence the BET surface area decreased from 160 to 59 m?/g,
respectively due to sintering of the MgO particles. Moreover, the

Fig. 1. The XRD patterns of MgO/Mg(OH), catalysts calcined at various temperatures.
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Table 1
The phase transformation and physical properties of MgO/Mg(OH), calcined at various
temperatures.

Temperature Phase® Crystallite size Surface area Pore size
(°0) (nm)? (m*/g)° (nm)®
Uncalcined Mg(OH), 17.4 42 34
200 Mg(OH) 17.1 46 37
400 MgO 6.8 180 3,43
600 MgO 111 91 15
800 MgO 16.0 59 24

2 Based on the XRD results.
" Based on N, physisorption and the BJH method.

bimodal pore structure was observed for the MgO400 sample while
the other samples contained only unimodal pore. The SEM micro-
graphs of the various MgO/Mg(OH), catalysts calcined at different
temperatures are provided in Fig. 2. There was no difference in
particle size/shape of the catalysts in which a flower-like shape was
observed.

3.2. Identification of the basicity by FT-IR, CO,-TPD, and ESR

The hydroxyl groups in the prepared catalysts were determined
from FT-IR analysis. Fig. 3(a) shows intense narrow peaks around
3700 cm™ !, indicating the presence of hydroxyl groups in the Mg
(OH), phase [19,21-23] while Fig. 3(b) shows broad band peaks in the
range of 3400-3750 cm™ !, which were attributed to the isolated
hydroxyl groups on the MgO samples [24,25].

The TPD profiles of CO, desorbed in the temperature range of 100-
750 °C are shown in Fig. 4. The CO, desorption profiles consisted of
three major peaks corresponding to different interactions of CO, with
MgO surface sites. The desorption peaks in the range of 100-300 °C,
300-550 °C, and 550-750 °C were categorized into the weak, the
medium, and the strong basic sites, respectively. The amounts of CO,
desorption in each temperature range were calculated based on the
area under the desorption peaks and are given Table 2. For the
uncalcined sample and the Mg0200, only the medium strength basic
sites were presented. The uncalcined sample showed a higher amount
of medium basic sites compared to the Mg0200.

Fig. 2. The SEM micrographs of the Mg(OH), and the MgO catalysts calcined at different temperatures.
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Fig. 3. The FT-IR spectra of MgO/Mg(OH); calcined at various temperatures (a) Mg(OH),
phase, (b) MgO phase.

Fig. 5 shows the FT-IR results of the pre-adsorbed CO-, at 100 °C on
the various catalyst samples. According to the literature, the
absorption bands in the 2000-2400 cm™! region were assigned to
the physisorbed and end-on chemisorbed CO, molecules [26,27] and
the bands in the region below 1000 cm~! were derived from an
overtone of a fundamental lattice vibration of Mg-O0 stretching [28].
The Mg-0 stretching bands were clearly observed for all the MgO
samples calcined at 400 °C and higher, confirming the formation of
MgO structure. In most of the in-situ IR studies of pre-adsorbed CO- at
room temperature on MgO, bicarbonate, bidentate, and unidentate
carbonate species were observed in the 1200-1700 cm™ ! region [29].

Fig. 4. The CO,-TPD profiles of MgO/Mg(OH), calcined at various temperatures.

Table 2
The amount of CO, desorption from CO,-TPD profiles.

Tealcined Amount of CO, desorption (unit area/g)

Q) 1st peak 2nd peak 3rd peak Total
Uncalcined - 5.90 - 5.90
Mg0200 - 2.46 - 2.46
Mg0400 1.71 - 134 3.05
MgO600 1.82 - 091 2.73
MgO0800 1.78 0.33 0.29 2.40

The bicarbonate is the most labile species and disappears after
evacuation at 373 K while both the unidentate and bidentate
carbonates remain on the surface after evacuation at 573 K. However,
only the unidentate bands are observed upon evacuation at higher
temperatures [29]. In the present work, the absorption at 1500-
1506 cm™~ ! which was assigned to the unidentate species [27-29] was
presented on the MgO catalysts and was found to be relatively more
obvious on the Mg0400. The results were correlated well with the
CO,-TPD results in which the Mg0400 contained the highest amount
of strong basic sites.

Fig. 6 shows the ESR results of the various MgO catalyst samples.
There was almost no signal for the uncalcined catalyst and the
Mg0200. For those containing MgO crystalline phase (Mg0400,
Mg0600, and Mg0800), two signals of the g factor were observed.
The sharp peak at g =1.980 was assigned to the unpaired e™ unstable
oxygen radicals associated with lattice defects [30]. The broad one at
g =2.002 was assigned to one anion vacancies [31,32]. The intensity
of both ESR signals increased with increasing calcination temperature.

The strength of basicity of the MgO and Mg(OH), catalysts in this
study was categorized into 3 types corresponding to the three
desorption temperature ranges in the CO,-TPD profiles, viz. 100-
300 °C (weak basic sites), 300-550 °C (medium basic sites), and 550—
750 °C (strong basic sites). It was found that the uncalcined sample
and the Mg0200 contained only the medium strength basic sites

MgO800
MgO600
MgO400
MgO200
Uncalcined

Fig. 5. The FT-IR spectra of pre-adsorbed CO, at 100 °C on the various MgO/Mg(OH),
catalysts.
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Fig. 6. The ESR spectra of MgO/Mg(OH), calcined at various temperatures.

whereas the Mg0400, MgO600, and Mg0800 contained both weak and
strong basic sites. The interactions of CO, with MgO surface sites have
been investigated by Aramendia et al. [18] using in-situ IR measure-
ments. Three kinds of adsorbed species were correlated to the different
basic site strength: the unidentate carbonate forms on isolated surface
0?~ ions, the bidentate carbonate forms on Lewis-acid-Bronsted-base
pairs (Mg?t-0?7), and the bicarbonate species formation which
involves surface hydroxyl groups. The strength order for surface basic
sites was determined to be 0?~ jons>oxygen in Mg-O pairs>OH
groups. In the present study, the strong basic sites of MgO catalysts
decreased significantly with increasing calcination temperature while
the weak basic sites remained unaltered. The strong basic sites were
correlated to the oxygen in Mg-O pairs because the more the lattice
defects (as shown by increased ESR signals in Fig. 6), the lower the
amount of strong basic sites. In other words, an increase of the
calcination temperature gave rise to a significant reduction of lattice
oxygen.

It has been reported that different types of OH groups were
presented on the surface of magnesium oxide, which will not disappear
completely at calcination temperatures below 900 °C[33]. Based on our
FT-IR results, a sharp and intense —OH stretching vibration peak at
3700 cm™ ! indicated the presence of a hydroxyl group at the low-
coordination sites in the Mg(OH), structure [34] while smaller broad
band peaks in the range of 3400-3750 cm™ ' were attributed to the
isolated hydroxyl groups on the MgO samples [24,25]. It is likely that
these OH groups contributed to the medium and the weak basic sites of
Mg(OH), and MgO, respectively. The different structures contributing to
the basicity of MgO are illustrated in Fig. 7.

3.3. Isomerization of 1-butene

The activity and selectivity of the catalysts with different basic
properties were investigated in the isomerization of 1-butene to 2-
butene at 300 °C and ambient pressure. Fig. 8 shows the conversion of
1-butene as a function of time-on-stream obtained on the various

(a)
A

(b) (©

0 0 ’

N2 N2 N2 WA

Mg Mg Mg Mg Mg Mg
| | | | |

Fig. 7. The possible MgO structures contributing to the basicity (a) the isolated hydroxyl
groups, (b) oxygen in MgO lattice, and (c) one anion vacancies.

Fig. 8. Catalyst performances in the gas-phase isomerization of 1-butene to 2-butene at
300 °C.

catalysts. The 1-butene conversions were found to be in the order of
Mg0400>Mg0600 ~ uncalcined catalyst>Mg0200>Mg0800. The se-
lectivity to 2-butene was more than 99% for all the catalysts under the
reaction conditions used. There was no significant catalyst deactiva-
tion during the 150 min time-on-stream. The isomerization of 1-
butene has been suggested to proceed via a carbanion intermediate on
the strong basic sites [14] as illustrated in Scheme 1. The basic oxide
ion facilitated the abstraction of an allylic proton and transferred to
the terminal methyl group [7].

In the present study, we can divide the catalysts into two groups
according to their structures: (1) the Mg(OH), phase containing only
medium strength basic sites (uncalcined catalyst and Mg0200) and
(2) the MgO crystalline phase (Mg0400, Mg0600, and Mg0800)
containing both weak and strong basic sites. For any surface catalytic
reaction, high specific surface area available for adsorption of reactant
is necessary. However, it appeared that the basicity of MgO and Mg
(OH), catalysts played a more decisive role in 1-butene isomerization
reaction than the available surface area. For example, the BET surface
area of Mg0400 was twice that of MgO600 but the percent conversion
of 1-butene obtained over the Mg0400 catalyst was almost 3 times
higher than that of Mg0600. The MgO800 possessed BET surface area
of 59 m?/g but exhibited very low conversion of 1-butene isomeriza-
tion (ca. 9%) compared to the MgO600 with a BET surface area of
91 mz/g that exhibited 27% conversion of 1-butene.

The catalyst activity in 1-butene isomerization activity was found
to be dependent not only on the amount of basic sites but also the
distribution of basic strength. The Mg0400 catalyst had the highest
amount of strong basic sites and exhibited the highest isomerization
activity. The MgO600 with less amounts of strong basic sites showed
similar isomerization activity to that of the uncalcined catalyst
containing only medium strength basic sites. Based on the CO, TPD
results, there was no significant difference in the amount of weak
basic sites on the various MgO catalysts, suggesting that the weak
basic sites in MgO catalysts had little impact on the isomerization
activity of MgO catalysts. Similar to the weak basic sites, the presence
of the unpaired e~ unstable oxygen radicals did not promote the
reaction. Considering the Mg(OH), phase catalysts, the conversion of
1-butene was found to decrease with decreasing amount of the
medium basic sites. It is proposed that the medium strength basic
sites were also responsible for 1-butene isomerization. Moreover, the
corner 0%~ ions at low-coordination number have been proposed to
be capable of abstracting an allylic hydrogen from 1-butene [13].

4. Conclusions

The co-precipitation of Mg(NOs3),.6H,0 and KOH resulted in the
formation of Mg(OH), with an average crystallite size of 17.4 nm and
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1-butene

Carbanion intermediate

2-butene

Scheme 1. Mechanism for 1-butene isomerization to 2-butene.

BET surface area 42 m?/g. The MgO crystalline phase (average
crystallite size 6.8 nm and surface area 180 m?/g) was obtained by
calcination of the Mg(OH), at 400 °C. Increasing calcination temper-
ature from 400 to 800 °C resulted in the sintering of MgO and as a
consequence, the BET surface area decrease to 59 m?/g. As revealed by
CO,-TPD results, the Mg(OH), phase contained only medium strength
basic sites while the MgO phase exhibited both weak and strong basic
strengths. The activity of the catalyst increased in the order of
Mg0400>MgO600 ~ uncalcined sample>Mg0200>Mg0800 with
more than 99% selectivity to 2-butene. The isomerization activity
mainly proceeded on the strong basic sites of MgO while the medium
basic sites from hydroxyl groups were the responsible active sites for
the Mg(OH), phase. The weak basic sites in MgO catalysts did not
participate much in the reaction. The strong basic sites of MgO were
correlated well with the presence of oxygen atoms in the lattice of
crystalline MgO.
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1. Introduction

Titanium dioxide (TiO,) is a reducible metal oxide that has been
widely used as a support for noble metal catalysts in CO oxidation
because it exhibits a stronger interaction with group VIII noble metals
than other metal oxides [ 1-6]. The strong metal-support interaction has
been shown to play an important role in increasing the metal dispersion,
which leads to enhancing the catalytic activity for CO oxidation.
Additionally, the promoting effect of the reducible support may result
from the creation of second active sites at the metal-support interface
[7].

The addition of trace element to TiO, support is a simple way to
modify its physicochemical properties such as crystallite size, crystal
defects, surface area, thermal stability, and the interaction between
metal and support. Support modification has been shown to result in
an improved CO oxidation activity in many catalyst systems. For
examples, Yuetal. [8] reported that doping of La in TiO, during the sol-
gel synthesis induced the creation of the second active site on the
surface of Au/TiO, which promoted the fast CO oxidation. Peza-
Ledesma et al. [9] reported that the use of SBA-15 modified with 10 wt.
% of TiO, as support materials led to a high dispersion of supported
gold catalysts which promoted the catalytic activity toward CO
oxidation. Similarly, Hernandez et al. [10] found that the well
dispersion of gold catalyst on the cerium-modified silica support
provided the formation of small gold particle and the coverage of
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cerium on the silica support promoted the effectiveness of oxygen
mobility, which led to higher catalytic activity in CO oxidation.

Despite a number of studies reporting the support modification
effect in CO oxidation activity, the modification of support with a non-
metallic modifier has received little attention as compared to the
metallic ones. Most of the non-metallic modifier reported in the
literature was in the form of anionic species such as nitrate ion
[11,12], sulfate ion [13,14], and phosphate ion [15]. Both positive and
negative effects of the non-metallic modifier on CO oxidation
activities have been found. The negative effect of sulfate ion was
reported by Ruth et al. [13] in which the Au/TiO, catalyst was
deactivated by the blocking of SO, at the interface between an Au
particle and the TiO, support. Kim and Woo [14] reported that SO,
treatment increased the adsorption strength between Au and CO
which suppressed the migration of absorbed CO on the Au particles to
Au-TiO, interface to form CO,, resulting in a decrease of CO oxidation
activity. On the other hand, modification with phosphate ion showed
a positive effect on CO oxidation activity. Incorporation of phosphate
ion in TiO, support could prevent sintering of Au particles at high
temperature treatment, as a consequence higher CO oxidation activity
was obtained [12,15]. However, an over-loading of phosphate ions
may block the active sites instead.

In the present study, the effect of phosphorus precursors on the
P-modified TiO, supported Ag catalysts has been extensively
investigated. The catalysts were characterized by N, physisorption,
X-ray diffraction (XRD), transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS), Fourier transformed
infrared spectroscopy (FT-IR), temperature programmed desorption
of oxygen (O,-TPD), and pulse chemisorption. The catalyst activities
were evaluated in the CO oxidation in a fixed-bed reactor.
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2. Experimental
2.1. Preparation of TiO, and P-modified TiO>

The TiO, nanoparticles were prepared by the solvothermal method
according the procedure described in our previous work in Ref [16].
Typically, about 25 g of Titanium (IV) n-butoxide (TNB) was mixed
with 100 cm? of 1,4-butanediol in a test tube. The mixed solution in
the test tube was placed in a 300 cm? autoclave. An addition of 30 cm®
of 1,4-butanediol was added to the gap between the test tube and the
autoclave wall. After purging with nitrogen into the autoclave reactor,
the system was heated to 320 °C at a rate of 2.5 °C/min and held at
that temperature for 4 h. The P-modified TiO, supports were prepared
by addition of a certain amount of phosphorus precursor into the
mixed solution of TNB and 1,4-butanediol before setting up in the
autoclave. Four phosphorus precursors used in this study were H3POy,
(NH4),HPO,, (CHs)3P0,, and P,0s. After the autoclave was naturally
cooled to room temperature, the resulting powder was repeatedly
washed with methanol and dried in air for 12 h. As determined by the
inductively coupled plasma optical emission spectroscopy (Agilent
Optima 2100 DV ICP-OES), the mean value of P/Ti molar ratio for all
the P-modified TiO, samples was 0.01 4 6%.

2.2. Preparation of Ag/TiO, catalysts

The TiO, supported Ag catalysts were prepared by the incipient
wetness impregnation method. An aqueous solution of 1.98 M of AgNO3
equal to the pore volume of the TiO, support, i.e. 0.7 cm®g~' STP, was
added drop-wise to the support during intensive mixing to give a metal
content of 10 at.% with respect to the atomic weight of the TiO, support.
After impregnation, the catalysts were dried at room temperature for 6 h
and then at 110 °C overnight in an oven. The dried catalysts were calcined
in air at 450 °C for 3 h. The series of catalysts are denoted by their atomic
percentages of silver loading, the phosphorus content in the TiO,
supports, and type of phosphorus precursor. For example, 10%Ag/TiO>—
HsPO, is referred to the catalyst containing 10 at.% Ag on the P-modified
TiO, support prepared from HsPO,4 precursor. The actual amount of
Ag loading determined by the ICP-AES was 6.7 + 6%.

2.3. Catalyst characterization

The XRD measurements were performed using the SIEEMENS D5000
diffractometer with Cu K, radiation. The average crystallite size and
phase composition of P-modified TiO, were determined by the Scherrer
equation. The XRD patterns were scanned at a rate of 2.4°min~" in the
range of 26 =20-80°. The BET specific surface area of the samples was
measured by N, adsorption at 77 K using a Micromeritics ASAP 2020
instrument. The FT-IR spectra were recorded at room temperature on a
Nicolet 6700 spectrometer using a KBr pellet for sample preparation, in
the range of 400-4000 cm ™' with 4 cm ™" resolution. The particle sizes
of Ag/TiO, catalysts were investigated by transmission electron
microscopy (TEM) with a Philips CM100 microscope. The chemical
states of the elements were measured by XPS technique using an Amicus
photoelectron spectrometer with Mg K, X-ray source at current of
20 mA and 10 keV, resolution of 0.1 ev/step, and pass energy of 75 eV.
The binding energy was calibrated by the C 1s peak at 285.0 eV.

The amount of metal active sites for Ag/TiO, catalysts were
determined using N,O pulse chemisorption according to the method
previously reported by our group [17]. About 100 mg of the catalyst
sample was first reduced in hydrogen (50 cm?®/min) at 200 °C for 1.
Then the catalyst was cooled down to 150 °C in He stream and a
certain amount of N,O was injected into the He stream in front of the
catalyst bed. The N,O was analyzed by TCD gas chromatography using
a packed Porapak N column. The metal active site of the Ag/TiO,
catalyst was calculated assuming a simplified reaction stoichiometry
of Ag:0=2.

Fig. 1. XRD patterns of 10 at.% Ag catalysts supported on TiO, and P-modified TiO, with
different phosphorus precursors.

The O,-TPD profiles were performed in order to study the
characteristics of oxygen adsorption and desorption on the catalyst
surface. Approximately, 0.1 g of the catalyst was reduced in hydrogen
flow (50 cm®/min) at 200 °C for 1 h. Subsequently the sample was
cooled down to room temperature in He stream (30 cm®/min) and
held at that temperature in oxygen stream (30 cm>/min) for 1h to
adsorb oxygen on the catalyst surface. Then the gas flow was switched
to He gas flow (30 cm®/min) for 1 h in order to remove the physically
adsorbed oxygen on the catalyst surface. The temperature was
ramped with a heating rate of 10 °C/min to 600 °C. The oxygen
desorption signal was detected by the thermal conductivity detector
(TCD) during programmed heating.

2.4. Reaction study

The activity of the catalyst samples in CO oxidation was carried out
in a fixed-bed glass tube microreactor (i.d. 5 mm) with 100 mg of
catalyst packed at the center of the reactor between two quartz wool
plugs. The catalyst bed temperature was measured by inserting a
thermocouple into the reactor below the catalyst bed. The reactant
feed gas consisted of 1% CO, 2% O, and He as balance, with a total flow
rate of 100 cm®/min (GHSV~30,600 h™1!). Prior to the start of the
reaction, the catalyst was first reduced in-situ in flowing H, at 200 °C
for 1 h with a flow rate of 50 cm>/min. Following the in-situ reduction
of the catalyst, the reactant gas mixture was switched into the reactor.
The temperature of the furnace was increased from room temperature
to the desired temperature and held at that temperature for 20 min.
The concentration of CO in the exit stream from the reactor was
analyzed on line by gas chromatography with a Shimadzu GC-8ATP
gas chromatograph provided with a thermal conductivity detector
(TCD) and a Porapak Q column with He as the carrier gas. The
conversion of CO was defined as the percentage of the CO in feed

Table 1
Physical properties and amount of active sites of 10 at.% Ag catalyst supported on TiO,
and P-modified TiO, with different phosphorus precursors.

Catalyst TiO, crystallite size (nm)  BET Active site
20 _

Before Ag After Ag i‘ggj’ci’ E\X /1 O_C;t)om

loading loading & e/e-cat.
10%Ag/unmodified-TiO, 15.2 16.2 52 1.27
10%Ag/TiO,-H3P04 10.8 11.2 75 3.57
10%Ag/TiO,~(NH4),HPO,  10.0 10.0 76 3.76
10%Ag/TiO2~(CoHs)3P04 9.8 10.1 74 3.64
10%Ag/TiO2-P>05 9.5 104 75 3.89
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stream that was converted to analyzed product. The temperature
at which the conversion of CO equals 50% (defined as light-off
temperature) is used for evaluation of the catalyst performance.

3. Results and discussion

3.1. Effect of P doping on the physicochemical properties of Ag/TiO,
catalysts

The XRD patterns of the unmodified TiO, and P-modified TiO,
supported Ag catalysts prepared with different precursors of phospho-
rus modifier are shown in Fig. 1. The major peak of pure anatase (101)
phase TiO, was observed at 26 around 25° for all the catalyst samples.
Doping of TiO, with P led to broadening of the XRD peaks as well as a
slight shift of the XRD reflections towards higher angles. According to
the Bragg's law, an increase of 26 values indicated a decrease of the
distance between crystal planes, which is in close relationship with the
lattice parameters. For the 10%Ag/unmodified-TiO,, diffraction peaks
corresponding to metallic Ag appeared at 260 =38.1°, 44.4°, and 64.5°

and the peaks at 32.8° and 38° were assigned to Ag,0 [18,19]. The
intensities of the XRD characteristic peaks of metallic Ag (44.4° and
64.5°) for the P-modified TiO, samples became weak, whereas the peaks
of Ag,0 (32.8°) became strong except those of 10%Ag/TiO,—P,0s5 in
which the peaks corresponding to any Ag species were not clearly seen.
The low intensity of Ag metallic peaks for the P-modified TiO, may be
ascribed to the smaller Ag particles and/or the oxidation of some of the
metallic Ag to Ag,0.

Table 1 summarizes the crystallite size of the unmodified and the P-
modified TiO, supported Ag catalysts, which was calculated from the
Scherrer equation. The crystallite sizes of all the P-modified TiO, were
found to be smaller than the unmodified one, and as a consequence the
BET surface areas increased. The existence of phosphorus in the TiO,
framework may inhibit the growth of anatase TiO, crystals [20]. There
was little impact of phosphorous precursor on the crystallite size and
BET surface area of P-modified TiO,. All the P-modified TiO, had an
average crystallite size of ~10 nm and BET surface area of 75 m?/g. The
XRD results were found to be in good agreement with those observed
from the TEM micrographs (Fig. 2). The average crystallite sizes of

Fig. 2. The TEM micrographs of unmodified TiO, (a), 10%Ag/unmodified-TiO, (b), 10%Ag/TiO,-HPO, (c), 10%Ag/TiO,-(NH,),HPO, (d), 10%Ag/TiO,-(C,Hs)3P04 (e), 10%Ag/TiO,-P,05

(f) catalysts.


image of Fig.�2

N. Comsup et al. / Catalysis Communications 11 (2010) 1238-1243 1241

Fig. 3. FT-IR spectra of TiO, and P-modified TiO, with different phosphorus precursors.

unmodified-TiO, support decreased from ~15 to ~11 nm when the TiO,
support was modified with phosphorus. The particle sizes of Ag/Ag,0 on
the P-modified TiO, supports were determined to be ca. 2.3 nm which
were smaller than those dispersed on the unmodified-TiO, (ca. 3 nm). The
higher metal dispersion on the P-modified TiO, supported Ag catalysts
was confirmed by the chemisorption results (see also Table 1). The
amount of metal active sites on the P-modified TiO, supported
Ag catalysts was nearly three times higher than the unmodified ones.
However, the amount of metal active sites on the P-modified TiO,
supported Ag catalysts prepared from different phosphorous precursors
were found to be essentially similar in the range of 3.57-3.89 x 10%° atoms
Ag/g cat.

The FT-IR spectra of unmodified and P-modified TiO, are shown in
Fig. 3. The spectra bands at ca. 1600 cm™' and 3200 cm™' were
attributed to the surface-absorbed water and hydroxyl group, respec-
tively [21,22]. The IR spectra bands at ca. 400-800 cm ™! were attributed
to Ti-O-Ti bond. The bands in this range became weak when the TiO,
support was modified with phosphorus while the bands corresponding
to Ti-O-P appeared at ca. 1100 cm™"' [23-25]. It is likely that the
formation of Ti-O-Ti was suppressed by the formation of Ti-O-P. The
incorporation of phosphorus into TiO, support could inhibit the
agglomeration of TiO, crystal, leading to a decrease of TiO, crystallite
size. The FT-IR results support the characterization by XRD and TEM in
which smaller TiO, crystallite size was obtained after P doping.

The oxidation state of element on the catalyst surface was
examined by XPS and is summarized in Table 2. The binding energies
of Ti 2p, O 1s, Ag 3d, and P 2p were slightly different among the
various catalysts. The Ti 2p peaks consisting of Ti 2p;/, and Ti 2py»,
with a separation around 5.3 eV, were assigned to the Ti*" in pure
anatase TiO, [26,27]. The binding energy of O 1s in all the samples was
at ca. 530.0 eV, which was assigned to the Ti-O-Ti lattice oxygen of
TiO, [28]. The P 2p of all the P-modified TiO, shows only one peak in
the range of 133.8-134.4 eV, indicating that the oxidation state of
phosphorus in TiO, was P>*. The absence of P 2p spectra at 129 eV
suggested that Ti*™ in the lattice of TiO, was replaced by P°* [29]. For
all the samples, the binding energies of Ag 3ds, and Ag 3ds, were

Fig. 4. The Ag 3d XPS spectra of (a) 10%Ag/unmodified-TiO, and (b) 10%Ag/TiO,—
(C3Hs5)3P04 catalysts.

centered at ca. 368 and 374 eV, respectively. According to the
literature [30], the binding energy of Ag 3ds,, at 368.2 eV and the
splitting between Ag 3ds/, and Ag 3d3/; 6.0 eV indicates a normal state
of Ag®. The deconvolution of Ag 3ds,, of 10%Ag/unmodified-TiO, and
10%Ag/TiO,-(C,Hs)3P04 is shown in Fig. 4. Three peaks at the binding
energy of ca. 366.8 eV, 367.7 eV, and 368.5 eV were attributed to AgO,
Ag,0, and Ag®, respectively [31]. Base on the deconvolution analysis,
the 10%Ag/TiO,-(C,Hs)3P0,4 catalyst produced larger amount of
Ag metallic (80%) than the 10%Ag/unmodified-TiO, (45%). Such
results indicated that the P-modified TiO, promoted the Ag metallic
formation on the TiO, support.

3.2. Effect of P doping on the activity of CO oxidation
Fig. 5 shows the CO conversion as a function of reaction

temperature of the unmodified TiO, and P-modified TiO, supported
Ag catalysts prepared with different types of phosphorus precursor.

Table 2

Binding energies of 10 at.% Ag catalyst supported on TiO, and P-modified TiO, with different phosphorus precursors.
Sample Ti 2p 0 1s Ag 3d P 2p

Ti 2ps3) Ti 2p1p Ag 3dsp Ag 3dsp P 2psp P 2pi2

10%Ag/unmodified-TiO, 458.75 464.55 530.0 368.90 375.00 - -
10%Ag/TiO,-H3P04 459.85 465.65 531.1 368.70 375.00 1334 -
10%Ag/TiO,—(NH,4),HPO4 459.35 465.15 530.70 368.70 374.60 133.80 -
10%Ag/TiO>-(C,Hs)3P04 459.25 464.85 530.60 368.50 374.60 133.40 135.2
10%Ag/Ti0,-P,05 458.45 465.05 530.8 368.90 374.90 134.00 -
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Fig. 5. CO conversion over 10 at.% Ag catalysts supported on TiO, and P-modified TiO,
with different phosphorus precursors.

The results show that the type of phosphorus precursor affected the CO
oxidation activity of the TiO, supported Ag catalysts. The P-modified
TiO, supported Ag catalysts using the phosphorus precursor in the
form of phosphate showed comparable (for 10%Ag/TiO,—(NH4),HPO4
and 10%Ag/TiO,-(C,Hs)3P0y4) or lower activity (10%Ag/TiO,-H3P0,4)
compared to the 10%Ag/unmodified-TiO, (light-off temperature
ca. 92-97 °C). On the contrary, the catalyst prepared with the
phosphorus precursor in the form of oxide (10%Ag/TiO,-P,0s5)
showed higher activity than the unmodified-TiO, supported catalyst
(light-off temperature ~80 °C).

Since the physical properties of the P-modified TiO, supported Ag
catalysts prepared from different phosphorous precursors were quite
similar (i.e. in terms of BET surface area, crystallite size, and metal
dispersion), the catalytic behaviors were correlated with the O,
adsorption-desorption behavior on the catalyst surface. Fig. 6 shows
the O,-TPD patterns of the unmodified and P-modified TiO, supported
Ag catalysts with different phosphorus precursors. The Ag catalyst
modified with phosphorus exhibited lower desorption temperature
compared to the unmodified ones. The desorption temperature of 10%
Ag/TiO,-(C,Hs)3P0,4 and 10%Ag/TiO,-P,05 catalyst appeared at lower
temperature in comparison with the 10%Ag/unmodified-TiO,. The
desorption peak appeared in the range of 250 to 265 °C was assigned
to species [32]. For the 10%Ag/TiO,—(NH,4),HPO4 and 10%Ag/TiO,-
H3POy4, a small shoulder of O, desorption peak at around 250-265 °C
and large desorption peaks at higher temperature in the range of 300-
320 °C and 400-430 °C were observed.

Fig. 6. O,-TPD patterns of 10 at.% Ag catalysts supported on TiO, and P-modified TiO,
with different phosphorus precursors.

Fig. 7. The P 2p XPS spectra of (a) 10%Ag/TiO,-(C,Hs)3P04 and (b) 10%Ag/TiO,-P,05
catalysts.

According to Masakazu et al. [33], there are three kinds of
adsorbed oxygen species on TiO, surface. The adsorbed oxygen
consists of weakly adsorbed surface oxygen, strongly adsorbed surface
oxygen, and surface lattice oxygen, with the oxygen desorption
temperature in the range of 220-250 °C, 470-490 °C, and 810-870 °C,
respectively [34,35]. The strongly adsorbed surface oxygen species
blocks the adsorption and diffusion of weakly adsorbed surface
oxygen, causing a decrease in the CO oxidation activity [36]. It is
clearly seen from the O,-TPD results that the 10%Ag/TiO,—(NH,4),HPO,4
and 10%Ag/TiO,-H3P04 exhibited higher amount of strongly adsorbed
oxygen than the other catalysts, thus lower CO oxidation activities
were obtained. The desorption profiles of 10%Ag/TiO,—(CoHs)3POy,
however, was quite similar to the 10%Ag/TiO,-P,0s, although the
catalytic activities in CO oxidation were different.

Based on the XPS analysis (Fig. 7), the phosphate species on the
P-modified TiO, surface were identified. The P 2p spectra of 10%Ag/
TiO,-(C,Hs)3P0O4 were slightly different from those of 10%Ag/TiO,—
P,0s5 in which a shoulder at a binding energy of 135.2 eV appeared
in addition to the major peak at 133.4eV. The P 2p spectra at a
binding energy of 133.4eV was assigned to the monodentate
surface complex, which phosphate adsorbed to the surface hydroxyl
ion with one coordination number. The shoulder peak at higher
binding energy (135.2 eV) was assigned to the bidentate surface
complex in which phosphate was bound to two surface hydroxyl

Fig. 8. Schematic illustration of (a) monodentate, (b) bidentate surface complex on the
surface of TiO, support.
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ions. The formation of monodentate and bidentate surface complexes
on TiO, support is illustrated in Fig. 8. The bidentate adsorption is
very difficult to remove by a washing step during the preparation of
P-modified TiO, [28,37]. In other words, the 10%Ag/TiO,-(C,Hs)3P04
produced bidentate of phosphate species on the surface of TiO, that
could result in the blocking of active sites and lower activity in CO
oxidation.

4. Conclusions

Modification of the TiO, supports with different phosphorus
precursors altered the catalytic behaviors of Ag/TiO, catalysts in the CO
oxidation. The insertion of phosphorus into the TiO, lattice in the form of
Ti-O-P not only increased the metal active sites by increasing the specific
surface area of the catalyst and inhibiting the agglomeration of TiO,
crystallites but also altered the strength of O, adsorption—desorption
behavior on the catalyst surface. The P-modified TiO, supported Ag
catalysts using the phosphorus precursor in the form of phosphate
produced the strongly adsorbed oxygen species and/or the bidentate
of phosphate species on the TiO, supports, which resulted in no
improvement in the CO oxidation activity. On the other hand, the use
of phosphorus precursor in the form of oxide enhanced the CO oxidation
activity of Ag/TiO, catalysts due to the promotion of weakly adsorbed
oxygen species.
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The effects of synthesis conditions (i.e., metal concentration, precursor flowrate, and O, dispersion) dur-
ing flame-spray pyrolysis (FSP) and annealing post-treatment on the characteristics and photocatalytic
activities of ZnO nanoparticles have been investigated. The average particle size of ZnO powder prepared
by one-step FSP method were in the range of 8.8-47.0 nm and were found to be increased with increas-
ing the enthalpy density, flame height, and high-temperature residence time during FSP synthesis. The
larger particle size FSP-derived ZnO nanoparticles exhibited higher photocatalytic activities in the degra-
dation of methylene blue (MB) dye. The degradation rate over FSP-Zn0O-47.0 nm was 1.7 and 7.2 times
higher than those of the commercially available photocatalysts Degussa P-25 and JRC-TiO,, respectively.
The better photocatalytic performance of the FSP-ZnO was correlated well with the improved crystalline
quality of ZnO nanoparticles as revealed by the X-ray diffraction (XRD) and the photoluminescence (PL)
results. Further increase of FSP-ZnO particle size to 52.6-103.5 nm by annealing post-treatment at high
temperatures (750-900°C), however, gradually decreased their photocatalytic activities. Our results in
this study suggest a balance between high crystalline quality that enhanced photo phenomena and the
surface area available for substrate adsorption in order to obtain high photocatalytic activity of ZnO

nanoparticles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Dye pollutants from textile paper and other industries are an
important source of environmental contamination. Conventional
treatment of such wastewater generally involves coagula-
tion/flocculation [1,2], electrocoagulation [3], coagulation/carbon
adsorption process [4] and so on. These methods, however, merely
transfer dyes from the liquid-phase to the solid-phase, requiring
further treatment and causing secondary pollution [5]. In the past
two decades, photocatalysis by semiconductive materials such as
TiO, and ZnO has attracted public concern as a promising tool
among the advanced oxidation processes to substitute the tradi-
tional wastewater treatment due to their high photosensitivity,
non-toxic nature, high stability, and wide band gap [6]. While TiO,
is probably the most frequently used photocatalyst, ZnO is an alter-
native photocatalyst with low cost. It has a similar band gap energy
compared to TiO, (3.2eV) [7] and can adsorb over a larger frac-

* Corresponding author. Tel.: +66 2218 6869; fax: +66 2218 6877.
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tion of UV spectrum [8]. Higher photocatalytic efficiency of ZnO
compared to TiO, has been reported especially for degradation of
organics in aqueous solutions [5,9-13]. Our recent study showed
that Au-ZnO and Pt-ZnO nanocomposites prepared by one-step
flame-spray pyrolysis exhibited high photocatalytic activities in
degradation of methylene blue dye [14].

For semiconductor photocatalysts, particle size is an important
parameter for controlling surface area and electronic structure.
When the catalyst particle size is reduced down to a few nanome-
ters, an elevate density of active sites for substrate adsorption
and/or catalysis can be guaranteed, as small particles possess a
significantly higher surface-to-volume ratio compared to the bulk
material. When the nanocrystal size is comparable or smaller than
the bulk exciton diameter, the band-gap becomes size-dependent
due to quantization effects [15,16]. Moreover, an efficient pho-
tocatalytic process requires highly crystalline semiconductors to
minimize electron-hole pair loss owing to the trapping of either
charge carriers at defect states [17,18].

The effect of particle size on photoactivity of ZnO has been
addressed by a number of researchers [19-22]. For examples,
among the three different particle sizes of ZnO nanoparticles (14,
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Fig. 1. XRD patterns of the as-prepared flame-made ZnO with various crystallite sizes: (a) 8.8 nm, (b) 19.4 nm, (c) 30 nm, (d) 40.7 nm, (e) 47 nm and the annealed flame-made

ZnO particles: (f) 52.6 nm, (g) 67.1 nm, (h) 80.3 nm, (i) 90.6 nm, (j) 103.5 nm.

19, and 26 nm) prepared by precipitation process, the smaller one
resulted in more surface oxygen vacancies, higher ESR intensity,
stronger PL signal, and higher photocatalytic activity [20]. Dodd
et al. [21] prepared ZnO nanoparticles with various particle sizes

Fig. 2. Relationship between crystallite size of ZnO and annealing temperature.

Table 1
Relationship between the synthesis conditions and ZnO crystallite sizes.

in the range of 28-57 nm by mechanical milling and heat treat-
ment. The authors found that there exists an optimum size of 33 nm
for which the photocatalytic activity of ZnO is maximized. Li et al.
[22] also obtained ZnO nanoparticles with average sizes 21-90 nm
by varying the calcination temperature between 200 and 1000 °C
and found that ZnO prismatic aggregated obtained by calcination
at 800°C demonstrated the highest photocatalytic activity. More
recently, Xie et al. [19] showed that photocatalytic properties of
various particle sizes of ZnO (15, 50, 200, and 1000 nm) synthesized
by thermal evaporation and chemical deposition in UV-induced
degradation of methyl orange depended on size, morphology, and
preparation method of ZnO. Thus, in previous studies, it has clearly
shown that efficiency of photocatalytic process can be maximized
by optimizing the particle size of ZnO photocatalysts. However,
preparation method as well as pretreatment conditions such as
calcination temperature strongly affects the properties of ZnO pho-
tocatalysts.

In this report, ZnO nanoparticles with various particle sizes were
obtained by flame-spray pyrolysis (FSP) method. Various particle
sizes of the flame-made ZnO powder (8.8—-103.5 nm) were obtained
by varying the process conditions such as metal concentration in

Metal concentration Precursor flow Dispersion oxygen

Annealing

Crystallite size Average primary BET surface

(molar) rate (ml/min) flow rate (I/min) temperature (°C) dxgrp (nm) particle size drgy (nm) area (m?/g)
0.3 3 5 n/a 8.8 11.1 63.1
0.3 8 3 n/a 194 20.5 35.5
0.5 8 3 n/a 30.0 313 26.2
0.8 8 3 n/a 40.7 39.8 13.6
1 8 3 n/a 47.0 48.7 151
1 8 3 750 52.6 57.7 12.0
1 8 3 800 67.1 71.7 8.0
1 8 3 835 80.3 98.9 6.8
1 8 3 850 90.6 116.7 5.9
1 8 3 900 103.5 159.9 5.8

n/a=not applied.
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feed, precursor flow rate, dispersion oxygen flow rate, and anneal-
ing temperature. The effects of both FSP synthesis conditions and
annealing post-treatment on the characteristics and photocatalytic
properties of the flame-made ZnO in photodegradation of methy-
lene blue (MB) were discussed extensively.

2. Material and methods
2.1. Synthesis of ZnO nanoparticles by flame-spray pyrolysis

Synthesis of ZnO with various particle sizes by FSP technique
were carried out using a spray flame reactor [24]. Zinc naphthanate
(Aldrich; <50% in mineral spirits) was used as zinc precursor. The

precursor was dissolved in ethanol (J.T. Baker; 99.9%). To obtain
different ZnO particle sizes during particle synthesis, precursor
solution ranged from 0.3 to 1 mol/l and liquid precursor feed rates
varied from 3 to 8 ml/min were fed to the flame by a syringe
pump. Precursors were dispersed with 3-51/min oxygen forming
fine spray droplets. The pressure drop at the capillary tip was
maintained at 1.5bar by adjusting the orifice gap area at the
nozzle. The reactor was water-cooled to avoid evaporation or
decomposition of the precursor within the feed lines. The flame
was ignited by a concentric premixed methane/oxygen pilot flame
(CH4 1.51/min, O, 3.01/min) that was sheathed further by flowing
oxygen (251/min) through a sintered metal plate ring (8 mm wide,

Fig. 3. TEM micrographs, SAED patterns, and particle size distribution of the as-synthesized FSP-made ZnO particles: (a) 8.8 nm, (b) ZnO 30.0 nm, (c) ZnO 47.0 nm and the

annealed ZnO: (d) 67.1 nm, (e) 80.3 nm, (f) 103.5 nm.



80 0. Mekasuwandumrong et al. / Chemical Engineering Journal 164 (2010) 77-84

Fig. 3. (Continued)

starting at a radius of 8 mm). The powder particles were collected
on a glass-fiber filter (GF/D Whatman; 257 mm diameter) with
the aid of a vacuum pump.

2.2. Annealing of the flame-made ZnO

Annealing of the ZnO powders was performed in a Carbolite
CWF1300 temperature programmed box furnace in static air, ZnO
powders with the particle size of 47 nm produced by FSP method
were heated at 10°C/min to desired temperature (750, 800, 835,
850, or 900°C) and maintained at that temperature for 1 h in order
to form larger particles.

2.3. Characterization

Powder X-ray diffraction (XRD) was performed by a SIEMENS
XRD D5000 diffractometer using Cu Ko radiation. The crystal-
lite size (dxgp) of FSP-ZnO powders was estimated from the
full-width half-maximum breadth of the (101) diffraction peak
using the Scherrer equation. The specific surface area was mea-
sured by N, physisorption using a Micromeritics ASAP 2000
automated system and the Brunauer-Emmet-Teller (BET) method.
Each sample was degassed under vacuum at <1 x 10~° bar in the
Micromeritics system at 300°C for 3 h prior to N, physisorption.
The particle morphology was observed using JEOL Model JEM-
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Fig. 4. PL spectra of various ZnO particle sizes prepared by FSP method (a) ZnO
8.8nm, (b) Zn0 19.4 nm, (¢) ZnO 30.0 nm, (d) ZnO 47.0 nm, (e) ZnO 67.1 nm, (f) ZnO
80.3nm, (g) ZnO 90.6 nm, and (h) ZnO 103.5 nm with the excitation wavelength of
325nm.

2010 transmission electron microscope (TEM) operated at 200 keV.
Photoluminescence measurement (PL) was carried out on a fluo-
rescence spectrophotometer (Perkin-Elmer LS-50) using a Xenon
lamp as the excitation source at room temperature. The sample
was dispersed in ethanol using ultrasonic bath and the excitation
wavelength used in PL measurement was 325 nm.

2.4. Photocatalytic activity testing

A basic aniline dye, methylene blue (MB), from Unilab Asia
Pacific Specialty Chemicals Limited was used as a probe molecule to
evaluate the photocatalytic activities of the flame-made ZnO with
various particle sizes. The photocatalytic reaction was conducted
at room temperature under UV light 2 x 15W UV tube predomi-
nantly emitting at 365 nm (Philips) with the average light intensity
on the reaction beaker (pyrex) at a distance of 6 cm from the lamp
was found to be 4.7 x 10~ W cm~2. The reaction was carried out
with 20 mg of catalyst dispersed in 200 ml of 10 ppm methylene
blue aqueous solution. The pH of solution was constant at 6.3 for
all experiments. The reaction was operated with high stirring rate
(1000 rpm) in order to eliminate the external mass transfer effect.
Prior to irradiation, the suspensions were magnetically stirred in
the dark for 15 min to establish the adsorption/desorption equi-
librium of methylene blue. 2 ml samples were withdrawn every
10 min. Before analysis, the aqueous samples were centrifuged to
remove any suspended solid catalyst particles. The residual con-
centration of methylene blue was measured at 665 nm using the
UV-vis spectrophotometer (Perkin-Elmer lampda 650) in liquid
cuvette configuration with de-ionized water as reference. The per-
centage of degradation was calculated using the equation given

below:
Degradation (%)= % x 100 (1)
0

in which Cy is the initial dye concentration and C is the dye concen-
tration after the treatments.

3. Results and discussion
3.1. Particles characterization

Fig. 1a-e shows the XRD patterns of as-synthesized FSP-
ZnO nanopowder with average crystallite sizes between 8.8 and

Fig. 5. UV-vis spectra of ZnO with various particle sizes.

47.0nm. All of the indexed peaks are well matched with that of
bulk ZnO (JCPDS Card No. 36-1451) possessing wurtzite hexag-
onal phase. No other diffraction peaks or amorphous phase was
detected. The diffraction peak intensities were increased and the
peaks became sharper with increasing ZnO particle sizes. The larger
particle sizes of ZnO particles were obtained by increasing the pre-
cursor concentration, the ratio of the feed liquid, and decreasing the
dispersion oxygen gas flow rates through the nozzle. Fig. 1f-j shows
the XRD patterns of the annealed ZnO powders. The XRD char-
acteristic peaks were similar to those of the as-synthesized ones.
The calculated particle sizes of annealed ZnO were in the range of
52.6-103.5 nm indicating that annealing of the flame-made ZnO
particles (47 nm) at relatively high temperature between 750 and
900 °C resulted in further crystal growth of ZnO. The relationship
between synthesis conditions and corresponding ZnO particle sizes
are summarized and illustrated in Table 1 and Fig. 2, respectively.
The TEM micrographs with selected area electron diffraction
(SAED) patterns and particle size distribution of the as-synthesized
and the annealed ZnO with various particle sizes are shown in Fig. 3.
Frequency (%) was obtained by counting 50-100 ZnO particles from
TEM images. All the samples consisted of polyhedral primary par-
ticles, typically seen in flame-made powders [23], with spheroidal
particles and rod-like particles. The average primary particle diam-
eters of ZnO with various particle sizes determined by TEM (dtgy )
arealso giveninTable 1. The dgy data were in good agreement with
the dygrp values. The corresponding SAED patterns are shown in the

Fig. 6. Relationship between for the percentage of MB degradation after 1 h and the
particle size of ZnO photocatalysts prepared by FSP method.
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Fig. 7. The catalytic performances for photodegradation of methylene blue using FSP-made ZnO catalysts with various particle sizes (bold lines) and commercial catalysts

for comparison (P25 and JRC titania) (dashed lines).

insets. The diffraction patterns of all the powders illustrate spot
patterns of the hexagonal structure of ZnO, indicating that the ZnO
nanoparticles are single crystalline. As also shown in Table 1, BET
surface areas of the as-synthesized ZnO particles decreased from
63.1 to 15.1 m?/g as the precursor concentration increased from 0.3
to 1 M and the feed rate increased from 3 to 8 ml/min. The result was
consistent with previous studies of the flame-synthesized metal
oxides such as TiO, [25], SiO, [26], CeO, [27], Pt/Al,03 [28], and
Ag/Zn0[29]. Typically, increasing of precursor feed flow rate and/or
precursor concentration while keeping the oxygen flow rate con-
stant results in higher enthalpy of flame, longer residence times
and hotter flames [24,25]. This phenomenon is due to the fact that
the combustion of the precursor is an exothermic reaction, con-
tributing to overall increase in energy dissipation within the flame.
Additionally, as the precursor feed flow rate and precursor concen-
tration increased, Zn concentration within the flame also increased.
This, coupled with the increased enthalpy content, residence time
and higher flame temperature, resulted in increased coalescence
and sintering of the particles. After high-temperature annealing
(750-900°C), the BET surface areas decreased further from 15.1 to
5.8 m2/g indicating that ZnO particles sintered by heat treatment.
Room temperature PL spectra of all the ZnO powders are shown
in Fig. 4. The spectra mainly consisted of two emission bands. The
first band is the UV near-band-edge emission (NBE) at ~385nm
[30,31]. Sharp NBE emission peak results from recombination of
excitons and its position and structure is an indication of crys-
tal quality [32,33]. The NBE emission intensities in the PL spectra
increased as the particle size of as-synthesized ZnO increased. The
highest value was found for the FSP-made ZnO with the crystal-
lite size of 47 nm. Improvement of the crystal quality of ZnO can
be attributed to the increase of flame enthalpy and Zn atomic con-
centration in gas phase that contributed typically to longer and
hotter flames, which as a consequence, produced larger and more
crystalline particles. However, the excitonic peak intensity for the
annealed samples was remained constant and slightly decreased
as the annealing temperature was raised higher than 835 °C. More-

over, the shift to the lower wavelength was also found in the
FSP-made ZnO with the crystallite size of 8.8 nm. This result would
be attributed to the quantum confinement effect of ZnO nanopar-
ticles [34,35]. Madler et al. [35] prepared the ZnO quantum dots
by spray combustion of Zn/Si precursors. These crystallites exhibit
a quantum size effect due to the preventing of the growth and
stabilized the ZnO crystals. The blue shift of the ultraviolet-vis
absorption edge increased with decreasing ZnO crystal size. The
other band observed in PL spectra was the visible emission that
usually associates with the deep level emission (DLE) in ZnO. Most
researchers believe that the DLE come from oxygen vacancies (Vg),
zinc vacancies (Zng), interstitial zinc (Zn;), or interstitial oxygen
(05) [36,37]. The blue emission at ~425nm and weak blue at
~445 nm most likely occurs from the donor level of Zn intersti-
tial (Zn;) to acceptor energy level of Zn vacancy (Zng) [38]. The
blue-green band around 470 nm was probably caused by radiative

Fig. 8. Relationship between percentage of conversion of MB after 1 h of UV irradi-
ation and PL intensity of the ZnO particles.
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Fig. 9. Pseudo first-order rate constants for ZnO catalysts with various crystallite sizes on a mass (a) and SSA normalized (b) basis.

transition of electron from shallow donor levels, created by the oxy-
gen vacancy to valence band [39]. The green emission at ~530 is
commonly observed for ZnO, and was attributed to the singly ion-
ized oxygen vacancy in ZnO [40]. This emission results from the
recombination of a photo-generated hole with the singly ionized
charge state of the specific defect [41]. The peak intensity of the blue
and weak blue peak light emission increased with increasing of ZnO
crystallite size from 8.8 to 47.0 nm and then was found remained
unchanged. The weak blue-green band and green band emission
peaks intensity slightly increased with increasing crystallite size
from 8.8 to 103.5 nm.

Fig. 5 shows UV-vis absorbance spectra of the FSP-made ZnO
powders. It can be seen that the slope of UV-vis spectra of the FSP-
made ZnO powder was steeper from the smallest size of 8.8 nm to
the size of 47 nm before reaching a plateau. A sharp UV-vis absorp-
tion curve (steep slope) indicates a high degree of crystalline quality
[29]. The improved crystal structure for the larger size ZnO was in
good agreement with the XRD and PL-measurements.

3.2. Photocatalytic activity

The dependence of percent conversion of MB decomposition
after 60 min on the particle size of ZnO powders is shown in Fig. 6.
Irradiation in the absence of photocatalyst for 60 min revealed no
change in the MB concentration, confirming that the MB cannot
be degraded by 365 nm irradiation alone. The percentages of MB
degradation increased from 30 to 70% when the particle size of
as-synthesized ZnO powders increased from 8.8 to 47 nm. The pho-
tocatalytic performances for MB degradation of the as-synthesized
and annealed FSP-ZnO catalysts are also shown as the plots of
(C/Cp) versus time in Fig. 7 in which the results for commercial
photocatalysts Degussa P25 (dxgp =20.1nm) and JRC-TiO-1 tita-
nia (dygp =15.5nm) and irradiation in the absence of catalyst are
included. The photocatalytic activity of the as-synthesized flame-
made ZnO powders was superior to both P25 and JRC-TiO-1 titania
when their particle sizes were larger than 30 nm with the as-syn
Zn0-47 nm showed the highest activity. The rate constant assum-
ing first-order kinetics of Zn0-47 nm was determined to be 1.7 and
7.2 times higher than those of degussa P25 and JRC-TiO-1 titania,
respectively. For the larger particle sizes of ZnO powder obtained
by annealing post-treatment, the percentages of MB degradation
gradually decreased from 70 to 55%. The lower photocatalytic effi-
ciency can be ascribed by the decrease in BET surface area, which
lowered the adsorption of dye molecules on the catalyst surface.

In general, photocatalysis can be considered to be dominated
by two linked mechanisms, namely photo phenomena or the inter-
action of light with the material to form electron-hole pairs, and

secondly surface catalytic effects [42]. The photo aspect is sensi-
tive to crystal defects while the surface catalytic effect is mainly
dominated by the specific surface area. In this study, the photocat-
alytic performance of FSP-ZnO nanoparticles was found to increase
with increasing crystalline quality of ZnO as illustrated by a lin-
ear relationship between the PL intensity of NBE bands and the
percent conversion of MB decomposition after 60 min (Fig. 8). It is
suggested that the photo phenomena (the interaction of light with
the material to form electron-hole pairs) played decisive role on
the photocatalytic performance of FSP-ZnO nanoparticles than the
surface area for the ZnO particle size range 8.8-47.0 nm. Fig. 9a
shows the corresponding rate constants (on a fixed mass basis)
as a function of ZnO crystallite size. The rate constant increased
from 0.33 to 1.36h~! as the crystallite size increased from 8.8 to
47.0nm and then slightly dropped when the crystallite size was
further increased. On the other hand, when the rate constants are
presented on an SSA normalized basis (Fig. 9b), an increase of pho-
tocatalytic activity of ZnO nanoparticles increased with increasing
ZnO particle size from 8.8 to 67.1 nm and then remained relatively
constant. The ZnO-47 nm performs best on a mass basis due to
its optimum crystallinity and surface area while the ZnO-67.1 nm
performs better on a surface area normalized basis, as the crystal
quality within the ZnO particles was higher. For the flame-made
materials, the crystalline quality would be expected to improve
with increasing of the enthalpy density, flame height, and high-
temperature residence time. The effect of the crystal size of ZnO on
the photocatalytic activity has been reported by many researchers.
They also reported the optimum size for which the photocatalytic
activity of ZnO is maximized [19-23]. The optimum sizes of ZnO
reported in literatures were varied depending on the preparation
and pretreatment methods. The decrease of photocatalytic activity
of ZnO when the particle size of ZnO was larger than optimum size
was explained by the decrease of surface area.

4. Conclusions

The FSP-synthesized ZnO nanoparticles have shown to be bet-
ter photocatalysts for the degradation of methylene blue dye
under UV irradiation, compared to the Degussa P-25 and the
JRC-TiO, commercial photocatalysts. The photocatalytic activities
of the FSP-ZnO nanoparticles were found to be correlated well
with their crystalline quality. For those prepared by one-step FSP
method with average particle size 8.8-47.0 nm, improved crystal
quality as well as higher photocatalytic activities were obtained
by increasing flame enthalpy density, flame height, and high-
temperature residence time during the FSP synthesis. However,
the larger ZnO particle sizes (52.6-103.5 nm) obtained by anneal-
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ing post-treatment of the FSP-ZnO at high temperature, showed a
descending trend of the photocatalytic activity due to the signif-
icant decrease of surface availability for reactant adsorption and
light absorption of the annealed ZnO particles.
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The present study investigates CFD simulation of aqueous-organic two phase flow in microreactors with a
guideline structure. The guideline structure was developed in order to stabilize and to maintain parallel flow of
liquids within the microreactors. The CFD simulation can well predict the flow patterns observed in experiments.
Upon determining the flow pattern and stability, it is reported that, with the presence of guideline structure, the
interface became more curved and stable. Finally, the role of the guideline structure on the flow development was

also investigated.

Introduction

A microreactor such as a miniaturized reaction sys-
tem with typical channel or chamber widths in a range
of 10-500um (Lowe and Ehrfeld, 1999) offers some
outstanding advantages over conventional reactor sys-
tems such as intensified mass and heat transport.

A number of reactions involving immiscible sys-
tems have been studied in microreactors over the past
decade (Doku et al., 2005; Kiwi-Minsker and Renken,
2005; Aljbour et al., 2010). For multiphase liquid-liquid
systems such as organic-aqueous reaction systems, low
solubility results in very low rates of reaction and ex-
tended reaction times. Microreactors possessing a large
surface-to-volume ratio can reduce the mass transfer
limitations involved. A stable multiphase parallel flow in
microchannels can provide a phase separation of the
product mixture at the exit and then reduce the require-
ments of post-treatment unit operation. A microchannel
with guideline structure has been proposed in order to
stabilize the parallel flow for multiliquid phase systems
(Surmeian et al., 2002; Tokeshi et al., 2002; Maruyama
et al., 2003; Tagawa et al., 2007).

Computational fluid dynamics (CFD) is a powerful
technique applying numerical methods to analyze the
flow and performance of process equipment. There are

Received on April 20, 2011; accepted on June 21, 2011
Correspondence concerning this article should be addressed to
T. Tagawa (E-mail address: tagawa@nuce.nagoya-u.ac.jp).

many advantages in CFD over experimental approaches;
for example, it can predict microscopic phenomena
which occur in a very short interval. Although there are
a number of works focusing on the fluid dynamics in mi-
crochannels, simulation works on the system with guide-
line structures are rather limited (Maruyama et al.,
2004). In our study, we used FLUENT (ANSYS Inc.), a
well-established commercial CFD solver, to investigate
the fluid dynamic behaviors of multiphase flow in mi-
crochannels with guideline structures. Different guide-
line structures were considered in order to achieve stable
multiphase flow in the microchannels.

1. Simulation

In order to simulate multiphase flow through mi-
crochannels, a 2D geometrical model was generated
using the pre-processor GAMBIT. The CFD simulation
was carried out with FLUENT 6.3 (Fluent Inc., 2006).

The reliability of our approach was checked by per-
forming a set of simulations with two-phase Taylor flow
in the T-shaped microchannel model shown in Figure 1
to compare with the results reported by Guo and Chen
(2009). The fluid and surface properties were set accord-
ing to those in the literature. The simulated slug lengths
with the effect of both phase velocities were in good
agreement with the experimental and numerical results
of Guo and Chen, as shown in Figure 2.

In our study, a 2D geometrical model having 20,040
cells was generated for the microchannel, shown in

Copyright © 2011 The Society of Chemical Engineers, Japan
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Fig. 1 The simulated Taylor flow in microchannel (Ug=
0.0694 m/s, U, = 0.0764 m/s)

Fig. 2 Comparison of the slug length between the simulated
results and results reported by Guo and Chen (2009)

Fig. 3 The microchannel reactor with guideline structure
(Model A)

Figure 3. The length and width were 1640um and
95.6 um, respectively. The grid sizes in the x direction for
the reactor and the inlets were 5.56 and 7.00 um, respec-
tively. In the y direction, the maximum grid size was
2.51um and the minimum was 0.57 um near the guide-
line walls. Pure water and toluene were used as aqueous
and organic phases, respectively. The contact angle of
water on glass in toluene and surface tension were meas-
ured at 37° and 0.0371 kg/s® (Aota et al., 2009; Dessimoz
et al., 2008). The feed flow rates of both phases were set
equal at 0.02 mL/min (0.2035m/s). The volume of fluid
(VOF) method was applied to track the interface. The
channel was initialized with water. For the inflows, con-
stant velocities were specified as the boundary condi-
tions. Fully-developed conditions were applied at out-
flows, and no-slip boundary conditions were used on the
walls of the microchannel and guideline structures. A
simulation with refined grid was carried out to confirm
that the solution was independent of grid resolution. The
effect of the guideline was investigated by varying the
guideline structure, as summarized in Table 1.
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Table 1 Guideline structure

Model Length [um] Interval [um]
A 100 100
B 100 180

C (No guideline) — —

Fig. 4 The snapshots of flow development in Model A

Experiments were conducted with the microchannel
sample represented by the model A under operational
conditions reported in a previous paper (Tagawa et al.,
2007). The channel was washed and filled with distilled
water before use.

2.  Results and Discussion

2.1 Flow pattern and stability

The simulated flow development in the Model A
microchannel is shown in Figure 4.

Before feeding the organic phase, the channel was
filled with aqueous phase (blue). The top part of organic
phase (toluene; red part) was spread over the entire
channel and was divided from the aqueous phase to form
two phase flow after passing a guideline. The parallel
flow gradually stabilized with time. The flow pattern at
0.0148s which offered the stabilized interface is com-
pared with the experimental result under the same opera-
tion conditions in Figure 5. The stable interface was
curved between the guideline structures (Figure 5(a)),
which was in good agreement with that observed from
the experiment (Figure 5(b)).

From the simulation results, the flow patterns for
Models B and C are shown in Figures 6 and 7, respec-
tively. For the cases with the existence of the guideline
structure, Models A and B, the interface shape became
more curved than the case without the guideline, Model
C, at some positions along the channel length.

In Model A, which posses a smaller interval than
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(a)

(b)

Fig. 5 (a) The simulated stable two phase flow pattern with
Model A at 0.0148 s and (b) experimental observation

Fig. 6 The flow pattern at different times for Model B

Fig. 7 The flow pattern at different times for Model C

Model B, the interface near the exits is much more flat
and stable. Therefore Model A may provide better phase
separation than Model B.

While the interface of Model A is stable after
0.0124's, Model B seems to need more time to stabilize.
On the other hand, the interface of Model C is more un-
stable with time as seen in Figure 7. Although the inter-
face of Model C is near the center along the length of
the microreactor, the instability with flow time makes

VOL. 44 NO.9 2011

Fig. 8 The snapshots of flow developing with guideline
structure in Model A

the separation uncontrollable.
2.2 The role of guideline structure

The role of guideline on the flow development in
the Model A microchannel is shown in Figure 8. It is
observed that the fluids were kept in their own lanes
after passing each guideline wall. The toluene stream
was divided into two parts when reaching each structure.
After passing the wall, the interface was pushed toward
the corner of the wall and broken. Then, the fluids were
guided in their own lanes.

Conclusions

The guideline structures turn the flat interface into
a curve shape, which becomes more stable with flow
time. The fluids are kept in their own lines after passing
each guideline wall. In the smaller interval case, the in-
terface position near the exits is close to the centerline,
which is believed to provide better separation function;
however, the interface area is decreased with more
guideline walls and, therefore, the reaction conversion
may be reduced in the case of operation with reaction.
Thus, the guideline structure geometry should be further
studied in more detail in order to achieve an optimized
design. It is important to note that the obtained design
needs to be confirmed through experiment.
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Abstract: This article reveals the effects of mixed activators on ethylene polymerization
and ethylene/1-hexene copolymerization over MgCl,/SiO,-supported Ziegler-Natta (ZN)
catalysts. First, the conventional ZN catalyst was prepared with SiO, addition. Then, the
catalyst was tested for ethylene polymerization and ethylene/1-hexene (E/H)
co-polymerization using different activators. Triethylaluminum (TEA), tri-n-hexyl
aluminum (TnHA) and diethyl aluminum chloride (DEAC), TEA+DEAC, TEA+TnHA,
TnHA+ DEAC, TEA+DEAC+TnHA mixtures, were used as activators in this study. It was
found that in the case of ethylene polymerization with a sole activator, TnHA exhibited the
highest activity among other activators due to increased size of the alkyl group. Further
investigation was focused on the use of mixed activators. The activity can be enhanced by
a factor of three when the mixed activators were employed and the activity of ethylene
polymerization apparently increased in the order of TEA+ DEAC+TnHA > TEA+DEAC >
TEA+TnHA. Both the copolymerization activity and crystallinity of the synthesized
copolymers were strongly changed when the activators were changed from TEA to
TEA+DEAC+TnHA mixtures or pure TnHA and pure DEAC. As for ethylene/1-hexene
copolymerization the activity apparently increased in the order of TEA+DEAC+TnHA >
TEA+TnHA > TEA+DEAC > TnHA+DEAC > TEA > TnHA > DEAC. Considering the
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properties of the copolymer obtained with the mixed TEA+DEAC+TnHA, its crystallinity
decreased due to the presence of TnHA in the mixed activator. The activators thus exerted
a strong influence on copolymer structure. An increased molecular weight distribution
(MWD) was observed, without significant change in polymer morphology.

Keywords: Ziegler-Natta catalyst; silica support; polyethylene; mixed activator; ethylene
polymerization

1. Introduction

Progress in catalyst technology has lead to the synthesis of a rich set of new polymers with different
structures and performances to meet the progressive demands of modern industry and life [1-12].
Recently, branched polyethylenes such as linear low-density polyethylene (LLDPE) have grown in
importance in industry because of the specific properties that can be obtained by varying comonomer
content and polymerization conditions. The recent development of homogeneous single-site catalyst
makes it possible to synthesize the copolymers with completely different structures and performances
from traditional polyethylenes [13]. The ethylene/a-olefin copolymers obtained by metallocene
catalysts show homogeneous comonomer distribution and narrow molecular weight distributions in
comparison with those obtained with traditional Ziegler—Natta (ZN) catalysts [14]. The correlation
between the structures of the ethylene/a-olefin copolymers obtained with ZN catalysts and their
properties has been extensively studied [15,16]. However, easy methods to control polymer properties
and catalytic activity in polymerization system are still of concern to the industry.

One of the most important factors in ethylene and ethylene/a-olefin polymerization is the choice of
alkyl aluminum used to control the activity and polymer characteristics. The alkyl aluminums are often
added to the reactor during slurry polymerization with ZN catalyst and conventional supported
metallocene/MAO catalyst to scavenge impurities. In polymerization systems, alkyl aluminums also
act as activators responsible for the generation of active sites. There are many reports on the use of
alkyl aluminum as activators in the polymerization of ethylene and ethylene/a-olefins using ZN
catalysts [17-23]. Trialkyl aluminum compounds are usually preferred over the halogen-containing
analogues because higher polymerization rates can be obtained with the former. Alkyl aluminums such
as trimethyl aluminum (TMA), triethyl aluminum (TEA), tri-n-hexyl aluminum (TnHA) and triisobutyl
aluminum (TiBA), as well as diethyl aluminum chloride (DEAC) have been used in olefin
polymerizations [24-31]. In general, it has been found that an increase in size of the alkyl groups
(ChHa2n+1) up to approximately n = 11 has enhanced catalytic activity. The study by Wanke et al. [18]
revealed that increasing the size of alkyl group with n < 11 produces an increase in the activity and
when a very large alkyl groups (n = 18) was used, the catalytic activity was very low upon when using
the ZN catalyst for ethylene polymerization. An exception to these general trends was observed by
Nooijen [17]. His results showed a strong effect of activators (TEA, TiBA, TnOA and IPRA) diffusion
on the rate of activation of MgCl,-supported Ziegler-Natta catalyst in slurry polymerization. At a
constant ratio of activator to catalyst, the maximum activity depends on the diffusion of the activator.
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The properties of polymer, such as the morphology of polymer product particles [22], were also
controlled by type of activator, the product molar mass distribution, the average catalyst activity, and
the shape of the activity-time profiles [22,23]. Increasing the size of the ligands attached to aluminium
atoms increased the average molar masses and resulted in narrower molar weight distributions of
polyethylene [18]. Terano et al. [23] reported that the molecular weight distribution (MWD) of the
polyethylene obtained from the functionalized SiO,-supported catalyst changed markedly from broad
and multimodal to narrow and unimodal depending on the type of activator used. In the case of TEA, a
broad trimodal MWD was observed, while for DEAC, the MWD of polyethylene was very narrow and
unimodal [23]. In the case of poly[propylene-co-(7-methyl-1,6-otadiene)], the different activators
produced polypropylene with a wide range of MWD [32].

Not only single activators are used in a-olefin polymerization, but also mixtures of alkyl aluminums
are interesting subjects for improvement of the catalytic activity and polymer properties. Fan et al. [20]
synthesized PE-PP copolymers using TEA, TIBA or TEA+TIBA mixtures as activators with
MgCl,/SiO,/TiCl,/diester-ZN catalyst in a slurry polymerization process. Their results showed that the
behaviors of the TEA/TIBA mixture in catalytic systems were not a simple superposition of those
activated by the TEA or TIBA alone. When a 50:50 TEA+TIBA mixture was used, the
copolymerization activity became the highest, and the yields of both systems were highly random
copolymers. In their articles, rapid exchange between the alkyl groups in mixtures of TEA with the
iso-butyl group in TIBA may be an important reason for the increase in catalytic activity and yields of
both the random copolymer and the segmented copolymer parts, which were close to the highest level
in PE-PP copolymer.

In spite of these interesting results, the effect of mixed alkyl aluminum on catalytic activity of
ethylene polymerization and ethylene/1-hexene copolymerization, and polymer properties has received
little attention, even though it could be of crucial importance to successfully design and operate
industrial polymerization processes. In the current study, the effect of various activator mixtures on
activity, product morphology and molecular weight distribution of polyethylene and ethylene/1-hexene
copolymere synthesized by the MgCI,/SiO»/TiClJ/THF-ZN catalyst was investigated. The obtained
polymers were characterized by means of X-ray diffraction (XRD), gel permeation chromatography
(GPC), differential scanning calorimetry (DSC), and nuclear magnetic resonance
(**C-NMR) techniques.

2. Results and Discussion
2.1. Catalyst characterization

In general, the MgClI,/SiO,/TiCls/THF-ZN catalyst has been developed for an excellent morphology
control of polymer particles under the fluidized bed reactor conditions [33,34]. Kim et al. [34,35]
reported that catalyst characteristics such as the ratio of SiO,/MgCl;, had an influence on the shape and
size of the MgCl,/SiO/TiCl,/THF-ZN catalyst used for ethylene polymerization and ethylene/1-butene
copolymerization. In this study, the MgCl,/SiO./TiCl4/THF-ZN catalyst was prepared as described in
the experimental part using a SiO-/MgCl, molar ratio of 1:1. Based on this preparation, the presence of
Ti content in catalyst is 2.33 wt% (ICP). The shape and size of the catalyst were observed by SEM as
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shown in Figure 1. The prepared catalyst exhibits a spherical shape and unimodal size distribution.
Thus, the aggregated and melted form of catalyst particles seen in Figure 1 (top) are only present in a
small amounts. These fractions possibly resulted from contact of catalyst particles with moisture and
oxygen, when analyzed by SEM. The average diameter of obtained catalyst is approximately 30, um as
seen in Figure 1 (bottom).

Figure 1. SEM micrographs of MgCl,/SiO,/TiCl,/THF-ZN catalyst.

2.2. Ethylene homo-polymerization

For commercial production of polyethylene, the MgCl,/SiO,-supported ZN catalyst exhibits high
catalytic activity when TEA is used as activator. This activator provides the highest activity among
other activators, including diethyl aluminum chloride (DEAC) and tri-n-hexyl aluminum (TnHA) [24].
The MgCI,/SiO,/TiCl,/THF-ZN catalyst shows high catalytic activity for ethylene polymerization. In
this work, the effects of different types of alkyl aluminums including TEA, DEAC, TnHA and mixed
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alkyl aluminums on activity were investigated. The Al/Ti molar ratio was fixed at 100 and 300. The
polymerization activities with various activators are shown in Figure 2 and Table 1.

Figure 2. Effect of various activators on ethylene polymerization activity using
MgCl,/SiO,/TiCl,/THF-ZN catalyst.
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Note: Total mass of supported catalyst = 0.006 mmol of Ti, titamiun content = 2.33 mmol Ti/ g cat;
Polymerization temperature = 80 °C, Py = 8 bar, Py, = 3.5 bar; Polymerization time = 2 h, ratio of

Al/Ti =100 and 300.
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Table 1. Description of ethylene polymerization with various activators.

Activator?

Run . Activity”
TEA DEAC TnHA Al/Ti
number (mol%%) (molo%) (molo%) (kg PE/ g cat/ h/ atm)
1 100 - - 100 0.53
2 100 - - 100 0.55
3 100 - - 300 0.83
4 - 100 - 100 0.32
5 - 100 - 100 0.30
6 - 100 - 300 0.48
7 - - 100 100 0.78
8 - - 100 100 0.76
9 - - 100 300 1.10
10 50 50 - 100 1.79
11 50 50 - 300 2.25
12 50 - 50 100 1.25
13 50 - 50 300 171
14 33 33 33 100 2.23
15 33 33 33 300 2.86

4 Concentrations of TEA, DEAC and TnHA are 0.300 mmol/mL; ® Ti concentration is 0.006 mmol/mL.

Considering the single activators, the catalytic activity was the highest when TnHA was employed,
whereas DEAC exhibited the lowest activity. A similar trend was observed with regards to change in
Al/Ti ratio. These results were also consistent with those reported by Lynch et al. [18] and Hammawa
et al. [22]. For trialkyl aluminum with n < 11, the activity increases with the size of alkyl group [22]. It
was observed that DEAC was a less effective activator than TnHA, as reported by Haward et al. [24].
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They explained that there was an optimal ligand size for producing maximum catalyst activity. Based
on this work, by mixing activators having different sizes of alkyl groups, the catalytic activity of each
system was in the order of; TEA+DEAC+TnHA > TEA+DEAC > TEA+TnHA, as listed in Table 1.
In addition, the mixed DEAC+TnHA (50:50) was also tested for ethylene polymerization (data not
shown), but it gave low activity than seen for DEAC or TnHA alone. Hence, the catalytic activity can
be enhanced by a factor of three when the suitable mixed activators are employed.

These results can be described by: (i) each type of alkyl aluminum has different reducing ability
towards the catalyst, and hence produces different types of active sites [22], (ii) the optimal ligand size
for producing maximum catalyst activity can be obtained by mixing the various types of activator [24],
and (iii) it is related to the real mechanistic roles of alkyl aluminum activator in the formation of the
active site in heterogeneous Ziegler-Natta catalysis, using either a monometallic or bimetallic active
site model. Besides, changes in forms of mixed alkyl aluminums during polymerization were also a
possible reason. To determine the rapid exchange of alkyl groups in the mixed alkyl aluminums, *H-
NMR measurements were performed by Hatada et al. [36]. They found that the *H-NMR spectrum of
the mixture of TEA and DEAC at room temperature displayed a rapid intermolecular exchange of
ethyl groups. However, a new "H-NMR signal occurred upon the measurement at low temperature. In
Scheme 1, we propose that the formation of new alkyl groups after mixing various alkyl groups may
occur through various possible mechanisms. It should be noted that besides the formation of Al-ABC
(as shown), other forms of mixed activator such as AI-ACC, Al-BBC, AI-BCC, and so on can occur.

Scheme 1. The possible formation of new alkyl groups after mixing (A, B and C refer to ethyl,
n-hexyl and ClI).
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The new alkyl groups may be suitable for adding more steric hindrance to the surface of catalyst
enhancing the performance of ethylene to occupy the active species, as illustrated in Scheme 2.
Moreover, the formation of catalyst might have a reducing ability to produce active sites for ethylene
polymerization.

Scheme 2. Suggested mechanism of active site formation activated by new alkyl aluminum
type (X: -Cl; A, B or C: ethyl, n-hexyl or CI; o: coordination vacancy).
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2.3. Ethylene/1-hexene copolymerization

It is known that ethylene/l-hexene (EH) polymerization is also catalyzed by
MgCl,/SiO,/TiCl4/THF-ZN catalyst in the slurry polymerization system using TEA as activator.
However, the EH copolymerization with the catalyst activated by DEAC or TnHA has been found to
exhibit different catalytic activity when compared to the system activated by TEA. To further explore
the possibility of modifying catalytic activity and EH copolymer properties via changes in activator,
TEA, DEAC, TnHA and their mixtures were employed in the equal molar ratio for each activator in
the mixture. The Al/Ti molar ratio was kept constant at 300. The results are summarized in Table 2 and
Figure 3.

Table 2. Activity of ethylene/1-hexene copolymerization with various ratios of activators
and % 1-hexene insertion.

RUN Activator® used Activity (kg 1-hexene

number TEA DEAC TnHA polymer/g cat/ h/ insertion

(mol%) (mol%) (mol%) atm) (mol%)®
16 100 - - 2.53 1.27
17 - 100 - 1.50 0.49
18 - - 100 191 1.90
19 50 50 - 3.22 0.70
20 50 - 50 4.15 1.26
21 - 50 50 2.75 0.60
22 33 33 33 5.69 1.10

3 Ratio of Al/Ti =300; ° 1-hexene insertion was determined by BC-NMR.

Figure 3. Effect of mixed activators on catalytic activity of MgCl,/SiO,/TiClJ/THF-ZN
catalyst for ethylene/1-hexene copolymerization.
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Note: Total mass of supported catalyst = 0.006 mmol Ti, titanium content = 2.33 mmol Ti/ g-cat,
1-hexene = 50 mL, polymerization temperature = 80 °C, Py = 8 bar, Py, = 3.5 bar, polymerization
time = 2 h, ratio of Al/Ti = 300.
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Interestingly, the kinetic profile behaviors of ethylene/1-hexene copolymerization with various
activators were not a simple superposition of those activated by TEA, DEAC or TnHA alone, as shown
in Figure 4. From this viewpoint, this result supports the notion of a change of alkyl groups in the alkyl
aluminum mixture as mentioned before. From Table 2 and Figure 3, it was evident that the activator
exerted strong influence on both catalytic activity and copolymer properties. The activity increased
upon mixing TEA, DEAC and TnHA (TEA+DEAC, TEA+TnHA and TEA+DEAC+TnHA). The
insertion of 1-hexene in copolymer increased in the order of TnHA > TEA > DEAC > mixed activators.
No relationship between the catalytic activity and 1-hexene insertion was found with the different
activators.

Figure 4. Kinetic profile based on ethylene consumption with various activators for
ethylene/1-hexene copolymerization.
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Note: Total mass of supported catalyst = 0.006 mmol Ti, titanium content = 2.33 mmol Ti/ g-cat, 1-
hexene = 50 mL, polymerization temperature = 80 °C, Py = 8 bar, Py, = 3.5 bar, polymerization
time = 2 h, ratio of Al/Ti = 300.

Many explanations have been put forth for the reported co-monomer effects on the enhancement of
catalytic activity and can be classified as follows: (i) chemical and physical effects of co-monomer on
the catalyst generation of active sites [37], (ii) increasing propagation rate constant (kp) [37], (iii)
enhancement of the diffusion due to lower crystallinity [38], (iv) fracturing the catalyst, and (V)
changing the oxidation state of Ti [38]. It seems that some of these explanations cannot possibly
explain the mixed activator behavior, which should be concerned with the change in the active sites for
the ZN catalyst with using different types of alkyl aluminum. Based on 1-hexene insertion, it seems
that DEAC can effectively activate those active sites that produce partly crystalline copolymer,
whereas the other activators such as TEA and TnHA were more efficient activators of active sites that
produce amorphous copolymer. In the case of TEA+DEAC+TnHA mixture, it was able to activate
both types of active sites, leading to a copolymerization system with high activity and slightly lower
content of 1-hexene insertion. On the other hand, TnHA itself can produce a copolymer having
relatively higher degree of 1-hexene insertion.
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2.4. Polymer characterization
2.4.1. Gel permeation chromatography (GPC) analysis

The My, M, and MWD of the corresponding polymers are shown in Table 3. The MWD of the
obtained polyethylene (Al/Ti ratio 300) gradually changed depending on the types of activator used.
Apparently, TnHA produced polymers with a broader MWD as compared to polyethylene obtained
from TEA and DEAC. Thus, the use of different types of activators in ethylene polymerization resulted
in changes of the M,, and MWD values of polyethylene. The mixed alkyl aluminum system tended to
exhibit a broad polyethylene MWD, as shown in Table 3. This result was also consistent with the
dependence of MWD on the type of alkyl aluminum activator as shown in a previous report [24]. This
interesting phenomenon was considered to stem from the existence of multiplicity in the nature of
active sites with different propagation, termination and chain transfer rates on the surface of
functionalized MgCl,/SiO,-supported ZN catalyst. According to the GPC profiles (not shown), it
might be speculated that mainly two kinds of active titanium precursors exist on the surface of
functionalized MgCl,/SiO,-supported ZN catalyst. The various alkyl aluminum activators may provide
different types of active sites and different oxidation state of Ti. The M,,, M, and MWD results of the
copolymers are also given in Table 3. The TEA, DEAC and TnHA gave M,, of 295, 364 and 336 kg/mol,
and MWD of 3.7, 3.6 and 4.2, respectively. The average molecular weights of copolymers obtained
from mixed activators tended to decrease compared to those obtained with a single activator. On the
contrary, the MWD of copolymers increased as the follows: TEA+DEAC+TnHA (5.6) > TEA+TnHA
(4.5) > TnHA (4.3) > TnHA+DEAC (3.8) = TnHA+DEAC (3.8) > TEA (3.7) > DEAC (3.6). These results
showed no relationship among the My,, MWD, reducing power and activity in copolymerization system.

Table 3. Mw, M, and polydispersity (Mw/M,) of polyethylene and ethylene/1-hexene copolymer.

. M, M, a b o d° Crystallinity (%)
Run Monomer Activator (kg/ mol)  (kg/ mol) M./M, Tm’ (°C) (g/mL) DSCY X-ray’
3 Ethylene TEA 74 299 4.0 136.5 0.955 66.0 71.3
6 DEAC 51 180 3.5 136.3 0.957 67.7 -
9 TnHA 103 474 4.6 135.9 0.956 66.3
11 TEA+ DEAC 31 175 5.6 136.3 0.957 67.7
13 TEA+ TnHA 86 344 4.0 135.9 0.957 67.7
15 TEA+ DEAC+ 55 283 5.2 136.3 0.957 67.6
TnHA
16 Ethylene/ TEA 165 295 3.8 120.7 0.926 41.0 46.2
1-hexene
17 DEAC 56 364 6.5 124.4 0.943 55.5 60.1
18 TnHA 79 336 4.2 975 0.914 30.7 354
19 TEA+ DEAC 77 294 3.8 122.5 0.941 54.0 59.1
20 TEA+ TnHA 56 255 45 111.6 0.918 34.1 38.2
21 TnHA+ DEAC 54 209 3.8 123.7 0.943 55.3 60.3
22 TEA+ DEAC+ 48 272 5.6 119.5 0.923 38.4 42.2
TnHA

® Polydispersity index, evaluated as M,,/M,, and determine by GPC analysis; ® Melting temperature
determined by DSC analysis; ° Copolymer density determined according to the semi-empirical
equation: d = (2195+AH.)/2500;" Crystallinity degree determined according to the equation:
(AHW/AHR®) x 100, assuming AH,° = 293 J/g; ° Crystallinity degree determined by XRD
according to the equation: Wy = (l110 + 1.421500) / (I110 + 1.421500 + 0.681,).
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2.4.2. X-ray diffraction (XRD) and thermal properties

It is well known that the melting enthalpy (AHp,) of an EH copolymer decreases with increasing
comonomer content [30]. The insertion of the a-olefin reduces both the degree of crystallinity and the
melting temperature of the copolymer. Randall [39] found that for EH copolymer, the density of the
sample decreases with increasing the comonomer content. Table 3 shows the melting temperatures of
the EH copolymers obtained with different activators. It was very interesting that both melting
temperature and enthalpy of melting decreased with TnHA. Figure 5 shows the XRD patterns of EH
copolymers and homopolymer (PE) obtained with different activators. It was observed that the
copolymers exhibit two crystalline peaks at 26 degree of 21.1 and 23.58 assigned to 110 and 200
spacing and one amorphous peak at 20 degree of 19.48. It was evident that the degree of crystallinity
decreased with increasing comonomer content. The degrees of crystallinity calculated from both
enthalpy and XRD are shown in Table 3. The results are very close to those reported by Mo et al. [14]
and Quijada [1]. The values from XRD measurement are higher than those obtained from the DSC
measurement. This can be attributed to different treatment of polymer samples prior to measurement
for each technique. It can be accepted that different activators had no effect on the crystallinity of the
polyethylene. However, in the case of EH copolymer, changes in activator can alter the crystallinity of
copolymer due to different insertion of 1-hexene, as determined by the **C-NMR.

Figure 5. XRD patterns of PE and EH copolymers obtained with various activators.
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Different polymerization systems produced different polyethylene particle shapes, as seen by SEM
in Figure 6. These results may result from the different reducing powers of the activators. In addition,
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alkyl aluminums also participate in the termination of polymer chain growth, i.e. act as chain transfer
agents, and/or reactivation of dormant sites [40].

Figure 6. SEM micrographs of secondary product particles obtained with different
activators; (a) TEA, (b) DEAC, (c) TnHA, (d) TEA+DEAC, (e) TEA+DEAC+TnHA.
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2.4.3.*C-NMR analysis

The incorporation of 1-hexene in copolymers was determined by *C-NMR spectroscopy. The
chemical dislocations in the copolymers were calculated according to the work of Randall [39]. Table
4 shows 1-hexene incorporation in EH copolymers with different activators in the polymerization
system. It was found that copolymers had 1-hexene insertion in the range of 0.49-1.90 mol%,
depending on the type of activator used. Apparently, DEAC produced copolymer having the lowest 1-
hexene insertion (0.49 mol%). On the contrary, TNnHA gave the highest 1-hexene insertion in the
copolymer (1.90 mol%). It is worth noting that the alkyl aluminum mixtures such as TEA+DEAC and
TnHA+DEAC produced copolymer having 1-hexene insertion values around 0.70 and 0.60 mol%,
respectively. Similarly, TEA and TEA+TnHA had a 1-hexene insertion that was very close to that of
TEA alone. It should be noted that 1-hexene unit was isolated by ethylene units, and no sequence of
double co-monomer units or alternating ethylene/1-hexene units were found, as shown in Figure 7. The
same results were also obtained with other activators.

Table 4. Triad distribution based on **C-NMR for EH copolymer obtained from different activators.

Run Activator [HHH] [EHH] [EHE] [EEE] [HEH] [HEE] %E  %H
16 TEA 0.0 0.7 06 97.0 0.2 12 9873 127
17 DEAC 0.0 0.2 03 98.8 0.1 06 9951 0.9
18 TnHA 0.0 12 0.7 96.3 0.4 14 9810 1.90
19 TEA+DEAC 0.0 0.2 05 98.2 0.1 10 9930 070
20 TEA+TnHA 0.0 0.7 06 97.2 0.2 12 9874 126
21 TnHA+DEAC 0.0 0.2 0.4 98.4 0.2 08 9940 0.60
22 TEA+DEAC+TnHA 0.0 0.4 0.7 97.4 0.1 14 9889 111

Figure 7. A typical **C-NMR spectrum of EH copolymer obtained with TEA.
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3. Experimental
3.1. Chemicals

All reactions were performed under purified argon atmospheres using a standard glove box and
Schlenk techniques. Polymerization grade ethylene, donated by the PTT Company, was used as
received. Triethylaluminum (TEA), tri-n-hexylaluminum (TnHA), diethyl aluminum chloride (DEAC),
donated by Tosoh Akzo Corp., were stored in a glove box and used without further purification. TiCl,
(Aldrich), MgCl, (anhydrous) was donated by Tosoh Akzo Corp. Silica (specific surface area of
150 m?/g), supplied by Grace Davision, was heated under vacuum at 400 °C for 6 h. Hexane purchased
from Aldrich Chemical Company Inc., was purified by passing it through a 13X molecular sieves
column. Tetrahydrofuran and 1-hexene were dried over dehydrated CaCl, and distilled over sodium/
benzophenone under an argon atmosphere prior to use. Ultra high purify (UHP) argon (99.999%) was
purchased from Thai Industrial Gas Co., Ltd. and was further purified by passing through 3A
molecular sieves, BASF catalyst R3-11G, NaOH and phosphorus pentaoxide (P2Os) to remove traces
of oxygen and moisture.

3.2. Catalyst preparation

The catalyst was prepared in a 500 mL vessel equipped with temperature control, and a turbine
agitator. Anhydrous tetrahydrofuran (150 mL) was added to the vessel. The tetrahydrofuran was heated
to 50 °C, and then magnesium metal (0.12 g) was added, followed by titanium tetrachloride (2 mL).
The mixture was continuously agitated. The temperature was held at about 70 °C for 3 h. At the end of
this time, magnesium dichloride (4.5 g) was added and heating was continued at 70 °C for another 3 h.
Then, Grace Davision silica (4.5 g) was added over several minutes and the mixture was stirred for 1 h.
This mixture was washed with hexane, and then dried under vacuum. The titanium content in the
catalyst is 2.33 wt% (ICP).

3.3. Polymerization reaction

The slurry polymerization was performed in hexane solution (1,000 mL) with various activator
mixtures as shown in Table 1 (Al/Ti molar ratio = 100 and 300). First hexane (1,000 mL) was added
into the reactor under argon atmosphere. After that, activators and catalyst were introduced into a 2 L
stainless steel reactor equipped with a magnetic stirrer, and the reactor was then evacuated to remove
the argon. Hydrogen (Pw, = 3.5 bar) was fed into the reactor prior to the introduction of ethylene. The
polymerization reaction was initiated by introducing the ethylene (Pcons = 4.5 bar). The total pressure
in the reactor was 8 bar. The polymerization reaction was held constant at 80 °C and terminated after 2
h by quenching with dilute hydrochloric acid solution in methanol. The resulting polymer was isolated
and dried under vacuum.

The EH copolymerization was performed as follows; the 2 L autoclave was evacuated and purged
with argon several times similar to the ethylene polymerization. After hexane (950 mL) was added at
80 °C, the solution of activator such as TEA, DEAC, TnHA and TEA+DEAC+TnHA mixtures, 1-
hexene (50 mL) and the catalyst (Al/Ti = 300) were added into reactor sequentially. Then, the 3.5 bar
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of hydrogen was fed into the reactor. The ethylene gas was fed into reactor and the total pressure in
reactor was raised to 8 bar and held constant by continuous feed. After 2 h, the copolymerization was
terminated using the same procedure as mentioned for ethylene polymerization.

3.4. Polymer characterization

A high temperature GPC (PL-GPC220) equipped with a viscometric detector, differential optical
refractometer and four Styragel HT type columns (HT3, HT4, HT5, and HT6) with a 1 x 10’ exclusion
limit for polystyrene was used to determine the molecular weight (Myw) and molecular weight
distributions (MWD) of the polymers produced. The analyses were performed at 160 °C using 1,2,4-
trichlorobenzene as the solvent. The columns were calibrated with standard narrow MWD polystyrene.

The comonomer contents of the resultant copolymers were determined by **C-NMR spectroscopy.
The measurements were performed at 110 °C on Bruker 400 MHz instrument using 1,2,4-
trichlorobenzene as solvent. The thermal behavior of polyethylene and EH copolymers was examined
with a Perkin-Elmer Pyris Diamond DSC at standard heating/cooling rate of 10 °C/min, under N flow.
The samples were first melted to 180 °C (1st scan) and kept at this temperature for 3 min, then cooled
to 50 °C, and again heated up to the melting with the same heating rate (2nd scan). The reported
melting temperature values are referred to the second heating scan. The melting temperature (Tm) and
the melting enthalpy (AHm) were taken from the second heating curve. Temperatures and heats of
phase transitions were determined, respectively, from the maxima and areas of the crystallization and
melting peaks. In this context, it was possible to relate AHy, (J/g) to the density (d, g/mL) of the
copolymer through the following semiempirical equation: d = (2195 + AH\,)/2500 [41]. Finally, using
standards of known composition, a linear correlation between sample density and its content in terms
of 1-hexene co-units was found, at least in the 0.92-0.94 g/mL density range [41]. The degree of
crystallinity, X of PE and its copolymers was calculated from the ratio between the values of melting
enthalpy, AHp, (as calculated from the second heating scan) and the heat of fusion of 100% crystalline
PE taken as AHy, =293 J/g [42].

X-ray diffraction patterns (XRD) analysis was carried out on a Siemens D-5000 apparatus working
at 40 kV and 30 mA and using the Cu K, radiation ( A = 0.154439 A) in the 10°-40° 20 range with a
scanning step of 0.01° in the reflection geometry. The crystalline degrees of the copolymers were
calculated via Eqg. (1) developed by Mo and Zhang [14]:

__ Lijo+142lh0 1
CX T 1o +1.421500+0.68], @)

The morphological observations of polymers were carried out with a JEOL JSM-6400 scanning
electron microscope (SEM). Micrographs were taken at a 5-kV acceleration voltage. Before SEM
observations, the fracture surfaces of blends were coated with a thin layer of gold to avoid electrical
charging and increase contrast during observation.
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4, Conclusions

The use of suitable mixed activators such as TEA+DEAC+TnHA, can result in the significant
increase in catalytic activity for the bi-supported Ziegler-Natta catalyst for ethylene polymerization
and ethylene/1-hexene copolymerization. This can be attributed to the change in reducing power of the
mixed activators leading to generation of different active forms of the catalyst or stabilization of the
active center in ethylene polymerization. The activator type had an effect on the molecular weight and
molecular weight distribution of polyethylene without any significant change in polymer morphology.
In the case of copolymerization, there were no relationship among the My,, MWD and catalytic activity
when the mixed activators were employed.
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Abstract: This research aimed to investigate the copolymerization of ethylene and various
1-olefins. The comonomer lengths were varied from 1-hexene (1-Cg) up to 1-octadecene (1-
Cig In order to study the effect of comonomer chain length on the activity and properties of
the polymer in the metallocene/MAQO catalyst system. The results indicated that two
distinct cases can be described for the effect of 1-olefin chain length on the activity.
Considering the short chain length comonomers, such as 1-hexene, 1-octene and 1-decene,
it is obvious that the polymerization activity decreased when the length of comonomer was
higher, which is probably due to increased steric hindrance at the catalytic center hindering
the insertion of ethylene monomer to the active sites, hence, the polymerization rate
decreased. On the contrary, for the longer chain 1-olefins, namely 1-dodecene, 1-
tetradecene and 1-octadecene, an increase in the comonomer chain length resulted in better
activity due to the opening of the gap aperture between Cy(centroid)-M-C,-(centroid),
which forced the coordination site to open more. This effect facilitated the polymerization
of the ethylene monomer at the catalytic sites, and thus, the activity increased. The
copolymers obtained were further characterized using thermal analysis, X-ray diffraction
spectroscopy and *C-NMR techniques. It could be seen that the melting temperature and
comonomer distribution were not affected by the 1-olefin chain length. The polymer
crystallinity decreased slightly with increasing comonomer chain length. Moreover, all the
synthesized polymers were typical LLDPE having random comonomer distribution.
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1. Introduction

Nowadays, polymers play a significant role in many applications, especially linear low-density
polyethylene (LLDPE). The LLDPE has many advantages such as low density, good mechanical
properties, and easy fabrication and recycling. Therefore, it has been used to produce many products
such as shopping bags, food packaging film, plastic pipe and house appliances, etc. [1-3]. Thus, the
demand for LLDPE is quite high compared with other polymers. For the production of LLDPE, the
polymer can be synthesized by the polymerization of ethylene and short chain 1-olefins, namely 1-
hexene, 1-octene and 1-decene, in the catalyst system for better activity. A low pressure slurry process,
the gas phase process and the solution-phase process [4] can be employed for LLDPE. Some 15
million tons of LLDPE are produced worldwide using the metallocene catalyst system, since this
catalyst can incorporate many types of comonomer. Moreover, it can give a narrow molecular weight
distribution. Thus, there has been an increase in research and development on the synthesis of the
LLDPE using metallocene catalysts [5,6].

However, the properties of LLDPE, such as the average molecular weight of the macromolecules
and its distribution, the degree of crystallization, the melting temperature and the amount and
distribution of the monomeric units, depend on a factor called “comonomer effect” [7-9]. Previous
studies show that an increase in the quantities of 1-olefin provides higher activity which relates to a
physical phenomenon improving the monomer diffusion in the lower crystalline copolymer structure.
Besides the comonomer quantity, the length of the comonomer also affects the properties of LLDPE.
Although short chain comonomers are normally used in the process, long chain comonomers can
provide different LLDPE properties. Therefore, the use of long chain comonomers is also attractive for
future production.

In this work, the effects of short and long comonomer chain length on the polymerization activity
and the properties of the resulting copolymers were investigated. The synthesis of the LLDPE was
performed by copolymerization of ethylene and various 1-olefins, namely 1-hexene (1-Cg), 1-octene
(1-Csg), 1-decene (1-Cyg), 1-dodecene (1-C1,), 1-tetradecene (1-Ci4) and 1 -octadecene (1-Cyg), with a
metallocene catalyst.

2. Results and Discussion
2.1. Homo- and co-polymerization activities

This study is aimed to investigate the polymerization of ethylene with short and long chain 1-
olefins, namely 1-hexene, 1-octene, 1-decene, 1-dodecene, 1-tetradecene and 1-octadecene. The
catalytic activities obtained with different 1-olefins are shown in Table 1.
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Table 1. Copolymerization of ethylene with long chain 1-olefins using rac-
Et[Ind]2ZrCIo/MAOQ, as the catalytic system.

Polymerization Polymer  Catalytic activity”

Run number Olefin type time (s) yield® (g)  (x10“kgPol/molZr h)

1 - 115 0.8703 18
2 1-Cs 124 1.4781 2.9
3 1-Cs 97 1.5529 3.8
4 1-Cyo 115 1.6783 3.5
5 1-Cyp, 109 1.6134 3.6
6 1-Cy4 89 1.3704 3.7
7 1-Cy 123 2.3157 4.5

# The polymer yield was limited by the amount of ethylene fed (0.018 mol). The molar ratio of
ethylene:comonomer was 2:1; ® Activities were measured at polymerization temperature of 343 K,
[ethylene]= 0.018 mol, [Allumao / [Zr]car = 1135, in toluene with total volume = 30 mL and
[Zr]cat= 5x 10° M.

From Table 1, when comparing the activities between homo-polymerization and co-polymerization,
it can be seen that the addition of the comonomer in the system yields better activity. The enhancement
of polymerization rate by 1-olefin comonomers, well documented for both titanocene [7,10,11] and
zirconocene catalysts [7,12,13], is called the “comonomer effect”. This phenomenon in co-
polymerization involving the zirconocene catalysts may be related to the perturbations of the ion pairs
at the active sites. Karol et al. [13] have proposed that 1-olefins can function as ligands. By
coordination to the active center, the 1-olefin can alter the charge density on the cationic
zirconocenium ion. Metal centers with higher mobility, lower steric interference, and higher
electrophilicity are believed to form stronger ion pairs. Monomers that cause a greater separation
between the cationic metal centers and the MAQO aggregates can enhance the activity of the catalyst,
consequently increase the rate polymerization. On the other hand, two distinct cases can be described
for the effect of the comonomer length. Considering the short chain length comonomers (runs 2-4), the
results indicated that the increase of the comonomer length (from Cg to Cyo) resulted in lower activity
due to increased steric hindrance. The longer chain comonomer can hinder the insertion of ethylene,
and slow the propagation reaction process. This leads to lower catalytic activity for polymerization
[12-15]. On the contrary, for the long chain length 1-olefins (runs 5-7), we observed an increase of
polymerization activity when the length of 1-olefin was increased. This may be attributed to the
opening of the gap aperture between Cy(centroid)-M-Cp-(centroid) in metallocene complex, which
forced the coordination site to open more (Figure 1). This effect caused ethylene monomer to
polymerize easier at the catalytic sites, and thus the activity increased [16,17]. A similar behavior was
observed by Kaminsky et al. [17] for ethylene/ long chain 1-olefins copolymerization with a
[PhoC(2,7-di-tert-BuFlu)(Cp)]ZrCl/MAOQ catalyst system, under different experimental conditions (T
= 60 °C and the presence of hydrogen), but no reason was given for the trend.

The obtained result is also consistent with the study of Braunschweig and Breitling [18], which
revealed that opening of the BCp(centroid)-M-C,-(centroid) angle can be found in the polymerization
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of ethylene and long chain olefins. Moreover, they also reported that a longer 1-olefin chain can open
the Cy(centroid)-M-C,-(centroid) angle wider in metallocene complexes.

Figure 1. Structure of the opening gap aperture between Cy(centroid)-M-C,-(centroid) in
metallocene complex, redrawn from the conceptual idea by Braunschweig and
Breitling [18].

2.2. Polymer properties

Homo- and copolymers with different 1-olefins (copolymers containing 6 to 18 carbon atoms),
synthesized by a metallocene catalyst, have been analyzed using four characterization techniques.

2.2.1. SEM measurements

Figure 2 presents the scanning electron micrograph (SEM) of the polymers obtained by homo- and
co-polymerization. Considering the effect of the length of comonomer on morphology, the results
indicated that the crystalline structure of the obtained polymer seems to be lower with increased
comonomer chain length. This is probably due to more steric hindrance caused upon introducing a
longer chain length comonomer. Therefore, the amount and chain length of comonomer apparently
affected on the morphology of the resulting polymer.

Figure 2. SEM micrograph of LLDPE produced with metallocene catalyst. (a)
homopolymer (b) ethylene/1-hexene copolymer (c) ethylene/1-octadecene copolymer.
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Figure 2. Cont.

2.2.2. X-ray Diffraction (XRD) analysis

For XRD results, the diffractograms of the different samples, which were acquired at room
temperature, are shown in Figure 3. As expected, it can be seen that all samples display XRD peaks at
three positions. A broad amorphous peak was evident centered around 19.5-20 degrees. A previous
work suggested this peak as indicative of the side branches of 1- olefin participating in the crystalline
structure. While the other two peaks appeared at 260 = 21.8 and 24.3 degrees are the (110) and (200)
reflections, assigned to the characteristic orthorhombic cell of polyethylene [19-21]. Moreover, the
longer chain length of the additional comonomers seemed to disturb the polymer recrystallization,
which can probably be attributed to the increased steric hindrance, leading to a reduction in crystalline
peak intensity, but clearly increasing the intensity of the amorphous peak [19,22].

Figure 3. X-ray diffractograms of different samples. From bottom to top. (a) homopolymer
(b) ethylene/1-Cg (c) ethylene/1-Cg (d) ethylene/1-Cyy (e) ethylene/1-C;, (f) ethylene/1-Ciy
and (g) ethylene/1-C,g copolymers.

2.2.3. NMR analysis

In order to determine the influence of chain length on the comonomer distribution, the obtained
copolymers were also characterized by *C-NMR measurements. The chemical-shift assignments of
ethylene/ 1-Cy, to ethylene/ 1-Cyg copolymer and some resonances of the main and side chains are
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shown in Table 2 and Figure 4. The quantitative analysis of triad distribution for all copolymers is
reported in Table 3.

Table 2. Chemical-shift assignment in '*C-NMR spectra of ethylene/1-dodecene,
ethylene/1-tetradecene and ethylene/1-octadecene copolymers [23].

Chemical shift° (ppm)

Cta;rpbe(;n ethylene/1-dodecene ethylene/1-tetradecene  ethylene/1-octadecene
(1-Cu) (1-Cia) (1-Cig)
1B, 14.10 14.10 14.10
2B, 22.80 22.80 22.80
3B, 32.13 32.13 32.13
4 B, 29.50 29.50 29.50
5B, 29.85 29.85 29.85
6 B, 29.90° 29.90° 29.90°
7B, 29.90°¢ 29.90°¢ 29.90°¢
8 B, 30.36 29.90° 29.90°
9B, 27.18 29.90°¢ 29.90°¢
10 B, 34.45 30.37 29.90°
11 B, - 27.18 29.90°¢
12 B, - 34.46 29.90°
13 B, - - 29.90°¢
14 B, - - 30.37
15 B, - - 27.18
16 B, - - 34.46
CH 38.11 38.11 38.11
Sad 34.49 34.49 34.49
SPo 27.20 27.20 27.20
Syd 30.38 30.38 30.38
S8 29.90 29.90 29.90

2 See Scheme 1; ® According to Randall [26]; ¢ Overlapped to S 85 peak at 29.90 ppm.

Figure 4. Resonance of the main chain methylenes and the side chain of the ethylene/1-
olefin copolymer.
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Table 3. Triad distribution and properties of the resulting ethylene/1-olefin copolymers.

Entry Olefin Triad distribution® Cn Tm PR de

type  [EEE] [XEE] [EXE] [XEX] [EXX] [XXX] (mol%)° (°C)* (%)* @mL
2 1-Cs 0775 0142 0052 0017 0014 0.000 7 12164 7.36 0.88
3 1-C; 0412 0379 0164 0045 0000 0000 16 11362 244 0.88
4 1-C,, 0471 0310 0176 0043 0000 0000 18 11625 233  0.88
5 1-C,, 0499 0331 0135 0035 0000 0000 13 11761 621  0.89
6 1-C,, 0604 0154 0091 0087 0064 0000 20  112.98 133 0.87
7 1-Cp 0591 0214 0152 0043 0000 0000 15  117.58 434  0.88

& Obtained from “C-NMR, where E refers to ethylene monomer and X refers to 1-olefin
comonomer; ® Content of 1-olefin in the copolymer from *C-NMR; ¢ Melting temperature from
DSC; ¢ Crystallinity degree: y. =100 x (AH/AH®) , where AH° = 290 J/g for linear polyethylene; ©
Copolymer density calculated from the semi-empirical equation: d = (2,195 + AH)/2,500.

From the table, it is found that ethylene incorporation in all systems gave copolymers with similar
triad distribution, and only random copolymers can be produced in all systems. However, the olefin
length has no effect on the comonomer distribution [12,23-25]. It should be noted that the comonomer
content depends on different variables; for example, a long 1-olefin chain length forces the angle of the
metallocene complex to open more. However, at the same time it causes steric hindrance to the
incoming ethylene monomer. Therefore, the two effects (chain length and opened angle) can be
superimposed on each other.

2.2.4. Differential scanning calorimetric analysis

When dealing with the thermal properties of the polymer, DSC measurements are usually
considered the second melting of the sample. All the experimental results, including melting
temperature (Tr), % crystallinity (xc), and density are also reported in Table 3. The PE sample (run 1)
is a high density polymer with a linear microstructure, a high melting temperature (Tm~135 °C), a
degree of crystallinity of 65% and a high density (0.95 g/mL) (data not shown in the Table). Based on
Table 3, it can be observed that the polymer with higher incorporation of comonomers exhibited less
crystallinity and lower melting temperature. This is in correspondence with the percent insertion from
3C-NMR results. In addition, when the crystallinity results obtained from DSC measurements are
considered, they indicate that the length of the comonomer did not affect the crystallization behavior,
which was different from the XRD results. This was due to the fact that XRD was analyzed the assyn-
polymers at ambient conditions, whereas the DSC measurement was performed upon heating the
samples. For DSC, the determination relies on the measurement of the enthalpy of melting and on the
assumption of a unique enthalpy of melting for the crystal. Thus, the enthalpy of melting of long 1-
olefin side chains had to be taken into account for the determination of crystallinity. Therefore, the
crystallinity value may be different between the various determinations. [12,13,27-29]. However, it can
be concluded that the increase in the length of the comonomer chain can result in a decrease of the
melting temperature. The density of all samples is in the range of 0.87-0.95 g/cm?® indicating a typical
LLDPE structure.
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3. Experimental
3.1. Materials

Chemicals and polymerizations were handled and operated under an argon atmosphere, using a
glove box and/or Schlenk techniques. Toluene was dried over dehydrated CaCl,, and then distilled
over sodium/benzophenone before use. The zirconocne, (rac-Et[Ind].ZrCl;) was supplied by the
Aldrich Chemical Company, Inc. Modified methylaluminoxane (MMAO) in hexane was donated by
Tosoh (Akso, Japan). 1-Olefins were purchased from Aldrich Chemical Company, Inc. Ethylene gas
(99.96% pure) was donated by the National Petrochemical Co., Ltd., Thailand. Ultrahigh purity argon
was further purified by passing it through columns packed with BASF R3-11G catalyst (molecular-
sieved to 3 A), sodium hydroxide (NaOH), and phosphorus pentaoxide (P,Os) to remove traces of
oxygen and moisture.

3.2. Homo- and co-polymerization

Ethylene/1-olefin copolymerizations was carried out in a 100 mL semi-batch stainless steel
autoclave reactor equipped with a magnetic stirrer. In the glove box, the desired amounts of rac-
Et[Ind].ZrCl, and MMAO were introduced into the autoclave and then, toluene was added (to make a
total volume of 30 mL). After that, the reactor was frozen in liquid nitrogen to stop any reactions and
the proper amount of the comonomer was injected into the reactor (the molar ratio of
ethylene:comonomer was fixed at 2:1). The reactor was evacuated to remove argon. Then, it was
heated up to polymerization temperature (343 K) and the polymerization was started by feeding
ethylene gas until the consumption of 0.018 mol of ethylene (6 psi was observed from the pressure
gauge) was reached. The polymerization was terminated by addition of acidic methanol [30]. The time
of reaction was recorded for purpose of calculating the activity. The precipitated polymer was washed
with acidic methanol and dried at room temperature. Based on the system as mentioned above, the
polymer yield was fixed by the amount of ethylene fed (0.018 mol). Experimentally, the
polymerization was performed at least three times for each run and only the average yield and activity
are reported. The error was found to be within less than 5% based on this polymerization system.

3.3. Polymer characterization

Scanning electron microscopy (SEM) was used to determine the morphology of the polymeric
samples. The samples were sputter-coated with a fine layer of platinum in an Edward Sputter Coater
and analyzed with a JEOL (mode JSM-6400) electron microscope.

X-ray diffraction (XRD) was performed to determine the bulk crystalline phases of samples.
Diffraction patterns were recorded in the reflection mode at room temperature using a Siemens D-5000
instrument. Ni-filtered Cu K, (A = 1.54439 A) was used. The diffraction scans were collected over a
period of 2.4° min'1 of 26 from 10 to 80°.

3C-NMR spectroscopy was used to determine the triad distribution and 1-olefin insertion indicating
the copolymer microstructure. Chemical shifts were referenced internally to the CDCl; peak and
calculated according to the method described by Randall [26]. Sample solutions were prepared by
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dissolving copolymer (50 mg) in 1,2 4-trichlorobenzene and CDCls (0.5 mL). *C-NMR spectra were
taken at 383 K using a Bruker Avance Il 400 operating at 100 MHz with an acquisition time of 1.5 s
and a delay time of 4 s.

The thermal properties were measured by a PerkineElmer Pyris Diamond Differential Scanning
Calorimeter at a standard heating/cooling rate of 20K/min, under nitrogen flow. Both first and second
melting temperatures have been analyzed. The reported melting temperature values are referred to the
second heating scan. The peak temperature was assumed as melting temperature (T,) and the area was
corresponding to the global melting enthalpy (AH). The crystallinity, y., was calculated from DSC data
by using the formula y. =100-x (AH/AH®) where AH® = 290 J/g is the enthalpy of fusion for linear
polyethylene as reported in ref. [31]. Approximately, 5-10 mg of sample was used for each DSC
measurement. Moreover, it was possible to relate AH (J/g) to the density (d, g/mL) of the copolymer
through the following semiempirical equation: d = (2,195 + AH)/2,500.

4. Conclusions

In this article, we have reported the synthesis of LLDPE from the copolymerization of ethylene/1-
olefin via metallocene/MAO catalysts by varying the comonomer (1-olefin) chain length. The results
show that the increase in the short chain length 1-olefns (from 1-Cg to 1-Cyp) can cause more steric
hindrance of the catalytic center leading to decreased activity. However, when a long chain
comonomer was used, a block of long chain 1-olefin can force the opening of the supplementary angle,
therefore the coordination site was more open, resulting in increased activity. However, the increase of
the chain length has no significant effects on the melting temperature and comonomer distribution. The
crystallinity tended to decrease with increased chain length of comonomer, based on the
XRD measurements.
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Abstract

An unconventional metathesis of ethylene and 2-pentene over Re,07/SiO,-Al,03 catalysts has been studied as an alternative route for the
production of propylene. Complete conversion of 2-pentene and propylene yield as high as 88 wt% were obtained under mild reaction conditions
at 35 °C and atmospheric pressure. Unlike the conventional metathesis of ethylene and 2-butenes in which isomerization is a competing side
reaction, the isomerization of 1-butene product from the unconventional metathesis of ethylene and 2-pentene to 2-butenes can further react
with excess ethylene in the feed, resulting in additional increase in propylene yield. The secondary metathesis reaction was found to be favored
under ethylene/2-pentene (E/2P) molar ratio >3 and gas hourly space velocity (GHSV) <1000 h—1 at the reaction temperature of 35 °C. No

catalyst deactivation was observed during the 455 min time-on-stream under the selected reaction conditions.
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1. Introduction

Propylene is one of the most important feedstocks for
petrochemical industries. The average annual growth of
propylene global demand from 2009 to 2014 is expected to
be around 5.1% per year [1—4]. Propylene supply-demand
conditions and pricing are strongly dependent on refinery pro-
duction, operating rates and feedstocks slates in the ethylene
industry [5,6]. The main source of propylene is a byproduct
from the thermal cracking of liquid feedstocks such as naphtha
and LPGs. Propylene can also be produced using on-purpose
technologies such as propane dehydrogenation and metathe-
sis. The technology of propylene production from metathesis
has received much attention in recent years. The commercial
processes for conversion of ethylene and 2-butenes to propy-
lene via cross-metathesis over heterogeneous catalysts have
been developed [5,7—10]. This route, however, has some
drawbacks because it needs access to large C,4 streams that
are free of isobutylene and butadiene [4]. Moreover, both cost
and demand of butenes industrial feedstock increase continu-
ously [7,11]. Metathesis between ethylene and 2-pentene is,

therefore, considered as an alternative route to produce propy-
lene from cheaper raw materials. As shown in Equation 1, the
main products from ethylene and 2-pentene are propylene and
1-butene. 1-Butene is also an important feedstock for the pro-
duction of linear low density polyethylene.

CH; = CHz + CH3 — CH = CH — CH, — CH3 —
CH, = CH— CH3 + CH, = CH— CH, — CH;3

€]

Generally, the catalysts for olefin metathesis are based on
transition metals Mo, W, Re, and Ru [7,12—16]. The catalytic
systems can be carried out in both homogeneous and hetero-
geneous systems. The homogeneous catalysts are usually Mo,
W, Re and Ru in the form of organometallic complexes while
the most successful heterogeneous catalysts include Mo, W
and Re in oxide form supported on high surface area inorganic
oxides such as silica and alumina [7,17,18]. Due to their better
handling properties and low separation problems, supported
metal oxide catalysts are commercially more attractive. In-
dustrial applications of olefin metathesis have been reviewed
by Mol et al. [10].
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Supported Re oxide catalysts are known to be highly ac-
tive for olefins metathesis under very mild reaction condi-
tions even at room temperature [19] whereas supported W and
Mo oxide catalysts requires much higher reaction temperature
(150-500°C) [7,20]. The major negative effects under high
operating temperature over an acidic support were that iso-
merization readily occurs and as a consequence, selectivity to
the primary metathesis product is much lowered [21]. High re-
action temperature also leads to heavy coke formation on the
metathesis active sites [22]. Another advantage of supported
Re oxide catalysts is the higher tolerance to several poisons
such as alkoxycarbonyl and alkoxy groups [7]. Since 1980s,
the improvement of olefin metathesis over Re-based catalysts
has been extensively reported. A number of studies have con-
cluded that acidity of the support is an important factor for
the active sites formation [23—29]. Recently, it has been re-
ported that the use of mesoporous alumina supports for Re
oxides has shown significant improvement in several metathe-
sis reactions including metathesis of terminal olefins, internal
olefins, a-, w-dienes as well as ring opening metathesis poly-
merization (ROMP) of cycloalkenes and cross-metathesis of
cycloalkenes with linear olefins [12,30—33]. Besides feed im-
purities, catalyst poisons, and the nature of catalysts, the activ-
ity and product selectivity in conventional olefins metathesis
for propylene production depend largely on the reaction con-
ditions such as the molar ratio of ethylene to 2-butene, GHSV,
and reaction temperature.

In the present study, the gas-phase olefin metathesis be-
tween ethylene and 2-pentene as an alternative route for
propylene production was investigated for the first time over
the Re;07/Si0z-Al,03 catalysts. The Re;O07/SiO2-Aly03
catalysts were selected because they have shown to produce
high catalytic activity and good propylene yields under mild
reaction conditions in the conventional cross metathesis be-
tween ethylene and 2-butene [19,34,35]. Moreover, reaction
at relatively low temperature would be of industrial interest
and more practical for the use of the alternative feed in an
existing system. The catalytic performances of Re,07/SiO;-
Al;O3 catalysts in the metathesis of ethylene and 2-pentene
were investigated under wide operating conditions (i.e., the re-
action temperature ranging from 35 to 150 °C, molar ratio of
ethylene to 2-pentene (E/2P) from 2 to 6, and gas hourly space
velocity (GHSV) from 500 to 3000 h—1). The propylene yield,
2-pentene conversion and product distribution during 455 min
time-on-stream were reported.

2. Experimental
2.1. Catalyst preparation

SiO2-Al;03 (99.9% Grade 135) from Aldrich was used
as the support for the preparation of Re;07/SiO,-Al,O3 cata-
lysts. The catalysts were prepared by the incipient wetness
impregnation method using an aqueous solution of ammo-
nium perrhenate (NH4ReO4, 99.999%, Aldrich). When the
solution amount of the desired metal species was greater than
that of the pore volume of the support, the impregnation pro-
cedure was repeated several times with drying (6 h, 110 °C)
between each cycle to eliminate excess solvent. The catalysts
were dried overnight at 110 °C in air and calcined at 550 °C
for 8 h under oxygen flow with a heating rate of 10 °C/min.
The actual amount of Re loading was determined by the in-
ductive coupled plasma optical emission spectrometer (ICP-
OES, PerkinElmer).

2.2. Reaction test

Gas-phase metathesis reactions between ethylene and
2-pentene were carried out in a fixed-bed down flow stain-
less steel reactor with an i.d of 0.7 cm at atmospheric pres-
sure. The reactant feed was composed of 6.75 vol% of 2-
pentene (>99% mixture of isomers, Aldrich) pre-mixed with
2.25 vol% ethylene (99.999%, SCG Chemicals Co., Ltd.) in
N> balance. All the reactants used in this work were in high
purity grade without impurity such as oxygen, CO, water, S,
and oxygenates hydrocarbons. In each experiment, approx-
imately 1 g of the catalyst sample was placed in the middle
of the reactor. A temperature sensor (type K thermocouple)
was mounted into the reactor at the middle. The catalyst was
first pretreated at 550 °C under nitrogen down flow for 1 h and
then cooled down under the same gas to the desired operating
temperature. Then, the reactant feed was introduced and both
feed and reaction products were followed and analyzed every
half an hour using an on-line gas chromatograph (Agilent GC
7820A) equipped with a capillary GS-Gaspro113-4362 col-
umn (60 mx0.32 mm). The GC signals were collected using
an EZChrom Elite integrated peak program integrator. The
conversion of limited 2-pentene reactant and the yield of prod-
ucts were calculated using the following equations:

Amount of 2-pentene in feed — amount of 2-pentene remained in product

2-Pentene conversion (%) = 100 x

Yield of component i (%) = 2-Pentene conversion x

3. Results and discussion
3.1. Effect of E/2P mole ratio

The physical properties of SiO2-Al,03 and Re;07/SiO;-
Al,Oj3 catalysts are summarized in Table 1.

Amount of 2-pentene in feed

Amount of component i in products
Amount of total products

O]

As shown in Equation (3), the theoretical stoichiometric
value of reactants in the olefin metathesis reaction is equimo-
lar [11]. However, in the conventional metathesis process of
ethylene and 2-butene, the optimal molar ratio of ethylene to
2-butene to produce high propylene yield was determined to
be in excess but not more than 2.5 [36].
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RCH=CHR+R'CH=CHR' ——» ;
R'CH=CHR' (3

— 2RCH=CHR'

Table 1. The properties of the support and supported
rhenium oxide catalyst

Properties Sample
SiOZ-A|203 R9207/Si02-A|203
BET surface area (m?.g~1) 547.8 395.6
Pore volume (cm3-g—1) 0.8 0.6
Average pore size (nm) 5.6 5.9
Al, O3 support composition (wt%) 13 13
Actual Re-metal loading (wt% Re)? — 5.83

@ The actual amount of Re-metal loading after calcination was de-
termined by ICP-OES

In order to investigate the effect of E/2P molar ratio in the
metathesis of ethylene and 2-pentene on Re;07/SiO,-Al,03
catalysts, the reaction temperature and GHSV were set at
35°C and 3000 h—1, respectively. All the reaction data were
taken at 455 min time-on-stream. Changes of the catalyst ac-
tivities in terms of 2-pentene conversion during 455 min time-
on-stream were determined to be less than 5% under the se-
lected reaction conditions. The 2-pentene concentration was
kept constant while changing excess ethylene concentration to
obtain the required molar ratios. The E/2P molar ratios were
varied in the range of 2—6. The 2-pentene conversions under
different E/2P molar ratios are shown in Figure 1. It is clear
from Figure 1 that 2-pentene conversion increases from 77%
to 87% with the increasing of E/2P molar ratio from 2 to 3.
However, only a slight increase of 2-pentene conversion (to
ca. 92%) could be observed with further increase of the E/2P
molar ratio from 3 to 6. The main product yields in term of
weight percent from the metathesis of ethylene and 2-pentene
over Re,07/Si0O,-Al;03 catalysts as a function of time-on-
stream for different E/2P mole ratios are shown in Figure 2.
The propylene yield increased from 39% to 59% with increas-
ing E/2P from 2 to 3. There was no increase in propylene yield
when E/2P was further increased from 3 to 6.
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Figure 1. Effect of ethylene/2-pentene mole ratio on the 2-pentene
conversion on Re;07/Si0z-Al,O3 catalysts. Reaction conditions: Pres-
sure = 0.1 MPa, GHSV = 3000 h—1, Temperature = 35 °C
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Figure 2. Yield of the primary metathesis products in the metathesis of ethy-
lene and 2-pentene over Re;07/Si0,-Al,03 catalysts. Reaction conditions:
Pressure = 0.1 MPa, GHSV = 3000 h—1, Temperature = 35 °C

Besides propylene and 1-butene primary metathesis prod-
ucts, the other by-products were also produced including cis-
and tran-2-butene, 1-pentene, and Cs, hydrocarbons. The
product distribution (yield percentage) from the metathesis re-
action of ethylene and 2-pentene at 455 min time-on-stream
obtained under different E/2P ratios and 35 °C are shown in
Figure 3. It is known that 2-butene is more stable than 1-
butene so the double-bond isomerization of 1-butene to 2-
butene is inevitable over acidic catalyst systems even at low
reaction temperature. In the conventional feed, double-bond
isomerization also occurred at 21—25 °C [12,37,38]. The ma-
jor Cs, hydrocarbon in this set of reactions was 3-hexene
which were produced by self-metathesis of 2-pentene. Higher
amount of Cs, hydrocarbons were produced at lower E/2P
mole ratio (E/2P =2). It is suggested that excess ethylene
could prevent the self-metathesis reaction of 2-pentene on the
Re,07/Si0,-Al;03 catalysts. Moreover, the amount of 2-
butenes was decreased with increasing E/2P mole ratio. The
2-butenes products could easily undergo a subsequent sec-
ondary metathesis reaction with excess ethylene, resulting in
an additional propylene formation. The propylene yields for
all the cases far exceeded the stoichiometric values (propy-
lene selectivity of 50% (mole) or ~ 43% (weight)). It is sug-
gested that the isomerization of 1-butene to 2-butene was a
useful side reaction assisting propylene formation in this al-
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ternative feed in the present work. A possible reaction scheme
for propylene formation in the metathesis of ethylene and 2-
pentene is shown in Equations (4) to (6):

Main reaction (primary metathesis)

CH, =CHy;+CH3—CH=CH—-CH; —CH3 — )
CH, =CH-—-CH3+ CHy; =CH — CH, — CH3

Double-bond isomerization of the primary metathesis product
(1-butene)
CH, =CH-CH; — CH3 — ©)
CH3; —CH=CH —CHjs
Secondary metathesis reaction
CH=CH+CH3—CH=CH-CH3 —

6
2CH, = CH — CH3 ©)
60
1 Propylene -
50 [ 773 1-Butene
[ B3 r-2-Butene
i B33 ¢-2-Butene
40 |- E=3 1-Pentene
z |[wmc,
= s0f
z
- 0
20 [ 7
[ A
10 F %
ot %

[}

3 6
E/2P mole ratio
Figure 3. Product distribution in the metathesis reaction of ethylene and
2-pentene at different ethylene/2-pentene mole ratio at 455 min on stream.

Reaction conditions: Pressure =0.1 MPa, GHSV =3000h~!, Tempera-
ture=35°C

3.2. Effect of GHSV

The effect of GHSV in the range of 500—3000 h~! on the
catalytic performances of Re;07/SiO2-Al,03 in the metathe-
sis of ethylene and 2-pentene was investigated under the E/2P
molar ratio of 3 and at 35°C. As shown in Figure 4, the
conversion of 2-pentene increased drastically from 87% to
100% when the GHSV was decreased from 3000 to 500 h—*
at 455 min time-on-stream. The main product yields of the
metathesis reaction between ethylene and 2-pentene as a func-
tion of time-on-stream under various GHSV are shown in Fig-
ure 5. Both propylene and 1-butene yields did not follow their
stoichiometric amounts (43 wt% of propylene and 57 wt% of
1-butene) and higher amount of propylene and lower amount
of 1-butene were obtained. As mentioned earlier, the iso-
merization of 1-butene to 2-butenes and the subsequent sec-
ondary metathesis reaction between ethylene and 2-butenes
occurred readily under the selected reaction conditions, result-
ing in an increase in propylene yield. Table 2 summarizes the
activities and the product yields obtained over Re;O7/SiO-
Al O3 catalysts at 35 °C under different GHSVs. It was found
that at higher GHSV the secondary metathesis became less
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Figure 4. Effect of gas hourly space velocity on the 2-pentene conversion
over Re;07/Si0,-Al, 03 catalysts. Reaction conditions: Pressure = 0.1 MPa,
E/2P mole ratio = 3, Temperature = 35 °C
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Figure 5. Yield of the primary metathesis products in the metathesis of ethy-

lene and 2-pentene over Re;07/Si0,-Al,03 catalysts. Reaction conditions:
Pressure = 0.1 MPa, E/2P mole ratio = 3, Temperature = 35°C

pronounced while the other side reactions such as self-
metathesis of 2-pentene was favored. Probably, due to the
slow desorption rate of 2-pentene as compared with smaller
hydrocarbon molecules such as ethylene [39—43], some of
the 2-pentenes that adsorbed on the catalyst surface could in-
teract themselves (self-metathesis reaction), forming 2-butene
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and 3-hexene when the contact time was relatively short. It
is noted that under the low reaction temperature conditions,
oligomerization rate may be low so that the weight percent-
age of Cs, formed was mainly the 3-hexene products from
2-pentene self-metathesis reaction. Complete conversion of
2-pentene and propylene yield as high as 88% were achieved
under the lowest GHSV (500 h—1) and were found to be stable
during the 455 min time-on-stream.

Table 2. Catalytic performance of Re;07/SiO,-Al,03
catalyst with different GHSVs

GHSV 2-C3 Selectivity (%)

(h~1)  conversion (%) C3; 1-C; 2-C; 1C; Csy
500 100 88.0 0.5 11.7 - -
1000 100 83.9 0.8 15.2 - -
2000 93.9 70.9 8.6 195 - -
3000 87.4 58.2 8.8 19.1 2.0 2.1

Reaction conditions: P =0.1 MPa, ethylene/2-pentene =3 (mole
ratio), 7" = 35 °C, Time on stream = 455 min

3.3. Effect of reaction temperature

The metathesis of simple linear olefins is not accompa-
nied by significant structural changes. Therefore, the reac-
tion is almost a thermally neutral process and the variation of
temperature has a negligible influence in view of the thermo-
dynamics aspect [44]. However, for the operation aspect, it
needs to know the effect of reaction temperature in the range
of 35 to 150 °C on the catalytic performance of the metathesis
of ethylene and 2-pentene over Re;07/SiO2-Al,03 catalyst.
And the results are shown in Figure 6. It is clear from Fig-
ure 6 that the reaction at 150 °C caused catalyst much faster
deactivation than at the other temperatures. A fast drop of
2-pentene conversion from 99% to 83% was observed within
the first 120 min time-on-stream. Then, it was gradually de-
creased to ca. 75% after 455 min time-on-stream. The main
product yields of the metathesis reaction between ethylene

80 [
70 -
60 [

50 |

Propylene yield (%)
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and 2-pentene at different reaction temperatures as a func-
tion of time-on-stream are shown in Figure 7. A trend similar
to the conversion of 2-pentene was observed. If the reaction
was proceeded at 150 °C, the propylene yield dramatically de-
creased from 70% to 37% within 120 min time-on-stream. On
the other hand, 1-butene products were gradually increased
along with the time-on-stream especially when the reaction
was carried out at high reaction temperature. Deactivation of
Re-based catalysts under high reaction temperature has been
reported in Refs. [40,45—47]. The deactivation of the Re-
based catalysts can mainly attribute to many aspects such as
the structure change of active center, coke deposition, impu-
rity in reactants, excessively reduction, adsorption of products
and byproducts, etc. However, the reactants used in this study
were high purity grade without impurity such as H»0O, S, and
oxygen-containing hydrocarbon so that the effect of impurity
in the reactants on the catalyst activity would be minimized.
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Figure 6. Effect of reaction temperature on the 2-pentene conversion over

Re;07/Si02-Al, O3 catalysts. Reaction conditions: Pressure = 0.1 MPa, E/2P
mole ratio = 3, GHSV = 2000 h~!
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Figure 7. Yield of the primary metathesis products in the metathesis of ethylene and 2-pentene over Re;O7/SiO;-Al,O3 catalysts. Reaction conditions:

Pressure = 0.1 MPa, E/2P mole ratio = 3, GHSV = 2000 h—1
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The product distributions in term of yield percentage pro-
duced after running the reaction for 35, 245, and 455 min on
stream at various reaction temperatures are shown in Figure 8.
It was found that much more side reactions, such as isomer-
ization of butenes products and isomerization of 2-pentene re-
actant, could be observed over Re;07/SiO,-Al,03 catalysts
at the temperature higher than 60 °C. Moreover, the propy-
lene yield decreased gradually with time-on-stream if the re-
action temperature was higher than 60 °C. When the reaction
temperature set at 150 °C, the propylene yield decreased by
almost 40%, whereas the propylene yield remained constant
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at ca. 70%—72% when the reaction temperature set at 35°C
after running the reaction for 455 min. It has been reported
that the deactivation of Re-based catalysts occurred as soon as
they were in contact with alkenes and was accelerated under
higher reaction temperatures [40,47]. On the one hand, larger
amount of 2-butenes products were obtained at 150 °C, since
most of 2-butenes did not further react with ethylene to form
propylene in the subsequent secondary metathesis, resulting
in poor propylene yield. On the other hand, isomerization
and oligomerization were also dominated at higher reaction
temperature. Although, 1-pentene product was not detected
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during the first 35 min on stream at all the reaction tempera-
tures, it became apparent (less than 2%) during 245 min on
stream for the reaction temperatures at 80 and 150 °C. If
the reaction temperature set at 60 °C, 1-pentene (ca. 1.2%)
also produced after running the reaction for 455 min. There
were very small amounts of branched isomers of butenes and
hexene in the products because skeletal isomerization were
also detected at the early stage of the reaction (during the first
90 min) when the reaction temperature was higher than 60 °C
(results not shown), but they disappeared when the reaction
time was prolonged. The results suggest that the modification
of rhenium species on the catalyst surface may happen upon
contacting with the reactants. It has been reported that skele-
tal isomerization was induced by unreduced rhenium oxide
species [48]. After the rhenium-carbene species were formed,
metathesis reaction was dominated and the skeletal isomeriza-

tion became less pronounced. In the metathesis of 1-butene,
iso-butene was found over the catalysts with relatively low ac-
tivity and decreased with increasing metathesis activity [49].
As far as the formation of higher hydrocarbons is con-
cerned, the Cs, products can be formed during the first 35 min
on stream only at the reaction temperature as high as 150 °C.
Both 1-pentene and Cs, were increased with time-on-stream
at high reaction temperature. Since much faster catalyst de-
activation rate could be observed at 150 °C, it is suggested
that besides the self-metathesis of 2-pentene leading to the
formation of 3-hexene, the formation of larger hydrocarbons
via oligomerization reaction would occur under high reac-
tion temperatures, leading to the formation of carbonaceous
deposits and blocking the Re-active sites. Various reaction
pathways in the metathesis of ethylene and 2-pentene over
Re,07/Si0,-Al,03 catalysts are illustrated in Scheme 1.

_ Isomerization
trans/cis-2-Butene

+

2-Pentene | + | Ethylene

Isomerization

Self-metathesis

15! Metathesis |

214 Metathesis

1-Butene ‘ + | Propylene |
| 3-hexene ‘ + | rran.vfcr‘s—Z—Butcncl

Oligomerization A
= Cs, Oligomer

Scheme 1. Various reaction pathways in the metathesis of ethylene and 2-pentene over Re;07/SiO,-Al, 03 catalysts. Dotted line represents the conventional

metathesis of ethylene and 2-butenes

4. Conclusions

The metathesis of ethylene and 2-pentene to propylene
and 1-butene over Re,07/SiO,-Al,O3 catalysts with Re load-
ing of 5.83 wt% has shown to be an effective alternative
route for propylene production. The catalyst activity increases
with increase of the reaction temperature, however, much
faster catalyst deactivation is observed at 150 °C due to side
reactions such as oligomerization and self-metathesis of 2-
pentene. The propylene yield at reaction temperature of 35 °C
can be further improved when the mole ratio of E/2P higher
than 3 and GHSV lesser than 1000 h—1 are used. The propy-
lene yield of 88% at a 2-pentene conversion of 100% can be
obtained under the optimized reaction conditions (i.e., with
E/2P mole ratio of 3, GHSV of 500h~1, and at the reac-
tion temperature of 35 °C) without catalyst deactivation dur-
ing 455 min on stream. Although double bond isomerization
of 1-butene to 2-butenes occurred at the reaction temperature
of 35 °C, they could further interact with excess ethylene, re-
sulting in an increase in propylene selectivity.
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Abstract: The present research focuses on investigation of the catalytic behaviors of
MgCl,-SiO,/TiCly/THF Ziegler-Natta (ZN) catalysts with fumed SiO, variously treated
with silane compounds. The non-treated silica (NTS) and other silicas treated with
dimethylsilicone fluid (TSDMSF), dimethyldichlorosilane (TSDMDCS), and hexamethyl-
disilazane (TSHMDS) were employed. It was found that the Cat-TSDMDCS and Cat-
TSHMDS exhibited remarkably high activity, even with a similar bulk Ti content as the
others. Thus, the more powerful technique of XPS analysis was used to determine the Ti
content at the catalyst surface. It was evident that the surface concentrations of Ti could
play important role on the catalyst activity. As the result, the increased activity is
proportional to the surface concentration of Ti. It was mentioned that the change in surface
concentration of Ti with different treated silica can be attributed to the effect of silane
spacer group and steric hindrance. The distribution of Ti on the external surface can be also
proven by means of EDX mapping, which matched the results obtained by XPS analysis.
The treated silica also resulted in narrower molecular weight distribution (MWD) due to
the more uniform active sites produced. There was no significant change in polymer
morphology upon treatment of the silica.

Keywords: Ziegler-Natta catalyst; polyethylene; silica; alkyl silane; XPS
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1. Introduction

In the polyolefin industry, the significant role of the Ziegler-Natta (ZN) catalysts is remarkable as
are both industrial and academic interest in their reaction engineering [1-4]. In the production of
polyolefins, the polymer particle morphology strongly affects the plant operation. The loss of polymer
morphological control leads to many industrial operating problems, such as fouling and broadening
reactor residence-time distribution. It is widely accepted that the polymer particle morphology is
mainly determined by the morphology of a parent catalyst through the replication phenomenon [5,6].
The modification of supported-ZN catalyst is a preferred way to increase the morphology control of
the polymers, increase the catalytic activity as well as increase catalytic stability.

Anhydrous magnesium dichloride (MgCl,) has been known as a preferred support for highly
efficient ZN catalysts for the polymerization of olefins. MgCl, is often convenient to use in producing
ZN catalysts with good morphology and the high rates of polymerization activity [7-8]. However, the
frailty of MgCl, during preparation is still a problem for controlling the morphology of ZN when used
in olefin polymerization. To overcome these problems, MgCl,-SiO;-bisupported titanium catalyst is
preferred, especially when it is used in a gas-phase polymerization system [9-11]. For example, UCC
has developed a series of MgCl,-SiO,/THF/TiCly four-component catalyst systems for gas-phase
ethylene polymerization and ethylene/1-hexene copolymerization [12-13]. This catalyst exhibits good
comonomer incorporation properties, and the polyethylene products show good morphology control.
Somehow, the catalytic activity of MgCl,-SiO,/THF/TiCls system is lower than that without SiO;
added. To increase the catalytic activity, the properties of SiO, such as type, shape, surface area [14]
and OH content on the surface, should be considered in order to prepare a catalyst that is completely
satisfactory for all purposes [15].

As is well known SiO; has OH groups on the surface, which are a very important poison for ZN
catalysts. Preheated SiO, with different calcination temperatures (110-820 °C) is necessary to control
the OH content on the surface of SiO,. The relationship between calcination temperature and TiCly
reaction temperature was observed by Hornytzkyj et al. [16]. It was found that the lower reaction
temperature of 175 and 125 °C led to amorphous titanium species, whereas the temperature of 350 °C
or higher resulted in amorphous and agglomerated titanium species. The amount of amorphous
titanium species present in the high temperature samples is a function of the reaction temperature of
TiCly and of the preheat temperature of the SiO, determined by etching with sulfuric acid.
Consequently, suitable calcination methods can also decrease the OH groups on the surface, but it
consumes much energy and increases the production cost, so chemical treatment is one of the
promising ways to decrease the OH groups on the surface of SiO, and it is practical.
Hexamethyldisilazane (HMDS) and other organosilicon compounds (OSC), such as butyl dimethylsilyl
(BDMS), dimethylsilicone fluid (DMSF), dimethyldichlorosilane (DMDCS), octadecyl dimethylsilyl
(ODDMS) and trimethylsilyl (TMS) are commonly employed for the treatment of SiO,. This treated
SiO, has a wide variety of applications, including as a support for ZN catalysts. Although the
properties of surface-modified solids can be predicted, observed changes often differ from expectations.
Predictions of structural changes, for instance, are almost always related to primary particles [17-19],
but structural changes of highly dispersed or porous solids are often hierarchal. In the case of fumed
oxides, structures are dictated by aggregates of primary particles and agglomeration of aggregates.
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This hierarchal structure is difficult to predict, as it is dependent upon a balance of forces, which are
altered as a result of surface modification [20,21]. This often results in unexpected changes to the
modified surface of SiO,. Hertl and Hair [22] studied the treatment of silica with HMDS and used it as
a support in ZN catalyst. They proposed that the reaction of HMDS occurs almost exclusively with
isolated OH groups, leaving the H-bonded OH groups unoccupied. This property of HMDS has been
applied successfully to study the bi-functional reactivity of TiCly toward H-bonded OH groups on
silica in both vapor phase [22] and organic solution [23]. There were no changes of HMDS coverages
on the HMDS-modified silica after the reaction with TiCly at 175 °C [24]. Instead, the number of
titanium atoms were half of that reacted without silylation, and the reaction led exclusively to doubly
bonded titanium species. Consequently, the attainable trimethylsilyl surface coverage was not only
determined by the steric hindrance, but also by the lower reactivity of HMDS toward H-bonded in OH
groups. However, from the previous research, there is still little information about the effects of SiO,
treated with different functional ethyl groups, such as dimethylsilicone fluid (DMSF),
dimethyldichlorosilane (DMDCS) and hexamethyldisilazane (HMDS) on ZN catalyst properties and
polymer properties although this information is of interest in both academia and industryl, especially in
the surface study area. The XPS, SEM and EDX techniques were used in this investigation. Four types
of CAB-O-SIL fumed silica were chosen for study based on the fact that they have well defined
surface structures. They can be prepared by reproducible procedures and they are commonly used as
catalyst supports. In this study, the influence of different silane compounds employed for the treatment
of fumed silica in MgCl,-SiO,/TiCl4/THF catalysts on ethylene polymerization was examined The
properties obtained were also determined and are discussed in detail.

2. Results and Discussion

The structures of various treated fumed silicas used as supports in ZN catalysts are shown in Figure 1.
There were four modified surface fumed silicas: (i) untreated SiO, (NTS); (i) SiO, treated with
dimethylsilicone fluid (TSDMSF); (iii) SiO; treated with dimethyldichlorosilane (TSDMDCS); and (iv)
SiO; treated with hexamethyldisilazane (TSHMDS).

Figure 1. Different organo-silicon groups on the surface of variously treated fumed silicas.

CH,

CH,

Hjc—sii—ch

Q

NTS TSDMSF TSDMDCS TSHMDS
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The SEM images of all the samples are shown in Figure 2. It can be seen that the primary particles
of fumed SiO; [Figures 2(b), (d), (f), and (h)] display no change in shape and size after treatment. A
little agglomeration of particles occurred in TSDMSF and TSHMDS. The agglomeration of TSDMSF
and TSHMDS particles results from the balance of force and type of chemical treatment. This result is
supported by other research [20,21].

Figure 2. SEM images of different treated silicas; (a) NTS; (c) TSDMSEF; (e) TSDMDCS;

(g) TSHMDS; and (b), (d), (f), and (h) represent the primary particles of corresponding
treated silicas, respectively.

P SR i

DBkm HHAE B9 58 S

SHkm BB1Z B9 58 S

After making the ZN catalysts with different treated SiO, supports, the bulk Ti content for all
catalysts (Cat-NTS, Cat- TSDMSF, Cat-TSDMDCS, and Cat-TSHMDS) was analyzed by ICP. The
results are shown in Table 1.
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Table 1. Ti content in bulk and activity of different catalysts.

Sample Treatment Ti in bulk of Activity "
catalysts (wt %) * (kg PE/ mol-Ti/ h)
Cat-NTS Untreated silica 2.27 1,570
Cat-TSDMSF Dimethylsilicone Fluid 2.32 1,370
Cat-TSDMDCS Dimethyldichlorosilane 2.34 6,370
Cat-TSHMDS Hexamethyldisilazane 2.11 5,620

“ Obtained by ICP analysis; " Ethylene polymerization at 50 psi, 80 °C, Al/Ti = 100.

It was found that the Ti contents in all catalyst samples were similar and within the 2.11-2.34 wt %
range. Then, all catalyst samples were tested for ethylene polymerization under the specified conditions.
The activity results are also shown in Table 1. It can be observed that the silica treated with silane
compounds tends to show increased catalytic activity due to the effect of the spacer groups introduced by
silane treatment [25]. It was also surprising that although all catalysts had similar amount of Ti contents
in bulk, they exhibited different catalytic activity. As seen, Cat-TSDMDCS, and Cat-TSHMDS
exhibited the remarkably high activity (about four times higher than Cat-NTS). For elucidation,
another parameter such as the Ti content at surface needed to be verified. One of the most powerful
techniques used to determine the surface properties is X-ray photoelectron spectroscopy (XPS). The
oxidation state related to the binding energy of Ti and other elements was evaluated. Ti exhibited its
binding energy at ca. 459 eV, indicating the Ti 2p state in all catalyst samples.

The surface concentrations obtained from the XPS measurements for Ti and other elements are also
shown in Table 2. It was found that the surface concentrations for Ti 2p in the Cat-TSDMDCS and
Cat-TSHMDS samples were remarkably high. On the other hand, for both samples Ti was located on
the outer surface of the catalysts. This is probably due to less steric hindrance of the Cat-TSDMDCS
and Cat-TSHMDS samples compared to the Cat-TSDMSF sample, as seen in Figure 1. The large
amounts of Ti located on the surface are the main reason for the very high activities obtained from the
Cat-TSDMDCS and Cat-TSHMDS samples as seen in Table 1. Therefore, the high activity of the ZN
catalysts can be attributed to the large amounts of Ti content on surface, not in the bulk of catalysts.

Table 2. Surface concentrations of Ti, Si and Mg in all catalysts obtained by XPS analysis.

Peak Cat-NTS  Cat-TSDMSF  Cat-TSDMDCS  Cat-TSHMDS

Ti2p 3.10 322 17.90 12.40
Si2p 64.05 88.55 37.81 56.13
Mg2s 32.85 8.23 44.30 31.47

In order to illustrate the relationship between the surface concentrations of Ti and the activities of
catalysts, Figure 3 is constructed. It can be seen that the activities of catalysts are proportional to the
surface concentrations of Ti present on the catalyst, as mentioned before.

Besides XPS measurements, the other powerful techniques used to determine the morphology and
elemental distribution are SEM and EDX, respectively.
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Figure 3. Relationship between the surface concentrations of Ti and the activities of catalysts.
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The SEM and EDX mapping for all catalyst samples are shown in Figures 4 to 7 displaying the
external surface of the catalysts and distribution of Mg, Si, and Ti on them. It should be mentioned that
EDX only measures the concentrations in a layer less than 1 micrometer from the surface [26,27]. As a
matter of fact, for whole catalyst particles, EDX measures the concentration on external surface of the
particles. Figures 4—7 were all obtained with identical magnification. Considering the Ti distribution on
the external surface of each catalyst represented by yellow patches (e), it can be clearly seen that the
intensities of yellow patches (Ti at surface) in Figures 4 (Cat-NTS) and 5 (Cat-TSMDSF) are very low
compared with those in Figures 6 (Cat-TSDMDCS) and 7 (Cat-TSDMDCS) corresponding to the XPS
measurements as mentioned before. Therefore, both XPS and EDX mapping results can be used to
confirm the rich Ti surface contents on the Cat-TSDMDCS and Cat-TSDMDCS samples leading to
high catalytic activity. It is known that generally, TiCl4 can bind to OH groups in the untreated silica.
However, after treatment, it is mostly located on the MgCl, support as seen in the EDX mapping.

Figure 4. SEM micrograph and elemental distribution on Cat-NTS; (a) SEM image;
(b) external surface; (¢) Mg distribution; (d) Si distribution and (e) Ti distribution.

(a) Cat- NTS (20kv) S (b) Cat- NTS (skv)
R
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Figure 4. Cont.

Figure 5. SEM micrograph and elemental distribution on Cat-TSDMSF; (a) SEM image;
(b) external surface; (¢) Mg distribution; (d) Si distribution and (e) Ti distribution.

(a) Cat- TSDMSFokv ; (h) Cat- TSDMSF & k)

Figure 6. SEM micrograph and elemental distribution on Cat-TSDMDCS; (a) SEM image;
(b) external surface; (¢) Mg distribution; (d) Si distribution and (e) Ti distribution

ﬁv(a) Cat- TSDMDCS (20 kv) [ (b) Cat- TSDMDCS @ kv

S-3400N 20.0kV 8.8mm x1.00k SE_ &




Molecules 2011, 16 1330

Figure 6. Cont.

(c}Mg (d) si

-

Figure 7. SEM micrograph and elemental distribution on Cat-TSHMDS; (a) SEM image;
(b) external surface; (¢) Mg distribution; (d) Si distribution and (e) Ti distribution.

(a) Cat- TSHMDS ok

The molecular weight (My,) and molecular weight distribution (MWD) of polymers obtained from
different catalysts as analyzed by GPC are listed in Table 3. It can be seen that Cat-NTS produced
polymer having the highest My, M,, and MWD compared to polymers obtained from other catalysts.
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The broad MWD for Cat-NTS can be also attributed to the high molecular weight tail (M,). It can be
observed that all treated silica for ZN catalysts apparently resulted in narrower MWD, as also reported
in our previous work [25]. It was suggested that the treatment of silica with silane can result in more

uniform active centers leading to narrower MWD.

Table 3. Molecular weights and their distribution of polymers obtained from different catalysts.

M, M, M, M, MWD
Sample (kg/mol)  (kg/mol)  (kg/mol)  (kg/mol) (M,/M,)
Cat-NTS 40 1,028 4,574 739 257
Cat-TSDMSF 23 359 4,073 339 156
Cat-TSDMDCS 55 787 3,086 505 143
Cat-TSHMDS 24 437 4,064 405 182

A typical SEM micrograph of polymer obtained from all catalysts, which was similar, is shown in
Figure 8. Hence, it indicates that the treated silica has no effect on the polymer morphologies.

Figure 7. A typical SEM micrograph of polyethylene samples of the treated silica ZN
catalyst; (a) polyethylene at x 50 magnification; (b) polyethylene at x 500 magnification;

and (b) surface of polyethylene at x 10k magnification.

53400 5.00kY 6.6mm x50 SE 01/21/2011 14:01

$3400 5.00kV 6.5mm x10.0k SE 10/07/2010 11:19
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3. Experimental
3.1. Chemicals

Polymerization grade ethylene and triethylaluminum (TEA) donated by PTT Chemical Plc., were
used without further purification. TiCly (Aldrich) and MgCl, (anhydrous) were donated by Toho
Catalyst Co., Ltd. Fumed silica [non-treated (NTS), surface area 149.35 mz/g] and silica treated with
different organic compounds [dimethylsilicone fluid (TSDMSF, surface area 121.60 m?%g), with
dimethyldichlorosilane (TSDMDCS, surface area 112.00 m?%g), and with hexamethyldisilazane
(TSHMDS, surface area 130.95 m*/g)] were supplied by Cabot Corporation and average particle size
of all silicas were 0.2-0.3 um as reported by the supplier. All types of silica were heated under vacuum
at 120 °C for 2 h. Hexane and tetrahydrofuran were dried over dehydrated CaCl, and distilled over
sodium benzophenone under an argon atmosphere prior to use. Ultra high purify (UHP) argon
(99.999%) was purchased from Thai Industrial Gas Co., Ltd. and was further purified by passing
through 3 A molecular sieves., BASF catalyst R3-11G, NaOH and phosphorus pentaoxide (P,Os) to
remove traces of oxygen and moisture. All chemicals were manipulated under an inert atmosphere
using a vacuum glove box and Schlenk techniques.

3.2. Catalyst Preparation

The catalyst was prepared in a 500 mL vessel equipped with temperature control, and a turbine
agitator. First, anhydrous tetrahydrofuran (150 mL) was added into the vessel and heated up to a 50 °C.
Then, magnesium metal (0.12 g) was added, followed by titanium tetrachloride (2 mL). The mixture
was continuously agitated and the temperature was held at about 70 °C. After that, magnesium
dichloride (4.5 g) was added, and the heating process was continued at 70 °C for another 3 h. Then
different treated silicas (NTS, TSDMSF, TSDMDCS and TSHMDS, 4.5 g) were slowly added to the
mixture, which was stirred for 1 h to thoroughly disperse the silica in the solution. The temperature of
mixture was held at 70 °C throughout this period and an argon atmosphere was maintained for all time.
This mixture was washed, and then dried under vacuum.

3.3. Polymerization Reaction

Ethylene polymerization was carried out in a 100 mL stainless steel autoclave reactor equipped with
magnetic stirrer. The prescribed amount of hexane (30 mL), TEA and the Si0,-MgCl,-supported ZN
catalysts, such as Cat-NTS, Cat-TSDMSF, Cat-TSDMDCS and Cat-HMDS (Al/Ti molar ratio = 100)
were added into the reactor. The ethylene pressure and reactor temperature were kept constant during
polymerization [pressure in reactor = 50 psi and polymerization temperature was held at 80 °C]. Due to
the fixed ethylene consumption (at 0.018 moles), the polymerization time was defined as the time that
all ethylene gas was totally consumed [the equivalent pressure drop of 42 kPa (6 psi) was observed].
The polymerization time was recorded to calculate the activity. The reaction was terminated by adding
acidic methanol and polymer was stirred for 30 min. After filtration, the polymer obtained was washed
with methanol and dried at room temperature.
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3.4. Polymer and Catalyst Characterization
3.4.1. Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM/EDX)

The morphological observations of polymers were carried out with a JEOL JSM-6400 scanning
electron microscope. Micrographs were taken at 5-kV and 20-kV acceleration voltage. Before
scanning electron microscopy (SEM) observations, the fracture surfaces of blends were coated with a
thin layer of gold to avoid electrical charging and increase contrast during observation. The EDX was
performed using Link Isis series 300 program, to determine the elemental distribution in catalysts.

3.4.2. Inductively coupled plasma (ICP)

Titanium content was measured using inductively coupled plasma atomic emission spectroscopy
equipment (ICP-OES optima 2100 DV from PerkinElmer). In order to digest the sample, the catalyst
was dissolved in hydrofluoric acid. The mixtures were stirred over a night. After the catalyst was
completely dissolved, the solution was diluted with ID water to a volume of 100 mL.

3.4.3. X-ray photoelectron spectroscopy (XPS)

The chemical states and surface concentration of the elements were measured by the XPS technique
using an Amicus photoelectron spectrometer with Mg K, X-ray source at current of 20 mA and 10 keV,
resolution of 0.1 ev/step, and pass energy of 75 eV. The binding energy was calibrated by the C 1s
peak at 285.0 eV. In this study, the sample was always treated under argon to prevent the sample from
damage by moisture and oxygen in the atmosphere.

3.4.4. Gel permeation chromatography (GPC)

A high temperature GPC (Waters 150-C) equipped with a viscometric detector, differential optical
refractometer and four Styragel HT type columns (HT3, HT4, HTS, and HT6) with 1 x 107 exclusion
limit for polystyrene was used to determine the molecular weight (Mw) and molecular weight
distributions (MWD) of the polymers produced. The analyses were performed at 140 °C using 1, 2, 4-
trichlorobenzene as the solvent. The columns were calibrated with standard narrow MWD polystyrene.

4. Conclusions

In summary, the catalytic behaviors of MgCl,-SiO,/TiCly/THF catalysts with different treated
silicas, such as Cat-NTS, Cat-TSDMSF, Cat-TSDMDCS, and Cat-TSHMDS were investigated.
Although all catalysts exhibited the similar bulk Ti content, their activities were different. Therefore,
the measurement of surface concentrations of Ti by means of XPS techniques was crucial. It was found
that Cat-TSDMDCS and Cat-TSHMDS rendered high activities due to the large amounts of Ti at the
surface of the catalyst. This could be also confirmed by the EDX mapping of Ti on the external surface.
It can be concluded that for each catalyst the increased activity is proportional to the surface
concentration of Ti. It is worth noting that the increased activity for the treated silica for Cat-
TSDMDCS and Cat-TSHMDS catalysts can be attributed to both the effects of the silane spacer group
and less steric hindrance. The treated silica in MgCl,-Si0,/TiCls/THF catalysts apparently resulted in
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narrower MWD due to the increased uniformity of the active sites. However, there was no significant
change in polymer morphology with the treated silicas as seen by SEM.
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Abstract: We describe the synthesis of [bis(N-(3-tert-butylsalicylidene)anilinato)] titanium
(V) dichloride (Ti-FI complex) and examine the effects of comonomer (feed concentration
and type) on its catalytic performance and properties of the resulting polymers. Ethylene/1-
hexene and ethylene/1-octene copolymers were prepared through copolymerization using
Ti-FI catalyst, activated by MAO cocatalyst at 323 K and 50 psi ethylene pressure at
various initial comonomer concentrations. The obtained copolymers were characterized by
DSC, GPC and C-NMR. The results indicate that Ti-FI complex performs as a high
potential catalyst, as evidenced by high activity and high molecular weight and uniform
molecular weight distribution of its products. Nevertheless, the bulky structure of FlI
catalyst seems to hinder the insertion of a-olefin comonomer, contributing to the pretty low
comonomer incorporation into the polymer chain. The catalytic activity was enhanced with
the comonomer feed concentration, but the molecular weight and melting temperature
decreased. By comparison both sets of catalytic systems, namely ethylene/1-hexene and
ethylene/1-octene copolymerization, the first one afforded better activity by reason of
easier insertion of short chain comonomer. Although 1-hexene copolymers also exhibited
higher molecular weight than 1-octene, no significant difference in both melting
temperature and crystallinity can be noticed between these comonomers.
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1. Introduction

Nowadays, polymers and plastics, especially linear low-density polyethylene (LLDPE), are playing
the important role on the material industry due to their low density, high strength and cost-
effectiveness. It is generally known that a common means of generating LLDPE is the
copolymerization of ethylene and a-olefins such as 1-butene, 1-hexene, 1-octene and 1-decene [1]. The
catalytic systems used have an effect on the structure and properties of the synthesized copolymers,
therefore, much effort has been directed towards the development of highly active olefin
polymerization catalysts. Normally, Ziegler-Natta catalysts produce copolymers with a wide molecular
weight distribution (MWD) and chemical composition distribution (CCD) as a result of their multiple
active sites [2,3]. Conversely, homogeneous metallocenes and post metallocenes are single sites,
leading to very uniform polymers with narrov MWD and CCD. Particularly, the FI complexes (Fujita
group invented catalysts) bearing phenoxyimine ligands that have been fully developed by Fujita and
coworkers may be regarded in the forefront of these developments and have gained much attention in
both academia and industry as potential olefin polymerization catalysts. This is probably because of
high activities comparable to or exceeding those of the group 4 metallocene catalysts and the uniform
properties of the polymers produced [4].

Concerning linear low-density polyethylene, it is normally accepted that comonomers (both type
and concentration) play an important role in the properties of the resulting copolymers in terms of
melting behavior, density, crystallinity and mechanical properties [5,6]. For instance, the introduction
of short-chain branching derived from the comonomer decreases the crystallinity and melting
temperature of the copolymer. In other words, the comonomer contents, which in turn are sensitive to a
large number of factors, namely the catalyst and cocatalyst structure and the initial comonomer
concentration in the polymerization system, govern the copolymer melting behavior [7]. Furthermore,
a number of recent studies have been revealed that the film performance, such as impact and tensile
strength, increases with the comonomer length [6]. The size and concentration of comonomer units
also affects the catalytic activities in homogeneous metallocene systems. Hence, in this present study,
in order to investigate the influence of the initial comonomer concentration and the type of comonomer
(1-hexene or 1-octene) on the catalytic performance of the catalyst and the copolymer properties, the
synthesis of ethylene/a-olefins with Ti-FI catalysts have been performed using ethylene/comonomer in
different proportions.

2. Results and Discussion
2.1. Synthesis and characterization of titanium complex (Ti-FI catalyst)

The synthetic route for titanium complex is depicted in Scheme 1. 3-t-Butylsalicylaldehyde reacted
with a primary amine via Schiff base condensation in ethanol to yield a N-(3-tertbutylsalycilidene)
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aniline or phenoxyimine ligand. The titanium complex was obtained as reddish brown crystals by
reaction of two equivalents of the lithium salt of the phenoxyimine ligand with TiCl,.

Scheme 1. Synthetic route to the titanium complex.

The *H-NMR spectra of the phenoxyimine chelate ligand N-(3-tertbutylsalicylidene) aniline and Ti-
FI complexes having phenoxyimine ligands are shown in Figures 1 and 2, respectively.

Figure 1. 'H-NMR of N-(3-tert-butylsalicylidene) aniline or phenoxyimine ligand.
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Figure 2. '"H-NMR of Ti-FI complexes having phenoxyimine ligands.
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In addition, using to the synthesis method mentioned, the Ti-FI ligand and complex can be
crystallized into crystals and further characterized by optical microscopy to examine their
morphologies, as shown in Figure 3. It can be seen from this figure that both of them exhibited the

needle-like crystals of yellow and reddish brown color, respectively.

Figure 3. Optical microscope photographs of (a) Ti-FI ligand (b) Ti-FI complex.

2.2. Catalytic properties of ethylene and ethylene/a-olefins copolymerization

The laboratory scale Ti-FI catalyst/MAO catalyzed ethylene/a-olefin copolymerization reaction was
carried out at 323 K with constant ethylene pressure (50 psi). After filtration and drying, polymer was
weighed and analyzed by **C-NMR, GPC and DSC. The results are summarized in Table 1.
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Table 1. Summary of ethylene/a-olefins copolymerization catalytic activities.

Entry? Ethylene® | Comonomer | Time Weight Activity®
[mol/L] [mol/L] [s] [0] [kg polymer/mol Ti-h]
E-1 0.6 0 146.4 0.2881 2833
E-2 0.6 0 133.2 0.3230 3491
H-1 0.6 0.3 91.2 0.3496 5520
H-2 0.6 0.45 91.8 0.3647 5720
H-3 0.6 0.6 83.4 0.3766 6502
H-4 0 0.6 n.a.t n.a.t n.a.t
0-1 0.6 0.3 180 0.4405 3524
0-2 0.6 0.45 135.6 0.3748 3980
0-3 0.6 0.6 142.2 0.4470 4526
0-4 0 0.6 n.a.C n.a. n.a.

%run E1 used commercial rac-Et[Ind],ZrCl, as catalyst; runs E2, H1-H4 and O1-O4 used Ti-FI as
catalyst; comonomer of runs H1-H4 is 1-hexene; comonomer of runs O1-04 is 1-octene; bEthylene
addition into the system; ©Polymerization condition: [Ti] = 2.5 pmol, MAO as cocatalyst, [Al]/[Ti]
= 250, liquid volume (toluene) = 30 mL, temperature = 323 K, ethylene pressure = 349 kPa
(50 psi); “n.a. means not applicable (no observed polymer)

Concerning Table 1, the combination of Ti-FI catalyst with MAO in toluene solvent exhibited high
activity (3,491 kg PE/mol Ti-h). To compare the catalytic activity of this catalyst with a metallocene
catalyst, the commercial rac-Et[Ind],ZrCl, catalyst was used to produce polyethylene under the same
polymerization conditions. It was found that the activity value exceeded the activity obtained with the
commercial cyclopentadienyl ligand metallocene catalyst, indicating that phenoxyimine chelate
ligands have good potential as olefin polymerization catalysts. This may be attributed to the fact that
these ligands posses moderate electron-donating properties species as well as a pair of available cis-
located sites for polymerization [2,8]. In order to obtain more detailed insights into the catalytic
activity during the polymerization, the possible active species of the titanium complex as determined
by Fujita et al. from DFT calculations and X-ray crystallographic analysis [4,8] and the ethylene
polymerization mechanism can be represented in the Figure 4. The mechanism begins with the
activation of the catalyst with an appropriate cocatalyst — MAO in this case — to form an alkyl cationic
complex, having the two available cis-located sites needed for polymerization. As a result, two
chlorine bound sites were turned into polymerization sites, in other words, a growing polymer chain
site and an ethylene coordination site, leading to the propagation of growing polymer chain.

Moreover, it can be observed from Table 1 that no polymer was obtained from the system that was
composed of only 1-hexene or 1-octene as monomer (entry H4 or O4). This result corresponded to the
finding of Chaichana et al. [5] who examined the catalytic behavior of constrained geometry catalyst
(CGC). They reported that the system presented no catalytic activity for in 1-hexene polymerization.
Conversely, entry E2, which performs the ethylene homopolymerization is capable of attaining high
polymer yields, suggesting that TiCs4H3sCI2N,O, (Ti-FI) acts as a high potential catalyst for ethylene
polymerization, despite its poor performance for 1-hexene or 1-octene homopolymerization. This may
be ascribed to the fact that ethylene is the most active monomer; thus, it can insert into the active site
and then form polymer chains by itself, whereas the other monomers, namely 1-hexene and 1-octene,
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are too large and less active; accordingly, the initiation polymerization step cannot occur because of a
lack of space for insertion of a bulkier monomer. On the other hand, when the system contains both
ethylene and a bulky comonomer like 1-hexene or 1-octene, it turns out that the initiation step can be
accomplished by the displacement of ethylene. This step provides higher space for longer 1-alkene and
after that the propagation can proceed into the growing chain of copolymer.

Figure 4. Structure and possible active species of titanium complex [8].
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The comparison of catalytic activities of two sets of catalytic system, containing using 1-hexene
(H1-H4) and 1-octene (O1-O4) as comonomers by using Ti-FI as catalyst can be obtained from Table 1.
The activities of both copolymerization systems were higher than in ethylene homopolymerization, a
feature generally known as the “comonomer effect”, which is a quite general effect of many
comonomer pairs. Moreover, the catalytic activity increases with the increase of comonomer feed
concentration. Several possible causes have been proposed to explain this behavior; however, the
simplest and most supported is the improvement of monomer diffusion to the catalyst center on
account of the crystallinity reduction in polymer structures when introducing a small amount of
comonomer [7]. Another explanation for this phenomenon is that the inserted comonomer may
resulted in the ion separation between the cationic active species and anionic cocatalyst providing
more space for polymerization, thus enhancing the activity.

With regard to Table 1, the catalytic activity shows a general trend of 1-hexene > 1-octene under
the same conditions with a fixed [ethylene]/[a-olefin] monomer feed ratio. Thereby, it is fair to say that
the bigger size of 1-octene comonomer has a negative effect on ethylene/a-olefin copolymerization,
which is probably due to more steric hindrance at the catalytic center.

2.3. Properties of polymers

The properties of the obtained homo and copolymers are gathered in Table 2. Comparing the PE
obtained with both catalysts, it can be observed that the molecular weight of the homopolymer
obtained with Ti-FI catalyst was considerably higher than that resulting from use of the metallocene
catalyst. Besides, the commercial catalyst furnished quite high polydispersity when compared with the
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corresponding value with the FI catalyst. The uniform molecular weight distribution results were also
seen in all the copolymers having 1-hexene and 1-octene units synthesized with Ti-FI catalyst,
implying the single site polymerization mechanism of this catalyst. Another interesting point dealing
with the molecular weight result is that the average molecular weight of the copolymer decreased with
the increase of comonomer feed concentration. This might suggest that 1-hexene and 1-octene
incorporation promotes chain termination reactions, consequently contributing to formation of lower
molecular weight copolymers [9]. Furthermore, it can be seen from Table 2 that the copolymers
derived from using 1-octene as comonomer had a lower molecular weight than those obtained from
1-hexene.

Regarding the thermal properties, 1-hexene and 1-octene incorporation resulted in a noticeable
reduction of the melting temperature and crystallinity of the copolymers, when compared to the
homopolymer (entry E-2), but the type of comonomer does not seem to influence both properties. This
was in accord with the Flory’s theory [1] that described the relationship between the melting behavior
and comonomer of copolymerization system. However, this decrease was less pronounced in the case
of higher comonomer feed concentration, suggesting that the bulky structure of the Ti-FI catalyst
possibly reduces and limits the accessibility of the comonomer incorporation onto the active sites,
especially for high comonomer concentrations, thus having a small effect on the properties.

Table 2. Properties of resulting polymers.

Entry? [EF](;?:_;?;;;] Melting opointC Crystalloinityd Molecular weight® PDI°
E-1 1/0 134.5 38.78 432 25
E-2 1/0 134.3 64.01 920 1.60
H-1 1/0.5 128.7 41.94 729 1.66
H-2 1/0.75 126.3 44,93 768 1.69
H-3 1/1 127.0 43.21 675 1.67
H-4 0/1 nal nal na’ nal
0-1 1/0.5 128.0 42.21 668 1.64
0-2 1/0.75 127.2 48.13 641 1.63
0-3 1/1 128.3 50.37 633 1.65
0-4 0/1 nal nal na’ nal

%run E1 used commercial rac-Et[Ind],ZrCl, as catalyst; runs E2, H1-H4 and O1-O4 used Ti-FI as
catalyst; comonomer of runs H1-H4 is 1-hexene; comonomer of runs 01-O4 is 1-octene; ° n.a.
means no observed polymer; ¢ determined by DSC; ¢ estimated by dividing the heat of fusion of
polymer (measured by DSC) by 294 J/g of the theoretical value for 100% crystalline PE
homopolymer; ¢ determined by GPC

2.4. Microstructure of the polymers

The microstructure of copolymers, including the incorporation of comonomer and the comonomer
triad distribution, can be determined from **C-NMR spectroscopy. Nonetheless, in this work there was
no peak which indicated the comonomer branch in the backbone for all copolymers, presumably due to
the presence of only a small amount of a-olefin insertion, contrary to the a-olefin incorporation ability
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of commercial rac-Et[Ind],ZrCl,. Jongsomjit et al. found that this commercial complex possessed a
high insertion ability for 1-hexene and 1-octene, at around 40 and 29%, respectively [10-14]. In
addition, this problem might occur because of the ultra high molecular weight of the resulting
copolymers and the too low sample preparation temperature. Thereby, other techniques, such as
CRYSTAF, infrared spectroscopy and pyrolysis gas chromatography mass spectrometry, should be
further applied to investigate the copolymer microstructure in this case.

2.5. Morphology of polymers

The SEM micrographs of polymers are shown in Figure 5, indicating the typical morphologies of
copolymers obtained from this catalytic system. There was no significant change in copolymer
morphologies with the different comonomer lengths and initial comonomer concentrations employed.
On the contrary, the morphology of polymers generated from Ti-FI catalyst seems to more rod-like
comparing to those obtained from metallocene catalyst, suggesting that the catalyst microstructure
might have an effect on the polymer morphology.

Figure 5. SEM photographs of polymers (a) E-1 (b) E-2 (c) H-1 (d) H-2 (e) H-3 () O-1.

3. Experimental
3.1. Materials

All operations were handled under an argon atmosphere using glove box and/or standard Schlenk
techniques. Ethylene (polymerization grade) was obtained from the National Petrochemical Co. Ltd.,
Thailand. 3-tert-Butylsalicylaldehyde, aniline and TiCl, (99+%) were purchased from Aldrich
Chemical Company, Inc., and used without further purification. Hexane, diethyl ether and
dichloromethane (anhydrous grade) were purchased from Aldrich Chemical Company.
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Methylaluminoxane, (MAO, 10% in toluene) was donated BY PTT Research and Technology Institute
(Thailand). Toluene was obtained by the Exxon Chemical, Thailand Co., Ltd. It was dried over
dehydrated CaCl; and distilled over sodium/benzophenone. Ultra-high purify (UHP) argon (99.999%)
was purchased from Thai Industrial Gas Co., Ltd.. 1-Hexene and 1-octene (>97%) was purchased from
Aldrich Chemical Company, Thailand and further purified by distilling over CaH, for 6 h. Commercial
metallocene catalyst, rac-Et[Ind],ZrCl,, was purchased from Aldrich Chemical Company (Thailand).
'H-NMR was used to investigate the structure of the ligand and catalyst complex. The spectra were
recorded at ambient probe temperature (298K) using a Bruker AVANCE Il 400 instrument operating
at 400 MHz with an acquisition time of 1.5 s and a delay time of 4 s. Ligands and titanium complex
solution were prepared using tetramethylsilane as solvent and deuterated chloroform for an internal
lock. An Olympus BX51 instrument was employed to investigate the morphology of the ligand and the
catalyst crystals by optical microscopy.

3.2. Titanium-FI complex synthesis

Bis[N-(3-tert-butylsalicylidene) anilinato]titanium (V) dichloride (Ti-FI complex) was synthesized
according to the procedure described by Saito et al. [15]. The synthesis of Ti-FI complex can be
divided into two main steps, as follows:

3.2.1. Synthesis of N-(3-tert-butylsalicylidene) aniline

Firstly, a stirred mixture of 3-tert-butylsalicylaldehyde (2.34 g, 13.4 mmol) and 3A molecular
sieves (2 g) in ethanol (20 mL), a solution of aniline (1.41 g, 15.1 mmol) in ethanol (10 mL) was added
dropwise over a 1-min period at room temperature. Then, the mixture was stirred for 16 h and filtered.
The 3A molecular sieves were washed with ethyl acetate (20 mL). The combined organic filtrates were
concentrated in vacuo to afford the crude imine compound. Finally, purification by column
chromatography on silica gel using hexane/ethyl acetate (10:1) as eluent gave N-(3-tert-
butylsalicylidene) aniline as orange crystals. *H-NMR (CDCls) & = 1.45 (s, 9H, t-Bu), 6.81-7.35 (m,
8H, aromatic-H), 8.56 (s, 1H, CH=N), 13.84 (s, 1H, OH).

3.2.2. Synthesis of Bis[N-(3-tert-butylsalicylidene)anilinato] titanium (1V) dichloride

To a stirring solution of N-(3-tert-butylsalicylidene) aniline (1.552 g, 6.13 mmol) in dried diethyl
ether (50 mL) at 195 K, a 1.61 M hexane solution of n-butyllithium (3.80 mL, 6.08 mmol) was added
dropwise over a 5-min period. The solution was allowed to warm to room temperature and stirred for 4 h.
The resulting solution was added dropwise over a 30 min period to a stirred solution of TiCl, (0.58 g,
3.06 mmol) in dried diethyl ether (90 mL) at 195 K. The mixture was allowed to warm to room
temperature and stirred over night. After removal of the solvent, the product was extracted with
CH,CI,. Filtration following removal of the volatile gave a reddish brown solid. The solid was
recrystallized from a dried dichloromethane/dried pentane (1:1) solution at room temperature to give
bis[N-(3-tert-butylsalicylidene) anilinato] titanium (V) dichloride. *H-NMR (CDCls): & = 1.26-1.66
(m, 18H, t-Bu), 6.90-7.67 (m, 16H, aromatic-H), 8.22-8.33 (m, 2H, CH=N).



Molecules 2011, 16 1664

3.3. Polymerization procedure

The ethylene/a-olefin [(1-hexene, H) and (1-octene, O)] copolymerization reactions were carried
out in a 100 mL semi-batch stainless steel autoclave reactor equipped with a magnetic stirrer. At first,
the desired amounts of MAO ([Allmao/[Ti]ca = 250) and the toluene were introduced into the reactor.
The Ti-FI complex in toluene was put into the reactor to make the amount of catalyst 2.5 pumol. After
that, the reactor was immersed in liquid nitrogen, followed by addition of the a-olefins into the frozen
reactor. The reactor was heated up to the polymerization temperature at 323 K. By feeding a fixed
amount of ethylene (0.018 mole ~ 6 psi) into the reaction mixture, the ethylene consumption can be
observed corresponding to the ethylene pressure drop. Lastly, the reaction was terminated by adding
acidic methanol. After filtration, the resulting polymers were washed with methanol and dried at room
temperature.

3.4. Characterization of polymers

Differential scanning calorimetry: DSC thermal analysis was used to examine the thermal properties
(Tm and heat of fusion) via a DSC 204 F1 Phoenix®. The DSC measurements were recorded during
the second heating/cooling cycle with the heating rate of 10 °C/min during the range of temperature
30-200 °C.

Gel Permeation Chromatography: A high temperature GPC (Waters 2200) equipped with a
viscometric detector, differential optical refractometer and four Styragel HT type columns (HT3, HT4,
HT5 and HT6) was used to determine the molecular weight (MW) and molecular weight distribution
(MWD) of polymer. The measurement was taken at 135 °C using 1,2,4-trichlorobenzene as a solvent
and a mobile phase of 1 mL/min flow rate

Scanning electron microscopy: SEM was used to determine the sample morphologies using a JEOL
mode JSM-5800LV instrument.

Nuclear magnetic resonance spectroscopy: *C-NMR spectroscopy was used to determine the o-
olefin incorporation and copolymer microstructure. Comparison of the positions of peak in the *C-
NMR spectra of polymer sample with characteristic leads to identification of the sequence of the
comonomer incorporation, referring to Randall [16]. The spectra were recorded at room temperature
using a Bruker AVANCE 11 400 instrument operating at 100 MHz with an acquisition time of 1.5 s and
a delay time of 4 s. The samples were prepared from using 1,2,4-trichlorobenzene as a solvent and
deuterated chloroform for an internal lock.

4. Conclusions

This article has reported the preparation of LLDPE copolymer from ethylene/a-olefin
copolymerization using TiCssH3sCIoN2O, (Ti-FI catalyst) by varying the initial comonomer
concentration and the comonomer type. The results reveal that all copolymers achieved very high
activity, high molecular weight and narrow molecular weight distribution; on the other hand, the
bulkiness of the catalyst structure is likely the main feature limiting the incorporation of comonomer
into the polymer backbone. The increase of initial comonomer concentration caused an increase in
catalytic activity; conversely, it led to a decrease in molecular weight and melting temperature. In
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addition, concerning the impact of the comonomer type on the catalytic behavior, 1-hexene exhibited
apparently higher activity and molecular weight with corresponding 1-octene based copolymer.
However, both melting temperature and crystallinity appeared to be independent of comonomer type.
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In this present study, the nanocrystalline ZrO, particles synthesized by the solvothermal method were
calcined in reductive (Hj), inert (N,) and oxidative (O, and air) atmospheres prior to impregnation with
tungsten (W) in order to produce the W/ZrO, (WZ) catalysts. Based on the ESR measurement, it revealed that
only the ZrO, samples calcined in H, and N, exhibited the F-center (single charged oxygen vacancy) at
g=2.003. None of Zr>* defect was detected for all calcined ZrO, samples. After impregnation with tungsten,
the WZ catalysts were also characterized. It was present as the polycrystal, which can be seen by the selected
area electron distribution (SAED). However, the presence of Zr>* defect was evident in all WZ catalysts, while
the F-center was absent. The highest Zr*>* intensity detected in the WZ catalyst using ZrO, under H,
calcination atmosphere can be attributed to the transformation of F-center to Zr>* defect. It revealed that the
WZ-H, catalyst exhibited the highest conversion under transesterification of triacetin and methanol among
other WZ catalysts. This can be attributed to the high surface acidity, which was probably induced by large

amounts of Zr>* defect.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recently, the prices of energy from natural sources, such as
petroleum gas and oil are increasing everyday because of the demand
of energy for serving industries in many countries. Biodiesel is one of
those renewable energy sources, which are attracted by many
researchers because it can be made of bioresources, such as vegetable
oils or fats from animal. Moreover, they can be readily converted to
biodiesel comparing to petroleum oil and natural gas. Biodiesel itself
will provide many advantages since it is effective fuel and it can
reduce production cost. However, these feed stocks often contain a lot
of free fatty acids (FFAs) and water, which are not suitable for
homogeneous alkaline-catalyzed process and needed to pretreatment
for disposal free fatty acids at the preliminary process of biodiesel
production. The main reactions which play important roles on
produce biodiesel are “esterification” and “transesterification”,
which require strong liquid acid catalysts such as sulfuric acid [1-6].
However, the use of strong liquid acid catalysts essentially causes side
effects, such as high corrosive, hard to separate and having expensive
cost because those catalysts are not reusable. Besides, the solid acid
catalysts can be used in biodiesel production by transesterification of
feedstock containing a high content of FFAs, such as waste cooking oils
[7]. Hence, there are new investigation for solid acid and base
catalysts, such as sulfated zirconia (SZ) and tungstated zirconia (WZ)
catalysts [8] because these catalysts provide esterification and

* Corresponding author. Tel.: +66 2 218 6869; fax: +66 2 218 6766.
E-mail address: bunjerd.j@chula.ac.th (B. Jongsomjit).

0378-3820/% - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.fuproc.2011.03.016

transesterification reaction at the same time. The strong acidity of
SZ catalyst has attracted much attention because of its ability to
catalyze a wide range of reactions, such as cracking, alkylation, and
isomerization, all needing solid acids as catalysts [9-12]. Since the SZ
catalyst promoted with noble metals are subject among others to
sulfate reduction and subsequent poisoning of the metallic function
under reductive atmospheres [13], the W-based metal oxides
originally proposed by Hino and Arata [14], seem to be good
candidates for the skeletal isomerization of alkanes higher than C4
requiring strong acid sites.

It is known that anionic dopants create additional electron-
deficient regions that increase the Bronsted acid strength of a metal
oxide surface by improving the ability of neighboring hydroxyl groups
to act as proton donors [15]. As an alternative to sulfated zirconia (SZ),
tungstated zirconia (WZ) was also reported to be active for the
isomerization of C4-Cg alkanes [14,16-19]. Although the WZ catalyst
was less active than SZ, the former shows several advantages over the
latter. For instance, the WZ catalyst is much more stable than the SZ
one at high temperatures [12] and it undergoes significantly less
deactivation during catalytic reaction [20]. Lopez et al. [8] reported
that the use of WZ catalyst has active sites equal to sulfuric acid for
catalyzing biodiesel-forming transesterification reaction. Another
advantage of WZ catalyst is that its deactivation appears to be not
rapid for transesterification reaction of triglycerides with methanol
[8,21]. Ramu et al. [22] also reported that the various W loadings on
zirconia and various calcination temperatures affected the phase
change of zirconia and consequently the catalyst activity on
esterification reaction for biodiesel production process. In addition,
some papers reveal that surface structure and phase of zirconia have
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effects on the catalyst activity as well [23-25]. Since nature of surface
and defects of zirconia can affect on its properties. Therefore, it is of
great benefits to investigate the deep impact of nature of surface and
defect of zirconia on its catalytic properties. Among studies, Lui et al.
[26] created defection on zirconia surface by calcination at different
temperatures. Another research [24] showed that the surface defect of
zirconia can be created by altering the calcination atmospheres.

In this present work, the nanocrystalline zirconia particles were
first synthesized via the solvothermal method, and then calcined
upon different atmospheres using H,, N,, O, and air. The obtained
zirconia samples as supports were further impregnated with tungsten
(VI) chloride to produce WZ catalyst and being used for transester-
ification of triacetin with methanol. In fact, the triacetin was used in
this study since it is a model compound for larger triglycerides that
has been found in many vegetable oils and fats [8]. Besides, it is also
used to minimize the side effect of FFAs from crude oil. The effects of
different calcination atmospheres of zirconia samples on the
characteristics and catalytic properties of WZ catalysts were eluci-
dated by means of various techniques, such as N, physisorption,
X-ray diffraction (XRD), transmission electron microscopy (TEM)
with the selected area electron distribution (SAED) and electron spin
resonance (ESR).

2. Experimental
2.1. Preparation of nanocrystalline ZrO,

The nanocrystalline ZrO, particles were prepared using the
solvothermal method in the same manner as that of Kongwudthiti
et al. [27]. Zirconium n-butoxide (97%, Aldrich) was used as the
starting material. Approximately, 25 g of zirconium n-butoxide was
suspended in 100 ml of 1,4-butanediol (Aldrich) in a test tube, which
was then placed in a 300 ml autoclave. The 25 ml of the same solvent
was filled in the gap between the test tube and the autoclave wall. The
autoclave was purged completely by nitrogen after that it was heated
up to the desired temperature at 300 °C with the rate of 2.5 °C min~—".
The temperature was held constant at 300 °C for 2 h, and then cooled
down to room temperature. After the autoclave was cooled to room
temperature, the resulting product was repeatedly washed with
methanol by vigorous mixing and centrifuging. In fact, methanol was
used to remove the impurity from the precursor during synthesis of
zirconia and it is easy to evaporate during the drying process. The
obtained powders were then dried in oven at 100 °C for 1 day. Finally,
the obtained sample was calcined in a tube furnace in different
atmospheres (H, N, O,, and Air, solely with the flow rate of
30 cm®min~!) by heating to 500 °C with a rate of 10 °Cmin~ "' and
holding at that temperature for 2 h.

2.2. Preparation of tungstated zirconia (WZ) catalyst

The WZ catalysts were prepared by the incipient wetness
impregnation of the calcined zirconia samples obtained from
section 2.1 with a desired amount of an aqueous solution of tungsten
(VI) chloride (99 wt.%, Aldrich) to produce the WZ catalyst having
15 wt.% of W loading. The catalysts were dried at 110 °C for 24 h and
calcined in air at 500 °C for 3 h.

2.3. Catalyst nomenclature

The following nomenclature was used for samples in this study.
The ZrO,-X sample refers to the ZrO, support calcined under X (Hp,
N, Op, and Air) atmosphere. The WZ-X sample refers to the WZ
catalyst using ZrO, support calcined under X atmosphere.

2.4. Catalyst characterization

X-ray diffraction (XRD) patterns were recorded with a Siemens
D5000 using nickel filtered CuK, radiation. The crystallite size was
determined using the Scherrer equation by using o-alumina as the
external standard. The surface area of solid was determined by
physisorption of nitrogen (N,) using Micromeritics ASAP 2020.

The amounts of acidity were measured by using the titration
technique involved an ion-exchange step [8]. First, 0.2 g of catalyst
was dissolved in 10 ml of 3.43 M NaCl solution. Stirring was taken
place for 30 h at 28 °C, which caused the interchange ion between H™
of catalyst and Na* of solution. Then, the solid phase was filtered out.
Solution was next titrated with 0.05 M of NaOH solution. The endpoint
for this titration was measured by pH meter (pH~7). The defected
surface zirconia (Zr>* and F-center) was investigated by the electron
spin resonance spectrometer (ESR). It was conducted on ESR
spectrometer of JEOL model (JES-RE2X) on ES-IPRIT program with
the X band microwave unit and frequency of 8.8-9.6 GHz. The cavity is
cylindrical and it is operating in TE ¢;; mode. Transmission electron
microscope (TEM) and selected area electron distribution (SAED)
used to characterize the morphology, crystallite size, and diffraction
patterns of the primary particles of the WZ samples 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. The
sample was dispersed in ethanol prior to measurement.

2.5. Reaction study

The liquid phase transesterification reaction was carried out on
well-mixed batch reactor. Hot plate and stirrer were used for heat
generation and mixing. First, the solution of triacetin and methanol at
molar ratio of 1:6 were mixed in the reactor [8]. The reactor was
heated to 60 °C and the solid catalyst having the amounts of 2 wt.% of
triacetin employed was added. Sample aliquot (1 ml) was withdrawn
periodically from the reactor, quenched to room temperature, and
centrifuged in order to separate out the solid catalyst and prevent
further reaction. Reaction sample concentrations were determined
using an SHIMADZU gas chromatograph GC-14B. The reaction was
continuous on going through the stable conversion (7 h).

3. Results and discussion
3.1. Characteristics of zirconia calcined under different atmospheres

In this present study, the nanocrystalline ZrO, particles were
synthesized via the solvothermal method. After drying, the samples
were calcined under reductive (H,), inert (N), and oxidative (O, and
air) atmospheres. The characteristics of samples after calcinations are
shown in Table 1. It was found that after calcination, all ZrO, samples
exhibited the lower surface area due to sintering at high temperature
(500 °C). It should be noted that the ZrO,-0, sample had the lowest
surface area (76.4 m?/g) among other samples indicating that the O,
atmosphere apparently resulted in more sintering. In order to identify
the crystallite phases of ZrO,, the XRD was performed. The XRD

Table 1
Characteristics of ZrO, calcined at different atmospheres.
Sample SA Crystal phase® Crystallite size*  ESR signal (a.u.)
5 A S et
(m/g) %t-ZrO,  %m-ZrO, (nm) F-center Zr>*
ZrO,-H, 90.5 876 12.4 3.8 22,000 -
Zr0,-N, 90.1 87.4 12.6 3.6 15,510 -
Zr0,-0, 76.4 70.6 29.4 6.9 - -
ZrO,-Air 94.9 78.8 21.2 4.1 - -
ZrOy-As-syn  120.2 90.2 9.8 3.5 - -

¢ Based on the XRD measurement.
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patterns for all calcined samples are shown in Fig. 1. Prior to
calcination, the ZrO, sample exhibited the XRD peaks at 30.2°, 35.3°
and 49.8° (strong) assigned to the tetragonal phase and at 28.2° and
33.1° (weak) assigned to the monoclinic phase. The percents of
tetragonal and monoclinic phases in ZrO, (as also shown in Tables 1
and 2) were calculated by a comparison of the area for the
characteristic peaks of the tetragonal and monoclinic phases. The
percent of each phase was determined by means of the Gaussian areas
hxw, where h and w are the height and half-height width of the
corresponding XRD characteristic peaks as follows [28]:

% tetragonal phase;

>~ (h x w)tetragonal phase
> (h x w)tetragonal phase and monoclinic phase

% monoclinic phase;

>_(h x w)monoclinic phase
> (h x w)tetragonal phase and monoclinic phase

It was found that only small fraction of monoclinic phase was
present prior to calcination. However, after calcination under different
atmospheres, all samples exhibited the higher fractions of monoclinic
phase. It revealed that calcination under oxidative atmosphere
apparently resulted in significant higher fraction of monoclinic
phase present as seen for Zr-O, and Zr-Air samples. Only small
change was found in the samples calcined under reductive (Zr-Hs)
and inert (Zr-N,) atmospheres. In our previous works [29,30], the
similar synthesized zirconia samples were calcined at only 400 °C for
2 h in the reductive and oxidative atmospheres. However, no phase
transformation from tetragonal to monoclinic was observed. Thus, in
this study, the increased calcination temperature at 500 °C was
performed to further investigate the effect of phase transformation of
zirconia along with the calcination in inert atmosphere. Upon
increased calcination temperature (500 °C), the phase transformation
from tetragonal to monoclinic was more pronounced under the
oxidative atmosphere. The crystallite size of sample was also obtained
by the XRD line broadening using Scherrer equation. As seen in
Table 1, only the ZrO,-0, samples exhibited the remarkable change
(largest) in the crystallite size corresponding to the lowest surface
area observed. Hence, the sintering effect was more pronounced
under oxidative atmosphere.

The ESR was used to identify the surface nature of ZrO, calcined
under different atmospheres. The ESR spectra for all ZrO, samples are

Fig. 1. XRD patterns of different ZrO, samples.

Table 2
Characteristics of WZ catalysts obtained from different ZrO, samples.

Sample SA Acidity®  Crystal phase” Crystallite size® ESR signal (a.u.)
2 _— -

(m*/g) - (umol/g) %t-Zr0, %m-ZrO, (nm) F-center Zr>*

WZ-H, 90.2 200 76.0 240 3.8 - 2362
WZ-N, 90.5 150 81.4 18.6 3.6 - 2105
Wz-0, 69.8 100 68.7 313 6.7 - 1260
WZ-Air 85.5 125 85.2 14.8 3.9 - 1315

2 Obtained from the ion-exchange titration.
b Obtained from the XRD measurement.

shown in Fig. 2. It revealed that no strong ESR signals can be detected
for the dried-ZrO, (As-syn), ZrO,-0,, and ZrO,-Air samples. Howev-
er, the strong ESR signals for ZrO,-H, and ZrO,-N, samples were
observed at g=2.003 assigned to F-center (single charged oxygen
vacancy) [24]. This is confirmed that the calcination of zirconia under
reductive atmosphere would lead to the formation of F-center as
following reaction;

z*" +OH + %H2—>Zr4+ +F +H,0

It is also worth noting that the intensity of F-center of ZrO,-H,
sample was higher than that of ZrO,-N, sample as also shown in
Table 1. Therefore, ZrO, was hardly reduced by H, due to strong Zr—O
bond energy. Thus, the F-center was probably produced by the
reduction of hydroxyl group on ZrO, surface [24]. It should be noted
that no Zr** (g=1.975) ESR signal as seen from ZrO, calcined at
400 °C [29,30] under oxidative atmosphere was observed. This is
probably due to the presence of monoclinic phase after calcination at
500 °C inhibits the formation of Zr>". However, the existence of F-
center was not affected by the presence of monoclinic phase under
reductive and inert atmosphere.

Fig. 2. ESR spectra of different ZrO, samples.
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3.2. Characteristics of tungstated zirconia (WZ) catalysts

Then, the different ZrO, samples were impregnated with W to
produce the WZ catalysts. The characteristics of different WZ catalysts
are shown in Table 2. The XRD patterns of WZ catalysts are shown in
Fig. 3. They are similar to the XRD patterns of the ZrO, samples as seen
in Fig. 1 indicating that tungsten is well dispersed onto the ZrO,
support and cannot be detected by XRD. Considering the character-
istics of WZ catalysts, it showed that the surface area, phase
composition, and crystallite size of samples were not affected by W
loading. The acidity of WZ catalysts was determined using chemical
titration techniques [20]. The results, as also shown in Table 2,
indicated that the acidity of WZ catalysts increased within the order of
WZ-H,>WZ-N,>WZ-Air>WZ-0,.

In order to elucidate the effect of W loading on surface nature of
Zr0,, the ESR measurement of WZ catalysts was also performed. The
ESR spectra for all WZ catalysts are shown in Fig. 4. All samples
exhibited the characteristic ESR signals for Zr’* at g=1.975 and
g=1.957 [24,26], while the ESR signals for F-center for ZrO,-H, and
Zr0,-N, samples were absent. Zhao et al. [24] reported that the Zr**
detected by ESR can be described as the oxygen coordinatively
unsaturated zirconium sites on the ZrO, surface. The intensity of Viuas
obtained from ESR signal was determined and reported in Table 2. It
increased upon the following order; WZ-H,>WZ-N,>WZ-Air>WZ-
0,, which was related to increased acidity of WZ catalysts. It is known
that the intensity of F-center signal (as seen only in ZrO,-H; and ZrO,-
N, samples) on zirconia surface is disproportional to that of Zr>*
signal. The appearance of these two signals is related in adverse effect.
It may be because the electronic density redistribution can be
relocated between Zr®>* and the closest oxygen vacancy. By calcination
in reductive and oxidative (calcination of WZ catalysts) atmospheres,
the electronic density can move to F-center and Zr**, respectively.
Hence, this reaction can be altered by calcination condition. The results
of the disappearance of the F-center (V) in oxidative atmosphere can
be drawn based on the work reported by Frolova and Ivanovskaya [31]
as follows;

2" — Vo Fzr* Vg

0z

TEM images along with SAED for all WZ catalysts are shown in
Fig. 5. They are almost similar. Primarily, the spheroid shape with

Fig. 3. XRD patterns of different WZ catalysts.

Fig. 4. ESR spectra of different WZ catalysts.

average size around 3 to 15 nm and irregular large shape overlayer are
observed. From SAED analysis, the spheroid shape particles could be
assigned to ZrO, particles and the irregular shape overlayer was
assigned to tungsten oxide. The crystallite sizes calculated by TEM
image were also in good agreement with the crystallite sizes obtained
from XRD. The WZ catalysts only consisted of irregular bulk solids
trapped inside the small crystal. From EDX analysis, all bulk solids
comprised of tungsten and zirconium atoms, where W atoms were
mixed with the Zr atoms within the crystal. This result agrees with
several works, which propose that tungsten species are entrapped
inside the ZrO, bulk forming a solid solution [22,25]. The results
suggested that there were more dispersion of WO, species on ZrO,-
H, and ZrO,-N, supports. All TEM images of WZ catalysts clearly
display crystalline ZrO, lattice fringes.

3.3. Reaction study

The liquid phase transesterification of triacetin and methanol at
60 °C was used as the model reaction for comparing the catalytic
activity of all WZ catalysts. The catalytic activities of WZ catalysts are
displayed in Fig. 6. The conversions were in the range of WZ-H,
(53%)>WZ-N, (40%)>WZ-0, (17%)~WZ-Air (16%). The results
were in good agreement with the acidity contents of catalyst, which
were related to the intensity of Zr>* in WZ catalysts after calcination.
The increased acidity for WZ catalysts can be explained by the
formation of WO3 nanoparticles, which can be observed by Raman
spectroscopy and being more acidic than the surface WOy species
[32]. In earlier works, when the impregnated tungsten contents on
Zr0O, support increased, the tungsten species were changed from
monotungstate to polytungstate surface WOy and finally to form
WOs5 nanocrystal. However, based on this work, the W loading was
fixed at 15 wt.%. Thus, the changes in the formation of WO, species
should be due to the different surface structure of ZrO, after
calcination. Based on different characteristics of ZrO,, especially for
the F-center that was only present in ZrO,-H, and ZrO,-N, supports,
it revealed that the presence of F-center in ZrO, can facilitate the
formation of Zr>*, and then more acidity tungsten species can be
formed.
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Fig. 5. TEM micrographs of (a) WZ-Air, (b) WZ-0,, (¢) WZ-N,, and (d) WZ-H,.

4. Conclusions

This present study revealed the effect of different calcination
atmospheres on the nanocrystalline ZrO, particles. It indicated that
only ZrO, calcined in H, and N, exhibited the F-center based on ESR
measurement. No Zr>™ signal based on ESR was observed for ZrO,
calcined in O, and air probably due to the presence of monoclinic
phase. The F-center present under reductive and inert atmospheres
can transform to Zr** after W loading and calcination. The large
amount of Zr>* apparently facilitates the formation of high acidic
tungsten species that can increase the catalytic activity of WZ catalyst
via transesterification.
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employed, and running time =7 h.
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Abstract Copolymerization of ethylene and 1-hexene for obtaining the linear low-
density polyethylene was conducted along with silicas as supports for [~-BuN-
SiMe,Flu]TiMe,/MMAOQ catalyst. Two silicas with different pore sizes were used
to investigate the effect of pore sizes on copolymerization. In addition, gallium was
also introduced into both silicas to improve their properties and enhance the cata-
lytic activities of the system. It was found that before modification, the larger pore
silica exhibited higher catalytic activity than the smaller one due to low internal
diffusion resistance. After modification, both silicas exhibited higher catalytic
activity comparing to their pristine condition. However, 1-hexene incorporation
in the obtained copolymers was lower. The reduced surface area of silica after
modification was the main reason for the decrease in 1-hexene incorporation. The
properties of the copolymers by means of differential scanning calorimetry, gel
permeation chromatography, and '*C NMR spectroscopy were further discussed in
more detail.

Keywords Polymer synthesis - Silica - Metallocene - LLDPE

Introduction

First commercialize in the late 1970s by Union Carbide and Dow Chemical [1],
linear low-density polyethylene (LLDPE) has continued a fast growth rate in usage
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from that time to this day. For using LLDPE in an efficient way, the specific
properties of LLDPE, such as molecular weight (M,,) distribution, stereoregularity,
and comonomer content need to be considered carefully. Metallocene is one of the
most widely used catalysts for control those properties, and thus, many studies have
been conducted with this type of catalyst [2-4]. However, the industrial application
of metallocene is usually processed in a gas or slurry phase, so the development of
supported metallocene is very important. Inorganic materials, such as SiO,, Al,O3,
and ZrO, were applied for supported metallocene. It was, nevertheless, SiO, that
has been reported as the most attractive support. Therefore, the studies of silica on
the role of support for metallocene catalyst have been conducted by many
researchers in many aspects. Silveira et al. [5] have reported that textural properties
of silica support were shown to influence several parameters and properties of
supported metallocene catalysts, for example, the particle size influencing on
catalytic activity. Besides the particle size, pore size is another factor that has been
investigated. Kumkaew et al. [6, 7] have discovered that pore sizes influence the
nature of the catalytic sites for supported metallocene catalyst, and then, also
influence the comonomer incorporation rate of copolymerization. Ko et al. [8]
reported that the certain pore size of support had different levels of impact on
different sizes of (co)monomer. The effect of pore size not only exists in a system
during copolymerization, but also does previously during preparation or modifica-
tion of support. Therefore, properties of support before and after modification need
to be considered to further clarify all phenomena occurring in the supported system.

In our previous study, the copolymerization of ethylene/l1-hexene using the
[--BuNSiMe,Flu]TiMe;/MMAO catalyst under homogeneous system was investi-
gated [9]. However, in this study, the similar copolymerization under the heteroge-
neous or supported system using silica support was further investigated. In addition,
the effects of pore size of silica were studied by using different pore size silica-
supported MMAO. Moreover, the effect of gallium (Ga) modification on silica was
also examined to give a better understanding on how the catalytic activity apparently
changes with Ga modification on different pore size silicas. In fact, the Ga
modification on silica was chosen because it can enhance activity in zirconocene/
MMAO catalytic system as reported by Wannaborworn et al. [10].

Experimental
Materials

All operations were manipulated under an argon atmosphere using glove box and/or
standard Schlenk techniques. [~-BuNSiMe,Flu]TiMe, was synthesized according to
the procedure described by Hagihara et al. [11]. Ethylene was obtained from the
National Petrochemical Co. Ltd., Thailand. 1-Hexene was purchased from Aldrich
Chemical Company. Modified methyl aluminoxane (MMAOQ) (1.86 M in toluene)
was donated by Tosoh Akzo, Japan. Toluene was donated by the Exxon Chemical,
Thailand Co. Ltd. It was dried over dehydrated CaCl, and distilled over sodium/
benzophenone. Silica gel from Fuji Silysia Chemical Ltd., Japan (Cariact Q-50 and
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P-10) was calcined at 400 °C for 6 h under vacuum. Gallium nitrate was purchased
from Aldrich Chemical Company, Inc., and use as received.

Preparation of Ga-modified silica support

The Ga modification of the silica support was prepared by the conventional incipient-
wetness impregnation method according to the procedure described previously [12].
The Ga source in this case was Ga(NO3). Ga was impregnated onto silica gel (Cariact
Q-50 and P-10) by 1.0 wt% of Ga. The support was dried in oven at 110 °C for 12 h,
and then calcined in air at 400 °C for 2 h.

Preparation of supported MMAO

The silica supports were prepared by in situ impregnation method which was
described by Wannaborworn et al. [10]. Silica (0.1 g) was allowed in contact with
4 mmol of MMAO for at least 2 h in a reactor with magnetic stirring, and then the
slurry of MMAO/support was obtained and ready to be used in polymerization. To
verify that all MMAO was immobilized onto the support, a batch test was conducted
together with the preparation method for the entire samples. For the batch test, after
stirring the mixture of support and MMAO for 2 h and leaving for precipitate for 1 h,
1 mL of clarified liquid was taken and injected into the polymerization reactor, where
a desired amount of catalyst was already present. If no formation of any amount of
polymer is observed, it will be evident that this clarified liquid does not contain the
free MMAO. Thus, all MMAO was immobilized on the supports completely.

Polymerization procedure

The prepared MMAO/support (0.1 g support and 4 mmol MMAO) and toluene were
introduced into the reactor. The titanium complex in toluene (10 pmol mL™") was
put into the reactor to make the [Allymao/[Tilcae = 400. Then, the reactor was
immersed in liquid nitrogen. 0.018 mol of 1-hexene was added into the frozen reactor
(to stop or prevent possible polymerization of 1-hexene). The reactor was heated up to
the polymerization temperature at 70 °C. The polymerization was started by feeding
ethylene into the reactor, and then stopped when ethylene consumption reached to
0.018 mol (6 psi on the pressure gauge). The reactor temperature was kept constant
during the polymerization. The reaction was terminated by adding acidic methanol
and the material was stirred for 30 min. After filtration, the copolymer obtained was
washed with methanol and dried at room temperature.

Characterization
Characterization of supports

N, physisorption: Measurement of BET surface area, average pore diameter, and
pore size distribution were determined by N, physisorption using a Micromeritics
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ASAP 2000 automated system. 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 K, (I = 1.54439 A). The spectra were scanned at a
rate of 2.4 min~" in the range of 20 = 10°-80°.

Characterization of polymers

3C NMR spectroscopy: The copolymers were characterized using 'C NMR
spectroscopy (BRUKER AVANCE II 400) to determine the 1-hexene incorporation.
Each sample solution was prepared by dissolving 50 mg of copolymer in 1,2,4-
trichlorobenzene and CDCl;. Spectra were taken at 60 °C operated at 100 MHz
with an acquisition time of 1.5 s and a delay time of 4 s.

Differential scanning calorimetry (DSC): Thermal analysis measurements were
performed using a Perkin-Elmer DSC P7 calorimeter. The DSC measurements
reported here were recorded during the second heating/cooling cycle with the rate of
20 °C/min. This procedure ensured that the previous thermal history was erased and
provided comparable conditions for all samples. Approximately, 10 mg of sample
was used for each DSC measurement.

Gel permeation chromatography (GPC): The M,, of polymer was determined
using GPC (GPC, PL-GPC-220). Samples were prepared having approximately
concentration of 1-2 mg/mL in trichlorobenzene (mobile phase) by using the sample
preparation unit (PL-SP 260) with filtration system at a temperature of 140 °C. The
dissolved and filtered samples were transferred into the GPC instrument at 140 °C.
The calibration was conducted using the universal calibration curve based on narrow
polystyrene standards.

Results and discussion
Characterization of supports

In this study, two kinds of silica with different pore diameters were used as a
supporting material for catalyst. By investigating their porous properties with N,
physisorption, they were classified according to the size of pores. Large pore (LP)
denotes the Q-50 silica having an average pore diameter of 380 A, and small pore
(SP) denotes the P-10 silica having an average pore diameter of 170 A. Besides
using both silicas in pristine condition, they were modified by gallium (SP-Ga and
LP-Ga) for improving some specific properties before use. Thus, there were four
kinds of supports used in this polymerization system. The specific properties of
them are shown in Table 1. It can be seen from this table that after modification by
Ga, both supports (SP and LP) exhibited decreased surface area and also pore
volume compared to the supports before modification (SP-Ga and LP-Ga). This was
due to the partial blockage of pore by Ga nitrate used for the modification
procedure. In addition, according to the XPS investigation on Ga-modified supports
conducted by Campos et al. [13], it was suggested that Ga modifiers were mostly
deposited at the surface of the supports, but some of them can penetrate into the
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Table 1 Specific properties of various supports obtained from N, physisorption

Supports Pore diameter (A) Pore volume (cm3/g) Surface area (mZ/g)
SP 171 6.5 216.8
LP 369 1.36 70.9
SP-Ga 190 14 169.7
LP-Ga 320 0.2 68.8

surface and being present in the bulk of the support. The average pore diameters of
the supports before and after modification slightly changed. The XRD patterns (not
shown) for all supports were similar exhibited only a board peak between 20° and
30°, as seen typically for the conventional amorphous silica. No XRD peaks of Ga
were observed after impregnation due to its highly dispersed form.

Effect of pore size of silica supports

As seen in Table 2, the LP silica exhibited higher catalytic activity than that of the
SP silica. Although most MMAO is presumed located mostly at the external surface
[10], some is located at the internal surface too. This can be observed from the effect
of pore size of the silica support which still existed in this comparison. To grasp the
effect of pore size, the internal diffusion resistance needs to be considered. In
general, the supports with SP size result in poor intra-pellet diffusion efficiency and
slow transportation of reactants and products due to strong diffusion resistance [14],
contrasting with the supports with LP size, which are able to diminish the diffusion
resistance by their large pores. Then, copolymerization conducted with LP size
support exhibited higher catalytic activity than that with SP size support. Another
parameter which provides compelling evidence is the copolymerization time of the
systems. It can be obviously seen that copolymerization time of the LP silica system
(LP and LP-Ga) was shorter than that of the SP silica system (SP and SP-Ga)
indicating that propagation rate of system with the LP silica was higher, due to
monomer and comonomer being able to reach to the catalytic active sites more
easily even located inside the pores. In addition, silica with smaller diameters could

Table 2 Catalytic activities in ethylene/1-hexene copolymerization with different supports

Supports Time®* (s) Yields (g) Catalytic activity”
(kg polymer/mol Ti h)
SP 233 0.8681 1341
LP 170 0.7941 1682
SP-Ga 186 0.9919 1920
LP-Ga 140 0.7632 1893

* Time when all ethylene (0.018 mol) was consumed

® Copolymerization condition: Ti = 10 pumol, Al/Ti = 400, temperature = 70 °C, 50 psi of ethylene
pressure was applied
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display the lower catalytic activities probably due to the higher probability of
formation for the bimolecular species as described by Silveira et al. [15].

Effect of Ga modification on silica surface

To investigate an effect of Ga as modifying agent for silica support, comparisons
were drawn between modified and unmodified supports on both types of silica. As
seen from Table 2 (SP vs. SP-Ga, LP vs. LP-Ga), Ga modification can increase
catalytic activity in both types of silica. It has been known that adding Ga into silica
surface normally increases acidic sites to the silica support [13, 16]. These sites are
required to activate metallocene catalyst to be an active species in supported system.
Many inorganic supports which possess the strong Lewis acidic property, such as
Al,O3 and MgCl, have been used as support for this purpose [17]. For silica,
directly using as a support for metallocene catalysts preparation resulted in inactive
catalysts formation [18]. However, in this method, MMAO took charge of main
activating agent as usual in metallocene catalyst system and Ga can assist in the
activation by increase Lewis acidity in support as mentioned. Furthermore, Ga can
be anchored on the surface of silica, thus lower interaction between active sites and
support. The result of higher catalytic activity by Ga modification accorded with the
finding of Campos et al. [19], which found that introducing Ga into supports can
improve the ability of the supports to immobilize metallocene, and then enhancing
the catalytic activity of the systems. Improving ability to immobilize (grafting the
substances) by Ga was also reported by Morrow and McFarlane [20]. They found
that the introduction of species such as PH; and AsHj into the silica surface was
more strongly adsorbed when silica was first reacted with the Ga.

When comparing the activities of system with Ga modification on both silica
types, it revealed that the SP silica showed slightly higher catalytic activity. This
was opposite to the result of activities before modifying the support. This is because
the SP silica has higher surface area than that of the LP silica. Then, Ga
modification, which mainly affected on the surface properties of support, can more
efficiently influence catalytic behavior in higher surface area support than the lower
surface area support. Therefore, after modification the SP silica would give the
higher activity than that of the LP silica due to higher surface area.

Characterization of copolymers

The triad distribution for all copolymers investigated by '*C NMR is also shown in
Table 3. The triad block of comonomer (HHH) was not detected for all samples.
This suggests that the good distribution of comonomer throughout the copolymer
chain existed in the systems. In addition, the products of reactivity (rgry) of some
sample (SP-Ga) also showed the characteristic of random copolymers (rgry > 1),
and the rest of them showed the typical alternating copolymer character (rgry < 1).
Both silicas provided higher Mys for the copolymers after Ga modification. This
was probably due to Ga modifier enhanced propagation rate, but reduced
termination rate (chain transfer) in polymerization. It was also observed that Ga
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had more effect on the M, of polymer obtained by the smaller pore silica than the
larger one due to higher surface area of the smaller pore silica as mentioned earlier.

Effect of pore size of silica supports

It can be observed from Table 3 that both pore size silicas produced copolymers
with nearly the same incorporations of 1-hexene (SP and LP). In general, the LP
silica should supply more comonomer for propagating the copolymer chain than the
SP silica due to lower diffusion resistance within the pores. However, another factor
which can influence on the incorporation of comonomers is the surface area of the
supports. Regarding to surface area, the support with large surface area is expected
to produce copolymers with high incorporation of comonomer as a result of more
space between active sites dispersed on its surface area compared to the support
with smaller surface area, as seen in Fig. 1. Then, the SP size silica with higher
surface area would probably result in high comonomer incorporation with this
effect. Therefore, from the result that showed a roughly equal amount of 1-hexene
comonomer incorporation for two different textures of silicas indicated that both
effects (pore size and surface area) have a profound impact at the same level upon
the incorporation of 1-hexene in the obtained copolymers.

Table 3 Properties of the obtained copolymers examined by '>*C-NMR and GPC

Supports ~ EEE EEH HEH  EHE EHH HHH ey %H M
SP 0367 0269 0041  0.156  0.166  0.000 0969 322 26
LP 0359 0272 0046  0.163 0159  0.000 0873 323 24
SP-Ga 0410 0246 0038  0.149 0157 0000 1108  30.6 37
LP-Ga 0422 0280 0039  0.159 0099 0000 0737  25.8 27

 Relative comonomer reactivities (rg for ethylene and ry for 1-hexene) calculated by rg = 2[EEJ/[EH]X,
rq = 2X[HH]J/[EH], [EE] = [EEE] + 0.5[HEE], [HH] = [HHH] + 0.5[EHH], [EH] = [HEH] +
0.5[HEE] + [EHE] + 0.5[EHH]

® 1-Hexene incorporation

¢ Molecular weight (kg/mol) obtained from GPC

Fig. 1 Comparison of active |
site dispersion on the different 1 - Ij
surface areas
1=
high surface area small surface area

[ ] active sites of metallocene
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Effect of Ga modification on silica surface

Comparing between SP and SP-Ga alongside LP and LP-Ga, we found that when
modifying surface of silica support with Ga, the 1-hexene incorporations were
decreased in both types of silica. This can be explained by the effect of surface area.
Since both silicas had lower surface area through modifying procedure by Ga as
follows; in LP 70.9 to 68.8 m*/g and in SP 216.8 to 169.7 m*/g. Although incipient-
wetness impregnation used in the modification is the easiest method of introducing a
metal precursor, it results in the precipitation of small particles of the salt onto the
support surface [21]. Therefore, the decrease in the surface area may be due to the
partial blockage of pore by excess Ga nitrate. As seen from Fig. 2, the excess
substances more seriously affect on the decrease in surface area of the SP silica than
the LP silica because the SPs can be blocked by the deposit easier compared to the
LP. Therefore, after modification with Ga, the significant decrease in surface area
occurs in the SP silica, contrasting to that with the LP silica, which has only slight
decrease. The average pore diameter shown in Table 1 also reveals that the
blockage seriously affects on the smaller pore sizes by decreasing the population of
the smaller pore sizes (the SPs become shallower until disappear), and then the
average pore sizes are shifted to higher value (from 171 to 190 A).

The decrease in 1-hexene incorporation in the copolymer obtained from both
silicas after modification by Ga was opposite to the decrease in surface area. The
significant decrease was observed for the LP silica instead. The reason for this can
be explained as seen in Fig. 2. The active sites with high enough space for high
1-hexene incorporation were indicated in the figure by an open square while a filled
square indicated the active sites with insufficient space for high 1-hexene
incorporation. It can be seen that high space sites (open square) in the LP silica

Modification

e
G

3

N\

Large pore Small pore Large pore Small pore

Immobilization
Immobilization

//é—n
//////fﬂ

ey
-
|
o«

Large pore Small pore Large pore Small pore

T : Low space active site
§: High space active site

@ : Gallium nitrate salt

Fig. 2 Conceptual model for impact of pore blockage on supports with different pore sizes
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were decreased noticeably after modification, whereas the number of the high space
sites in the SP silica remained the same. The high space sites in the SP silica are
always located outside the pores, and therefore they can not be affected by the
deposit of excess Ga inside the pores. On the other hand, in the LP silica, these sites
are sometimes located inside the pores, then the deposit on the wall of pores can
hinder them from being reached by a large size molecules, especially for 1-hexene
comonomer. Hence, the incorporation of 1-hexene in the LP silica system decreased
significantly after the support was modified by Ga.

In addition, this proposed model (Fig. 2) can explain the previous results reported
by our research group that sites with no or low 1-hexene incorporation rates
(insufficient space site, filled square) were more prevalent at short polymerization
times [7]. It can be seen from the model that the said sites usually located inside the
pore, so therefore at initial time of polymerization it still had an impact in
polymerization. After the long period of polymerization, the supports were covered
by the growing chain of polymer and then, hindered the (co)monomer to reach
inside of pores, thus decreasing the impact of the sites located inside the pores in
polymerization. So if the polymerization time was longer, it would be found the
fraction of polymer producing from sites with no or low 1-hexene incorporation
rates. However, this model should be used together with the multigrain model [22]
and the fragmentation of the particles should be neglected.

The model in Fig. 2 also indicated that different types of catalytic sites are present
in these catalysts, according to the findings of Kumkaew et al. [7] which suggested
that pore sizes can influence the type of catalytic sites present in the supports. The
various sites derived from different environments which mainly point to steric
hindrance as seen in the model. The hindrance is not just to the monomer to attack the
site, but also to MMAO in forming cocatalysts-counterion fit and salvation, which
plays a significant role in the structures and energetic of the ion pairing proposed by
Lanza et al. [23]. Therefore, the alteration of selectivity by different pore sizes may
be one of the reasons for the change in 1-hexene incorporations.

To support that the copolymers were obtained from different catalytic sites, one
simple technique that can be used for this purpose is the DSC. As known, the DSC
endotherms were influenced by many factors such as the crystallinity and M,, of
polymer, then being difficult to identify each peak occurring clearly. However, they
could brief necessary information about characteristic of catalyst as recommended
by Kumkaew et al. [7] that DSC of nascent polymer may provide information on
heterogeneity of supported polymerization catalysts.

From Fig. 3, it can be seen that the copolymers obtained from the unmodified
supports exhibited several DSC endotherm peaks, whereas the ones obtained from
the Ga-modified supports exhibited broader peaks. Nevertheless, all of them
indicate multiple types of catalytic sites. The slight difference in characteristic of
peaks between the Ga-modified support and the unmodified one may be derived
from the change in surface nature of the support after modification, particularly the
heterogeneous nature. Another parameter that provides information about hetero-
geneity of the support is the molecular weight distribution (MWD) of the obtained
polymers. The MWD as measured by GPC of the samples are; SP = 2.8, SP-Ga = 2.9,
LP = 1.8, and LP-Ga = 2.3. It can be seen that after modification both silicas
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Fig. 3 DSC endotherms of LLDPE synthesized with various SiO, supports

exhibited broader MWD values, suggesting more heterogeneous nature. This may
imply that silicas after modification by Ga have a greater degree of heterogeneity in
catalytic sites. Therefore, it can be concluded that Ga addition into silica also
changed the nature of catalyst and provide more heterogeneity in catalytic sites to
supported system.

Conclusion

The higher catalytic activity of the LP silica was observed as a result of low internal
diffusion resistance. However, after Ga modification, the SP silica exhibited higher
catalytic activity. This is because Ga modification, which mainly improves
properties of surface, more efficiently influences properties on silica with higher
surface area. Then, the SP silica with higher surface can receive more improvement
from Ga and raising more catalytic activities than the LP silica with lower surface
area. Moreover, effect of surface area also caused change in 1-hexene incorporation,
where a decrease in 1-hexene incorporation was evident with decreased surface
area. In addition, different types of catalytic sites were observed, and then used to
construct a model which helped explain the results.
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Abstract: In the present study, copolymerization of ethylene and 1-hexene was
conducted with a series of ansa-fluorenylamidodimethyltitanium complexes, including
[t-BuNSiMesFlu]TiMe, (complex 1), [cyclododecyINSiMe;Flu]TiMe, (complex 2) and
[t-BUNSiMe,(2,7-t-Bu,Flu)]TiMe, (complex 3), activated by MMAO. The effect of these
catalysts on catalytic behavior, namely activity, molecular weight and monomer reactivity
ratios, has been investigated. The results showed that all of them acted by a single site
polymerization mechanism and the molecular weight distribution is independent of catalyst
structure. Based on the study, it revealed that the introduction of a t-butyl at the 2,7
position on the fluorenyl ligand is able to enhance both catalytic activity and copolymer
molecular weight more than introducing a cyclododecyl on the amine, which is probably
associated with the electronic effect exerted by the t-butyl substituent. The comonomer
incorporation content was controllable over a wide range by adjusting the comonomer feed
ratio. Moreover, referring to monomer reactivity ratio exploration, it seems that the
substitution on the ansa-fluorenylamidodimethyltitanium complex tends to hinder the
insertion of 1-hexene into the polymer chain, leading to the highest 1-hexene content for
traditional complex 1.
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1. Introduction

At present, linear low density polyethylene (LLDPE) is regarded as an important type of
polyethylene and is also well recognized as economically attractive, accounting for more than half of
the annual worldwide polymer production due to its distinctive processing and mechanical properties
[1]. Copolymerization of ethylene and a-olefins, such as 1-butene, 1-hexene and 1-octene, is a general
way to generate LLDPE with short chain branching. This copolymerization usually involves a
constrained geometry catalyst (CGC) which has opened active sites for easy insertion of high a-olefins
[2-5]. Superior to conventional Zeigler-Natta and metallocene catalysts, CGCs are capable of
improving products in terms of much higher comonomer incorporation, narrower comonomer and
molecular weight distribution which leads to better mechanical and physical properties. However, the
incorporation of a-olefins that would result in the polymer properties depends on the structure of
catalyst employed during copolymerization [1,6,7]. In fact, small variations of the ligand structure or
ligand substituents may cause profound changes in the catalytic activity, copolymerization behavior
and properties of the resulting polymer [3-5,8]. Therefore, by knowing the nature of catalysts,
properties can be controlled and altered in order to achieve the desired LLDPE.

In this research, complexes 1, 2 and 3 (Scheme 1) were synthesized and further used as the catalysts
for ethylene/1-hexene copolymerization to investigate the effect of the CGC-titanium complex on the
copolymerization behavior.

Scheme 1. Ethylene/1-hexene copolymerization system.
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2. Results and Discussion

The ethylene/1-hexene copolymerization with catalyst complexes 1, 2 and 3 was carried out at 273
and 298 K under atmospheric pressure whereas the polymerization time of each batch was adjusted so
as to keep the comonomer conversion relatively constant for the purpose of acceptable reactivity ratio
evaluation. The catalytic results are tabulated in Table 1.

Table 1. Summary of ethylene/1-hexene copolymerization catalytic activities and
properties of copolymers.

Entry @ h%ﬁ%ﬁ o Time Yigld kgﬁrc]:(t)il\filt%/_ ;’;_1 S)O(;: k'g\(lr\évo(:)_l MWD ©
T 0.75 60 0.6832 2050 - - -
1-1 0.075 210  0.0265 23 37.2 27 1.44
1-2 0.15 240  0.0835 63 37.8 25 1.53
1-3 0.45 360  0.2477 122 62.1 44 1.73
1-4 0.75 200  0.3688 221 74.3 49 1.53
1-5 15 180  0.3691 369 72.1 60 151
2-1 0.075 180  0.0813 81 30.1 26 1.61
2-2 0.15 120  0.1514 227 40.7 35 1.47
2-3 0.45 120  0.2250 338 57.9 36 1.54
2-4 0.75 150  0.3399 408 66.9 38 1.58
2-5 1.5 180  0.6160 616 78.0 71 1.48
3-1 0.075 45 0.0856 342 33.8 37 1.7
3-2 0.15 45 0.1167 467 47.2 64 1.48
3-3 0.45 40 0.2089 940 64.1 166 1.83
3-4 0.75 35 0.5272 2711 63.0 329 1.70
3-5 1.5 30 0.6006 3604 68.3 415 1.50

Y Entry T, 1-1, 1-2, 1-3, 1-4 and 1-5 used complex 1 as catalyst; Entry 2-1, 2-2, 2-3, 2-4 and 2-5
used complex 2 as catalyst; Entry 3-1, 3-2, 3-3, 3-4 and 3-5 used complex 3 as catalyst;
®) polymerization condition: [Ti] = 20 umol, MMAO as cocatalyst, [Al]/[Ti] = 400, liquid volume
(toluene) = 30 mL, ethylene pressure = 1 atm, temperature = 273 K (except Entry T (293 K));
9 1-hexene content in copolymer determined by *C NMR; “molecular weight determined by GPC
using PS standard; ®molecular weight distribution (Mw/Mn) determined by GPC using PS standard.
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Regarding the result of Entry T in Table 1, it can be seen that the activity of the complex 1 when the
reaction was performed at 293 K was very high (2,050 kgmol* Tih™), leading to difficulty in
controlling the comonomer conversion. As a consequence, the other polymerization temperature
conditions were reduced to 273 K. For comparison of the three sets of catalytic systems, including
using catalyst complexes 1, 2 and 3, the activity towards ethylene/1-hexene was in the order complex
3 > complex 2 > complex 1. In detail, the attachment of t-butyl groups at the 2,7 positions of the
fluorenyl ring significantly impacted the catalytic behavior of the CGC complex, causing about 7-10
times higher activity than that obtained from the original nonsubstituted complex 1. This was in good
agreement with the previous research on propylene polymerization under the specified polymerization
conditions [9]. It also showed that this increased catalytic activity is presumably due to an
enhancement of the propagation rate by the electronic effect of the alkyl groups. The introduction of
cyclododecyl on the amine group also resulted in an increase of activity, but less pronounced.

Likewise, a similar trend in copolymerization activity for these complexes can be observed. As the
1-hexene feed concentration rose, the catalytic activity increased. Relating to Table 1, it is fair to say
that the activity displayed by complex 3 was more sensitive to the comonomer concentration. This
phenomenon has been generally known as “comonomer effect” and has been described in a large
number of reports [2,10]. The rate-time profiles of copolymerization demonstrated that all profiles
were similar, starting with the minimum initial value and then gradually increasing with time,
proposing that no deactivation of catalyst occurred during the copolymerization.

The relevant GPC results of obtained copolymers are collected in Table 1. All of resultant polymers
possessed middle to high molecular weight and unimodal molecular weight distribution (Mw/Mn < 2),
conforming the single site polymerization behavior of the three complexes. Nevertheless, it is
noticeable that the molecular weight of copolymer obtained with complex 3 was 3-5 times higher than
that of the corresponding copolymers obtained with the remaining complexes. Therefore, we may
concluded that the 2,7 t-butyl substituent has a profound effect on a molecular weight increase. This is
probably ascribable to the fact that the electronic effect exerted by the substituent reduces the rate of
chain termination. Considering the relationship between the molecular weight and comonomer feed
concentration, the molecular weight of all copolymers produced by the three titanium complexes
increased with the rise of concentration, contrary to the literature [2]. This trend was rather unexpected
since comonomer incorporation usually favors chain termination on account of terminal double bonds
formed by hydride B-elimination which are mainly between comonomer units, consequently causing
lower molecular weight copolymers.

A quantitative analysis of triad distribution was carrried out using B3C-NMR spectra assignment [11]
of ethylene/1-hexene copolymer and is shown in Table 2. As expected, for each catalyst complex
employed, the incorporation of comonomer increased with an increase in 1-hexene concentration in the
reaction medium. Even though the content was slightly dependent on the complex used, all CGC
complexes yielded the copolymers with high 1-hexene content (>30% mol).

The best way to investigate a copolymerization is to measure the reactivity ratios of the ethylene
monomer (rg) and 1-hexene comonomer (ry) which are defined as the ratio of homopropagation to the
crosspropagation rate constants. Thus, in this work, the reactivity ratios were calculated from the
Fineman-Ross method and also from the Kelen-TUdOs method [12,13].
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Table 2. Triad distributions of obtained copolymers determined by **C NMR.
1-hexene [HHH] [EHH] [EHE] [EEE] [HEH] [HEE] [H]

Entry

molL™ % % % % % % %
1-1 0.075 0.0 238 134 15.8 105 365 37.2
1-2 0.15 0.0 219 159 19.4 108 320 37.8
1-3 0.45 199 325 9.7 47 188 144 62.1
1-4 0.75 368 333 4.2 0.0 159 98 74.3
1-5 1.5 287 374 35 0.0 140 164 72.1
2-1 0.075 0.0 117 184 28.4 70 345 30.1
2-2 0.15 7.8 148 181 21.8 135 240 40.7
2-3 0.45 165 284 130 6.3 186  17.2 57.9
2-4 0.75 483 116 7.0 13.4 19.7 00 66.9
2-5 1.5 438 341 0.0 0.0 121 9.9 78.0
3-1 0.075 46 104 188 28.2 100 279 33.8
3-2 0.15 8.8 206 178 11.7 151  26.0 47.2
3-3 0.45 298 245 9.8 5.6 13.7 167 64.1
3-4 0.75 271 258 100 6.6 154  15.0 63.0
3-5 1.5 314 323 4.6 2.1 118 178 68.3

For the calculations, all copolymerizations of each series were used, except the one with the lowest
concentration due to the fact it was the most affected by the experimental error. Figures 1 and 2 show
the Fineman-Ross and the Kelen-TUdOs plots for the complexes 1, 2 and 3, respectively, and the least
squares best fit line. In general, a good fit of the experimental results in the straight line was observed
in most cases. Table 3 gathers the reactivity ratios that were calculated from the mentioned methods.
As seen on the Fineman-Ross and Kelen-TUdOs plots in Figures 1 and 2, the values of re and ry
determined by the former fitted the experimental data obtained. Thus, a straighter line can be observed.
In other words, the Fineman-Ross model was likely to give a better fit to the real data than the Kelen-
TUdOs model. In fact, the 1-hexene reactivity ratio (ry) is able to describe the preference of 1-hexene
incorporation into a polymer chain compared with the ethylene in the same chain end. Hence, with
regard to Table 3, it can be observed that, all employed titanium complexes resulted in a tendency of
ethylene incorporation into the polymer chain in comparison with 1-hexene. Furthermore, the
difference in ry owing to the structure of the CGC catalyst was found. The increasing ratio of 1-hexene
reactivity (ry) along with the enhancing capability of catalyst complexes to provide higher 1-hexene
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content in copolymer can be concluded as follows: complex 1 > complex 2 > complex 3. According to
this result, it can be proposed that the attachment of each substituent group on ansa-fluorenyl
amidodimethyltitanium complex seems to be an obstacle for higher a-olefin insertion. Overall, the
values of rery of the polymers obtained from all titanium complexes suggested a tendency of the
formation of alternating copolymer structure (rery < 1).

Figure 1. Fineman-Ross plots for the copolymers obtained with a) complex1 b) complex2
and c) complex3 where F = the mole ratio of ethylene and 1-hexene in the feed and f = the
mole ratio of ethylene and 1-hexene in the copolymer.
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Figure 2. Kelen-TUdOs method plots for the copolymers obtained with a) complex 1 b)
complex 2 and c) complex 3 where 1 = G/(a+F’), & = F’/(o+F’), G = (f-1)F/f, F* = F%/f,
o = (F"maxF min)>°, F = the mole ratio of ethylene and 1-hexene in the feed and f = the mole
ratio of ethylene and 1-hexene in the copolymer.

a) 0 by 06
a4 * 04
o [ . y=12195%- 14325
o y=1 x- 1. . /
02 o M “;// o8 ! 02 0.2 04 o /0{ 08 !
= 04 -
a6 et od pd -
nag -0.6
i o | /
- 12




Molecules 2011, 16 4128

Figure 2. Cont.

&2

0 01 &
a v=08018x-0.4795
o1 0.2 04 04 02 1
b2
= 33 //
04
nc /
0.8 |

2
-

Table 3. Reactivity ratios for each copolymerization system.

Complex re? ry re 9 ry®
1 0.97 0.44 0.76 0.30
2 0.69 0.30 0.79 0.33
3 0.26 0.24 0.32 0.10

? Ethylene reactivity ratio calculated by Fineman-Ross method; ® 1-hexene reactivity ratio
calculated by Fineman-Ross method; © Ethylene reactivity ratio calculated by Kelen-TUdOs
method; @ 1-hexene reactivity ratio calculated by Kelen-TUd®s method.

3. Experimental
3.1. Materials

All operations were performed under nitrogen gas using Schlenk techniques and all solvents were
dried by usual procedures and freshly distilled before use. MMAQO was donated by Tosoh-Finechem
Co. Ltd. Research grade ethylene (Takachiho Chemicals Co.) was purified by passing it through
columns of NaOH, P,0s, and 3A molecular sieves, followed by bubbling through a
NaAlH,Et,/1,2,3,4,-tetrahydronaphthalene solution. CGC complexes were synthesized according to
procedures reported previously [14,15].

3.2. Polymerization Procedure

Ethylene/1-hexene copolymerization was performed in a 100 mL glass reactor equipped with a
magnetic stirrer. After a desired amount of 1-hexene was dissolved in a toluene solution of MMAO,
copolymerization was started by adding 1 mL solution of catalyst (20 umol). The polymerization was
conducted for a certain time, and then was terminated by adding HCl/methanol solution. The obtained
polymers were dried under vacuum at 333 K for 6 h.
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3.3. Analytical Procedure

The molecular weight and molecular weight distribution were determined by GPC Waters 150 CV
at 408 K using o-dichlorobenzene as a solvent and calibrated with polystyrene standards.The **C-NMR
spectra of copolymers were recorded at 403 K on a JEOL GX 500 spectrometer operated at
125.65 MHz in the pulse Fourier-transform mode. The samples were prepared from using 1,1,2,2-
tetrachloroethane-d, and the central peak of the solvent (74.47 ppm) was used as an internal reference.

4, Conclusions

Three CGC complexs, comprising complex 1 (unsubstituted complex), complex 2 (cyclododecyl
substituent on the amine group) and complex 3 (2,7 t-butyl substituents on the fluorene ring), activated
by MMAO were employed for ethylene/1-hexene copolymerization at 273 K to produce LLDPE. The
introduction of both substituents is able to improve the activity and copolymer molecular weight.
Nonetheless, it can be noticed that the 2,7 t-butyl group considerably impacted those features,
achieving the highest activity of 3604 kg-mol™ Ti-h™ and the highest molecular weight of
415 kg'mol *. The polydispersity values of all obtained copolymers are less than 2, suggesting the
single site behavior of all three titanium catalyst complexes. Moreover, the 1-hexene content of
copolymers can be controlled by changing the comonomer feed concentration and is dependent on the
catalyst structure as well. The comonomer reactivity ratio (ry) result revealed that nonsubstituted
titanium CGC complex yielded the highest tendency to incorporate 1-hexene into the copolymer chain.
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Abstract In this study, the influences of the Ti oxidation state on the catalytic
properties of MgCl,-supported Ziegler—Natta catalysts in ethylene homo- and
co-polymerization with 1-hexene were investigated. Three catalysts having different
Ti oxidation states were synthesized by milling TiCly, TiCls, or TiCl, together with
MgCl,. With these catalysts having different Ti oxidation states, the polymerization
conditions such as the Al concentration, temperature, and 1-hexene concentration
were varied to figure out their catalytic abilities in ethylene homo- and co-poly-
merization. The Ti oxidation state affected the catalyst activity largely, having
unique dependences on the polymerization conditions. A higher oxidation state led
to a higher activity, slightly larger comonomer incorporation, and lower molecular
weight as well as its narrower distribution. However, rough characteristics of
copolymers were similar among the different Ti oxidation states.

Keywords Ziegler—Natta catalyst - Titanium oxidation state - Polyethylene -
Ethylene/1-hexene copolymerization - Ethylene polymerization

Introduction

Current industrial production of polyethylene and polypropylene still largely
depends on MgCl,-supported heterogeneous Ziegler—Natta (ZN) catalysts [1-3].
The mechanical and rheological properties of polyethylene and polypropylene are
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strongly affected by molecular weight (MW) and molecular weight distributions
(MWD) [4-6, 8, 9] as well as by chemical composition distribution (CCD) in the
case of copolymer. Therefore, it is industrially crucial to control these parameters by
catalyst and polymerization technologies.

Homogeneous catalysts represented by metallocene catalysts are generally
single-site catalysts so as to give monodisperse MW and chemical composition, and
are advantageous in the incorporation of bulky or polar co-monomers. On the other
hand, ZN catalysts are multi-sites catalysts and generally lead to broad MWD and
CCD, which have been regarded to be advantageous for some polymer properties.

To control the MWD and CCD of polymers with Ziegler—Natta catalysts, the
nature of active sites is critically important in a sense that different active sites
produce polymers with different MWs and CCs. Several factors are responsible for
the nature of active sites such as Ti nucreality [4, 7], dispersion [10], oxidation state
[11, 13-19], interaction with MgCl, support [7, 12], and so on. The oxidation state
of Ti species has been regarded as one of the key factors to cause CCD and MWD;
Ti species undergo stepwise reduction during polymerization and as a result the Ti
oxidation state becomes a mixture of tetravalent (Ti4+), trivalent (Ti3+), and
divalent (Ti*") states [17]. Many researchers have investigated the relationship
between Ti oxidation state and polymerization performance. Baulin et al. [13]
studied the effects of the Ti oxidation state on the activity of a TiCl,/MgO catalyst
by increasing alkylaluminum concentration. A contact of a TiCl,/MgO catalyst with
A1Et; under conditions similar to those of polymerization (A1/Ti of 150-200 for 1 h
at 70 °C), more than 90% of Ti*" was reduced (96% to Ti*>" and 4% to Ti*"). They
were not able to find any quantitative correlation between the degree of Ti reduction
and catalytic activity. It was found later that the catalytic activity decreased by
precontact between catalyst and alkylaluminum [14, 17]. An even stronger
reduction (80% Ti*" and 20% Ti’") has been reported by Kashiwa et al. [17] for
a TiC14/EB/MgC1, catalyst after a 2-h reaction with A1Et; (A1/Ti = 50) at 60 °C.
They also observed that the catalyst thus obtained was only slightly active for the
polymerization of ethylene and completely inactive for propylene polymerization;
however, the activity was recovered by re-oxidizing Ti with a chlorinating agent
such as #-BuCl. It was concluded that a direct relationship exists between the
activity and Ti oxidation state. Kissin et al. [20] studied a relationship of the
molecular weight and chemical composition with the Ti oxidation state by varying
the polymerization time from 5 to 40 min. Based on deconvolution of molecular
weight and crystallinity distributions in gel permeation chromatography (GPC) and
temperature rising elution fractionation (TREF), they obtained the following
conclusions: (i) Ti*" is active for ethylene and propylene homopolymerization and
for ethylene/a-olefin copolymerization, and produces polymers with low molecular
weights and high comonomer contents (ii) Ti’" is also active for the above
mentioned polymerization, producing polymers with moderately high molecular
weight (iii) Ti*" is active only for ethylene homopolymerization, giving very high
molecular weight polymers. Zakharov et al. [6] have prepared Ti*™ (°-benzene-
Ti,ALClg), Ti* " (TiCl5-n-dibutylether), and Ti*" (TiCly) supported on MgCl,, and
investigated behaviors of different Ti oxidation states in ethylene polymerization
and ethylene/l1-hexene copolymerization. Their results demonstrated that Ti*™",
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Ti**, and Ti*" were highly active in both of ethylene polymerization and ethylene/
1-hexene copolymerization, on the contrary to the results obtained by Kissin et al.
[20]. The advantage of their work for the effects of the Ti oxidation state is to have
prepared the catalysts from precursors with the corresponding oxidation states.
However, not only the oxidation state but also the presence of the extra ligands such
as n-dibutylether, and #°-benzene and Al,Clg might affect the catalytic behavior and
polymer properties. In other words, it is not sure if the nature of ;°-benzene-
Ti,Al,Clg is similar to that of TiCl, formed by reaction of TiCl, with
alkylaluminum. Another research [21] showed that a higher temperature or a larger
alkylaluminum/TiCly ratio increases the activity until some optimum value for the
average oxidation state is achieved, while the activity starts to drop beyond the
optimum value. The optimum average oxidation state was Ti**" for ethylene
polymerization. A similar relation between the catalytic activity and optimum
oxidation state was also found for different types of ZN catalysts such as TiCl,,
Si0,/MgCl,/THF/TiCly, and AICI3/TiCly [22-24]. In finding a relationship of the
oxidation state with MW and MWD of polyethylene, Zakharov et al. [5] conducted
a comprehensive study with systematically varying the Ti oxidation and dispersion
states using the above-mentioned three precursors [5, 6]. They found that isolated
Ti** and Ti*" ions supported on MgCl, were more active than a supported TiCly
catalyst, which turned into a mixture of isolated and clustered Ti*" after the
interaction with alkylaluminum. Moreover, it was shown that produced polyeth-
ylene had similar MW and MWD in spite of the sharp distinctions in the Ti
oxidation and dispersion states for their catalysts. Thus, the source of MWD was not
straightforwardly understood.

From the previous reports mentioned above, the effects of the Ti oxidation state
are still controversy on the catalytic activity, polymer molecular weight, and
comonomer response in olefin polymerization using Ziegler—Natta catalysts. The
co-presence of different Ti oxidation states during polymerization is still an
importance problem. In this study, TiCl,, TiCl;, and TiCl, were directly supported
on MgCl, to get better understanding on the role of the Ti oxidation state in ethylene
homopolymerization and ethylene/1-hexene copolymerization. The activity behav-
ior was found to be sensitive to the oxidation state of the TiCl, precursors, while
polymer structures such as MW and CC were basically insensitive, supporting the
previously obtained results [5, 6].

Experimental
Materials

Anhydrous MgCl, and «-TiCl; (donated by Toho Titanium Co., Ltd.), TiCl, (Wako
Pure Chemical Industries, Ltd.), anhydrous TiCl, (Aldrich) and AlEt; (donated by
Tosoh Finechem Co.) were used without further purification. Heptane (Wako Pure
Chemical Industries, Ltd.) was used after dehydration by passing through a column
with molecular sieve 13X, and 1-hexene (Wako Pure Chemical Industries, Ltd.) was
distilled with sodium/benzophenone.
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Catalyst preparation

Three kinds of MgCl,-supported catalysts with different Ti oxidation states were
prepared as follows [10].

(1) TiCly/MgCl,: 36 g of MgCl, and 2.34 g of TiCl, were put into a 1 L stainless
steel pot containing 55 stainless steel balls (25 mm diameter) and then
vibration ball-milled under nitrogen for 30 h at RT.

(i) TiCl3/MgCl,: 36 g of MgCl, and 3.1 g of TiCl, were similarly milled for 30 h
at RT.

(iii) TiCly/MgCl,: 108 mL of TiCly, 108 mL of heptane and 36 g of MgCl, were
similarly milled for 30 h at RT, and then the ground product was treated with
TiCl, (200 mL) at 90 °C for 2 h with stirring under nitrogen, followed by
washing with heptane repeatedly.

These catalysts, TiCl,/MgCl,, TiCl3/MgCl,, and TiCl,/MgCl,, are designated as
Ti2M, Ti3M, and Ti4M. Their titanium contents were 2.36, 2.31, and 1.38 wt%,
respectively.

Polymerization

Slurry polymerization in n-heptane was performed under constant ethylene pressure
of 0.5 MPa at the polymerization temperature from 50 to 70 °C for 1 h.
Triethylaluminum (TEA) was used as cocatalyst, whose concentration was
2.0-30.0 mmol/L. The polymerization was initiated by the injection of the catalyst
slurry. The catalyst concentration in the polymerization slurry was fixed at 3.5 mg/L.
Ethylene/1-hexene copolymerization was carried out under the same polymerization
condition and procedure. The 1-hexene concentration was 2.5-10 vol%.

Polymer characterization

3C NMR spectra of copolymers were recorded on a Varian Gemini-300
spectrometer at 120 °C using 1,2,4-trichlorobenzene as a diluent and 1,1,2,2-
tetrachloroethane-d2 as a solvent. MW and MWD of polymers were determined by
gel permeation chromatography (GPC, Alliance GPC 2000, Waters), using 1,2,4
trichlorobenzene as a mobile phase.

Results and discussion

Influence of Al concentration

The alkylaluminum concentration largely affects on the polymerization kinetics
through activation and deactivation of Ti species. The deactivation rate was known
to be correlated with the rate of reduction of Ti species [17]. Figure 1 shows the

effect of the Al concentration on the Ti2M, Ti3M, and Ti4M catalytic activities in
ethylene polymerization. The ethylene polymerizations rates for the three catalysts

@ Springer



Polym. Bull. (2011) 67:1979-1989 1983

showed different trends with increasing the Al concentration. In the case of Ti2M, it
was rather constant, consistent with the previously reported results [23, 25]. This
could be explained by the fact that Ti species can not be reduced over Ti*" by
alkylaluminum, and the formed active sites are regarded as quite stable with
negligible deactivation with alkylaluminum. This conclusion was supported by
previous experimental reports [5, 12, 26]. On the other hand, the ethylene
polymerization rates for Ti3M and Ti4M increased, and then became nearly
constant up to 10 mmol/L of the Al concentration. This trend appeared to be in
agreement with the results obtained by Bresadola et al. [25]. They found that the
catalytic activity for ethylene polymerization was nearly constant in the range of
50-200 AlTi. They observed a slow decrease of Ti*" and Ti’" amount
accompanied with a small increase of Ti**. The total amount of the Ti>" and
Ti** species, both of which are active for ethylene polymerization, was reported to
be substantially constant, giving a constant activity. The catalytic activity for Ti4M
once reached the maximum, and then gradually dropped over 2.0 mmol/L of the Al
concentration, which differed from the constant trends for Ti2M and Ti3M. This
could be explained by the fact that TiCl, easily migrates on MgCl, in the presence
of alkylaluminum to aggregate with each other in the curse of the reduction, leading
to the gradual decrease of the active site concentration [10]. TiCl, and TiCls, that
are originally solids, are bound much more tightly than TiCl, on MgCl,, to depress
the aggregation-induced deactivation. Figure 2 shows the ethylene/1-hexene
copolymerization activities with varying the alkylaluminum concentration. The
activity of Ti2M was enhanced with the addition of a small amount of 1-hexene,
although the activities were the lowest among the three catalysts. Interestingly,
copolymers produced with Ti2M had similar composition and sequence distribution
to those produced with the other two catalysts, even though the 1-hexene
incorporation became lower for higher Al concentrations. These results are in
disagreement with the previous explanation [20] that Ti*" is comonomer insensitive
and produces homopolyethylene only. In the case of Ti3M and Ti4M, the
polymerization rates were drastically increased with the addition of 1-hexene, while
the activity variation in terms of the Al concentration obeyed a similar trend for the
homopolymerization in Fig. 1. The observed rate enhancement by the addition of
1-hexene is known as a rate enhancement effect by comonomer [27-29]. In the case
of ethylene copolymerization with o-olefin, physical explanations seem more
plausible, such as the acceleration of monomer diffusion through less crystallizable
copolymers [30], and the acceleration of the catalyst fragmentation in copolymer-
ization [29]. The difference in the observed rate enhancements by 1-hexene for the
three catalysts might arise from the difference of their incorporation efficiency of
1-hexene.

Table 1 shows sequence distribution of ethylene/l1-hexene (E/H) copolymers
obtained at different Al concentrations. The copolymers contained 0.37-0.61 mol%
of 1-hexene, in which butyl branches existed in an isolated manner without any
HHH, HEH, and EHH triad sequences. All of Ti2M, Ti3M, and Ti4M show a
similar trend, even though a higher oxidation state tends to lead to larger
incorporation: the 1-hexene incorporation is the highest at the lowest Al
concentration, and then drops for higher concentrations.
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Fig. 1 Influence of the Al concentration on the ethylene homopolymerization activities. The
homopolymerization was conducted at 60 °C for 1 h under 0.5 MPa of ethylene. TEA was used as
cocatalyst (filled diamond Ti4M, filled circle Ti3M, and filled square Ti2M)
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Fig. 2 Influence of the Al concentration on the ethylene copolymerization activities. The
copolymerization was conducted at 60 °C for 1 h under 0.5 MPa of ethylene. 10 vol% of 1-hexene
was added as the comonomer (open diamond Tid4M, open circle Ti3M, and open square Ti2M)

Influence of the polymerization temperature

The influence of the polymerization temperature on the activities of homo- and
co-polymerization is shown in Fig. 3. The temperature was varied in the range of
50-70 °C. Higher catalyst activities for the ethylene homopolymerization were
obtained by increasing the polymerization temperature. Although Ti4M was the
most sensitive to the temperature change, the behavior was similar among the
different Ti oxidation states. In comparison, the copolymerization activities
increased more sharply than the homo-polymerization at 60 °C, but rather dropped
at 70 °C, probably because the 1-hexene solubility was decreased upon increasing
the reactor temperature.
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Table 1 Sequence distribution of ethylene/1-hexene copolymers synthesized using TiCl,/MgCl, cata-
lysts (x = 2—4) at different Al concentrations

Catalyst Al conc. EHE EHH HHH HEH EEH EEE 1-hexene

(mmol/L) incorporated (mol%)
Ti2M 2.0 0.5 0.0 0.0 0.0 1.1 98.4 0.54

10.0 0.4 0.0 0.0 0.0 0.7 98.9 0.37

30.0 04 0.0 0.0 0.0 0.8 98.7 0.42
Ti3M 2.0 0.6 0.0 0.0 0.0 1.1 98.3 0.56

10.0 0.5 0.0 0.0 0.0 1.0 98.5 0.52

30.0 0.5 0.0 0.0 0.0 1.1 98.4 0.53
Ti4M 2.0 0.6 0.0 0.0 0.0 1.2 98.2 0.61

10.0 0.6 0.0 0.0 0.0 1.1 98.4 0.55

30.0 0.6 0.0 0.0 0.0 1.1 98.3 0.57

Polymerization conditions: catalyst amount = 3.5 mg/L, temperature = 60 °C, polymerization time = 1 h,
ethylene pressure = 0.5 MPa, 1-hexene concentration = 10 vol%, TEA concentration = 2-30 mmol/L

10.0

Activity
(108 g-polymer/mol-Ti/h/atm)

T
50 60 70
Temperature (°C)

Fig. 3 Influence of the polymerization temperature on the activities of the ethylene homo- and co-
polymerization. The polymerization was conducted under 0.5 MPa of ethylene for 1 h. 10 mmol/L of
TEA was used as cocatalyst. 10 vol% of 1-hexene was added in copolymerization

Influence of the 1-hexene concentration

The effects of the 1-hexene concentration on the polymerization rates and resulting
polymer properties were investigated for the different Ti oxidation states. As shown
in Fig. 4, all the catalysts activities were linearly increased for the 1-hexene
concentration. The sequence distributions of copolymers prepared with the three
catalysts are shown in Table 2. The produced copolymers again had similar
composition and sequence distribution without sequential 1-hexene insertion.
Incorporation of 1-hexene in copolymers was basically increased in correlation with
the 1-hexene concentration, but not simply proportional to it. There might be a
critical incorporation amount, below which the incorporation efficiency is lower for
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Fig. 4 Relationship between the 1-hexene concentration and catalytic activity. The copolymerization
was conducted at 60 °C for 1 h under 0.5 MPa of ethylene. 10 mmol/L of TEA was used as the cocatalyst
(open diamond Ti4M, open circle Ti3M, and open square Ti2M)

Table 2 Sequence distribution of ethylene/1-hexene copolymers synthesized using TiCl,/MgCl, cata-
lysts (x = 2-4) at different 1-hexene concentrations

Catalyst  1-Hexene EHE EHH HHH HEH EEH EEE 1-Hexene

injected (vol%) incorporated (mol%)
Ti2M 2.5 0.2 0.0 0.0 0.0 0.4 99.4  0.20

5.0 0.2 0.0 0.0 0.0 0.5 99.3  0.24

10 0.4 0.0 0.0 0.0 0.8 98.8 042
Ti3M 2.5 0.3 0.0 0.0 0.0 0.6 99.1  0.32

5.0 0.4 0.0 0.0 0.0 0.7 989 0.37

10 0.5 0.0 0.0 0.0 1.0 98.5 0.52
Ti4M 2.5 0.3 0.0 0.0 0.0 0.6 99.1  0.30

5.0 0.6 0.0 0.0 0.0 1.2 982  0.58

10 0.6 0.0 0.0 0.0 1.1 984  0.55

Polymerization conditions: catalyst amount = 3.5 mg/L, temperature = 60 °C, polymerization time = 1 h,
ethylene pressure = 0.5 MPa, 1-hexene concentration = 2.5-10 vol%, TEA concentration = 10 mmol/L

the 1-hexene concentration, and above which the incorporation efficiency discon-
tinuously increases and then becomes stable. This might be related to some
discontinuous change in the monomer diffusivity, in lowering the crystallinity by
incorporation of 1-hexene. It is notable that a higher oxidation sate led to higher
incorporation efficiency, even with the similar response to the 1-hexene concen-
tration. The molecular weights and their distributions of copolymers synthesized
with the three catalysts are summarized in Table 3. Ti2M produced a copolymer
with the broadest MWD as compared with those obtained by Ti3M and Ti4M. The
broadness of MWD for Ti2M arose mainly from the formation of a high-molecular
weight tail, as indicated in the highest M,,. The lowest incorporation of 1-hexene
and the highest molecular weight partly agrees with the previous proposal by Kissin
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Table 3 Molecular weight and their distribution of copolymers synthesized using TiCl,/MgCl, catalysts
(x =2-4)

Catalyst M, x 107° M, x 1073 M, /M,
Ti2M 3.6 14 4.0
Ti3M 3.2 12 3.7
Ti4M 3.7 12 32

Polymerization conditions: catalyst amount = 3.5 mg/L, temperature = 60 °C, polymerization time = 1 h,
ethylene pressure = 0.5 MPa, 1-hexene concentration = 10 vol%, TEA concentration = 10 mmol/L

et al. [20]. However, it should be stressed that the obtained copolymers had roughly
similar characteristics in CC and MW, in agreement with the results by Zakharov
et al. [5, 6].

Conclusion

We have investigated the influences of the oxidation state on ethylene homo- and
co-polymerization using MgCl,-based Ziegler—Natta catalysts made directly from
TiCly, TiCls, and TiCl, precursors. The Ti oxidation state had large effects on the
catalytic activity in both of ethylene homo- and co-polymerization with 1-hexene.
Especially, TiCl,/MgCl, had a unique response that was very different from TiCly/
MgCl, and TiCl3/MgCl, upon varying the Al concentration and 1-hexene concen-
tration. All the copolymers produced by the catalysts had similar sequence
distribution, even though the increase of the oxidation state caused a slight
enhancement of 1-hexene incorporation. Similarly, molecular weights and their
distributions of the copolymers were not largely dependent on the Ti oxidation state.
It is worth noting that these results are in accordance with those from Zakharov et al.
[5, 6] even through the catalyst precursors to obtain the different oxidation states of Ti
were different. Thus, it was concluded that the oxidation state was not important for
the copolymer characteristics, while it played a major role in the catalytic activity.
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Abstract

In the present work, different silica-based supported cobalt (Co) catalysts were synthesized and usedjar@@nation for methanation.
Different supports, such as SSP, MCM-41, TiSSP and TIMCM were used to prepare Co catalysts with 20 wt% Co loading. The supports
and catalysts were characterized by means pphysisorption, XRD, SEM/EDX, XPS, TPR and CO chemisorption. It is found that after
calcination of catalysts, Ti is present in the form of anatase. The introduction of Ti plays important roles in the properties of Co catalysts by: (i)
facilitating the reduction of Co oxides species which are strongly interacted with support, (ii) preventing the formation of silicate compounds,
and (iii) inhibiting the RWGS reaction. Based on glydrogenation, the CoTiMCM catalyst exhibites the highest activity and stability.

Key words
CO, hydrogenation; titania-silica; cobalt catalysts; methanation

1. Introduction

4H, +CO; — 2H,0+CHy  AH = -1649 kJ/mol (2
Recently, global warming, which is caused by £nis- 2+C0, 20+ & / 2

sion into the atmosphere, has become a serious problem all  Transition metal oxides are generally regarded as good
over the world. Among various types of methods for recov- hydrogenation catalysts.  Furthermore, Weatherbee and
ering, chemical fixation of emitted COs also expected to  Bartholomew [8] studied the specific activities of vari-
help the conservation of fossil fuels. Hydrogenation of;CO ous Group VIII metals catalysts supported on Sion

to methane is important for the purification of ammonia feed-the methanation of Cat 177-377°C and 146-1030 kPa
stocks, methanation of coal-derived gases and the productioand they found that the activities decreased in order of
of process heat from reusable waste streams containing caGo>Ru>Ni>Fe. The Co and Ni-based catalysts were pre-
bon dioxide [1]. Development of catalysts for CO and£O ferred because they required considerably milder operating
hydrogenation is the key technology of gas to liquid (GTL) pressures (about 1 atm) than the high pressure for Fe catalyst
process. The catalytic hydrogenation of carbon monoxide and9]. Supported cobalt catalysts were the preferred catalysts
carbon dioxide produces a large variety of products rangingor CO; hydrogenation because of lower cost compared with
from methane and methanol to higher molecular weight alka-Ru [10]. Moreover, the catalytic activity of metal towards car-
nes, alkenes and alcohols{8]. The methanation of C©  bon deposition was found to decrease in order of Glo>Fe

is reported to proceed with a lower activated energy than thdé11,12]. Previous researches revealed that supports, such as
methanation of CO [6]. The lower exothermicity of the over- Al203, SiO, Zr0z, TiOz and CeQ can efficiently affect ac-

all reaction of CQ as compared with CO makes temperature tivities and selectivities of cobalt catalysts for CO andxCO

control in a catalytic reactor easier as shown in Equations (1j1ydrogenation [1316]. Recently, Ti-Si composite represents
and (2) [7]. a novel class of materials that was attractively used as cata-

lysts and supports for a wide variety of catalytic reactions. It
3H;+CO— H,O+CHy AH=-2060kJmol (1) was reported that the photocatalytic activity of Ti-Si is 3-fold

* Corresponding author. Tel: +66-662-2186869; Fax: +66-662-2186877; E-mail: bunjerd.j@chula.ac.th
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higher than that of the corresponding Bifd7—19]. Further- The cobalt catalysts loading 20 wt% Co were prepared
more, heterogeneous catalysts such ag-Sipported TiQ by incipient wetness impregnation using aqueous solution of
and Ti-Si composite are known to be effective for selectivecobalt (1l) nitrate hexahydrate [Co(Ng-6H20]. The cata-
oxidation reaction [20]. The Ti-Si composite supports exhibit lysts were dried at 110C for 12 h, and then calcined in air at
novel properties that are not found in single oxide supports. Ir600°C for 4 h.

addition, mesoporous SiOsuch as MCM-41 and hexagonal Nomenclature of samples were given as follows: SSP and
mesoporous silica (HMS), exhibits sufficiently large surface MCM referred to spherical silica and MCM-41, respectively.
area, high thermal stability, excellent mechanical strength angrurthermore, TiSSP and TiMCM referred to titania spherical-
uniform pore sizes [21]. Ti-Si composite is generally synthe-silica composite and titania-MCM-41 composite, respectively.
sized through flame hydrolysis [22], impregnation [23], co- For catalysts samples, CoX referred to cobalt catalyst sup-
precipitation [24] and sol-gel [25] methods by adding titanium ported on the X support as mentioned above.

precursor into silica framework. The titanium distribution in

Ti-Si composite dep_ends on the method of prep_aration [_2_6]2_3' Catalysts characterization

The sol-gel hydrolysis is widely used because of its capability
in controlling the textural and surface properties of the mixed . :
oxides [21]. Various supports and cobalt catalysts were characterized

The present research focused on the application of Ti—SPy several te-chnlq-ues as fOHOV‘{S: ) )
composite used as support for cobalt catalysts. First, the N2 Physisorption: N physisorption (N adsorption at
mesoporous silicas, such as spherical silica particle (SSP) ang196°C in a Micromeritics ASPS 2020) was performed to
MCM-41 were prepared. Then, titanium isopropoxide was determine surface areas of various supports and cobalt cata-
introduced into the silica framework by hydrolysis to obtain !YStS: o .

Ti-Si composite. The cobalt catalysts were prepared by direct ~ X-ray diffraction (XRD): XRD was used to determine the
impregnation of cobalt precursor into different supports. ThePhase composition of different supports and catalysts using
characteristics and catalytic behaviors viagd®drogenation ~ SIEMENS D 5000 X-ray diffractometer with C&, radia-
were investigated and further discussed in more detail. t'?g ‘(’)VL';)h Nifilter in the 29 range of 26—80° with resolution

of 0.04.

Temperature-programmed reduction (TPR): TPR was
used to determine the reducibility and reduction temperature
of cobalt catalysts. Approximately, 0.05 g catalyst sample was
used in the operation and temperature ramped froffC3t®
800°C at 10°C/min. The carrier gas was 10%Hn Ar.

Chemicals as follows were used: titanium isopropox- A thermal conductivity detector (TCD) was used to measure
ide (TiPOT, 97%, Aldrich), tetraethyl othosilicate (TEOS, the amount of hydrogen consumption. The calibration of hy-
98%, Aldrich), ammonia (30%, Panreac), ethanol (99.99%drogen consumption was performed with bulk cobalt oxide
J. T. Baker), cetyltrimethylammonium bromide (CTAB, (Co304) under the same condition.

Aldrich), isopropanol (QReC), cobalt (1) nitrate hexahydrate CO chemisorption: Static CO chemisorption at room

2. Experimental

2.1. Materials

(Co(NG3)2-6H20, 98%, Aldrich). temperature on the reduced catalysts was used to determine
the number of reducible surface cobalt metal atoms. CO
2.2. Support and cobalt catalyst preparation chemisorption was carried out following the procedure using

a Micrometritics Pulse Chemisorb 2750 instrument. Prior to
The mesoporous silica supports were synthesized byghemisorption, the catalysts were reduced at Z5@or 3 h
sol-gel method. The composition of the synthesized gelafter ramping up at a rate of 2&/min. After that, 3QuL CO
was as follows: molar ratio of 1 TEOS:0.3 CTAB:11 was injected into catalyst bed and repeated until the desorp-
NH3 : z ethanol : 144 HO. Molar ratio of ethanol addition tion peaks were constant at room temperature. Amounts of
was adopted 0 for MCM-41 and 58 for SSP, respectivelyCO adsorption on catalysts are proportional to the number of
[27]. The mixture was further stirred for 2 h at room temper- active sites.
ature. White precipitate was then collected by filtration and ~ Scanning electron microscopy (SEM) and dispersive
washed with deionized water. The dried sample was calcineX-ray spectroscopy (EDX): SEM (JEOL mode JSM-5800LV)
at 550°C for 6 h with a heating rate of 18C/min in air. and EDX (Link Isis Series 300) were used to determine the
The desired amount of titanium isopropoxide (ca. 25 morphology and elemental distribution of the catalyst parti-
wt% of Ti) was dissolved in isopropanol (1 : 3 w/w). SSP or cles. The particle sizes and cobalt distributions of catalyst
MCM-41 was then added into the mixed solution and stirredsamples were observed using JEOL-JEM 200CX transmission
for 1 h. Hydrolysis was performed by addition of ammonia electron microscope operated at 100 kV.
(H20 : TIPOT =4:1). The sol was further stirred for 20 h at X-ray photoelectron spectroscopy (XPS): XPS analysis
room temperature. Then, the sample was dried at’Clfor was performed originally using an AMICUS spectrometer
24 h. Finally, the sample was calcined at 8&0for 2hina  equipped with a Mg, X-ray radiation. For a typical analy-
muffle furnace. sis, the source was operated at a voltage of 15 kV and a current
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of 12 mA. The pressure in the analysis chamber was less thaabserved that the XRD peaks of anatase;T#D2) of 25.3
10°° Pa. were less apparent due to the strong intensity af@zpeaks,
which disturbed the observation of anatase peaks.

2.4. Reaction test

CO, hydrogenation was performed to determine the over- ® Anatase TiO,
all activity and selectivity of the catalysts. Typically, 0.1 g
catalyst was packed in a fixed-bed microreactor. The cata-
lyst sample was reduced in situ in flowing K60 mL/min) at
350°C for 3 h. After reduction, a flow rate of Ar=8 mL/min
and H (including 8.8% CQ) =22 mL/min was fed into the
reactor. The C@ hydrogenation was carried out at 22D » TiSSP
at 1 atm. The product gas samples were taken in 1 h interval

P TiMCM

Intensity

PR . MCM
and analyzed by gas chromatography. The steady state was ) o N
reached within 6 h. PPN ot i ST
PRI N T Y S TS SN IS SO ST NS ST SO S Y SO S S S N S - .”r:"
) . 20 30 40 50 60 70 80
3. Results and discussion 201()

o Figure 1. XRD patterns of different supports
3.1. Characterigtics

The surface areas of the different supports and catalysts o

. ® Anatase TiO,

are shown in Table 1. The surface areas of the mesoporous sil-
icas (SSP and MCM-41) were remarkably large as expected.
However, with the addition of Ti into the silica framework, it
was found that the surface areas of Ti-Si composites (TiSSP
and TiMCM) were much lower than that of the corresponding
mesoporous silica. As seen, the surface areas of TiSSP and

Intensity

CoTiSSP
TIMCM which were calcined at 850C, were dramatically o
low ca. 385 and 137 Afg, respectively. This can be attributed

to the distribution of Ti in the silica framework. The surface CoMCM

areas of cobalt catalysts deposited on SSP and MCM-41 were CoSSP
much smaller than those of their supports, whereas CoTiSSP o ™35 0 0 e 70 =0
and CoTiMCM only had slight effect. This can be attributed to

the larger pore sizes of CoSSP and CoMCM. The phase iden-
tification was carried out on the basis of data obtained from
XRD. The XRD patterns for all support samples are shown in
Figure 1. As seen, SSP and MCM-41 exhibited broad peak a%)eh
20°—3(° indicating amorphous silica. The Ti-Si composites
of TISSP and TiIMCM showed that titania was present in the
anatase form @ of 25°, 38°, 48°, 54°, 55° and 7%). The
XRD patterns of the calcined Co catalysts are shown in Fig-
ure 2. All catalyst samples exhibited almost identical XRD
patterns of CgOy4 at 31°, 37°, 45°, 59 and 6% [28]. It can be

260/(°)
Figure 2. XRD patterns of different cobalt catalysts

TPR was performed in order to determine the reduction
aviors. The TPR profiles of all catalysts are shown in Fig-
ure 3. The reduction temperatures for all calcined catalysts
were located between ca. 200 to One broad reduction
peak with shoulder was observed for all catalysts. This can
be generally assigned to the overlap of two reduction steps of
C0304 to CoO and then to Cb The two reaction steps (Equa-
tions (3) and (4)) may be whether or not observed depended
upon the TPR conditions, such as ramping rate of temperature,

Table 1. BET surface areas, pore volumes and pore diameters feed gas flow rate and amount of samples.
of supports and cobalt catalysts

Samples Ager (MP/g) Vp (cmPlg) Dggn/nm Hz + C0304 — H20+3C00 ®3)

sSSP 927 0.8135 2.04

MCM 1187 1.0287 2.13 3H;+3C00— 3H,0+3Co )
TiSSP 385 0.1587 3.23 The reduction temperature and reducibility results are
TiMCM 137 0.1371 4.57 summarized in Table 2. The reduction temperatures of
CoSSP 637 0.4898 2.26 CoSSP and CoMCM were located at ca. 2B30°C and
CoMCM 583 0.2134 2.58 210-360°C, respectively. For CoTiSSP and CoTiMCM,
CoTiSSP 380 0.2117 2.82 the reduction temperatures were shifted to broad ranges

CoTiMCM 126 0.1004 4.24 (220-610°C for CoTiSSP and 220600°C for CoTiMCM),
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indicating the existence of larger number of reduced cobalt
atoms. The higher reduction temperature represented the
cobalt oxide species strongly interacted with the supports,
which are reducible. Therefore, the addition of Ti into the
silica framework apparently facilitated the reduction of cobalt
strongly interacted with the support. Without introduction
of Ti, the higher reduction peak was absent as seen for
CoSSP and CoMCM samples. The strong interaction be-
tween cobalt and supports was reported following the order of

CoTiMCM

CoTiSSP

Intensity

Al,03>TiO2>Si0, [29]. In addition, the reducibility of Co- CoMCM

TiSSP and CoTiMCM catalysts was higher than that of CoSSP

and CoMCM catalysts due to the reduction of strongly inter- CoSSP

acted cobalt oxide species as mentioned earlier. ltwas alsore- 0 200 300 100 300 00 700
ported that using TiPOT for the preparation of Ti-Si composite Temperature (C)

also resulted in increased reducibility of nickel catalysts [26]. . . .
Figure 3. TPR profiles of different cobalt catalysts

Table 2. Maximum temperatures, reducibility from TPR profiles and Co dispersion of cobalt catalysts

Catalysts Reduction temperatufe&] Reducibility (%} Total CO chemisorptionymolco/dcar) Dispersion of cobalt (98)
CoSSP 210-330 30.3 28 0.84

CoMCM 210-360 21.2 37 1.10
CoTiSSP 220-610 454 21 0.61

CoTiIMCM 220-600 455 19 0.56

a Determined by TPR analysi8;Determined by CO chemisorption

CO chemisorption was conducted on samples reduced imre 4. It can be observed that the cobalt oxide species exhib-
hydrogen flow at 350C for 3h. The amounts of carbon ited good distribution. The white spots on the external sur-
monoxide adsorbed on the catalysts were determined in orfaces represent high concentrations of Co. The EDX analysis
der to obtain the number of reducible cobalt metal atoms.s not a bulk technique, but rather a surface analytical tool
The adsorbed amounts of CO were directly proportional tobased on the fact that it gives information down to a depth
the amounts of active sites. The amounts of CO adsorbed oof approximately Jum from the surface that makes the infor-
the catalytic phase were ranged from 19 to.@7olco/gcaras  mation obtained from EDX comparable to atomic absorption
shown in Table 2. It can be observed that in this case, thg37]. Table 3 summarizes the element quantities of cobalt cat-
TPR and CO chemisorption results did not relate with eachalysts based on EDX and XPS analyses. It should be men-
other due to different conditions applied. The CO chemisorp-tioned that EDX only measures the concentrations in a layer
tion results showed that the number of reducible cobalt metaless than 1um from the surface. The EDX results revealed
atoms slightly decreased with the addition of titania into thethat Ti loadings were 17.4 wt% and 23.1 wt% for CoTiSSP
support. This was in accordance with the decreased numbemd CoTiMCM, respectively. In addition, Co loadings for all
of cobalt atoms with increasing the amounts of titania in thecatalysts were ranged from 22.1 wt% and 30.8 wt%. The el-
mixed oxide supports [30]. Furthermore, the acidic propertyement compositions of surface and subsurface layers (depth
of titania-silica was quite different from that of either pure ti- of XPS analysis is about ten angstroms) indicated that the
tania or pure silica, since pure titania only possesses Lewismounts of Ti were 42.6 wt% and 30.6 wt% for CoTiSSP and
acidity while silica has neither Bronsted nor Lewis acidity. CoTiMCM, respectively. The amounts of Ti from XPS analy-
However, new Bronsted acid sites are created when titania ansis were larger than those obtained from EDX analysis. This
silica form Ti—O-Si chemical bonds [3133]. One possible was due to the titania accumulation on the external surface of
reason for the lower CO chemisorption amounts of CoTiSSPsilica supports. Moreover, the amounts of Co for COMCM,
and CoTiMCM can be explained that the electron donor addi-CoTiSSP and CoTiMCM from XPS analysis were distinctly
tives like alkali metals enhance chemisorption, while electronlarger than those from EDX analysis, indicating that most
acceptors inhibit chemisorption [3486]. It should be noted cobalt oxides distributed on the external surface. In contrast,
that the results of CO chemisorption were different from thosethe amount of Co for CoSSP from XPS measurement was re-
of TPR due to differences in measurement conditions for bothmarkably smaller than that obtained from the EDX analysis,
techniques. confirming that most cobalt oxides dispersed in the bulk of

SEM and EDX were also conducted in order to study thesilica particles.
morphologies and elemental distributions of the catalysts, re-  Besides the determination of surface concentration, XPS
spectively. The typical external surface granules and EDXis one of the most powerful techniques used to identify the
mappings of the calcined cobalt catalysts are shown in Figbinding energy (BE) of elements. According to the BE results
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obtained from XPS as shown in Table 3, it can be observeduggested that the formation of surface cobalt silicates dur-
that the Co 2 core level spectra of G@,4 were present atthe ing preliminary steps of catalyst preparation or even during
BE of 780-782 eV and 795796 eV for 2»3,> and 23>, re- reduction, was considered as a reason for partial reduction of
spectively for all the catalyst samples. These values were irthe total cobalt presenting at the temperatures normally above
agreement with the reported work [38]. On the other hand,500°C [41]. However, the presence of Ti in CoTiSSP and
there was no change in BE for Ce 2ore level with the ad- CoTiMCM apparently resulted in the absence of BE for sili-
dition of Ti. However, CoSSP and CoMCM exhibited the BE cate compound. These results were in accordance with those
at 95.1 eV and 94.6 eV for former, 104.2 eV and 103.5 eV obtained from TPR.

for latter. In fact, the BE at 95.1 eV and 94.6 eV were as- TEM micrographs for all the catalysts are shown in Fig-
signed to the formation of silicate compounds as reported byure 5. The dark spots represented cobalt oxide patches
Wagner et al. [39] and Arnby et al. [40]. Previous reports dispersing on the supports after calcinating the catalysts.

Figure 4. SEM micrographs and EDX mappings of cobalt catalysts. (a) CoSSP, (b) CoMCM, (c) CoTiSSP, (d) CoTiMCM

Table 3. XPS data and EDX analysis of cobalt catalysts

Catalysts ‘ Binding fenergy (eV) Am(.)unt of elemen.ts on surface (wt%o) Amount of elemgnts in bulk (wt98)
Si2p Ti2p Co2p Si Ti Co Si Ti Co

CoSSP 95.1 - 781.0 90.7 - 9.3 75.5 - 243
104.2 795.8

CoMCM 94.6 — 780.2 59.8 — 40.2 69.6 — 30.4
103.5 795.3

CoTiSSP 103.7 460.1 781.0 19.8 42.6 37.6 60.5 17.4 22.1
465.7 796.6

CoTiMCM 103.4 459.7 780.4 34.0 30.6 35.4 46.1 23.1 30.8

465.6 795.4

a Determined by XPS analysi&;Determined by EDX analysis

Figure 5 (a) and (c) shows that the cobalt oxide species exhibreaction results are summarized in Table 4. Methane was a
ited good distribution in CoSSP and CoTiSSP catalysts, remajor product for all catalyst samples. It was found that the
spectively. Figure 5 (b) reveals that cobalt oxide species wer€oTiMCM sample exhibited the highest activity among all
agglomerated in COMCM catalyst. In contrast, Figure 5 (d)the samples. The selectivity to CO also decreased with the
displays the cobalt oxide species having good distribution inaddition of Ti into MCM-41 due to the increased acidity by
CoTiMCM catalyst. TEM micrographs demonstrated that theincreasing the amount of Ti in the supports [26]. This is in
titania particles on the MCM-41 can improve the dispersionagreement with the increased amount of absorbeg l6§C0n-

of cobalt oxide. This phenomenon was also observed with thereasing the basicity of the alkali metal oxides, which might

presence of Tiin Ni catalyst [26]. be related to the influence on the local electron density of
neighboring metal species [7]. In addition, the stability of cat-
3.2. Reaction study alyst was found to increase with the addition of Ti when com-

pared the conversion of initial and steady states. The obtained
CO, hydrogenation over different cobalt catalysts at products for methane and CO indicate that@@drogenation
220°C under methanation condition was investigated. Theover these catalysts occurred via a consecutive mechanism as
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Figure 5. TEM micrographs of cobalt catalysts. (a) CoSSP, (b) CoMCM, (c) CoTiSSP, (d) CoTiMCM

shown in Equations (5) and (6). G@ first converted to CO

be rather high because of the equilibrium constraint for the

by reverse water gas-shift (RWGS) reaction, and then CO waseverse CO shift reaction, which limits the application of tem-

hydrogenated to methane.

H;+CO; — H,O+ CO (5)

3H, + CO— HyO+ CHgy (6)

perature in the low range for Fischer-Tropsch conversion [7].
In this study, the activities of cobalt catalysts were not related
to the cobalt dispersion based on CO chemisorption. This was
in accordance with the methanation turnover rate in Fischer-
Tropsch synthesis which was also independent of cobalt dis-
persion on supported catalysts and surface orientation on Co

For CG hydrogenation, the operating temperature mustsingle crystals [42].

Table 4. Activity and product selectivity of cobalt catalysts

Reaction Conversioft Raté Product selectivity (96)
Catalysts —p 11
temperature®(C) initial steady stafe (x10? OcH, ‘Gearh ™) CHgy CcoO
CoSSsP 38 27 16.5 89.5 10.5
220 CoMCM 35 28 18.1 91.4 8.6
CoTiSSP 17 16 10.0 92.1 7.9
CoTiMCM 35 34 22.3 94.9 5.1

8 CO, hydrogenation was carried out at 1 atm, and molar ratio g€&,/Ar = 20/2/8,F/W = 18 L-ggalrhfl; b After running the reaction for 5 min;

¢ After running the reaction for 6 h
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[15] Storsaeter S, Totdal B, Walmsley J C, Tanem B S, Holmed A.
Catal, 2005, 236(1): 139

In summary, the addition of Tiinto SSP and MCM-41 can[16] Zhao ZK, Yung M M, Ozkan U SCatal Commun, 2008, 9(6):

alter the characteristics and catalytic properties of CoTiSS
and CoTiMCM catalysts. It is found that the presence of Ti
can facilitate the reduction of cobalt oxide species which ar

1465
.Fl?] Anderson C, Bard A J1 Phys Chem, 1995, 99(24): 9882
£18] Ruetten S A, Thomas J KPhotochem Photobiol Sci, 2003,
2(10): 1018

strongly interacted with the support, resulting in the appearrig] Hu C, Wang Y Z, Tang H XAppl Catal B, 2001, 30(3-4): 277
ance of high temperature reduction peak. Based on XPS anabo] Liu z F, Crumbaugh G M, Davis R J.Catal, 1996, 159(1): 83
ysis, itis observed that the formed silicate is disappeared wit{p1] Gao X T, Wachs | ECatal Today, 1999, 51(2): 233

the presence of Ti. It is worth noting that CoTIMCM cata- [22] Schultz P CJAm Ceram Soc, 1976, 59(5-6): 214

lyst exhibits the highest activity for COhydrogenation due
to increased reducibility. The addition of Ti also inhibits the

RWGS, leading to a decrease in the selectivity to CO.
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In this present study, the linear low-density polyethylene (LLDPE) was synthesized via ethylene/1-
octene copolymerization with the zirconocene/MMAO catalyst by in situ impregnation of different silica
(SiO,) supports. The SiO, supports used were small-pored (SP) and large-pored (LP) sizes with and
without Ga modification. It was found that the SP-SiO, support exhibited higher polymerization activity
(~1.5 times) than that obtained from the LP-SiO, one. This can be attributed to the lower amount of
MMADO being present inside the SP-SiO, support resulting in higher content of MMAO at the external
surface. The higher activity in ethylene/1-octene copolymerization was also found with the supported
catalyst having Ga modification onto both SP-and LP-SiO, supports The results demonstrated that the
introduction of Ga may improve ability of supports to immobilize metallocene catalyst. Based on '3C
NMR measurement, it indicated that all synthesized polymers were typical LLDPE having random
distribution of comonomer.

© 2011 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

1. Introduction

The linear low-density polyethylene (LLDPE) is very attractive
polymer because of its excellent mechanical property, high
thermal stability and good resistance for chemicals. Therefore, it
has been widely used for various applications, especially in film
and packaging industries. LLDPE is the copolymer synthesized
from copolymerization of ethylene and 1-olefin [1-4]. For
commercial production, it is usually produced with a catalytic
system, such as Ziegler-Natta, metallocene, and metal-oxide
catalysts [5]. However, the use of metallocene catalyst together
with methylaluminoxane (MAO) as cocatalyst have been found to
be very effective to produce polymer with high catalytic activity
and give narrow molecular weight distribution. Moreover,
synthesis of copolymer by using solid support as carrier has been
proven to solve some disadvantages of homogeneous catalyst [6,7],
including reactor fouling, low bulk density of polymer, and unable
to polymerize in slurry and gas polymerization process. The most
widely used supports in metallocene system are inorganic
materials including silica [8,9], alumina [10], titania [11], MCM-
41 [12] and zirconia [13].

In this work, we used silica with different pore sizes as a support
due to the fact that pore sizes may have effects on copolymeriza-
tion activity and incorporation of olefin comonomer. We also
extended this study into the influence of support acidity according

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

to Rahiala et al. [12]. They demonstrated that the use of acidic Al
seems advantageous to formation of active centers resulting in
high activity compared with unmodified support. Hence, the
improvement of acidic material is considered as an interesting
path for better heterogeneous system. Experimentally, the
copolymerization of ethylene/1-octene with rac-Et[Ind],ZrCl,/
MMAO system via in situ impregnation over different pore sizes
of silica support was performed to produce LLDPE. The Ga
modification onto the support was conducted in order to increase
acidity. At the end, effects of SiO, pore size and Ga modification on
properties of the LLDPE produced are elucidated by means of
density and >C NMR measurements.

2. Experimental
2.1. Materials

All chemicals and polymerization were manipulated under an
argon atmosphere, using a glove box and/or Schlenk techniques.
Toluene was dried over dehydrated CaCl, and distilled over
sodium/benzophenone before use. The rac-ethylenebis (indenyl)
zirconium dichloride (rac-Et[Ind],ZrCl,) was supplied from Aldrich
Chemical Company, Inc. Modified methylaluminoxane (MMAO) in
hexane was donated by Tosoh (Akso, Japan). Trialkylaluminum
(TMA, 2 M in toluene) was supplied by Nippon Aluminum Alkyls,
Ltd., Japan. Ultrahigh purity argon was further purified by passing
it through columns that were packed with BASF catalyst R3-11G
(molecular-sieved to 3 A), sodium hydroxide (NaOH), and phos-
phorus pentaoxide (P,Os) to remove traces of oxygen and

1226-086X/$ - see front matter © 2011 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.jiec.2011.11.095
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moisture. Ethylene gas (99.96% pure) was donated by the National
Petrochemical Co., Ltd., Thailand. 1-Octene (d=0.715) was
purchased from Aldrich Chemical Company, Inc.

2.1.1. Preparation of Ga-modified silica support

The Ga modification on the silica supports was prepared by the
incipient-wetness impregnation method according to the proce-
dure described previously [11]. The Ga source in this case was
Ga(NOs3). Ga was impregnated onto different pore-sized silica gels
having 1.0 wt.% of Ga. The support was dried in oven at 383 K for
12 h, and then heated in vacuum at 673 K for 2 h.

2.2. Polymerization procedure

0.2 g of the support obtained above was allowed to contact
with 1.14 ml of MMAO ([Al]MMAO/[Zr]cat = ]135) for 30 min, in
reactor with magnetic stirring. After this period of time, the
suspension was undergone the clarified liquid test to confirm
that all MMAO was immobilized on the support. About 1 ml of
the clarified liquid was injected into the polymerization reactor,
where the desired amount of zirconocene was already present. If
any noticeable amount of polymer was formed, it means that this
clarified liquid still contains MMAO. Therefore, the fixation of
cocatalyst onto support was not complete. To ensure that MMAO
was completely impregnated onto support, the MMAO/support
ratio was then decreased until no polymer was formed [14]. After
this test, the suspension was mixed with desired amount of rac-
Et[Ind],ZrCl, and TMA ([Alltma/[Zr]cae = 2500). In fact, the high
ratio of [Al]lrma/[Zr]car Was employed as a scavenger due to the
ethylene fed was obtained from the plant containing some
impurities. From an industrial point of view, it is preferable to
use TEA or TIBA in place of TMA. Then, toluene (to make a total
volume of 30 ml) was introduced into the reactor. The reactor
was frozen in liquid nitrogen to stop reaction, and then
0.018 mol of 1-octene was injected into the reactor. The reactor
was evacuated to remove argon. Then, it was heated up to
polymerization temperature (343 K) and the polymerization was
started by feeding ethylene gas (total pressure 50 psi in the
reactor) until the consumption of ethylene at 0.018 mol was
reached (6 psi was observed from the pressure gauge). The
reaction of polymerization was completely terminated by
addition of acidic methanol. The reaction time was recorded
for purpose of calculating the activity. The precipitated polymer
was washed with methanol and dried at room temperature prior
to characterization.

2.3. Supports characterization

2.3.1. X-ray diffraction (XRD)

XRD was performed to determine the bulk crystalline phases of
sample. It was conducted using a SIEMENS D-5000 X-ray
diffractometer with CuK, (A =1.54439 x 10~'°m). The spectra
were scanned at a rate 2.4 degree/min in the range of 20 = 20-80
degrees.

2.3.2. N, physisorption

Measurement of BET surface area, average pore diameter
and pore size distribution of silica support were determined
by N, physisorption using a Micromeritics ASAP 2000 automated
system.

2.3.3. Scanning electron microscopy (SEM)

Scanning electron microscopy was used to determine the
morphologies and elemental distribution throughout the sample
granules, respectively. The SEM of JEOL mode JSM-6400 was
applied.

2.3.4. NHs-temperature programmed desorption (TPD)

Temperature programmed desorption (TPD) of NHs was
performed in a Micromeritic ChemiSorb 2750 automated system
attached with ChemiSoft TPx software. The amount of NH;
adsorbed on the surface was determined by temperature
programmed desorption.

2.4. Polymer characterization

2.4.1. 3C NMR spectroscopy

13C NMR spectroscopy was used to determine the 1-octene
incorporation and copolymer microstructure. Chemical shifts were
referenced internally to the CDCl5 and calculated according to the
method described by Randall [15]. Each sample solution was
prepared by dissolving 50 mg of copolymer in 1,2,4-trichloroben-
zene and CDCls. 3C NMR spectra were taken at 373 K using a
BRUKER AVANCE II 400 operating at 100 MHz with an acquisition
time of 1.5 s and a delay time of 4 s.

2.4.2. Scanning electron microscopy (SEM)

SEM was performed to study morphologies of polymer
produced. The same equipment as mentioned above was
employed.

2.4.3. Densimeter
Polymer density was measured with an electronic densimeter
(Mirage SD-120L) in the temperature range 298-313 K.

3. Results and discussion

In our research, we synthesized LLDPEs over inorganic
materials with different pore-sized silica, where the large
pored-silica denoted as SiO, (LP) and the small pored-silica
denoted as SiO, (SP). In addition, we modified silica with 1.0 wt% of
Ga to increase acidity of support. The XRD patterns (not shown)
exhibit only a broad peak between ca 20° and 30° for both SiO, (LP)

Table 1
BET surface area and pore diameter of Ga-modified silica supports.

Support BET surface area (m?/g) Pore diameter (A)
SiO, (LP) 71 146
SiO, (LP)-Ga-1.0% 69 148
SiO, (SP) 217 138
SiO, (SP)-Ga-1.0% 170 138

Fig. 1. Pore size distribution of different SiO,-based supports.
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Fig. 2. SEM micrograph of Ga-modified silica (LP) and silica (SP) supports; (top) SiO»
(LP), (bottom) SiO> (SP).

and SiO- (SP) supports. As very well-known, the broad peak is due
to scattering from non-crystalline area of silica. However, it does
not show the Ga peak because only small amount of Ga was
introduced onto the support. Moreover, Ga present on SiO, was in
the highly dispersed form.

Table 2
Catalytic activities of various silica-supported zirconocene/MMAO catalysts via in
situ impregnation method.

Samples Polymerization  Polymerization  Catalytic activity®
yield? (g) times (s) (kg of pol/mol Zrh)

Homogeneous 1.534 123 29,803

SiO, (LP) 1.495 88 40,405

Si0, (LP)-Ga-1.0%  1.756 76 55,329

SiO, (SP) 1.798 80 53,411

SiO; (SP)-Ga-1.0%  2.036 74 66,214

¢ The polymer yield was fixed [limited by ethylene fed and 1-octene used
(0.018 mole equally)].

b Activities were measured at polymerization temperature of 343K, [ethyle-
ne]=0.018 mole, [1-octene]=0.018 mole, [Allmmao/[Zr]=1135, [Al]tma/[Zr] =2500,
in toluene with total volume=30ml, and [Zr]=5x 10">M.

The BET surface areas determined by N, physisorption of
supports are shown in Table 1. It indicates that SiO, (SP) exhibits
higher surface area than SiO, (LP). It is also found that the addition
of Ga leads to a slight decrease in the surface area for SiO, (LP), but
a remarkable decrease for the SiO, (SP) due to the pore blockage
with Ga. As seen in Fig. 1, it can be observed that the SiO, (LP)
support exhibits the large pore size distribution while the SiO, (SP)
support shows the small pore having narrow size distribution. SEM
was used to determine particle morphology. The SEM micrographs
of SiO, (LP) and SiO, (SP) supports are shown in Fig. 2. It can be
observed that SiO, (LP) has jagged shape, whereas the SiO, (SP) has
the shape of spheroid.

Table 2 displays the ethylene/1-octene copolymerization
activity and activity of homogeneous system for comparison. It
was found that the heterogeneous system exhibited higher
catalytic activity than the homogeneous one. Based on the work
done by Jungling et al. [16], a good bulk density can improve the
distribution of active site. In addition, it can reduce reactor fouling,
which is resulted from the adhesion of polymer to the reactor.
Here, the heterogeneous system exhibited higher bulk density
than the homogeneous system under this specified reaction
condition. Meanwhile, it can be proposed that the SiO, support
might inhibit the formation of ZrCH,CH,Zr species [17,18], which
can be formed via a bimolecular process as it minimizes the steric
hindrance effect of the system. It indicated that catalytic activity of
SiO, (SP) support was ~1.5 times higher than that obtained from
SiO, (LP) one. It results from the fact that, for SiO, (LP), MMAO
cocatalyst can reach into its pore leading to lower MMAO present
in the bulk, and hence less active species in the system. On the

Scheme 1. Location of active site over different supports.
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Fig. 3. NH5-TPD profiles of Ga-modified SiO, support.

Table 3
Acidity of Ga-modified SiO, support obtained from NH3-TPD.

Support Acid site (wmol H'/g)
Si0, (LP) 593
Si0, (LP)-Ga-1.0% 624

contrary, the higher activity was observed for SiO, (SP) support due
to lower amount of MMAQO in its pore. This makes MMAO remain
highly in the bulk, and hence enhance the activity of polymeriza-
tion (Scheme 1). Considering the effect of support modification
with Ga, it was found that the polymerization activity increased
with Ga loading. An increase in catalytic activity is probably due to
improved ability of supports to immobilize metallocene catalyst.
According to the work done by Campos et al. [14], they found that
the characteristic peaks of Lewis acid center at 1457, 1492 and
1621 cm™! in the case of Ga-MCM-41, while MCM-41 does not
exhibit these peaks. FTIR analysis result suggested that the
interaction between zirconocene and the Lewis acid centers
derived from the introduction of Ga in the support seems to play an
important role in the formation of the active species and the
optimization of Ga of the MCM-41 support. In addition, it can be
seen from NHs3-TPD method that modifying support with Ga
resulted in more active site being present in the system, as shown
in Fig. 3 and Table 3. All the samples exhibited two main desorption
peaks around 140-170°C and 330-340°C, which were corre-
sponding to weak and medium acid sites, respectively [19].
Additional peak at around 500-700 °C indicates the presence of
strong acid sites of the supports [20]. The more Ga added, the more
amount of acid site measured. Moreover, another reason for the
higher activity of acid support is probably due to the higher
efficiency of zirconocene cation generation and/or the improvement

Table 4
13C NMR analysis of ethylene/1-octene copolymer.

Fig. 4. Typical '>C NMR spectra of copolymers obtained with (a) SiO, (LP) and (b)
SiO, (SP) support.

of the propagation rate for polymerization. This result is consistent
with Yamamoto [21], whose work revealed that SiO,/MgO had
strongly acid sites which helped enhance the propylene polymeri-
zation activity. Moreover, the obtained copolymers were further
characterized using '>C NMR to determine the comonomer
distribution. The triad distribution and % incorporation of 1-octene
comonomer are shown in Table 4 which is evaluated according to
Randall [15]. From Table 4 it is apparent that only the random
copolymers were produced in this system.

In addition, the '>C NMR spectra are shown in Fig. 4. They
revealed that Ga-modification had no effect on microstructure of
copolymer. However, when considered the insertion of comono-
mer, it can be observed that SiO, (SP) gives higher 1-octene
insertion than that of SiO, (LP) support due to most of the active is
present on the external surface for SiO, (SP) leading to decreased
steric hindrance. The obtained result is also consistent with Shan
et al. [22].

Fig. 5 shows the SEM image of copolymer produced using
support. It can be seen that after copolymerization, the support
was covered with copolymer. Particles size of polymer is 20 pm,
which are about 1.5 times larger than supports. Polymer density
measured by the densimeter, was about 0.89-0.91 g/cm? for all
polymer produced indicating the typical LLDPE obtained. However,
the measured density was slightly lower than the commercial
LLDPE (~0.92-0.93 g/cm?). The lower density is probably due to
higher insertion (>10 mol%) of 1-octene comonomer having low
crystallinity [23].

System Triad distribution of copolymer 1-Octene insertion (mol%)
EEE EEO EOE EOO OEO 000

Homogeneous 0.467 0.226 0.177 0.078 0.052 0.000 26

SiO, (LP) 0.448 0.391 0.097 0.004 0.024 0.000 11

SiO, (LP)-Ga-1.0% 0.595 0.241 0.101 0.040 0.021 0.000 14

SiO, (SP) 0.472 0.190 0.168 0.096 0.074 0.000 26

SiO, (SP)-Ga-1.0% 0.612 0.211 0.094 0.053 0.030 0.000 15

E refers to ethylene monomer and O refers to 1-octene comonomer.
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Fig. 5. A typical SEM micrograph of copolymer using Ga-modified silica support.

4. Conclusion

Copolymerization of Ga-modified silica-supported zircono-
cene/MMAO catalyst via in situ impregnation on different pore
sizes of supports was investigated. It revealed that the small-pored
silica support exhibited higher polymerization activity than the
large-pored silica due to lower content of MMAO present in small
pore. However, MMAO remains in external surface, and therefore
activity increased. In the part of Ga-modification, it was found that
Ga loading improves catalytic activity without any significant
change in the polymer microstructure.
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1. Introduction

ABSTRACT

In this present study, the copolymerization of ethylene and 1-hexene was conducted over
the [t-BuNSiMey(2,7-t-Bu,Flu)]TiMe, (CGC)/MAO catalyst immobilized on different sup-
ports. The effects of Ga and the Lewis acid BCl; modification of the silica support on the
copolymerization behavior were investigated based on catalytic activity and polymer prop-
erties. It was found that the silica support modified with BCl; exhibited the highest activity.
However, both Ga and BCl; modifiers are capable of enhancing the catalytic activity, prob-
ably attributed to stronger interaction between the MAO and support together with the
acidic sites exerted by the modification which could assist MAO to activate the catalyst
during polymerization. Besides, a role of BCl; as a spacer to keep apart the catalyst on
the silica surface was proposed as another probable reason for activity increased. This
led to the more homogeneous-like behavior with less effect of support and also caused
the higher comonomer incorporation content. Moreover, the results revealed that narrow
polymer molecular weight distribution can be achieved by the supported CGC catalyst,
especially for acidic modified supports. On the other hand, there was no noticeable effect
with regards to the melting temperature and copolymer microstructure of the Ga and BCl;
modification. Therefore, based on the study it may be regarded that the efficient supported
CGC catalyst can be accomplished through the acidic modification namely Ga and BCls.
© 2012 Elsevier Ltd. All rights reserved.

industrial research has been directed towards the develop-
ment of highly active olefin polymerization catalysts for the

Based on the volume of material consumed annually
worldwide consumption, polyolefins, especially linear
low-density polyethylene (LLDPE), are the largest volume
polymers in the plastics industry. This is because they exhi-
bit many useful properties, such as low density, high
strength, and resistance to chemical attack, as well as being
cost-effective. Therefore, much effort in both academic and

* Corresponding author. Fax: +66 2 2186877.
E-mail address: bunjerd.j@chula.ac.th (B. Jongsomjit).

0014-3057/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.eurpolym;j.2012.04.008

synthesis of desired copolymers [1-3]. Single site catalysts,
namely metallocene catalyst, have been reported to be
potentially useful for the copolymerization of ethylene
and o-olefins, such as 1-butene, 1-hexene and 1-octene,
to produce LLDPE with short chain branching. Comparable
to conventional Ziegler-Natta systems, metallocene cata-
lysts display a high activity and allow rational catalyst de-
sign to construct a relationship between catalyst structure
and resulting polymer microstructure [4]. They also offer
superior product properties in terms of a narrow molecular
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weight distribution (MWD) and a uniform short chain
branching distribution [5].

Even if there are many advantages of homogeneous
metallocene catalysts, such as high activity and stereoregu-
larity, there are also some crucial problems for the commer-
cial applications, including the difficulties in controlling the
polymer morphology, instabilities for slurry or gas phase
processes and the requirement of a large amount of expen-
sive methylaluminoxane (MAO) [6]. To overcome these
drawbacks, it is desirable to heterogenize the soluble cata-
lysts on supports such as silica, alumina and titania for their
possible industrial applications [7]. It has been reported
that silica has been the attractive and the most widely used
support for metallocene catalysts [8-10]. Nonetheless, the
properties of silica itself probably bring about some dissat-
isfaction based on activities and quality of polymer pro-
duced. Thus, some additives or modifiers are required for
modification in order to achieve the better performance
[11-13]. Most researchers reviewed that treating the silica
surface with hydrophobic functional groups such as aryl, al-
kyl, and silane can improve the catalytic behavior [14-19].
Some researchers accentuated that the surface acidity
properties of solid supports may play the determinant role
in the activation of the metallocene catalyst, contributing to
the polymerization activity increase [20,21]. The most fre-
quently used pathway to modify the acidic surface property
is the incorporation of acidic metal atoms in their frame-
works [22-24]. Recently, it has been reported that the
exploitation of acidic Ga metal is a promising alternative
way to enhance the performance of metallocene catalysts
during the ethylene polymerization [25,26].

In previous studies, a unique catalyst type called con-
strained geometry catalyst (CGC) using half sandwich tita-
nocenes has been found and categorized as one of the
metallocene group. This complex provides high catalytic
activity and high insertion of o-olefins into copolymers.
According to our previous research, we investigated the
influence of the t-butyl and cyclododecyl substitution of
ansa-fluorenylamidodimethyltitanium  derivatives on
ethylene/1-hexene copolymerization in the homogenous
system. We revealed that the 2,7 t-butyl group led the
[t-BuNSiMe,(2,7-t-BuyFlu)]TiMe, to achieve the highest
activity [27].

The main objective of this present study was to investi-
gate how the Ga and the Lewis acid BCl; modification of
the silica support would impact on the ethylene/1-hexene
copolymerization in terms of catalytic activity and poly-
mer properties. The CGC complex of [t-BuNSiMe,(2,7-t-
Bu,Flu)]TiMe, was used to be further developed for the
heterogeneous system and to generate the more efficient
supported CGC catalyst in the near future.

2. Experimental
2.1. Materials

All operations were performed under an argon atmo-
sphere using Schlenk techniques and glove box. All sol-

vents were dried over dehydrated CaCl, and distilled over
sodium/benzophenone before use. MAO was donated from

Tosoh-Finechem Co. Ltd. Ethylene gas (99.96% pure) was
donated by the National Petrochemical Co. Ltd., Thailand.
1-Hexene was purchased from Aldrich Chemical Company
and purified by distilling over sodium/benzophenone un-
der argon atmosphere before use. Silica gel (SP9-602 from
Grace Davison) was calcined at 673 K for 6 h. Ga(NOs3)s and
BCl; were purchased from Aldrich Chemical Company. [t-
BuNSiMe;(2,7-t-Bu,Flu)|TiMe, (CGC complex) was synthe-
sized according to procedures reported previously [28].
The chemical structure of catalyst is shown in Scheme 1.

2.2. Preparation of Ga-modified silica support

The gallium modification on the silica support was pre-
pared by the incipient-wetness impregnation method
according to the procedure described previously [26].
Ga(NOs3); was used as a Ga source. Gallium was impreg-
nated onto silica gel with 0.2 wt.% of Ga. The support was
dried in oven at 383 K for 12 h and calcined in air at 773 K
for 2 h. The resulting mixture was reffered to SiO,-Ga.

2.3. Preparation of BClz-modified silica support

Silica surface was treated with BCl; that 14.25 g of silica
was added with 150 ml of hexane as diluent, and then 7 ml
of BCl; were added. The mixture was stirred for 30 min in
an oil bath at 313 K, until temperature was raised up to
343 K, followed by drying under vacuum. The resulting
mixture was referred to SiO,-BCls.

2.4. Preparation of supported MAO

One gram of calcined silica or modified silica was re-
acted with the desired amount of MAO in 20 ml of toluene
at room temperature for 30 min. The solid part was sepa-
rated and washed 3 times with 20 ml of toluene, followed
by drying in vacuum at room temperature to obtain the
catalyst precursor.

2.5. Polymerization procedure
The ethylene/1-hexene copolymerization reaction was

performed in a 100 ml semi-batch stainless steel autoclave
reactor equipped with magnetic stirrer. At first the desired

Scheme 1. Chemical structure of [t-BuNSiMe;(2,7-t-Bu,Flu)]TiMe, (CGC
complex).
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amount of the support/MAO was introduced into the reac-
tor. After that the catalyst was put into the reactor to make
the amount of catalyst at 10 pmol, and then toluene was
injected to adjust the total volume to 30 ml. Then, the reac-
tor was immersed in liquid nitrogen, followed by addition
of the 1-hexene into the frozen reactor. The reactor was
heated up to the polymerization temperature at 343 K.
Lastly, the reaction was terminated by adding acidic meth-
anol. After filtration, the resulting polymers were washed
with methanol and dried at room temperature.

2.6. Supports and supported MAO characterization

2.6.1. N, physisorption

BET surface area, average pore diameter and pore size
distribution of silica and modified silica were determined
by Brunauer-Emmett-Teller (BET) method via nitrogen
adsorption. The instrument was an AUTOSORB 1-MP,
Quantachrome Instruments. Samples were determined
using N, adsorption at 77 K and handled to the analysis
tubes under nitrogen atmosphere and the surface area
measurements were carried out inertly. The temperature
of evacuated degassing was 423 K.

2.6.2. X-ray diffraction (XRD)

SIEMENS D-5000 X-ray diffractometer with Cu K,
(1=1.54439 A) was conducted to determine the bulk crys-
talline phases of samples. The spectra were scanned at a
rate of 2.4° min~! in the range of 26 = 20-80°.

2.6.3. Temperature programmed desorption of ammonia
(NHs-TPD)

Acidity of the supports was determined by temperature
programmed desorption of ammonia using a Micromeritics
Chemisorp 2750 system. The samples were activated at
773 K for 1 h in a flow of helium. Subsequently, the sam-
ples were loaded with ammonia and thermal desorption
was carried out in a dried He stream at a heating rate of
10 K/min.

2.6.4. Scanning electron microscope (SEM) and energy
dispersive X-ray spectroscopy (EDX)

Scanning electron microscope (SEM), JEOL model JSM-
6510 LV, was employed to investigate the morphology of
silica, modified silica and catalyst precursor. EDX was per-
formed using Link Isis series 300 program to observe cata-
lyst precursor elemental distribution.

2.6.5. Thermogravimetric analysis (TGA)

TGA was performed to determine the interaction force
of the supported MAO. It was conducted using TGA Instru-
ments TG 209F1 analyzer. The samples of 10 mg and a
temperature ramping from 303 to 923 K at 5 K/min were
used in operation. The carrier gas was N, UHP.

2.7. Polymer characterization

2.7.1. Gel permeation chromatography (GPC)
The average molecular weight and molecular weight dis-
tribution of obtained polymer in this study were determined

by GPC Waters 150 CV at 413 Kwith 1,2,4-trichlorobenzene
as the solvent and the feed flow rate is 1.0 ml/min.

2.7.2. Differential scanning calorimetry (DSC)

The melting temperature (T;,,) of polymer was measured
by means of DSC, using DSC 204 F1 Phoenix® operating at a
heating rate of 10 K/min from 303 K to 473 K. The heating
cycle was run twice. In the first scan, the samples were
heated, and then cooled to room temperature. In the sec-
ond, the samples were reheated at the same rate, but only
the results of the second scan were reported because the
first scan was influenced by the mechanical and thermal
history of samples.

2.7.3. 3Carbon nuclear magnetic resonance spectroscopy ('>C
NMR)

The '3C NMR spectra were recorded at 383 K using JEOL
JNM-A500 operating at 125 MHz. Copolymer solutions
were prepared using 1,2,4 -trichlorobenzene as solvent
and benzene-dg for internal lock.

3. Results and discussion
3.1. Characteristics of catalyst support

In this study, three kinds of supports composing of
unmodified silica (SiO,), Ga-modified silica (SiO,-Ga),
and BCl;-modified silica (SiO,-BCl3) were used for sup-
porting the [t-BuNSiMe;(2,7-t-BuyFlu)]TiMe, (the CGC
complex)/MAO catalyst. After modification with Ga and
Lewis acid BCls, the silica and modified silica supports
were characterized by means of N, physisorption, NH3-
TPD and SEM/EDX. The specific properties of supports
determined by N, physisorption are shown in Table 1. As
seen, the BET surface area, pore volume and pore diameter
of all supports were in the same range, indicating that the
acidic modification on silica surface did not have signifi-
cant effect on these structural parameters.

The XRD patterns (not shown) for all supports were
similar exhibited only a board peak between 20° and 30°,
as seen typically for the conventional amorphous silica.
No XRD peaks of Ga or BCl; were observed after impregna-
tion due to its homogeneous distribution or at least that
the aggregates formed do not have a significant size to be
detected by XRD [25].

Temperature-programmed desorption of ammonia was
used to estimate the number and the strength of acid sites
on modified silica supports based on the fact that the acidic
properties of supports may influence the type of interaction
with the metallocene complex and its activation process,

Table 1
Specific properties of various supports obtained from N, physisorption.

Support BET surface area Pore volume Pore diameter
(m?[g) (mL/g) (A)

Si0, 309 1.53 198

Si0,-Ga 300 1.50 199

Si0,-BCl; 299 1.47 197
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Fig. 1. NH3-TPD profiles of SiO,, SiO,-Ga and SiO,-BCl;3 supports.

consequently resulting in overall productivity [22]. The
typical NHs3-TPD profiles for silica support before and after
treatment with Ga and BCl3 can be represented in Fig. 1. The
SiO, support exhibited no peak, indicating no acidic sites
before treatment; on the other hand, both of SiO,-Ga and
Si0,-BCl; supports showed two broad peaks at the temper-
ature ranged around 350-550 K and 570-750 K. According
to Kosslick et al. [23], these peaks can be ascribed to the
NHj; desorbed from acid sites with low and medium to high
strengths. The total acidity concentration of SiO,-Ga and
Si0,-BCl; determined by NH; temperature program
desorption experiments was 283 and 325 pumol NHs/g,
respectively. Therefore, it is clearly shown that the acidity
of silica support can be improved with the modification of
Ga and BCls.

The morphologies and elemental distributions of the
supports before and after MAO impregnation were investi-
gated by using SEM and EDX, respectively. The SEM images
of different supports prior to MAO impregnation are shown
in Fig. 2. The similar spherical shape was mainly observed,
indicating no change of support morphology with the
acidic modification.

After impregnation with MAO, the [Al]yao content on
the silica surface was measured using EDX. Table 2 repre-
sents the [Al]yao content on various silica supports. It
can be seen that the [Al]yao concentration of each support
slightly varied probably due to the adsorption ability. Re-
sults revealed that the SiO,-Ga supported MAO achieved
the highest amount of [Al]yao, suggesting that the adsorp-
tion ability of MAO on silica support can be enhanced with

Fig. 2. SEM micrographs of different supports before MAO impregnation: (a) SiO,, (b) SiO,-Ga and (c) SiO,-BCls.
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Table 2
[Al]mao content of the supported MAO from EDX analysis.

Catalyst precursor [Allmao (Wt.%)

Si0,/MAO 13.6
Si0,-Ga/MAO 14.5
SiO,-BCl5/MAO 134

the introduction of Ga. However, the modification of silica
with BCl; caused only a slight decrease of immobilized
MAO cocatalyst on silica. In addition to the content of
[Al]mao, it should consider the distribution of this element
through the support. Therefore, EDX mapping of all ele-
ments was used for this purpose and represented in
Fig. 3. It can be observed that the distribution for all ele-
ments, especially for [Allyao Was well dispersed all over
the catalyst granule without any changes in morphology.
Then, the different supports with and without acidic mod-
ification having MAO impregnation were employed for
ethylene and 1-hexene copolymerization.

3.2. Catalytic activity

Copolymerization of ethylene and 1-hexene via various
SiO,-supported MAO with the CGC catalyst was performed
so as to determine the catalytic activities influenced by dif-
ferent acidic modification of support. The polymerization
activities of homogeneous system and a variety of supports
are summarized in Table 3. Regarding to Table 3, the cata-
lytic activities were in the order of SiO,-BCl; > homoge-
neous > Si0,—Ga > SiO,. It can be apparently seen that the
supported system (except SiO,-BCl;) exhibited lower
activities compared to the homogeneous one, particularly
for the unmodified silica. This can be explained taking into

account that in the supported catalyst preparation, differ-
ent adsorption might take place, contributing to some
inactive species for polymerization [29]. Another possible
reason for this observation is the depression of the poly-
merization rate as a result of mass transfer limitation in
heterogeneous system. Nonetheless, considering only the
supported system, the modification of silica support, like
Ga and BCls, was able to increase the polymerization activ-
ities. Generally, increased activities can be owing to the in-
creased amount of [Al]yao presented on the support and
the interaction between support and MAO [30,31]. How-
ever, in this work the former factor can be neglected by
using the same ratio of [Al]yao/[Ti]cat = 400 and adjusting
the required amount of the supported MAO in each exper-
iment. Thus, the latter factor should be considered as the
probable cause for this increased activity. Based on this
study, MAO was dispersed over the silica supports by
impregnation prior to polymerization. The degree of inter-
action between the [Al]pao and the support can be investi-
gated by the TGA measurement. According to Severn et al.
[32], the connection of the support and the cocatalyst
occurred via the Ogypport—Alcocatalyst linkage. The TGA can
provide the beneficial information on the degree of the
interaction for MAO bound to silica in terms of weight loss
and removal temperature [26,30,31]. In fact, too strong
interaction leads to more difficult for [Al]yao bound to
the support to react with the metallocene catalyst during
activation step and thus low polymerization activity. On
the contrary, the leaching of MAO can be occurred due to
weak interaction between support and MAO. Therefore,
the optimum degree of interaction should be required in
order to achieve the high activity. Fig. 4 represents TGA
profiles of various supports. It was observed that the
weight loss of [Al]yao presented on the supports was in

Fig. 3. EDX mapping of (a) SiO, supported MAO (b) SiO,-Ga supported MAO (c) SiO,-BCl3 supported MAO.
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Table 3
Summary of ethylene/1-hexene copolymerization catalytic activities.

System Time Weight Activity® (kg polymer/mol
(s) (g) Ti.h)

Homogeneous 85.8 1.04 4377

SiO, 99.2 0.97 3519

Si0,-Ga 92.4 1.00 3901

Si0,-BCl3 78 0.96 4454

? Polymerization condition: [Ti]= 10 pmol, MAO as cocatalyst, [Al]/
[Ti] = 400, liquid volume (toluene) =30 mL, temperature = 343 K, ethyl-
ene pressure = 349 kPa (50 psi).

the order of SiO,-BCl; (25.2%) < SiO,-Ga (25.6%) < SiO,
(26.2%). This indicated the strongest interaction of the
SiO,-BCl; supported MAO, demonstrating the highest
activity compared to other supports. Thus, for this sup-
ported CGC system, it should be mentioned that the stron-
ger interaction between cocatalyst and support is favorable
in order to prevent the leaching of the cocatalyst.

Besides the interaction, one should concern on the
acidic property of the silica support after modification with
Ga and BCls. As a matter of fact, the literature reviewed
that the surface acidity properties of supports have the
important role in the activation of metallocene catalyst
and accordingly on the activity enhancement. Moreover,
Campos et al. [25] constructed a correlation between poly-
merization activity and support acidity and revealed that
the activities increased with an increase of acidic sites. In
this work, the incorporation of Ga and BCl; generated the
acid sites in the silica supports (as confirmed by NHs-
TPD) and these sites are able to assist MAO that performed
as a main activating agent to activate the CGC catalyst
during the polymerization. As a consequence, this should
be an explanation for an obvious rise of polymerization
activities in modified supports compared to the conven-
tional silica support. Furthermore, a higher degree of activ-
ity increase for BCl;-modified silica system can be mainly
attributed to the higher acidity than the Ga-modified one.

With regard to the result in Table 3, it is worth nothing
that the catalytic activity obtained from BCls-modified

support was the highest and can be comparable to the
homogeneous one, suggesting the homogeneous-like
behavior of this system. It was presumably on account of
the role of BCl3 as a spacer group on the surface of silica.
Investigation of a spacer such as TiO,, silane and zirconia
in copolymerization of ethylene and a-olefins was studied
as well [15-17]. In order to gain a better understanding, a
conceptual model for BCl5 effect is illustrated in Scheme 2.
As seen, after immobilization MAO or active sites can be
anchored on the modified silica through the BCI molecule,
which acted as a spacer and hence less steric hindrance
between them. Consequently, a monomer during polymer-
ization can insert more easily into this structure, and thus
enhancing activity.

3.3. Characteristics of polymer

The various obtained copolymers were further charac-
terized by means of GPC, DSC and '3C NMR. Table 4 is con-
structed to summarize the properties yielded from
homogeneous and various supported systems. The GPC
was performed to measure M,, and MWD of polymers. It
should be mentioned that all polymers exhibited rather
low molecular weights. However, these results were in
the same range (20-40 kg/mol) with other metallocene
or CGC catalysts under similar conditions [6,16,33-35].
This is probably due to the nature of metallocene catalyst
that is usually relatively sensitive to chain transfer reaction
despite no apparent chain termination reagent. Neverthe-
less, in order to improve or control the molecular weight,
this constrained geometry catalyst system should be fur-
ther investigated in living polymerization. Comparing to
the homogeneous system, it was apparently observed that
the molecular weight for other heterogeneous systems in-
creased drastically (more than 3 times). This should be be-
cause of an obstruction of bimolecular reaction between
two catalytic sites by immobilization of MAO on the sup-
port surface. Therefore, a B-hydrogen transfer might be
lessened, and then enables longer growth of the polymer
chain, leading to higher molecular weight of polymers

Fig. 4. TGA profiles of supported MAO on various supports.
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Scheme 2. Conceptual model for BCl; effect as a spacer.

Table 4
Properties of the resulted copolymers from homogeneous and supported
system.

System Melting Molecular MWD  Insertion%*
point? weight® (My,)  (My/
(Tm) (K)  (kg/mol) M)
Homogeneous 378 9 3.26 13.6
SiO, 391 35 2.81 9.3
Si0,-Ga 390 28 2.61 11.3
SiO,-BCl; 382 27 2.40 15.0

2 Determined by DSC.
> Determined by GPC.
¢ 1-hexene insertion in copolymer determined by '*C NMR.

[32]. Fig. 5 shows the GPC curves for all polymers, indicat-
ing the unimodal molecular weight distribution. In addi-
tion, it was found that the molecular weight distribution
of the copolymer resulted from the heterogeneous system
became narrower, especially after modification with
Ga and BC(ls. This indicated that the more uniform catalytic
sites can be achieved through the acidic modification.

Considering only the supported systems, a slight reduction
in molecular weight was observed for the modified sup-
port. The cause of this is based on the fact that a rise of
1-hexene insertion compared to unmodified support pro-
motes chain transfer reactions, consequently contributing
to lower molecular weight copolymers [29]. The melting
temperature (T,,) of copolymers evaluated by DSC is also
shown in Table 4. It revealed that T,, was in the range be-
tween 378 and 391 K. However, T,, tended to slightly de-
crease with Ga and BCl; modification generally attributed
to the increased degree of 1-hexene insertion.

The quantitative analysis of triad distribution for all
copolymers was conducted on the basis assignment of
the '3C NMR spectra of ethylene/1-hexene copolymer
[36]. The triad distributions and 1-hexene contents, which
were calculated according to the Randall method [36] are
presented in Table 5. Ethylene incorporation in all systems
gave copolymers with similar triad distribution regardless
of acidic modification. Only random copolymers can be
produced with this system. On the other hand, it is shown
that the unmodified silica support presented a noticeable

Fig. 5. GPC curves of copolymers obtained from various supports.
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Table 5

Triad distribution of copolymers obtain from *C NMR.
System [HHH] [EHH] [EHE] [EEE] [HEH] [HEE] [H] (%)
Homogeneous 0.000 0.000 0.129 0.630 0.000 0.241 12.9
Si0, 0.000 0.000 0.090 0.738 0.000 0.172 9.0
Si0,-Ga 0.000 0.000 0.094 0.761 0.000 0.145 9.4
Si0,-BCl3 0.000 0.000 0.138 0.646 0.031 0.186 13.8

decrease of 1-hexene insertion compared to the homoge-
neous one. The lower comonomer incorporation can be
by reason of a steric effect inserted by silica surface, pre-
venting one of the CGC catalyst faces, therefore reducing
the accessibility of the comonomer onto the active sites
[29]. This steric effect is able to be relieved with the silica
modification like BCl; which can act as a spacer group to
keep apart active sites from the silica surface, thus being
apt to enhance the 1-hexene extent.

4. Conclusion

The activities of ethylene/1-hexene copolymerization
with silica-supported CGC/MAO catalyst can be improved
with the Ga and BCl; acidic modification on the silica sup-
port. Increased activity was due to the stronger interaction
between support and cocatalyst coupled with a formation
of acidic sites derived from the modification. Additionally,
BCl; is able to be a spacer on the silica support leading to
the highest activity and the highest 1-hexene incorpora-
tion. The supported catalytic system resulted in polymers
with significantly higher molecular weight (almost 4
times) and narrower molecular weight distribution, espe-
cially after acidic modification. However, the Ga and BCl;
modifications seem not to greatly influence on the melting
temperature and the microstructure of copolymers.
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This study focused on elucidation of effect of fumed silica added in the commercial Ziegler-Natta catalysts
by physical solid-solid stirring. The added fumed silica seemed to cover around the catalyst revealed by
SEM-EDX and apparently resulted in decreased activity of ethylene polymerization, but increased
molecular weight of polyethylene as measured by GPC. Based on the in situ ESR measurement, it can be
concluded that fumed silica can inhibit the reduction of Ti*>* by triethylaluminum (TEA). It is suggested
that the delay reduction of Ti** may be beneficial for propylene polymerization.
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1. Introduction

More than fifty years, many researchers have enormously
considered on the Ziegler-Natta catalysts both in academic and
industrial viewpoints. Polyethylene has been used widely in many
applications such as high strength fabricated structure. Each
application has to be produced with particular catalysts and
conditions. Silica is known as a support material that provides an
advantage on the polymer morphology, but it causes to lose in the
catalytic activity [1-5] due to silanol groups (i.e. SiOH) on the silica
surface [3-7]. In order to remove the OH group on the surface, silica
has usually been calcined at different temperatures between 110
and 820 °C [1-9]. Although the silanol groups of the silica have
been exerted with high calcination temperature, the experimental
evidences showed that the high calcination temperature still
cannot get rid of all the OH groups [4,6,8,10,11]. Another method is
to functionalize it with some substance such as alkyl silyl, alkyl
silyl halide or alkyl aluminum to change the silanol groups into the
other forms [1-4,6,7,10,12]. Although the activity has lost, the
catalyst produced from mixed supports with silica (i.e. magne-
sium-silica bisupport) tends to affect not only on morphology, but
also on the properties of the polymer such as rheological properties
afforded by functional groups on the silica surface [1,2].

* Corresponding author. Fax: +66 2 2186877.
E-mail address: bunjerd.j@chula.ac.th (B. Jongsomjit).

As in the industrial field of production of high density
polyethylene, the commercial Ziegler-Natta catalyst produced
from the adduct method with anhydrous magnesium chloride
support gives an excellent catalytic activity in the acceptable
variation of polymer properties of specific grades for end-use
applications. Synthesis of a new catalyst such as bi-supported
catalyst may lead to a huge investment due to the need of many
manufacturing units. To utilize the advantage and benefit of the
commercial catalyst, fumed silica has been considered to be the
solid substance interacted at the commercial catalyst surface to
control the polymer properties. Fumed silica was able to provide
extreme amounts of contact surface bound to another material due
to its high surface area.

In this study, fumed silica was used as a hypothetical catalytic
controllable material to change the catalytic properties of the
commercial Ziegler-Natta catalyst. The effect of fumed silica,
which was added physically by solid-solid stirring, on the
properties of polyethylene obtained was also investigated.
Moreover, to elucidate the role of fumed silica on the reduction
of Ti**, the in situ electron spin resonance (ESR) was performed
successfully. More details are further discussed.

2. Experimental
2.1. Materials

Purified argon gas (99.999%), commercial polymerization grade
ethylene gas and hydrogen gas were purchased from Thai

1226-086X/$ - see front matter © 2012 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights reserved.
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Industrial Gas Co., Ltd. The commercial catalyst was a Ziegler-Natta
titanium-magnesium based catalyst for ethylene polymerization.
Fumed silica purchased from Sigma was non-porous type with
surface area of 390 + 40 m?/g and its primary particle size was 7 nm
as reported by Cabot Corporation. Hexane, triethylaluminum (TEA)
and fumed silica were operated under an argon atmosphere via a
glove box, glove bags and Schlenk techniques.

2.2. Silica calcination

In order to keep the original OH group on surface, fumed silica
was calcined at 150 °C for intend to only remove physical adsorbed
water from the surface. The calcination was performed under
argon atmosphere.

2.3. Polymerization

The ethylene polymerization was carried out with 2 I autoclave
reactor connected with the lines available for argon, hydrogen and
ethylene gases and also the hexane feed line. The reactor and all
connected feed lines were cleared humid and oxygen by
evacuation, and then followed by purging with the argon many
times. First, 1 1 of hexane was filled and heated to 80 °C. The desired
amount of catalyst was stirred with 0, 10, 20, and 60 wt% with
fumed silica in hexane solvent for 15 min. Then, TEA of 1 mmol was
injected into the reactor subsequence by the stirred catalyst with
0.003 mmolTi. In the condition with the presence of hydrogen, the
reactor was pressurized with 1 bar of argon followed by
pressurizing with hydrogen gas to 3.5 bars and finally pressurizing
with ethylene gas to 8 bars. In addition, the partial pressure of the
gases is 1, 2.5 and 4.5 bars. The catalysts were named as ZNOOS,
ZN10S, ZN20S, and ZN60S for stirring with 0, 10, 20, and 60% of
fumed silica, respectively.

2.4. Characterization

The catalysts were characterized with different techniques to
investigate the reasonable model. Electron spin resonance (ESR)
was performed to measure changes of Ti oxidation state after
activation by TEA. The molecular weights (Mw) and molecular
weight distribution (MWD) of polymer were measured by gel
permeation chromatography (GPC). Details are as follows;

2.4.1. In situ ESR

The extent of Ti>* content of the catalyst stirred with various
amounts of fumed silica was observed by the in situ ESR technique.
The ESR equipment used is JEOL model JES-RE2X filled with argon
atmosphere. DPPH standard was used for g-factor calibration. First,
the catalyst was stirred with fumed silica in hexane for 15 min in
glove box. After activation by TEA, the sample was measured by
ESR starting at room temperature (25 °C). In order to evaluate the
extent of Ti>" at the polymerization temperature (80 °C), the
catalyst sample was heated to 80 °C and held for 90 min for ESR
measurement. The ESR spectrum was collected every 15 min from
the beginning until 90 min.

24.2. GPC

A high temperature GPC (Waters 150-C) equipped with a
viscometric detector was used to determine the molecular weight
and molecular weight distribution of the polymers. 1, 2, 4-
trichlorobenzene was used as a solvent and the temperature was
performed at 140 °C.

2.4.3. SEM-EDX
The external surface of the catalysts and their morphologies
were obviously revealed by scanning electron microscopy

Table 1

Activities of catalyst and molecular weight of polymer.
Sample  Activity (kgPE/molTi/h)  Mn (kg/mol)  Mw (kg/mol) MWD
ZN0O0S 25,043 24 122 5.1
ZN10S 21,335 28 175 6.2
ZN20S 16,120 29 170 59
ZN60S 13,230 31 155 5.0

technique with a JEOL model S-3400 and the elemental distribu-
tions were also observed by energy dispersive X-ray spectroscopy
by EDAX device. The polymer samples for SEM analysis were
coated with platinum particles by ion sputtering device to provide
electrical contact to the specimen. The samples were performed
with overflowing of argon gas to reduce oxygen and moisture
toward the catalysts.

3. Results and discussion

Activities of the catalysts stirred with various amounts of fumed
silica along with Mw, MWD obtained from GPC are shown in Table
1. The results show that when the amount of fumed silica increased
the activities decreased. The molecular weight of polymer tended
to increased with fumed silica addition, whereas only slight change
in MWD was observed.

In addition, the GPC profiles are also shown in Fig. 1 indicating
that they shift to a higher molecular weight position with fumed
silica addition along with slightly broader MWD up to ZN20S.

It is well known that the change in activities of ZN catalysts
must be related to the Ti oxidation state during polymerization.
Based on the results as mentioned above, the addition of fumed
silica apparently decreased the catalytic activity during polymeri-
zation. Thus, the addition of fumed silica may alter the Ti oxidation
state during polymerization. In order to elucidate the effect of
fumed silica, the in situ ESR measurement was performed. ESR is
one of the most powerful techniques used to measure the
oxidation of Ti**, especially upon the in situ condition [13]. In
this measurement, the catalyst samples having different amounts
of fumed silica added were activated by TEA based on polymeri-
zation condition. Then, the extent of the Ti>* extent during
reduction by TEA for each sample was observed. The ESR results for
ZNO0O0S, ZN20S, and ZN60S samples are shown in Fig. 2. For all
samples, there are three peaks located at g values equal to 1.985,
1.97, and 1.94 in each spectrum. The different g values refers to the
various types of Ti>* coordination. For instance, the g values of 1.97
and 1.985 are assigned to the tetrahedral coordination of Ti>* [14-
16] and the g value of 1.94 refers to the six-coordinated Ti>*
dissolved in MgCl, [14] or to isolated octahedral coordinated Ti>*
[15]. It is evident that peak areas between the g values of 1.985 and

Fig. 1. The GPC profiles of polymers obtained from different catalysts.
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Fig. 2. The ESR spectra of the catalyst; (a) ZNOOS, (b) ZN20S and (c) ZN60S.

1.97 are altered by different amounts of fumed silica added. On the
other hand, intensity of the peakes at g values of 1.985, 1.94
increased with addition of fumed silica.

From the ESR spectra, it revealed that the catalyst stirred with
fumed silica contributed to the inhibition of change in Ti** extent.
The spectra were taken double integration in order to measure the
amounts of Ti>* absorbance upon each interval time. The
integrated areas are plotted in terms of relative area related to
the beginning of 80 °C as shown in Fig. 3.

As seen in Fig. 3, the relative areas for catalyst having fumed
silica up to 20% apparently resulted in the less change of Ti**
amounts. This indicates that fumed silica may act as a buffer which
inhibits the reducing power of TEA to reduce Ti*" to Ti**, and Ti>* to

Fig. 3. The relative amount of Ti** at 80 °C.

Ti2*. Thus, the amounts of Ti>* decreased with time. For such the
phenomenon, the slope of 0% of fumed silica added exhibits the
highest rate of decreased Ti>* upon time, while the addition of 10%
and 20% of fumed silica lowers the rate of decreased Ti>* upon time.
It should be noted that with 60% of fumed silica added, Ti**
increased due to the reduction of Ti** to Ti** (not Ti>* to Ti** as
mentioned before). It is suggested that fumed silica can be
adsorbed on the catalyst particles and inhibit the reduction of Ti>*
by TEA. As the result, the activity of ethylene polymerization
decreased with silica addition as seen in Fig. 4 due to Ti3" is less
active than Ti?* for ethylene polymerization [17]. It should be
mentioned that the catalysts with silica showed much lower rate

Fig. 4. Ethylene consumption profiles of the catalyst stirred with various amounts of
fumed silica.

Fig. 5. Effect of fumed silica added on propylene polymerization.
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Fig. 6. SEM/EDX of the original commercial catalyst.

Fig. 7. SEM/EDX of the commercial catalyst stirred with fumed silica.

than the original catalyst in the first hour of reaction, but the rates
in the second hour are almost the same for all the catalysts. This
phenomenon may reflect the different stability of active centers
from Ti%* and Ti>* species as also seen from the ESR results. The
slower interaction between catalyst and cocatalyst also contribut-
ed to the decrease in polymer chain termination reactions by
cocatalyst [18] which results in higher molecular weight polymer.

The other way to trace the increased amounts of Ti* is to
perform propylene polymerization. It is well known that propylene
polymerization is only active with Ti>** [19,20]. Thus, propylene
polymerization was also performed using ZNOOS and ZN50S
samples as shown in Fig. 5. It can be observed that activity of
propylene polymerization increased (ca. 19%) with fumed silica
added indicating more amounts of Ti>* present.

The elemental distributions on the catalyst surface were
performed by SEM/EDX. The results revealed that the catalyst
was covered by fumed silica which made most of magnesium

element disappeared from the catalyst surface as shown in Figs. 6
and 7.

4. Conclusions

The main objective of this research is to use fumed silica for
improvement of the commercial Ziegler-Natta catalyst. It was
found that the fumed silica added to the catalyst by physical
stirring affected on the catalyst covered around by fumed silica
resulted in decreased activity for ethylene polymerization, but
increased molecular weight and only slightly increased MWD. The
significant finding is to elucidate the effect of fumed silica using the
in situ ESR measurement. It is evident that fumed silica can inhibit
the reduction of Ti** to Ti?* resulting in decreased ethylene
polymerization activity. In contrast, the activity of propylene
polymerization remarkably increased.
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Abstract—We studied the effect of crystalite size of nanocrystalline TiO, derived from the sol-gel method on the
properties of Co/TiO, catalysts. First, nanocrystalline TiO, supports having different crystallite sizes were prepared
viathe sol-gd method by varying the water:alkoxide ratios from 4 to 165. Then, they were used as support for the cobalt
catalyst. After calcination, the crystalite size of Co,0, was dependent on the size of TiO, support. CO hydrogenation
under methanation was performed to determine the activity and selectivity of Co/TiO, catdysts. It reveded that the
cadys with smadler size of TiO, crystdlite exhibited higher catalytic activity due to higher Co dispersion without sig-
nificant change in product sdectivity. In addition, the Ru modification on the TiO, support was a0 investigated. The
Ru modification resulted in increased activity regardless of the size of TiO, crystallite.

Key words: Nanocrystaline TiO,, Sol-gel, Cobalt Catalyst, Methanation, CO Hydrogenation

INTRODUCTION

Fscher-Tropsch (FT) synthes's has been successfully used for
future dternative resources ingead of cod or crude oil. There are
many active metds, such as Ru, Fe, Co, and Pd that can be used
for hydrogenation of carbon monoxide (CO) to petroleum wax. For
example, cobdt and iron are used for hydrocarbon synthesis. Even
though the cobdlt catdyds are more expensve, they are more ress
tant to deectivation than iron metds[1]. Supported cobdt cadysts
have been extensvely investigated with many inorganic supports
for years, such as SO, [2], Al,O, [3], TiO, [4]. They have been the
most popular FT catdyds for years due to ther high cataytic activ-
ity and sdectivity [5,6]. CO and H, (syngas) have been converted
to paratfinic or long chain hydrocarbon through hydrogenation reec-
tion. In fact, the interaction between cobdt oxide species and sup-
ports plays an important role in digpersion of cobdt oxide species
[7]. The addition of smdl amount of noble metds apparently im-
proves the catdytic properties[7-9]. For ingance, the promotion with
Ru in the supported cobdt catdydts aso enhances the turnover rate
and Co Ste dengty during reection, asreported by Iglesaet d. [10].

Due to the significant developments in nanoscience and nanoc-
technology over recent years, many inorganic nanomeaterids have
been captivating the research in heterogeneous catdyss area. These
inorganic nanomaterials can be potertidly used as catdyssin some
specified reections, as supports for the catalytic phase, and dso as
nandfillers in compogdte materids This can be atributed to their
unique properties, great therma and mechanicd gahility. In the pres-
ent work, nanocrystdline TiO, having different crystdlite Szeswas
prepared via the 30l-gd method and used as the support for Co cata
lygs Infact, the cryddlite Sze of TiO, can be contralled by varying
the water : dkoxide ratios during sol-gd synthesis. Thus, the effect
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of aryddlite size of the TiO, support on the properties of Co cata
lysts can be ducidated. The characteridtics of different supports and
cadyss were determined by means of severd techniques, such as
XRD, SEM/EDX, TEM, TPR, CO chemisorption, and XPS. The
activity and product sdectivity of cataysts were measured via CO
hydrogenation under methanation condition to minimize the cata-
lyst deactivation.

EXPERIMENTAL

1. Preparation of Nanocrystalline TiO,

TiO, was prepared by the sol-gd method [11,12]. Fird, the titania
precursor [titanium (V) isopropoxide] was dissolved in ethanol and
then mixed with the solution of water:akoxide, having molar ratios
between 4 to 165 in order to obtain different crystdlite szes of TiO,.
The mixture was added dropwise to the aqueous solution with ultra:
onic dirring at room temperature for 2 h. The obtained amorphous
precipitates was centrifuged and redipersed in ethanal five times
prior to filtration. After that, the sample was dried and cacined at
450°Cinair flow for 2 h.

2. Preparation of Ru-modified Nanocrystalline TiO,

The Ru-modified TiO, support was prepared by the incipient wet-
ness impregnation having 0.03wt% of Ru. The desired amount of
ruthenium (111) nitrasyl nitrate [RUNO(NG,),)] was dissolved in
delonized water, and then was dropped dowly to the TiO, support.
The modified support was dried a 110 °C for 12 h and cacined in
ara500°Cfor4h.

3. Preparation of Cobalt Catalysts

A 20wWt% of Co metd wasimpregnated onto the TiO, supports
according to sections 1 and 2 using cobdlt nitrate [Co(NO,),-6H,0]
as the precursor. The sample was dried a 110°C for 12h and cdl-
dnedin ar a 500°C for 4 h to convert dl cobdt nitrate precursors
into Co oxide species[13].

The nomendature used for the catdyst samples in this sudy is
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asfollows

e CoTiO, xx nm

e CoTiO, xxnm Ru

Co/TiO, xx nm refersto Ca/TiO, catdyst with TiO, having the
cryddlite sze of xx nm.

CalTiO, xx nm_Ru refers to the Ca/TiO, cadys with TiO, hav-
ing the crydtdlite sze of xx nm with Ru modification on TiO, as
mentioned in section 2.

4. Methanation

CO hydrogenetion (H,/CO=10/1) under methanation condition
was paformed to determine the overdl activity of the samples. Hy-
drogenation of CO was carried out at 220°C and 1 am. A flow rate
of H,/CO/Ar=20/2/8 cm/min in a fixed-bed flow reactor was used.
A rddivey high H,/CO ratio was usad to minimize deectivation
due to carbon depostion during reection. Typicdly, 10mg of asam-
ple was reduced in situ in flowing H, (30 cn®/min) at 350°C for
10h prior to the reaction. Reector effluent samples were teken at
30-minintervas and andyzed by GC. Thermd conductivity detec-
tor (TCD) with molecular Seve 5A was used to detect the CO. A
flame ionization detector (FID) with aVZ-10 column was used to
detect the light hydrocarbons, such as C,-C, hydrocarbons. In dll
cases, Seady-dtate was reached within 5 h.

5. Characterization of Supports and Catalysts
5-1. N, Physsorption

The surface area was determined by physisorption of nitrogen
(N,) usng a Micromeritics Pulse Chemisorb 2700 system. It was
caculated based on nitrogen uptake a liquid-nitrogen temperature
(77 K) usng the Brunauer-Emmett-Teler (BET) equation by the
single point method.

5-2. X-ray Diffraction

XRD was performed to determine the bulk crystaline phases of
the sample. It was conducted usng a SSEEMENS D-5000 X-ray dif-
fractometer with Cu K , (1=1.54439 A). The spectrawere scanned
a arate of 2.4°minintherange 26=20-80C".

5-3. Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy

SEM and EDX were used to determine the catayst morpholo-
giesand dementd didribution throughout the sample granules, re-
spectivdy. SEM involved a JEOLmodd JSM-5800LV. EDX wes
performed using Link 15s series 300 program.

5-4. Transmission Electron Microscopy

TEM was used to determine the disperson of coblt oxide spedies
usng JEOL-TEM 200CX transmission eectron spectrascopy oper-
aed at 100kV with 50 k megnification. The sample was digpersed
in ethanal to obtain the uniform digperson of sample prior to the
meesurement.

5-5. Temperature-progranmed Reduction

TPR was usad to determine the reduction behaviors of the sam-
ples. It was carried out using 50 mg of asample and atemperaure
ramp from 35 to 800°C a 5°C/min. The carrier gas was 10% H,
in Ar. A cold trap was placed before the detector to remove water
produced during the reaction.

5-6. X-ray Photoe ectron Spectroscopy

XPS was used to examine the binding energy and the surface
compastion of the catdydts by usng an AMICUS spectrometer
with X-ray source of Mg K , rediation operated at voltage of 20kV,
current of 10mA using the AMICUS“VISION2” software.

5-7. CO Chemisorption

The active Sites and the rel ative percentages digpersion of cobalt
catays were determined by CO-pulse chemisorption technique using
Micromeritics ChemiSorb 2750 (pulse chemisorption system) and
ASAP 2101C V.3.00 software. 20 mg of a sample was used and
reduced in H, flow rate a 50 mi/min with hesting from room tem-
perature to 350°C a rate 10°C/min and held at this temperature
for 3h &fter baing cooled to room temperature in He flow. Gas volu-
metric chemisorption at 100 °C was performed. Desorbed CO was
measured with atherma conductivity detector. Pulsng was contin-
ued until no further carbon monoxide adsorption was olbserved.

RESULTSAND DISCUSSION

1. Characterigtics

Firg, the cryddlite Sze of the sol-gd derived TiO, was varied
by changing the water:akoxide molar ratios (3 vaues from 4, 40,
and 165) during the synthesis. In this sol-gel process, the reection
between the akoxide precursor and the desired amount of water
occurred in an anhydrous acohal medium. The hydrolysis and con-
densetion reactions can be summarized asfollows[14]:

Hydralyss: Ti(OC;H,),+4H,0— Ti(OH),+4C;H,OH @
Condenstion: Ti(OH),— TiO,+2H,0 )
Net reaction: Ti(OC,H,),+2H,0—TiO,+4C,H,OH 3

As seen from the net reaction (3), the nudeation rate of TiO, in-
creases with increasing the water:alkoxide ratios. As a reault, the
cryddlite Sze and nanoparticle Sze should decresse with incress-
ing the water:dkoxide ratios [15]. After cdcinaion, the obtained
TiO, supports were characterized using XRD and N, physisorp-
tion. All samples exhibited smilar XRD patterns (not shown) a
26° (mgor), 37°, 48°, 55°, 56°, 62°, 69, 71°, and 75° assigned to TiO,
in the anatase phase. The cryddlite sizes of TiO, were caculated
basad on the XRD line broadening using the Scherrer equetion [16].
The cryddlite szes of TiO, werein the range of 11, 13 and 16 nm
corresponding to the water:akoxide ratios of 165, 40 and 4, repec-
tively. It gppeared thet increased water:akoxide molar ratio appar-
ently resulted in decressad cryddlite sze of TiO, [14,15]. The BET
surface aress of samples were found to be 71, 63 and 48 n¥/g for
TiO, 11 nm, TiO, 13nm, and TiO, 16 nm, respectively, which is
usud for anatase TiO, obtained from the sol-gd method. After Ru
modification of the TiO, supports, it showed only adight decrease
in surface area. No XRD pesks of Ru were detected due to its highly
dispersed form.

After impregnation of Co onto the different TiO, supports as men-
tioned above, the catdysts were cdcined and characterized using
various techniques The XRD patterns for the cddned catdyst sam-
ples without Ru modification are shown in Fig. 1. Besdes the go-
pearance of XRD patterns of the anatase TiO, as mentioned above,
dl cadned samples exhibited XRD pegksat 31° (week), 36° (drong),
46° (weak), and 65° (week), which were assigned to the presence
of Co,0,. Contrarily to Ca/TiO,_16 nm, XRD patterns of Ca/TiO,
11 nm and Co/TiO,_13 nm hoth present a huge background. Such
abackground may originate from alarger water content that would
be linked to the higher water:akoxide ratio used for these catdysts
or more probably from the poor crystdlinity of TiO,. However, no
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Fig. 1. XRD patternsfor Co catalysswith different crystallite Szes
of TiO, supports.

other forms of Co oxide pecies can be detected by XRD messure-
ment. The XRD paterns for the cacined catdyst samples with Ru
modification (not shown) were Smilar to those without Ru modifi-
cation. The surface aress of the catdysts with and without Ru modifi-
cation are shown in Teble 1. They dightly decreased with Ru modi-
fication. It should be noted that high surface area could result in
better digribution of Co, but somehow does not guarantee good
dispersion as shown in our previouswork [17]. The cryddlite Szes
of Co,0, are dso shown in Table 1. It indicated that the Ru modiifi-
cation can reault in decressad aryddlite size of Co0, on TiO, sup-
ports. To determine the Co digperson and active stes, CO chem-
isorption was performed as d<o liged in Table 1. Apparently, the
Co dispersion increased with Ru modification on the support. This
phenomenon was in agreement with our previous work [6] when
Ru was co-impregnated with cobdt onto the dumina support.

The morphologies and dementd digtribution of the catays sam-
ples were determined by usng SEM and EDX, respectively. The
SEM micrographs for dl catdys samples are illudrated in Fg. 2.
It can be seen that the larger cryddlite szes of TiO, support can
result in more agglomeration of catayst particles. The EDX map-
ping for al samples (not shown) dso reveded good ditribution of
cobalt on the support granules. To determine the disperson of cobalt
oxide gpedies on the different TiO, supports, a more powerful tech-
nique such as TEM was gpplied for al samples. The TEM micro-

Table 1. Characterigtics of catalyst samples

Fig. 2. SEM micrographs of Co catalysswith different crysallite
szesof TiO, supportswith and without Ru modification.

graphs of dl catdygsare shown in Fig. 3. The dark pots represent
cobdlt oxide species digoersed on the different TiO, supports Based
on TEM micrographs, the catdyst present on amdler size of TiO,
cryddlite exhibits better disperson (seen as amdler patches) than
thelarger one. It is suggested thet the dispersion of cobalt oxide e
cies could be dtered by Sze of the support, as mentioned in our
previous work [18]. The Ru modification on TiO, supports shows
asmilar gppearance to those without Ru modification. In addition,
with the presence of the highly dispersed form of cobelt oxide gpecies
as seen for the smdler sze of TiO, cryddlite, the interaction of the
cobat oxides and support should be conddered. Therefore, tem-
perature-programmed reduction (TPR) on the calcined catdys sam-
ples was performed to gain a better understanding according to such
areduction behavior.

The TPR prdfiles for dl cadyst samples are shown in Fig. 4.
The reduction of cobalt oxides to cobat metd (Ca®) was observed

Samples Surfacearea Crydtalite size of CO chemisorption
(m/g) Co,0, (nm)® CO chemisorption (wmole CO/g cat) Co° dispersion” (%)

Co/TiO, 11 nm 52 11 231 35
Co/TiO, 11 nm_Ru 47 8.7 311 4.6
Co/TiO,_13nm 40 14.9 214 3.3
CoITio, 13nm Ru 36 139 243 36
Co/TiO,_16 nm ik 195 6.7 1.0
Co/TiO,_ 16 nm_Ru 10 15.8 11.7 18

Calculated based on XRD line broadening using Scherrer Equation

*Calculated based on fraction of Co® detected from CO chemisorption per Co® loading x 100

Korean J. Chem. Eng.



Fig. 3. TEM micrographsof Co catalysts with different crystallite
szesof TiO, supportswith and without Ru modification.

Fig. 4. TPR prdfiles of Co catalysts with different crydallite szes
of TiO, supportswith and without Ru modification.

for dl catdyst samples that occurred in a shoulder and one mgor
peek. The lower reduction temperature shoulder peek of the unmodi-
fied cataysts was located at the 300°C (for Co/TiO, 16 nm) and
350°C (for Co/TiO, 11 and _13nm). The broad pesk was related
to atwo-step reduction of Co,0, to CoO, and then to Co metd [5,

K. Pinkaew et d.

13,18]. The Co/TiO, 16 nm sample exhibits broader TPR pesks
compared to the others. This may be due to the presence of more
various Co,O, gpedies With Ru modification, there is elso one shoul-
der and onemgor pegk for the catdysts with Ru modification located
a 260 and between 350 and 460 °C. It gopears that the broad pesk
is shifted to lower temperature with Ru modification. However, this
phenomenon isnat dearly seen for the Co/TiO,_11 nm sample, sug-
gedting that the Ru modification has less pronounced effect on the
amdler cryddlites This indicates that Ru modification facilitates
the reduction of Co catalysts. In some particular cases, the pesk of
the decomposition of the cobdlt nitrates, as a cobalt precursor can
be observed between 200 and 300°C, egpedidly on slica and du-
mina supports [6]. Prolonged cacination or reduction and recadi-
naion resulted in complete decomposition of any cobdt nitrates
present [6]. In addition, it has been often found that, due to interac-
tions between Co,0, and support materias, such asdlicaor duming,
the highest temperature peek represented the incomplete reduction
of Co,Oysupport. The TPR of supported Co,O, can dso manifest
a separation of the two reduction steps [6,18-20]. A lower temper-
ature shoulder between 200 and 350 °C pesks was observed dueto
some possible decomposition of residud Co nitrate. The reduction
of Co,0, to CoO and Co® occurred between 300 and 550 °C and
can be assigned to the reduction of metd oxides on the support [6,
18-20]. The gdrong interaction between Co metd and support de-
pends on the Size of cobdt oxide gpecies and nature of supports [6].
This suggested that the Ru may possibly help in the reduction of
Co oxides and the support to meke smdl arystdlite sze, which would
decrease the Co® crydtdlite size. These results were in accordance
with those reported by Hossaini et d. [21]. It wes suggested that
the use of Ru modified-TiO, 11 nm and 13 nm supports can result
in higher reduction temperature of Co oxides with larger amount
of reducible cobat oxide goecies.

XPS andyds was used to examine the binding energy and sur-
face concentrations of gpecies on the catdyds The catdyst sam-
ples were andyzed in the Co 2p, Ti 2p, O 1s, Ru 3d with regards
to the binding energy regions (not shown). The pesksof Ru 3d would
be detected around 280 eV [22,23], but there was no observetion
of the Ru 3d due to very smal amount of Ru loading. The binding
energy vaues corresponding to Co 2p and Ti 2p were not affected
by the smdl amount of Ru modification with thevalues of ca 780eV
and 459.1 eV, regpectively. These resilts are in accordance with those
reported by InfantesMoalinaet d. [22] and Reinikainen et d. [23].
2. Reaction Sudy

The reaction sudy was carried out via CO hydrogenetion under
methanation condition in order to minimize the catdys deectiva-
tion due to carbon deposition. The conversion, reaction rate and
product selectivity for dl samples are shown in Table2. The CO
conversion ranged between 32 and 91% upon different cryddlite
szesof TiO, supports Based on the reection rates, it is obvious thet
the activities of catalysts decreased with incressing the Sze of TiO,
cryddlite from 11 to 16 nm due to the decrease of Co disperson.
In addition, Ru modification apparently resulted in increased activ-
ity for dl different crystdlite Szes of TiO, supports. However, the
Ru modification had more pronounced effect on the larger crystd-
lite Sze support where the conversion increased about two times.
This can be attributed to the promotion of cobdt dispersion by Ru
because it can fedilitate the reduction of cobalt oxide species[6]. It
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Table 2. Reaction study

. SSrate Product

Samples Conversion (. 12 g,/ selectivity (%)
(%) ——
gcat-h) C. CC,

ColTiO, 11 nm 77 28.9 97 3
Co/TiO,_11 nm_Ru 91 34.1 97 3
Co/TiO,_13nm 49 184 94 6
Co/TiO, 13nm_Ru 89 334 99 1
Co/TiO,_16 nm 32 120 94 6
Co/TiO,_ 16 nm_Ru 77 289 99 1

is worth noting that Ru can be added into the Co catdyst as apro-
moter by coimpregnation with the cobalt precursor, such as cobalt
nitrate. As a promoter for Co/Al,O; cadyds [6], Ru increased both
overdl adtivity and reducibility. It was suggested that the Ru pro-
moter not only fadilitates the reduction of cobat oxide & lower tem-
perature, but dso decreases the formation of Co srongly interact-
ing with the dumina (Co,0,-Al,O;) and nonreducible Co aumi-
nate by minimizing the impact of water vapor on this formation.
However, for Ru promoation in Co/TiO, caayds [24], it reveded
that Ru promoation can only fadilitate the reduction of cobalt oxide
gpecies, but has no effect on water vapor produced during reaction.
Based on this sudy, it can be observed that the effects of Ru modi-
fication of TiO, supports are Smilar with those of Ru promation as
mentioned earlier. It isworth noting that with Ru modification, the
effect of dze of TiO, ayddlite on Co/TIO, cadyds is less pro-
nounced.

Conddering the product selectivity, in dl cases methane was pres-
ent as a mgority product, which is typicd for CO hydrogenaion
under methanation. Without Ru modification, the catdyss having
larger aryddlite sze of TIO, trended to give gregter amounts of longer
chain hydrocarbons (C,-C,). However, the C,-C, decreased with
the Ru promoation. It is known that CO hydrogenation is akind of
polymerization reaction where insertion of the -CH,- (methylene
group) occurs through the active centers [25], rate of propagétion,
and rate of termination. Obvioudy, a termination of chain growth
occurs and is recognized as the chain growth probability. Based on
product selectivity as found here, it can be concluded that the Ru
modification in TiO, supports dightly inhibited the chain growth
probahility. Asametter of fadt, it reulted in the obsarvation of higher
methane sdectivity with Ru modification.

CONCLUSONS

Based on this study, the effect of different crydalite szes of TiO,
supports on the catdytic properties of Ca/TiO, catdysts can be dudi-
dated. The smdler crystdlite size of TiO, support exhibited higher
cataytic activity due to higher Co digperson. The cryddlite Szes
of cobdt oxide species were replicated by those of the TiO, support.
It a0 reveded that the Ru modification on the support apparently
increased the activity of catdysts as seen when Ru was used as a
promoter by coimpregnation with the cobalt precursor. However,
with the Ru modification, the effect of sze of TiO, cryddlite on
ColTiO, catdyst was less pronounced. The Ru promoation can result
in dightly decreased C,-C, hydrocarbons during methanation.
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ABSTRACT

This work proposes the application of methane decomposition (MD) as a fuel processor to replace methane steam
reforming (MSR) for hydrogen production for a methane-fuelled solid oxide fuel cell (SOFC) system. In this work,
comparison between the MD-SOFC and the MSR-SOFC was performed in terms of SOFC performances and economic
analysis to demonstrate a benefit of using MD as a fuel processor. Energy analysis of SOFC system was evaluated
based on thermally self-sufficient condition where no external energy is required for the system. Although the
MD-SOFC system offers lower electrical efficiency than that of the MSR-SOFC as solid carbon is generated without
being further combusted to generate energy; however, the MD-SOFC stack can be operated at higher power density
due to high purity of hydrogen supplied to the fuel cell, resulting in smaller size of the system when compared to
the MSR-SOFC. Moreover, the MD-SOFC system is less complicated than that of the MSR-SOFC as the CCS facility is
not necessary to be included to reduce CO, emission. Economic analysis demonstrated that the SOFC system with
MD is more competitive than the conventional system with MSR when considering the valuable by-products of solid
carbon even with the low-valued carbon black. It is suggested that the success of this proposed SOFC system with
MD relies on the technology development on cogeneration of hydrogen and valuable carbon products.

© 2012 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Keywords: Solid oxide fuel cell; Hydrogen production; Methane decomposition; Energy self-sufficient operation

Solid oxide fuel cell (SOFC) is one of promising technolo-
gies that directly transforms chemical energy of a fuel into

1. Introduction

Over the past decades, the continuous growth of world econ-
omy has caused a number of problems such as shortage
of energy resources, environmental problems and climate
changes. Based on traditional technologies, combustion of fos-
sil fuels has emitted a large amount of greenhouse gases to
environment (Simbeck, 2004; Suelves et al., 2005; Naser and
Timothy, 2007; Edwards et al., 2008; Ahmed et al., 2009). There-
fore, many researchers have focused on the development of
alternative energy with high-efficiency as well as environmen-
tal friendly power generation technologies (Karl and Gunter,
1995; Dicks, 1996; Coutelieris et al., 2003; Edwards et al., 2008).

* Corresponding author. Tel.: +66 2 2186868; fax: +66 2 2186877.
E-mail address: Suttichai.A@chula.ac.th (S. Assabumrungrat).

electrical energy with high efficiency and reduced environ-
mental burden (Karl and Gunter, 1995; Poirer and Sapundzhiev,
1997; Martin and Ralph, 2003; Ahmad Hajimolana et al., 2012;
Laguna-Bercero, 2012). A variety of fuels (e.g., alcohol, natu-
ral gas, coal and petroleum based substance) can be used in
SOFC systems due to their high operating temperature range
(873-1273K) (Stambouli and Traversa, 2002; Assabumrungrat
et al., 2005; Hernadez-Pacheco et al.,, 2005; Hussain et al.,
2006; Naser and Timothy, 2007; Douvartzides et al., 2003;
Sangtongkitcharoen et al., 2008; Piroonlerkgul et al., 2008,
2009a,b,c; Arpornwichanop et al., 2010; Patcharavorachotetal.,
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Nomenclature

Asingle cell active area of SOFC single cell (m?)

Atotal
Ccell

total active area of SOFC (m?)
capital cost of SOFC single cell ($)

Ccompressor Capital cost of compressor ($)

cstack
Dyn(ett)

E
EO

Eact

AH°
HP

lo,m

s<g&cH3=

sep,min

capital cost of SOFC stack ($)

effective diffusion coefficient of electrode m
(cm?s71)

theoretical open-circuit voltage of the cell (V)
theoretical open-circuit voltage of the cell at
standard pressure (V)

activation energy (k] mol~1)

Faraday constant (9.6495 x 10%) (Cmol~1)
Gibb’s free energy (kfmol~1)

heat of reaction (kJ mol~1)

power consumption in compressor (HP)
current density (Acm~2)

exchange current density of electrode m
(Acm™?)

equilibrium constant of reactions j (various
units)

thickness of electrode m (um)

thickness of electrolyte (.m)

mole of component i (mol)

number of SOFC single cell

number of SOFC stack

pressure (Pa)

partial pressure of component i (Pa)

inlet pressure of component i (Pa)

difference between heat demand and heat gen-
eration in SOFC system (kW)

thermal energy supplied from fuel cell stack
(kW)

gas constant (8.3145J mol~1 K1)

temperature (K)

fuel utilization

cell voltage (V)

minimum electricity work consumed in CO,
(kW)

number of electron participating in the electro-
chemical reaction

Greek letters

o charge transfer coefficient (dimensionless)

& electrode tortuosity (dimensionless)

So, coefficient used in concentration overpotential
(dimensionless)

Noss total loss (V)

Nact activation loss (V)

Nconc concentration loss (V)

Nohm ohmic loss (V)

y pre-exponential factor for electrode exchange

Subscripts

a anode

c cathode

ref reference condition

MD methane decomposition

MSR methane steam reforming

WGS water-gas shift reaction

RWGS reverse water-gas shift reaction

CCs carbon capture storage
SOFC solid oxide fuel cell
TER thermal to electrical ratio

2010). Typically, an SOFC system consists of 2 main parts; (1)
a fuel processor for hydrogen generation and (2) a SOFC unit,
which generates electricity from hydrogen and recovers useful
heat from spent fuel for utilization in the system.

Methane is considered as a suitable and convenient fuel
for the SOFC system due to its availability, highest hydro-
gen to carbon ratio in hydrocarbon substances and low cost
(Ermakova et al., 2000; Vivanpatarakij et al., 2007; Serrano
et al., 2010). There are several reaction routes for generating
hydrogen from methane such as methane steam reforming
(MSR), partial oxidation, dry reforming, autothermal reform-
ing, and methane decomposition (MD) (Edwards and Maitra,
1995; Laosiripojana et al., 2005; Suelves et al., 2005; Bonura
et al., 2006; Vivanpatarakij et al., 2007; Li et al., 2008; Wang
et al., 2009). Nowadays, the MSR (Eq. (1)) is probably the most
well-established technology and widely used as the fuel pro-
cessor in the conventional SOFC system. Although, it offers the
highest hydrogen production but the MSR demands the high-
est energy and has impurities such as carbon oxide or steam,
in the reformed gas.
CHs +H,0 — 3Hp,+CO;  AH® = +206.9kJmol~?! (1)

A number of researches have been focused on improv-
ing efficiency and performances of the methane-fuelled SOFC
systems. Due to the impurities in the reformed gas from
the conventional SOFC system, membrane reactor technology
(a combination of membrane and steam reforming reactor)
(Damen et al., 2006a,b; Powell and Qiao, 2006) is the promising
pre-carbon capture technology in power generation. Palla-
dium type has been widely applied as a selective hydrogen,
installing in the fuel processor, to purify hydrogen and to
increase methane conversion (Basile et al., 2003; Gallucci
et al., 2004; Fernandes and Soares, 2006; Patel and Sunol,
2007). Vivanpatarakij et al. (2009) presented an upgraded SOFC
system with the application of various operation modes in
membrane reactor such as the combination of compressor and
vacuum pump. However, this system is difficult to apply in
real system due to high cost of membrane material. Another
technique that is developed to purify hydrogen before feed-
ing to the SOFC is the use of CaO-CO, acceptor after the
fuel processor; however, this technique has a disadvantage of
which CO; is produced afterburner (Iordanidisa et al., 2006;
Vivanpatarakij et al., 2009; Piroonlerkgul et al., 2010). Conse-
quently, the conventional SOFC system needs to be equipped
with a carbon capture and storage (CCS) after the afterburner.
The CCS, as shown in Fig. 1, is composed of three main steps;
CO, separation, CO, compression to the liquid form for trans-
port purpose, and CO, sequestration (or storage) (Abu-khader,
2006; Damen et al., 2006a,b; House et al., 2009). However, this
system is still under developed and is not applied extensively
in large scale production due to high capital cost with complex
system and high energy demand (Meyer, 2009; Piroonlerkgul
et al.,, 2008, 2009a,b,c; Farhad et al., 2010).

MD (Eq. (2)) is therefore an interesting alternative reaction
for hydrogen production as it requires lower energy consump-
tion than the conventional MSR. Moreover, the gas product

Please cite this article in press as: Triphob, N, et al., Integrated methane decomposition and solid oxide fuel cell for efficient electrical power
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Fig. 1 - Carbon capture and storage facility (CCS).

contains COyx-free due to the absence of oxidant substances
(i.e., steam or oxygen).
CHy— 2H,+C  AH° = +75.6kJmol~?! ()
It should be noted that although the hydrogen generated
from MD is less than that from MSR, the pure hydrogen
generated by MD offers potential benefits on improved per-
formance of the SOFC when compared with that achieved in
the conventional MSR-SOFC (Baron et al., 2004; Damen et al.,
2006a,b; Suwanwarangkul et al., 2006; Piroonlerkgul et al.,
2009a,b,c; Yusuke et al., 2009). With the consideration of their
by-products, MD produces a separated phase by-product, solid
carbon, in different valuable forms. So that no carbon oxides
is supplied to SOFC, resulting in a long operation life time
of the SOFC stack (Takenaka et al., 2001; Coutelieris et al.,
2003; Villacampa et al., 2003; Sangtongkitcharoen et al., 2005).
Furthermore, such solid carbon can be used as a commod-
ity product in various fields e.g., sorbent material, membrane,
catalyst, electrical devices, and fuel cell or sequestered (or
stored) for future use (Muradov, 2001; Meyer, 2009; Muradov
etal., 2010). As a consequence, the CCS facility required in the
MSR-SOFC is not necessary when MD is applied, resulting in
lower cost and energy consumption (Bonura et al., 2006; Abbas
and Wan Daud, 2009; Ahmed et al., 2009; Yusuke et al., 2009).
This study is aimed to evaluate and compare performances
between the two fuel processors, MD and MSR with and
without CCS facility. Our SOFC system operations are per-
formed under an energy self-sufficient condition (Qpet=0),
where no external heat is required to supply to the reac-
tor (Sangtongkitcharoen et al., 2005; Palazzi et al., 2007;
Piroonlerkgul et al., 2008, 2009a,b,c; Vivanpatarakij et al., 2009).
Furthermore, the economic analysis is carried out to deter-
mine the appropriate fuel processor for the SOFC at the
optimal operating condition (operating voltage and fuel uti-
lization) for the same net electrical power of 1 MW.

2. Process description of SOFC systems

Figs. 2 and 3 show schematic diagrams of the SOFC systems
with MSR with/without CCS, and the SOFC system with MD,
respectively. The major components in the system include
feed pre-heaters, a fuel processor, an SOFC stack, and an after-
burner. For the conventional SOFC system with MSR (Fig. 2),
steam is generated in a pre-heater and mixed with the heated
methane. Then the gas mixture is fed into the fuel proces-
sor where the steam methane reforming and water-gas shift
reaction take place to generate Hy-rich gas. After that the
reformed gas and air are introduced into the SOFC stack. The
exhaust gases are then combusted in the afterburner to gen-
erate heat for utilizing in the system. In case of the MSR-SOFC
system with the addition of CCS, the CCS is placed after the

afterburner for CO, capture. For our proposed SOFC system
with MD (Fig. 3), the operation is less complicated as there is
no steam input to the reactor and no additional CCS. It should
be noted that because solid carbon is also generated as a by-
product of the MD, there is a concern of carried-over carbon
in hydrogen gas because it could damage the SOFCs.

3. SOFC system modeling

3.1. Fuel processor

For the MSR process, hydrogen production from methane can
be obtained via methane steam reforming reaction (Eq. (1))
and water-gas shift reaction (WGS) (Eq. (3)). These reactions
usually take place in series, resulting in an overall reaction as
shown in Eq. (4).

CO + H,0 < Hy+CO;  AH® = —41.2kJmol™? ®3)

CH4 +2H,0 < 4Hy+CO;  AH° = +165.7kJmol~?! @)

Several works have reported a suitable amount of steam
to provide long activity and reduce carbon formation, basis
industrial methane steam reforming reaction is usually run
under a steam to carbon molar ratio of 1.4 or higher (Dicks,
1996). With the equilibrium consideration of the side reaction
(WGS), the steam to carbon molar ratio is suggested to be 2
or higher (Renner and Marschner, 1985; Palsson et al., 2000;
Sangtongkitcharoen et al., 2005; Vivanpatarakij et al., 2009;
Arpornwichanop et al., 2010). However, it is noted that using
high excess of water in the system has some disadvantages;
(1) excess steam dilutes the hydrogen concentration in the
reformed gas, (2) higher thermal energy is required in the SOFC
system, and (3) power density and performance of the SOFC
can be lower as reported by Piroonlerkgul et al. (2009a,b,c)
and Dokmaingam et al. (2010). In this work, we selected the
steam to carbon ratio of 2.5 as the carbon activity at this value
tends to approach zero (Renner and Marschner, 1985; Palsson
etal., 2000; Sangtongkitcharoen et al., 2005; Zhang et al., 2005).
For the MD system, methane is directly decomposed to pure
hydrogen and carbon follows Eq. (2) without any side reac-
tions.

To simplify the calculations for the fuel processors, ther-
modynamic chemical equilibrium is assumed to identify the
product compositions under the isothermal operation. The
equilibrium constant of the related reactions (K;) is shown in
Egs. (5)—(7):

Conventional MSR;

3
by, bco
Kusp = —2 — (5)
PcHyPH,0
PH,Pco,
K === 6
wes bH,0PCco ©)
MD;
2
Ko = 12 @)
PcH,

3.2. SOFC stack model

The modeling of SOFC stack in this work is based on our
previous work (Piroonlerkgul et al., 2009a,b,c). The SOFC

Please cite this article in press as: Triphob, N., et al., Integrated methane decomposition and solid oxide fuel cell for efficient electrical power
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Fig. 2 - The conventional SOFC system configurations with MSR as hydrogen processor with/without CCS facility.

anode, electrolyte, and cathode are made of Ni-YSZ, YSZ,
and LSM-YSZ, respectively. It is assumed that only H, con-
tributes to the electrochemical reaction and the anode gas in
the stack is at its chemical equilibrium compositions due to
high operating temperature of SOFC and fast reaction rates. It
was reported that the electro-oxidation of H; is much faster
than that of CO (Khaleel et al., 2004), and the reaction rate of
WGS is fast at high temperatures (Blom et al., 1994; Swaan
et al,, 1994; Bradford and Vannice, 1996).

Open circuit voltage or theoretical voltage (E) can be cal-
culated from the Nernst equation, where the value depends
upon the reversible potential (E°), temperature, and gas com-
positions. Such open circuit voltage can be obtained by:

1/2
szpo2

PH,0

RT
_ 0
E=E +—2F1n

Actual cell potential (V) as expressed in Eq. (9) is always
less than the open-circuit voltage (E) due to overpotentials.
Three major overpotentials are involved in the system, ohmic

overpotential (nonm), activation overpotential (nact), and con-
centration overpotential (1conc)-

V=E- Z NMoss = E — Nact — Nohm — 7conc (9)

The ohmic overpotential (7onm) involves the resistance to
flow of electrons through the electrodes and the interconnec-
tors and to flow of ions through the electrolyte. Due to the high
electronic conductivity of the electrodes and the interconnec-
tors compared to the ionic conductivity of the electrolyte, only
the ohmic overpotential of the electrolyte (Eq. (10)) is consid-
ered (Ferguson et al., 1996).

. 10, 300
Tohm = 2.99 x 10~ ML exp (f> (10)

The activation overpotential (nact) is controlled by the
kinetics of electrochemical reaction at the electrode surface.
High temperature operation in SOFC promotes fast reaction
rate, leading to a reduction of this loss. In this work, the
Butler-Volmer equation is performed to compute the activa-
tion.

. azZFnact (e — 1)zFnact
i=ig {exp( RT ) —exp <RT>} (11)

Fig. 3 - The proposed SOFC system configuration with MD as hydrogen processor.

Please cite this article in press as: Triphob, N, et al., Integrated methane decomposition and solid oxide fuel cell for efficient electrical power
generation and carbon capture. Chem. Eng. Res. Des. (2012), http://dx.doi.org/10.1016/j.cherd.2012.05.014



dx.doi.org/10.1016/j.cherd.2012.05.014

CHERD-1029; No. of Pages 12

CHEMICAL ENGINEERING RESEARCH AND DESIGN XXX (2 oI 2) XXX-XXX 5

Table 1 - Summary of model parameters.

Parameters Values
Hydrogen processor
P latm
T, 1523K
Tnmsr 1073K
SOFC stack (Piroonlerkgul et al., 2009a,b,c)
n 0.48
& 5.4
Va 1.344 x 101 Am—2
Ye 2.051 x 10 Am~2
Eacta 1x10°Jmol~?
Eacte 1.2 x 105 mol~?
L 750 pm
I 50 pm
L 50 wm
P latm
Tsorc 1073K

In case of SOFC, « and z are set to be 0.5 and 2 according
to Chan et al. (2001). Consequently, the activation potential at
each electrode is simplified as:

RT . . _ i .
Tactj = 5 sinh 1 (210]> . j=ac (12)

The exchange current density (ip) in each electrode is
related to partial pressure and operating temperature. The
expression for the anode and cathode electrodes can be com-
puted from the following equations (Fleig, 2003):

. pﬂ PH,0 _Eact.a
0a = 7a (Pref) (Pref ) exP( RT ) 13)

0.25
. o Eact.
lo,c = Ve (712 2f> exp (*7;;(:) (14)
re

The concentration overpotential (1conc) is a loss occurring
from a slow mass transfer. While the electrochemical reaction
takes place over the stack, the reactant gases diffuse to the
pore of catalyst, resulting in the difference in concentration
of gas between the bulk and the reaction site. Therefore, this
loss can be computed by the relation between gas diffusion
coefficients and operating temperature as shown in Egs. (15)
and (16) (Chan et al., 2001):

R [(1+ RT/2F)(la/Daerphy, o))
TNconc,a = 5F n Y,
(1= (RT/2F)(la/Da(ettPy, )1)

RT Po,

3.4. Afterburner

The anode and cathode exhaust gases are fed to the
afterburner unit, where the residual fuels are completely
combusted, to generate heat for supplying to all energy-
demanding units in the SOFC system. It is assumed that the
heat can be extracted from the combusted gas without heat
loss and the final exhaust gas emits to the environment at
483K which is enough to supply heat for steam generation
and air preheating.

3.5. CCS facility

For the SOFC system with MSR, an additional CCS facility is
installed after the afterburner in order to prevent CO, emis-
sion to the environment (Simbeck, 2004; Abu-khader, 2006;
Damen et al.,, 2006a,b). The operation of CCS employs the
power generation of the SOFC to utilize in its steps. The energy
requirement is calculated as follows:

e CO; separation from the exhaust gas
The work required for CO; separation from the exhaust gas
equals the change in Gibbs free energy before and after sep-
aration.

aG;
Wsep,min = —dG = AGsep = E (Tnl) (17)
" 1

1

The calculations follow the procedure suggested by House
et al. (2009). The ideal gas was assumed as the separa-
tion takes place near atmospheric and N; and CO, do not
chemically interact. It is further assumed that the sepa-
ration process takes place under isothermal and isobaric,
and therefore, the calculated values represent the minimum
required work.
e CO, compression and transportation
After CO, is separated out of the exhaust gas, it is com-
pressed to liquid phase and transported to a geological
reservoir (Abu-khader, 2006). Minimum work required in
this stage is obtained by the reversible isothermal com-
pression condition; a typical value is about 13k]J mol-1Co,
(House et al., 2009).
e CO; storage into the geological reservoir

Liquid CO; is compressed to emplace at depth, displac-
ing denser ground water upward. Pressure of this step is
around the hydrostatic pressure of ground water at the well
head. This step is assumed to overcome the physical barri-
ers which are gravity and surface tension. Minimum work is
about the power from the change of pressure and concerned

Nconec,c = E In

The parameters of the SOFC stack performance are sum-
marized in Table 1.

3.3.  Heat exchanger

Heat requirement for each unit can be determined using con-
ventional energy balance by calculating changes in enthalpy
of the inlet and outlet streams. It is assumed that the heat
exchangers in the SOFC system are operated under adiabatic
condition (no heat loss).

(Pc — 80,) — ((Pc — 80,) — Pb,) €xp [(RT/4F)(80, Lc/De(ess)Po)i]

(16)

on the injection lifetime due to an increasing of reservoir
pressure (Damen et al., 2006a,b). A typical value of the min-
imum work over the life time of injection is approximately
2kJmol-1CO, (House et al., 2009).

3.6. Operation at thermally self-sufficient condition

The SOFC systems in this study are focused on an operation at
the thermally self-sufficient condition. At this condition, the
value of Qnet is equal to zero, indicating that the total gen-
erated thermal energy from the SOFC system is performed
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to supply the overall heat-demanding units without external
heat input. From the system configuration in Figs. 2 and 3,
there are main units which play an important role in releasing
thermal energy namely; SOFCs (Qs) and afterburner (Qg). But
the MD requires a further cooler due to its high temperature in
hydrogen processor. Therefore, this proposed system with MD
consists of three generated thermal energy units, Qs, Qs, and
Qs. In term of thermal energy demand, this value consists of
the energy consumption in heaters and fuel processors. The
Qnet in the thermally self-sufficient operation is calculated by:
SOFC system with MSR;

Qnet = (Q1 + Q2 + Q3 + Qa) — (Qs + Q) (18)

SOFC system with MD;

Qnet = (Q1 + Q2+ Q4) — (Q3 + Qs + Qs) (19)

Note that the calculations of Q; are based on enthalpy
changes of the input and output streams of the units.

The thermally self-sufficient condition can be achieved by
tuning of fuel utilization (U¢) at various operating voltages. The
fuel utilization (Zhang et al., 2005) and electrical efficiency
(Piroonlerkgul et al., 2009a,b,c) in the SOFC system are esti-
mated from Egs. (20) and (21), and overall electrical efficiency
is calculated by Eq. (22):

Fuel utilization (%)

H ; consumption in SOFC stack
_ 2,equivalent p % 100 (20)
H) equivalentfed to the SOFC system

Stack cell electrical efficiency (%)

Net electrical power generated

= 100 21
(LHV of fuel x fuel feed rate),; ,node side * @)
Overall electrical efficiency (%)
Net electrical power generated
= 100 22
LHV of methane x methane feed rate @2)
4. Results and discussion
4.1.  Thermodynamics of reactions in fuel processors

Thermodynamic chemical equilibrium between two main
reactions of methane steam reforming (MSR) and methane
decomposition (MD) is firstly investigated in term of product
distribution basis on 1 mol of pure methane feed. The steam to
carbon molar ratio input of MSRis fixed to higher basis require-
ment at the value of 2.5 as mentioned earlier. The system is
operated under the atmospheric pressure to minimize cost
of operation and to obtain higher yield follow the Le Chater-
lier’s principle at different temperatures, ranging from 273K
to 2000K.

Product distribution depicted in Fig. 4 shows the endother-
mic nature of both MD and MSR reactions as the amount
of CH4 was increasingly consumed to produce hydrogen fuel
when the operating temperature is raised. It is noted that
H, can be generated higher in the MSR process due to the

presence of water reagent and higher stoichiometric coeffi-
cient in the reactions (Egs. (2) and (4)) (Dokmaingam et al.,
2010; Halabi et al., 2010). At temperature higher than 1100K,
the endothermic reverse water gas shift reaction (RWGS)
(reverse of Eq. (3)), in turn, plays an important role in the
MSR process, resulting in the declination of H, production.
Although, the MSR provides higher methane conversion and
hydrogen yield but other unwanted-by-products are also pro-
duced from this process especially COx, which significantly
reduces the purity of hydrogen fuel and affects the perfor-
mance and stability of SOFC stack.

The MD, on the other hand, produces H, without any
side reactions and hence large amount of purified H, can be
obtained at high temperature (Poirer and Sapundzhiev, 1997;
Muradov, 2001; Liu et al., 2010). The results reveal that almost
100% of hydrogen and carbon production from the MD process
canbe achieved at temperature over 1373K. Itis noted that the
presence of small amount of CH, in gas stream from the fuel
processor, resulting from unconverted feed, does not affect
the electrochemical reaction in the SOFC, in turn, it provides
the internal reforming with H,0 to produce H; again in SOFC
stack (Piroonlerkgul et al., 2008). The reduction of H,0 in the
anode chamber promotes the diffusion of H; to generate the
electrical power as reported by Patcharavorachot et al. (2010).
Further, small amount of H,O at anode side can enhance for-
ward electrochemical reaction so that stack cell efficiency of
the MD-SOFC becomes higher than that of the MSR-SOFC as
will be discussed later.

Although, the MSR process shows a better performance in
producing much larger amount of H, over the MD process but
to apply the fuel processor with SOFC, the performance of the
entire process, MSR-SOFC and MD-SOFC, is needed to be con-
sidered. In this study, the performance of the fuel processor
with SOFC is determined in terms of maximum power density,
electrical efficiency, and the effect of hydrogen purity (which
is considered as the overpotential). Finally, economic analy-
sis is taken into account in order to determine a suitable fuel
processor for operating with SOFC.

4.2. Comparison of methane-fuelled SOFC systems
performance with different fuel processors

For both MD-SOFC and MSR-SOFC, the systems are operated
under the thermally self-sufficient condition (Qnet =0) at fuel
cell temperature of 1073K, which is previously reported as a
suitable SOFC operating temperature (Vivanpatarakij et al,,
2007; Piroonlerkgul et al.,, 2009a,b,c). To find the optimal
condition at thermally self-sufficient condition, the total heat
consumption is calculated via a trial-and-error method by
tuning the fuel utilization (Us) at a fixed operating voltage of
SOFC stack to where the total heat consumption is equal to
the total heat generation from the system. It is noted that
the fuel utilization (Us) can be defined as the equivalent of
hydrogen consumption in the SOFC stack divided by overall
the equivalent of hydrogen fed to the SOFC. As shown in Fig. 5
(MSR-SOFC) and Fig. 6 (MD-SOFC), Qnet can be either positive
or negative value. A positive value of Qnet means external
heat source is required to supply for the thermal energy
consumption unit and the negative value indicates that there
is some heat release from the overall process. The Qpet can
be zero when the optimal fuel utilization is elected at varying
operating voltage. In addition, the value of produced thermal
to electrical ratio (TER), which is defined as the portion of
fuel needed to utilize as a thermal energy to obtain an equal
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Fig. 4 - Product distribution of methane decomposition (dash line) and of conventional methane steam reforming
(H20:CHg =2.5) (solid line) at atmospheric pressure and varying temperature (basis on 1 mol of pure methane for both
processes).

Fig. 5 - Qnet at different fuel utilization and operating voltage at 1073 K in conventional SOFC system with MSR, basis on
1mol of pure methane (H,0:CH, =2.5).

Fig. 6 — Qnet at different fuel utilization and operating voltage at 1073 K in proposed SOFC system with MD, basis on 1 mol of
pure methane.
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electricity production (Farhad et al., 2010), is found to be 3.90
for the MSR-SOFC, and 2.66 for the MD-SOFC system at the
thermally self-sufficient point (Qnet =0). The higher value of
TER observed in the MSR-SOFC system is because the MSR is
more endothermic than the MD.

The relationship between the operating voltage and power
density at the energy self-sufficient operation is shown in
Fig. 7. The optimum operating voltage which offers the maxi-
mum power density for the MSR-SOFC system is at 0.60V and
for the MD-SOFC is at 0.65 V. Moreover, higher power density
is observed in the case of the MD-SOFC since the MD produces
purer Hy than the MSR-SOFC as will be evidenced later in Fig. 8
showing operating voltage and polarization at various fuel uti-
lizations. The larger the fuel utilization, the more depletion
of fuel at the anode is, leading to an increase in polarization.
Moreover, because the impurity in hydrogen fuel in case of the
MSR is higher than that of the MD, the polarizations in SOFC
system in case of the MSR are therefore higher than that of the
MD at similar fuel utilization. This result is in good agreement
with those reported by Eguchi et al. (2002) and Baron et al.
(2004), of which polarizations in SOFC system, such as acti-
vation and concentration polarization, are occurred due to CO
impurity in hydrogen fuel, leading to lower SOFC performance.

Based on similar 1MW of net electricity production, the
stack cell efficiency of the MSR-SOFC was found to be 45.9%,
lower than that of the MD-SOFC of which is 53.5% (Table 3).
However, overall electrical efficiency of the MSR-SOFC system,
either with or without the CCS, is much higher than that of
the MD-SOFC. This is because the flue gas in the MSR-SOFC
is combusted and generates thermal energy whereas the by-
product, solid carbon, is not further combusted; hence the
energy in case of the MD-SOFC is stored in the system. In case
of the MSR-SOFC with CCS, the additional CCS has no effect
from either external energy or electrical input due to the oper-
ation under energy self-sufficient condition, therefore only the
electrical power produced from the SOFC has an effect. Slightly
higher feed rate of methane is required to produce a surplus
of electricity for CCS. The CCS needs the electrical power from
the SOFC system to separate out CO; ca. 19.2kW, to compress,
transport, and storage approximately 15kW. Consequently,
the addition of CCS reduces the net electrical efficiency ca.
3.9%.

Fig. 9 depicts the influence of feed processor to generating
thermal energy from SOFC stack per area and area of the stack
under the thermally self-sufficient operation at 1MW of net
electrical power production. For lower operating voltage, the
difference between the theoretical voltage and the actual one
islarger hence the thermal energy supplied from fuel cell stack
(Qstack/area) is larger and, in turn, the area of the cell stack
becomes smaller to obtain thermally self-sufficient operation.
Itis noted that the trend of Qgi,cx/area as a function of operat-
ing voltage is similar to that of the power density (Fig. 7). This
phenomenon proves that not only MD gives the highest per-
formance (power density and electrical efficiency) but it also
haslower SOFC stack area compared to the MSR-SOFC and the
MSR-SOFC-CCS.

4.3.  Economic analysis

After comparing the optimal operating conditions between
two main fuel processors, it is necessary to further consider
the benefit in term of economic in order to apply in large-scale
industrial operation. In this paper, economic analysis is based
on 1MW of electrical power generation. Three parameters are

Table 2 - Costing models and economic parameters used

in the economic analysis.

Costing model
SOFC (Piroonlerkgul et al., 2009a,b,c)
Cell cost (US$) Ccell =Asingle cell X 0.14422
Number of cells Neen = Atotal/Asingle cell
Number of stacks Nstack = Neen/100
Fuel cell stacks cost (US$) Cstack =2.7 X [(Ccen X Neen)
+(2 x Netack % Asingle cell X 0.46425)|
Capture capital cost 42.33 (Herzog, 1999)
(US$/tonne)
Economic parameters
Fuel feed cost (US$/1000 ft3) 9.36 (IEA Natural Gas, 2010)
Carbon selling cost (US$/1b) 0.5 (http://www.icispricing.com)
Project life time (year) 5

3 A single cell area is fixed at 200 cm?.

used to justify the economic benefits: capital cost, cost of raw
materials, and return profit from by-products. Table 2 sum-
marizes the costing model and economic parameters used in
our analysis. For the capital cost, only the SOFC stack and the
CCS facility are considered due to their high costs. The dif-
ference in costs of the other units such as heat exchangers,
reactor and afterburner for the MSR-SOFC and the MD-SOFC
are assumed to be small and therefore not considered in the
economic analysis.

Economical profiles under thermally self-sufficient oper-
ation are summarized in Table 3. At the optimal condition,
the MD-SOFC system can reduce the SOFC stack size 1.89%
comparing to the conventional MSR-SOFC, whereas the stack
size in case of the MSR-SOFC-CCS is larger than that of
the MSR-SOFC 9.13% as it has to produce higher electri-
cal power for CCS facility. In addition, the MD-SOFC can
improve the power density 1.93% comparing to the conven-
tional MSR-SOFC. This is why the SOFC stack area of the
MD-SOFC is smaller than that of the MSR-SOFC (approxi-
mately 4.8m?). As a consequence, using the MD-SOFC can
save the total capital cost approximately $19,000.

Considering the reactants used and products obtained
from different fuel processors. At the similar net electrical
power production, the fuel feed cost of the MD-SOFC system
is higher than that of the MSR-SOFC or the MSR-SOFC-CCS.
This result is because the MD-SOFC requires higher num-
ber of methane to produce the same amount of H, for the
SOFC. It is noted that although the fuel feed cost of the
MSR-SOFC-CCS is more expensive than that of the MSR-SOFC
system due to the need of more electrical power but it is still
a lot lower than the case of MD-SOFC system. With a con-
sideration only of the fuel feed cost, the MD-SOFC might not
be a good alternative fuel processor supplying to the SOFC
system. However, it is worthy to note that the MD system
can remarkably return some precious benefit as the valu-
able by-product, solid carbon, can be obtained. Many types of
solid carbon can be formed depend upon the decomposition
conditions such as graphite, carbon black, activated carbon,
carbon nanotube, or carbon filaments, of which each has
different selling prices (http://www.timesnano.com/price.asp;
http://www.helixmaterial.com/Ordering.html). In this study,
we chose to examine the return profit for the cheapest solid
carbon, carbon black, along 5years operation. The evalua-
tion results in Table 3 show that the return profit is around
11 million dollars leads to the net cost saving ca. 9 million
dollars.
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Fig. 7 - Power density at various operating voltages under the energy self-sufficient operation (Quet =0) in SOFC system.

Fig. 8 - Operating voltage and polarization at various fuel utilizations under the energy self-sufficient operation (Qnet =0) in
SOFC system.

Fig. 9 - Qgtaci/area and stack area for different SOFC systems at the energy self-sufficient operation (Qnet =0).
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Table 3 - The technical and economical comparison of two main hydrogen processors.

Steam methane reforming

Methane decomposition

Conventional unit

With CCS technology

Net electricity produced (MW) 1

Methane feed rate (mol/s) 2.45
Operating voltage (V) 0.60
% Fuel utilization 88.2
Power density (W/cm?) 0.39
Improvement of power density (%) =

Electricity produced in SOFC (MW) 1

Stack cell efficiency (%) 45.9
Overall electrical efficiency (%) 45.9
SOFC active area (m?) 254

Improvement in SOFC area (%)

Capital cost of SOFC (US$) 997,578
Capital cost of CCS (US$) -
Fuel feed cost (US$) 3,124,930

Carbon by-product selling cost (US$) -
Saving capital cost (US$) =
Saving of raw material (US$) -
Return profit from by product (US$) -
Net cost saving (US$) -

1 1

2.67 419

0.60 0.65

88.2 94.9

0.39 0.40

- 1.93

1.09 1

420 53.5

420 26.8

278 250

—9.12 1.89
1,088,642 978,719
810,246 -
3,410,188 5,343,206
- 11,606,897
—901,309 18,858
285,259 ~2,218,276
= 11,606,897
~1,186,568 9,407,480

5. Conclusion

Performances of two fuel processors, conventional methane
steam reforming (MSR) and methane decomposition (MD),
were investigated in the methane-fuelled SOFC system under
thermally self-sufficient condition (Qnet =0). At this condition,
the system is operated with no external energy requirement.
The results demonstrated that high performances and high
electrical efficiency can be obtained when the system was
operated at the self-sufficient condition. The MD-SOFC per-
forms more advantages over the MSR-SOFC as high purity of
H, feed is obtained, giving a lower polarization and thus higher
in power density and cell stack efficiency. As a result, lower
cell stack area can be used in the case of MD-SOFC. Moreover,
the MD yields valuable by-products, solid carbon, rather than
undesired-by-products such as COx as observed in the MSR.
In addition, when CCS is applied to MSR-SOFC, of course the
system become more complex with an increase in the capital
cost and operating cost of surplus electricity for CCS unit. As
a consequence, the MD is more environmental friendly and
can gain the return profit from such by-product. Economic
analysis reveals that the MD-SOFC has the gratifying result
with larger net saving cost (ca. 9 million dollars for 1 MW with
5years of projectlife). As such, applying the MD processor with
SOFC system is proved to be an attractive method for power
generation.
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Abstract

The metathesis of ethylene and 2-pentene was studied as an alternative route for propylene productio®ekeAR€; and ReO7/SiO,-

Al,0O3 catalysts. Both NH temperature-programmed desorption @NFHPD) and b temperature-programmed reduction,{HPR) results

showed that RgD7/SiO,-Al,03 exhibited stronger acidity and weaker metal-support interaction tha@#fRe-Al,03. At 35-60°C, iso-

merization free metathesis was observed only oveidRe/-Al,03, suggesting that the formation of metal-carbene metathesis active sites
required only weak acidity. Our results suggest that on thgORISIO,-Al 03, hydrido-rhenium species ([Re]-H) were formed in addition

to the metathesis active sites, resulting in the isomerization of the initial 1-butene product into 2-butenes. A subsequent secondary metathesis
reaction between these 2-butenes and the excess ethylene could explain the enhanced yields of propylene observed. The results demonstra
the potential for high yield of propylene from alternative feedstocks.

Key words
metathesis; isomerization; propylene production; 2-pentene; rhenium

1. Introduction (25—-100°C) [3,9,10] and high tolerance of catalyst poisons
such as alkoxycarbonyl and alkoxy groups [9]. Transition

The growth in propylene production is driven by the in- 7“Al20s is the commonly used support because of its suit-
dustry demand for polypropylene, which is used in every-able textgral and _amd—base pr_opert|e§ for dispersion of the
day products such as packaging and clothing. The majority?ﬁ%ni%t'\éfogggg'ﬁ%h ;tt?\/?{y Igfgﬂzglgrtsel:jzg;rgtgitgave
of propylene worldwide is supplied as a by-product of steam.

! . ) ) include silica-alumina [11,12], alumina-boria [13,14], phos-
crackers and fluid catalytic cracking units. Because the futurephateol alumina [15], and borated silica-alumina [11]. A cer-

propylene demand is expepted to grow faster than th-e SUppI3fain acidity level appears to be necessary for the formation of

the on-purpose technologies for propylene production suchy,e metathesis active sites [14:180]. Recently, it has been

as propane dehydrogenation, metathesis, and methanol-tq)éported that ReD; supported on mesostructured aluminas

olefins conversion have received much attention recently [1]exnibited superior catalytic performances in several metathe-

Among them, the cross-metathesis of ethylene and 2-buteness reactions comparing to the conventionap@g~-Al 03

has already been commercialized as an economical means [21-25].

produce propylene [23]. Although the process of the metathesis of ethylene and 2-
For industrial applications, heterogeneous catalysts ardutenes has been established, it presents some drawbacks such

typically preferred due to the ease of catalyst recovery andas the increasing price and demand of butenes as an industrial

separation. The most widely studied heterogeneous catalystgedstock [9,26]. A recent study from our group showed that

for olefin metathesis are based on W8IO,, MoOs/Al 03, high propylene yield (88%) can be obtained via an unconven-

and Re0;/Al»03 [1,4—8]. The rhenium-based catalysts are tional metathesis of ethylene and 2-pentene oveCRISIO,-

of particular interest because they show high activity and seAl,03 catalysts under mild conditions [27]. The main prod-

lectivity for olefin metathesis at low reaction temperatures ucts from this reaction are propylene and 1-butene. 1-butene

* Corresponding author. Tel: +66-2218-6869; Fax: +66-2218-6877; E-mail: joongjai.p@chula.ac.th

Copyright©2012, Dalian Institute of Chemical Physics, Chinese Academy of Sciences. All rights reserved.
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is also an important petrochemical feedstock for organic syn<catalyst samples were pretreated with affdw (25 mL/min,
theses, and also used as a monomer and comonomer f@h, 200°C). The TPR profiles were obtained by passing
oligo/polymeric and co-oligo/polymeric products [28]. carrier gas (10% Hin argon) through the catalyst samples
In the present work, detailed characterization of the (25 mL/min, ramping from 30 to 500C at 10°C/min). The
Re0,/Si0z-Al 03 catalysts before and after metathesis of NH3-TPD measurements were also carried out in a quartz
ethylene and 2-pentene is reported. For comparison purposel-tube reactor. Firstly, the catalyst samples were pretreated in
Re,O7/~-Al,03 was also prepared and studied under similara helium flow (25 mL/min) at 200C for 2 h prior to measure-
reaction conditions (35 and 6C). The catalysts were char- ment. Subsequently they were cooled to°@5before 30%
acterized by N physisorption, inductively coupled plasma NHs in He passed over the samples (25 mL/min, 1 h) to en-
optical emission spectrometer (ICP-OES), scanning electrosure thorough adsorption on the acid sites. After ammonia
spectroscopy (SEM), X-ray diffraction (XRD), temperature- adsorption on catalyst surface was complete, excess ammo-
programmed desorption of NHNH3-TPD), H, temperature-  nia was eradicated by a helium flow (25 mL/min, 1 h,°Z5.
programmed reduction (HTPR), and X-ray photoelectron Finally, samples were heated (linearly rise of°GJImin) and

spectroscopy (XPS). the TPR and TPD profiles were recorded by a TCD detec-
tor and analyzed with a Micromeritics Chemisorb 2750 au-
2. Experimental tomated system (ChemiSoft TPx software). The XPS mea-

surement was carried out using an AMICUS photoelectron
spectrometer equipped with an Mg, X-ray as a primary
excitation and KRATOS VISION2 software. XPS elemental
The catalysts were prepared by an incipient wetness im_spectra were acqgire_d with 0'1. eV energy step ata pass energy
pregnation method using an aqueous solution of ammoniu of 75 eV. All the binding energies Werg_referenced tothesC 1
perrhenate (NEReQy, 99.999%. Aldrich) as the rhenium pre- rrﬂ)eak at 285 eV of the surface adventitious carbon.

cursor with the desired amount of 8 wt% Re metal load- )

ing. When the quantity of the solution of desired Re-metal2-3- Metathesis of ethylene and 2-pentene

is greater than pore volume of the supports, the impregnation

was repeated several times with drying (6 h, 1) between Gas-phase metathesis reactions between ethylene and
each cycle to eliminate excess solvent. The number of time@-pentene were carried out in a fixed-bed tabular flow reac-
of impregnation varied depending on the support pore volumetor (stainless steel le=0.7 cm) at atmospheric pressure.
The SiG-Al,03 (99.9% grade135, Aldrich) and both types of The gas hourly space velocity (GHSV) was 2000 tusing a
~-Al,05 (chromatography grade of Fluka and KNH-3 grade feed gas ratio (ethylene/2-pentene) of 3. In each experiment,
of Sumitomo) were obtained commercially and employed asthe catalyst sample was placed in the middle of the reactor.
the catalyst supports. After impregnation, the catalysts weré temperature sensor-type K thermocouple was mounted into
dried overnightat 110C in air and then calcined at 55C for the reactor at the middle. Firstly, the catalyst was pretreated
8 h under oxygen flow with a heating rate of 10/min. Here- ~ under a nitrogen flow (508C, 1 h) and then cooled to the
after, ReO7/Si0,-Al ,03, Re07/~-Al,03-(A), and ReO7/~- desired operating temperature under the same gas. An on-line
Al,03-(B) are referred to the R®; catalysts supported on 9gas chromatograph (Agilent GC 7820A), equipped with a cap-

SiO,-Al 03, Chromatographic grade-A]zos, and KNH-3 |IIary GS-Gasprol1134362 column (60 n0.32 mm), mon-
~v-Al 03, respectively. itored both reactant and product levels every 30 min, starting

35 min after commencement of each reaction. GC signals
were recorded using an EZChrom Elite integrated peak pro-
gram integrator.

2.1. Catalyst preparation

2.2. Catalyst characterization

The specific surface area, pore volume, average pore di- i ,
ameter and pore size distribution of the supports and catas: Results and discussion
lysts were measured by-Nphysisorption performed on a Mi-
cromeritics model ASAP 2000. The alumina composition of 3.1. Characterization results
supports and Re mass percentages for each catalyst were mea-
sured by ICP-OES on a Perkin Elmer Optima 2100DV. The  The N, physisorption results of the supports and the sup-
sample preparation was performed by digestion of each catgported RgO; are shown in Table 1. Both of the Al,O3 sam-
lyst with a mixture of hydrofluoric and nitric acids at 8C. ples comprised 100 wt% alumina powder whereas the-SiO
SEM images were recorded on a JEOL JSM 5500LV scan-Al,03 contained only 13 wt% of alumina. After impregnation
ning electron microscope. The XRD patterns of the supportf rhenium, the BET surface area and pore volume decreased
and catalysts were measured in a ranget&@ue between proportionately, indicating that some of the metal had become
20° and 80 at a rate of 0.0%2s using a SIEMENS D5000 lodged inside the pores of the alumina supports. The pore
X-ray diffractometer and CuU(, radiation with a Ni filter.  size distribution plots (Figure 1) showed that the impregna-
The PCPDFWIN database was used to identify the crystallindion, drying, and calcination processes did not significantly
phases. The HTPR measurements were carried out in aalter the pore size distribution or the average pore diameter of
quartz U-tube reactor. Prior to these measurements, all théhe supports.
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Table 1. Characteristics of the supports and supported RgD7 catalysts
Al,03 SgeT? Voord dpore Total (weak/strong) acidify
Catalys! (wi%) (g Y e (nm) (16 ymohng g )
R&07/v-Al203-(A) 100 131 (145) 0.21 (0.25) 4.68 (5.09) 4.942/0.133
Re,O7/-Al,03-(B) 100 191 (247) 0.47 (0.59) 7.68 (6.92) 7.794/0.243
Re,07/Si0;-Al,03 13 396 (548) 0.60 (0.79) 5.89 (5.57) 7.428/6.910

The numbers in parenthesis indicate the surface area, pore volume, and average pore diameter of the baré Supjaoesarea was determined
by the BET method® Pore volume was determined by the BJH desorption methdaerage pore size was determined by BJH desorption method;
d Total surface acidity of the catalysts was probed by the NRD

0.25

(d¥7dD) / (e’ /{(grnm))
=]

e
=

0.05 |

0.00 L

Figure 1. Pore size distribution of the supports and supported@ecata-

lysts
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~v-Al,03-(B) (Figure 2c), which displayed a higher BET sur-
face area and higher pore volume thail,0s-(A) (Fig-

ure 2a) (as obtained by Table 1), was predominantly made up
of smaller and rather fluffy particles, while theAl,03-(A)

was composed of denser, plate-like agglomerates. SEM mi-
crographs (Figure 2e) reveal the morphology of 58,03
support was rather spherical with rough surfaces. These
morphologies remained apparent after impregnation and cal-
cination of the supported R®; catalysts. XRD patterns
(Figure 3) show the exhibiting peaks of alumina supports
~v-Al203-(A) and v-Al,03-(B), characteristic ofy-alumina
phase at 2=32, 37, 46°, 61° and 6P, according to the
PCPDFWIN database. For the silica-alumina support, a broad
peak was seen at2= 20°—25°, indicating a typical amor-
phous solid. No peaks assignable to the crystalline phase
of Re,O; were observed for any of the catalysts. Accord-
ing to previous studies [3,21,29,30] involving relatively high
rhenium loadings, most of the metal remaining adhered to the

Figure 2 shows the SEM images of the supportssurface exists inthe form of RgQsimply because crystalline
and the supported rhenium catalysts in the calcined stateRe;Oy is volatile above calcination temperature of 3@

Figure 2. SEM images of (a)y-Al,03-(A), (b) ReO7/y-Al203-(A), (c) v-Al203-(B), (d) ReO7/y-Al,03-(B), (e) SiG-Al»,03 and (f) ReO7/SiO,-Al,03

catalysts
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Re,07 supported catalysts from +7 oxidation state to zero (Re
metal) is very fast and often appears as a single sharp reduc-
M Re,0,/Si0,-ALO, tion peak [30,38]. In the present study, the reduction temper-
W S - . atures for RgO7/SiO,-Al,03 and ReO7/v-Al,0O3 were de-
S10,-ALO, termined to be ca. 280 and 340C, respectively. It is
MM suggested that the rhenium oxide on the silica-alumina was
T easier to reduce while bounded to silica-alumina than to the
pure ~-Al,03 support. Moreover, the TPR profiles of the
-ALO;-(B) Re07/SiO,-Al 03 catalysts showed a very sharp main reduc-

‘
WWW\_M tion peak with a shoulder at higher temperature, inferring the
- presence of a different rhenium oxide species. Typically, a

Y‘A 2 3‘(A)

Intensity (a.u.)

strong metal-support interaction can diminish sintering of the

P SN Y A T N AN I AN A S N T TSI I ST W' . . . . . . .
10 20 30 40 50 60 70 80 Re-active sites and sublimation during calcination and/or pre-

20/(°)

treatment. The metal-support interaction seemed to be weaker
. on the ReO7/SiO,-Al03 than on the RgD7/v-Al203. The
Figure 3. XRD patterns of the supports and supported@ecatalysts actual ar%OZlntSO(zjf Rze ?Fnetal loading i?:Jeterzmi?]ed by the
- 0 i -
Although alkene metathesis is not commonly regarded a%?:zc))isr,tr\:\(la e(r:ZIg?r{ec?'ég:/:-ili(;vg, t:r’] dr?rfgeg;gi%i(osze.e Ta
an acid-catalyzed reaction, acidity often affects the perfor-A|203 The lower amount of the actual Re metal loading

mance of this reaction [3,14,17,31,32]. The surface ac:idityOn the ReO5/SiO,-Al,03 also corresponded to the weaker

of the ReOy catalysts was determined by NTPD and the metal-support interaction. However, there was no significant

results are shown in Figure 4. As expected, theQRESIO,- ; . .
Al,O3 (Figure 4) exhibited not only greater acidity overall but decrease in the amount of rhenium after the reaction.
also possessed a significantly higher proportion of stronger

acidic sites than the R®;/+-Al,03. The desorption peak at
around 506-200°C corresponded to the weak acid sites of alu-
mina [33]. It is typical that silica-alumina supported metathe-
sis catalysts are more acidic than alumina supported catalysts _
[3,34-36]. The amounts of total surface acidity in terms of 3
mol NH3z per gram of catalysts are given in Table 1. 53 Re,0./Si0,-ALO,
o
Q
=
Re,0,7-ALO; (B)
Re,0,/-ALO-(A)
n n n . 1 L L L L Il L L L L 1 L L L L
g 100 200 300 400 500
lg’ Re,0,/Si0,-ALO, Temperature ('C)
3 Figure 5. H»>-TPR profiles of different catalysts
S
=
Re,0,/7-ALO;-(B)
Table 2. Actual amount of Re metal (Wt%) from the ICP-OES results
Re,0,/y-ALOs-(A) Actual amount of Re metal (wt%)
R R R T A Catalyst samples Before After reactiof
0 100 200 300 400 500 600 700 reactior? T=35°C T=60°C
Temperature ('C) ReyO7/~-Al,03-(A) 8.23 8.34 8.17
Figure 4. NH3-TPD profiles of different catalysts Re&;07/v-Al,03-(B) 8.40 8.57 8.38
Re07/Si0z-Al,03 5.83 5.69 5.78

The reducibility of rhenium oxide catalysts is another a After calcination and B-pretreatment® After metathesis reac-
important parameter affecting their performance. Partial re-  tion at the conditions op =0.1 MPa, mole ratio of ethylene/2-
duction of rhenium oxides, which affords metal species ina ~ Pentene =3/1, GHSV =2000#, and time on stream =455 min
stable lower oxidation state, is a necessary step to generate
the metal-carbene metathesis active sites [13,17,37,38]. An  The deconvoluted XPS spectra of R¢ df all the cat-
over-reduction of rhenium oxide usually results in the forma-alysts after calcination and sNpretreatment are shown in
tion of inactive rhenium species and rapid catalyst deactivafFigure 6. The component of rhenium species on the cat-
tion, especially at high temperature [3,35,39,40]. Figure 5alyst surface is summarized in Table 3. It was found that
shows the H-TPR results of various R®7/v-Al,03 and the  rhenium oxide existed in the oxidation state of +7 for both
Re07/Si0z-Al,03 catalysts. Typically, the reduction of the ReO7/v-Al>03-(A) and ReO7/y-Al,03-(B) [41-43]. For
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the ReO7/SiO,-Al,03, 85% of rhenium component was as- different Re oxidation states observed on the ®¢SiO,-
signed to rhenium oxide existed in the oxidation state betwee\l,O3 were in good agreement with the PR results show-
+6 and +7 with only 15% in the oxidation state of +7. The two ing additional peak shoulder.

Table 3. The fraction of different Re oxidation states of fresh catalysts

Fraction of Re (+7) (%)

Fraction of Re (+Bz>+6) (%)

Catalyst Re4fs/; (48.8-49.2eV)  Re 4y, (46.446.8 eV) Re 45/, (47.4-47.8eV)  Re 4y, (45.0-45.4eV)
Re,O7/~v-Al,03-(A) 6 94 — —
Re;O7/4-Al203-(B) 6 94 - -
Re07/Si0;-Al,03 15 - 12 73

Intensity (a.u.)

Binding energy (eV)

Figure 6. XPS spectra of different catalysts

stream. It was found that under identical operating
conditions, ReO7/Si0»-Al,03 gave a much higher total
yield of propylene than the R©7/v-Al,03-(A). Further-
more, Re07/SiO;-Al ,03 generated relatively little 1-butene
(~10 wt%), whereas R®©7/v-Al,03-(A) produced about

55 wt% of this product. Based on the desired complete con-
version of 2-pentene, the stoichiometric yields for propylene
and 1-butene were 43 wt% and 57 wt%, respectively. In fact,
the propylene yield obtained over theJ®g/SiO,-Al .03 cat-
alyst far exceeded the theoretical stoichiometric value. This
additional propylene is likely to be formed via a secondary
metathesis of excess ethylene and 2-butene, itself arising from
the isomerization of 1-butene. The double-bond isomeriza-
tion side reaction became more pronounced &t@OHow-
ever, at this higher temperature the,Re/SiO,-Al,03 ex-
hibited more rapid deactivation than R&/v-Al,03-(A). It

is assumed that the isomerization side reaction did not occur
over ReO;/~-Al,03-(A) even when the temperature was in-
creased to 60C, since the propylene yield remained close

3.2. Catalyst performances in the metathesis of ethylene antb its stoichiometric values (ca. 50 mol% or around 43 wt%

2-pentene

based on 100% 2-pentene conversion). Although most of the
products obtained from the R@;/v-Al ,03-(A) catalyst were

Figure 7 shows the yields of the dominant productsdirectly derived from the primary metathesis between ethy-
(propylene and 1-butene) from the metathesis of ethyleéne and 2-pentene, small amounts of by-products such as

lene and 2-pentene over the JR8/Si0,-Al,03 and the

2-butene and 3-hexene were produced via a self metathesis

Re;07/7-Al05-(A) catalysts during the 455 min time-on- Of 2-pentene as illustrated in Figure 8.

100 100 100 100
I @ [ ® ]
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2 t 1 ) 9 + 8 o)
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Figure 7. The comparison in the yields of the primary metathesis products (propylene and 1-butene) at reaction temperature®ata) @5 60°C (Reaction
conditions:p = 0.1 MPa, mole ratio of ethylene/2-pentene = 3/1, GHSV = 20090 h
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Figure 8. Comparison in total product distribution between,Rg/v-Al,03-(A) (a) and Re07/Si0,-Al,03 (b) catalysts (Reaction conditions: time on stream
455 min, 0.1 MPa, mole ratio of ethylene/2-pentene = 3/1, GHSV = 206p h

3.3. Possible reaction schemes alumina is likely to be responsible for its isomerization ac-
tivity [12]. This greater acidity and the easier reducibility
To better elucidate the reaction mechanisms, two types obf the Re07/SiO,-Al,O3 catalysts could promote the for-
~-Al203-supported RgO7 catalysts were studied under sim- mation of hydrido-rhenium complexes. Such [Re]-H species,
ilar reaction conditions. The-Al,03-(A) possessed lower generated from protonation of rhenium centers by Bronsted
BET surface area and lower pore volume than{h&l ,0s- species (silica-alumina), have been claimed to act as isomer-
(B). However, there were no significant differences in termsization sites [12,29,44]. In order to confirm the role of metal
of 2-pentene conversion and product selectivities betweelin the isomerization mechanism, bare silica-alumina support
the two types ofy-Al,Osz-supported RgO; catalysts (see was tested. The negative results obtained with 1-butene at
Table 4). From the NEITPD results, both the R&®7/- 35-60°C confirmed the lack of isomerization activity of the
Al>03-(A) and the ReO7/~-Al20s-(B) contained only weak catalyst supports. Figure 9 illustrates a possible scheme for
acid sites in similar abundance. Therefore, it seems that théhe origins of various reactions in the metathesis of ethylene
weak acidic sites of the R®;/y-Al,03 catalysts promoted and 2-pentene over the R&;/~v-Al,03 and the RgO7/SiO,-
the metathesis reaction but were unable to catalyze the isoAl,O3 catalysts. It is also well known that metal-carbene ac-
merization of 1-butene. Noticeably, even at room temperative species were generated through the interaction between
ture, isomerization of 1-butene (primary metathesis productthe partial reduction of rhenium metal and the alkene reactant
occurred instantaneously over the,Re/SiO»-Al,0s. The  on an acidic support[3,16,19].
existence of more abundant Bronsted acid sites on silica-

Figure 9. Possible origins of various reactions in the metathesis system of ethylene and 2-pentene oveditte-Re O3 and the RgO7/SiO,-Al ,05 catalysts
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Table 4. Catalytic performances of RgO7 supported on [12] Bakala P C, Briot E, Millot Y, Piquemal J Y, Bregeault J ¥.
SiO,-Al,03 and two types ofy-Al,O3 supports Catal, 2008, 258(1): 61
Selectivity (%% [13] Sheu F C, Hong C T, Hwang W L, ShihCJ,WuJC, Yeh C T.
C; 1C, 2C, 1G 3G Catal Lett 1992, 14(3-4): 297
Tryxn = 35°C [14] Xu X D, Mol J C, Boelhouwer CJ Chem Soc Faraday Trans,
Re,O7/~v-Al2,03-(A) 42.2 55.9 0.8 - 1.2 1986, 82(9): 2707
ReO7/v-Al203-(B)  42.2 55.6 0.7 - 14 [15] Sibeijn M, Spronk R, van Veen J A R, Mol J Catal Lett 1991,
ReO,/Si0;-Al,03 719 86 195 - - 8(2-4): 201
Trxn=60°C [16] Commereuc D, Olivier-Bourbigou H, Kruger-Tissot V, Saussine
ReO7/y-Al20s-(A) 424 554 08 - 14 L. J Mol Catal A 2002, 186(1-2): 215
ReO7/-Al20s-(B) 439 542 0.8 - 12 [17] Xu X D, Boelhouwer C, Vonk D, Benecke J I, Mol J @.Mol
Re07/Si0,-Al,03 69.4 15.3 14.0 1.3 - Catal, 1986, 36(1-2): 47
Reaction conditions: =0.1 MPa, mole ratio of ethylene/2- [18] Hsu C C. [PhD Dissertation]. Oklahoma: Oklahoma University,
pentene = 3/1, GHSV = 2000°h, time on stream = 455 miif; Se- 1980

lectivity (%) on the basis of 100% 2-pentene conversion [19] Buffon R, Auroux A, Lefebvre F, Leconte M, Choplin A, Basset

J M, Herrmann W AJ Mol Catal 1992, 76(1-3): 287
; 20] Schekler-Nahama F, Clause O, Commereuc D, Saus .
4. Conclusions 20 Catal A 1998, 167(2): 237 o0
21] Balcar H, Hamtil R, Zilkova N, Cejka Latal Lett 2004, 97(1-
The nature of the support material in rhenium-base 2): 25
metathesis catalysts appears to significantly affect their caf22] Onaka M, Oikawa TChem Lett2002, (8): 850
alytic performances in the unconventional metathesis of ethyj23] Oikawa T, Ookoshi T, Tanaka T, Yamamoto T, Onakallicro-
lene and 2-pentene for propylene production. Under the re-  porous Mesoporous Mater, 2004, 74(1-3): 93
action conditions used (3%0°C), Re07/Si0,-Al,03 ex-  [24] Balcar H, Cejka JMacromol Symp2010, 293(1): 43
hibited much higher double-bond isomerization activity than[25] Martin-Aranda R M, Cejka Jlop Catal 2010, 53(3-4): 141
Re,07/7-Al,03. However, unlike the conventional metathesis[26] Cornil B, Herrmann A W, Schogl R, Wong C. A Concise Ency-
of ethylene and 2-butenes, isomerization here was considered Zgggd'a Catalysis from A to Z. New York: Wiley-VCH Press,
as a useful reaction for the transformation of 1-butene (pri=

. . -, [27] Phongsawat W, Netivorruksa B, Suriye K, Dokjampa S,
mary product) to 2-butenes which could instantly react with Praserthdam P, PanpranotNat Gas Chep2012, 21(1): 83

excess ethylene to form additional propylene. Metathesis ré28] Kotov S V, Kankaeva | NChem Technol Fuels Oils, 1994, 30(5-
action over RgO7/~-Al»,03 occurred without isomerization 6): 240
side reactions. Itis proposed that both the presence of wegko] Rodella C B, Cavalcante J A M, Buffon Rppl Catal A 2004,
acidic sites and the stabilization of Re-active species on the 274(1-2): 213
support were important factors in the formation of the necesf30] Mitra B, Gao X T, Wachs | E, Hirt A M, Deo GPhys Chem
sary active metal-carbene complexes. Chem Phys2001, 3(6): 1144
[31] Ellison A, Coverdale A K, Dearing P B.Mol Catal 1985, 28(1-
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Abstract The production of propylene via a gas-phase
metathesis of ethylene and 2-pentene has been studied over
the Re,0,/Si0,—xAl,O catalysts containing various SiO,—
Al,O3 compositions (13, 25, 50, 75, and 100 wt% Al,Os).
Using ethylene and 2-pentene as the reactants, isomeriza-
tion of the initial 1-butene product into 2-butenes and
a subsequent secondary metathesis reaction between
2-butenes and excess ethylene enhanced the propylene
formation so that propylene yield higher than its stoichi-
ometric amount (>50 %) could be obtained. While the pure
Al,O3 supported Re,O; catalyst possessed only the first
type of isolated monomeric ReO,  tetrahedra structure
with a stronger Re—O-support bond, the second type with a
weaker Re—O-support bond was observed on the SiO,—
Al,O5 supported ones. The double-bond isomerization and
the metathesis activities were optimized to produce the
highest propylene yield over the Re,0,/Si0,—Al,05 cata-
lyst containing 50 wt% Al,Os.
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1 Introduction

Olefin metathesis is one of industrial important reac-
tions in olefin conversion that opens up many new
routes to produce important petrochemical products.
Current commercial technology for producing propyl-
ene via metathesis reaction is based on the conversion
of ethylene and 2-butene over heterogeneous catalyst
systems [1-4]. However, this route has some draw-
backs although high propylene yield can be obtained. It
needs C, streams that are free of isobutene and buta-
diene [5] and both cost and demand of butene indus-
trial feedstock have increased continuously [4, 6, 7]. In
our recent work, a cross-metathesis of ethylene and
2-pentene over Re,0,/Al,0O5 catalysts has been studied
as an interesting route to produce propylene from
cheaper raw materials [8, 9]. The products from this
route are not only high valuable propylene but also
I-butene that are increasing in both demand and cost
nowadays [6, 7].

The Re,0,/Al,05 catalysts have been employed in
large scale metathesis of ethylene and 2-butene into
propylene [10]. Their catalytic activities can be further
improved by the use of mixed metal oxides supports such
as SiO,-AlL,O3 [2, 11-13], phosphated alumina (AIPO)
[14] and Al,O3—B,O;5 [15]. In addition, recently meso-
porous materials have been studied as supports for Re,O;
catalysts in the metathesis reactions [16-22]. The
improved catalytic activity of the mesoporous alumina
supported Re,O; than those supported on conventional
alumina was directly correlated to their large pore size
and higher specific surface area [16]. However, the syn-
thesis of these mesostructured oxides was more compli-
cated and may not be suitable for industrial application
[23].

@ Springer
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Among the various mixed oxides used to stabilize the Re
species in the favorable oxidation state for the formation of
the rhenium carbene active complex, the SiO,—Al,O3
receives considerable attention and has shown significant
improvement in the metathesis reaction. According to the
literature [2, 24, 25], low rhenium-loading Re,07/Al,03
catalysts exhibited poor or negligible activity for the alkene
metathesis. However, 2 wt% Re,O5 over Si0,—Al,O5; was
found to be more active than the 18 wt% Re,0,/Al,O5
catalysts [26, 27]. In epoxidation of alkenes, the stability of
rhenium-based catalysts also depended on the alumina
content of mixed silica—alumina supports in which ReO,~
supported on higher alumina content or pure alumina
supports showed no metal lost [28] According to Moulijn
and Mol [12], the Si—~O-Re bonds are very weak comparing
to the AI-O-Re bonds.

Acidity of the catalysts plays an important role in
alkene metathesis reactions [1, 2, 13, 26, 27, 29, 30]. In
general, silica—alumina is more acidic than alumina [31]
and it contains both strong Lewis and Bronsted acidic
sites [13, 30]. Xiaoding et al. [13, 27] showed the distinct
correlation between the Bronsted acidity which was
directly proportional to the silica—alumina compositions
and the metathesis activity for the Re-based catalyst. A
model for the generation of metallacarbenes including the
function of partial reduced rhenium species and neigh-
boring Bronsted acid sites has been proposed [27, 32].
The presence of Al in the SiO,—Al,O3 supports was found
to affect the performance of MoQO3/SiO,—Al,O5 catalysts
in various works [33-39]. Debecker et al. [33] suggested
that the acidity created by the presence of alumina in
silica was beneficial for the better dispersion of active Mo
species.

A number of previous studies of Re-based catalysts
[27, 28, 30, 40-43] have shown that double-bond isom-
erization activity of silica—alumina was much higher than
that of alumina. The isomerization activity of Re,O,/
Si0,—Al,05 catalyst was even more higher than the cor-
responding sole SiO,—Al,O5 support [40]. Nevertheless,
in our previous studies [8, 9], double-bond isomerization
of 1-butene was found to be useful for producing
additional propylene formation in the unconventional
metathesis of ethylene and 2-pentene. The present work
was aimed to further investigate the influence of SiO,—
Al,O3 composition on the catalytic performances of
Re,0,/S810,-Al1,05 in the metathesis of ethylene and
2-pentene for propylene production. The catalysts were
also characterized by inductively coupled plasma opti-
cal emission spectroscopy (ICP-OES), N,-physisorption
(BET and BJH methods), X-ray diffraction (XRD),
temperature program desorption of NH; (NH3-TPD),
X-ray photoelectron spectroscopy (XPS), UV-Visible,
and FT-Raman spectroscopy.

@ Springer

2 Experimental
2.1 Catalyst Preparation
2.1.1 Synthesis of SiO,~Al,O3 Supports

The SiO,—xAl,O5 supports containing various amount of
alumina (x = 13, 25, 50, 75, and 100 wt%) were prepared
by a co-precipitation method according to that of Okada
et al. [44]. Aluminium nitrate nonahydrate [ANN;
AI(NO3)3-9H,0] and tetraethylorthosilicate [TEOS;
Si(OC,Hs)4] solution were coprecipitated and adjusted to
1.2 mol 1”! for all the sample preparation. The distilled
water and ethanol was first mixed, then ANN was added
and the resulting solution was stirred for 15 min. The
amount of H,O in the solution was adjusted to give H,O/
TEOS = 18/1, this ratio indicating a large excess of H,O
for hydrolysis of TEOS. An ethanol solution containing a
desired amount of TEOS was then added and stirred for
3 h, 25 wt% of ammonia solution was added rapidly to the
solution with vigorous stirring. The precipitates were
immediately dried over a hot plate at 60 °C for 3 h and
subsequently dried overnight at 110 °C in an oven. After
drying, they were calcined under oxygen flowing at 300 °C
for 4 h with a heating rate of 3 °C/min to obtain the xe-
rogels. These xerogels were then calcined at 550 °C for 4 h
under oxygen flowing with a heating rate of 10 °C min~"
before used as the SiO,—Al,O3 supports for preparation of
supported rhenium oxide catalysts. The synthesized SiO,—
Al,O3 supports were denoted as SixAl where x indicated
wt% of Al,Oj3 in the silica—alumina supports.

2.1.2 Preparation of Supported Rhenium Oxide Catalysts

The catalysts were prepared by incipient wetness impreg-
nation with aqueous solution of ammonium perrhenate
(99.999 %, Aldrich). When quantity of the solution of the
desired Re-metal loading (8 wt% Re-metal) was greater
than pore volume of the supports, the impregnation was
performed several times with drying at 110 °C in between
to eliminate the solvent for 6 h. After impregnation, these
catalysts were dried overnight at 110 °C and then calcined
at 550 °C for 8 h under oxygen flow with a heating rate of
10 °C min~'. The catalyst nomenclature Re/SixAl is
referred to the Re,O; supported on the SiO,—xAl,O3 con-
taining x wt% of Al,Os.

2.2 Catalyst Characterization

The weight percentage of actual Re metal for each catalyst
after calcination was measured by ICP-OES on a Perkin
Elmer Optima 2100DV. The samples were digested with
hydrofluoric and nitric acid at 60 °C. The specific surface
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area, pore volume, average pore diameter and pore sizes
distribution of the supports and the supported rhenium
catalysts were measured by the N,-physisorption with
using a Micrometritics model ASAP 2000 automated sys-
tem. The measurements were performed with a degassing
at 350 °C (Ramp rate = 10 °C min™") for 4 h prior to N,
physisorptions at —196 °C. The specific surface area was
calculated based on the Brunauer-Emmett-Teller (BET)
isotherms and the pore volume and pore size distribution
were calculated based on the Barrett—Joyner—Halenda
(BJH) desorption branch analysis. The XRD patterns of the
supports and the catalysts were measured in a range of 20
value between 20° and 80° at a rate of 0.02° s~ using a
SIEMENS D5000 X-ray diffractometer and Cu K, radia-
tion with a Ni filter. The PCPDFWIN database was used as
reference to identify the crystalline phases. The NH;-TPD
measurements were carried out in a quartz U-tube reactor
using a Micromeritic Chemisorb 2750 automated system.
The catalyst samples were firstly pretreated in a He flow
(25 ml minfl) at 200 °C for 2 h prior to measurement.
Subsequently they were cooled to room temperature
around 25 °C then a 30 %NH3z/He mixed gas was flowed
(25 ml min~") over the samples for 1 h to throughout
adsorb on the acid sites. After ammonia adsorption on
catalyst surface was completed, the excess ammonia was
eradicated by the He flowing (25 ml min~") at the room
temperature for 1 h. Then, the samples were heated linearly
with a rate of 10 °C min~'. The TPD profiles were
detected by TCD detector and analyzed with a ChemiSoft
TPx software. XPS was carried out using an AMICUS
photoelectron spectrometer equipped with an Mg K, X-ray
as a primary excitation and KRATOS VISION2 software.
XPS elemental spectra were acquired with 0.1 eV energy
step at a pass energy of 75 eV. All the binding energies
were referenced to the C 1 s peak at 285 eV. Diffuse
reflectance UV—Vis spectra were collected on Lambda 650
UV-Vis spectrometer equipped with a diffuse reflectance
attachment and an integrating sphere. The samples were
studied in the form of powder carried out in sample holder.
The spectra were recorded under air-exposed conditions
in the range 200-900 nm and the scan speed was

1 nm min~".

2.3 Catalytic Tests

The catalytic performances were tested in the gas-phase
metathesis reaction between ethylene and 2-pentene, which
was carried out in a stainless steel (IDy. = 0.7 cm) fixed-
bed tabular flow reactor under atmospheric pressure. The
gas-phase of 2-pentene was prepared by dilution a small

amount liquid 2-pentene (>99 % mixture of isomers,
Aldrich) in low pressure N, gas (4 vol.% of 2-pentene in
12 bar N, balance). The reactants were pre-mixed with
high purity ethylene (99.999 %), and high purity N, to
have the composition of 6.75 vol.% 2-pentene, 2.25 vol.%
ethylene in N, balance before passing through the reactor.
The feed flow rates were adjusted to 70-77.5 cm® min ™"
depending on the bed volume of each catalyst. In a typical
run, 1 g of the catalyst sample was placed in the middle of
the reactor. The reaction temperature, gas hourly space
velocity (GHSV), and mole of feed ratio (ethylene/2-pen-
tene) were kept at 35 £+ 2 °C, 3,000 h™' and 3, respec-
tively. Start up with pretreatment the catalyst sample at
500 °C under N, flow for 1 h and then cooled down to the
reaction temperature. The analysis of reaction products was
started after an initial reaction for 35 min. Both reactants
and products of reaction were followed and analyzed every
half an hour using an on-line gas chromatograph (Agilent
GC 7820A) equipped with a capillary GS-Gaspro113-4362
column (60 m x 0.32 mm). The GC signals were col-
lected using an EZChrom Elite integrated peak program
integrator.

3 Results and Discussion
3.1 Catalytic Performances of the Re/SixAl Catalysts

The catalytic performances of the SiO,—xAl,O3 supported
rhenium oxide catalysts were evaluated in the gas-phase
metathesis reaction of ethylene and 2-pentene at 35 °C,
GHSV 3,000 h™!, and ethylene/2-pentene mole ratio = 3.
The conversion of 2-pentene, the yield of propylene,
1-butene, and 2-butene as a function of time-on-stream are
shown in Fig. la—d, respectively. The conversion of
2-pentene in average at 485 min time-on-stream was
ranging between 97 and 84 %. However, lower 2-pentene
conversion was obtained over the Re/Sil3Al and Re/
Si25A1 whereas those supported on the SiO,—xAl,O3
containing higher amounts of Al,O; Re/Si50Al, Re/
Si75Al, and Re/100Al exhibited higher 2-pentene conver-
sion at ca. 95-97 %. As shown in Eq. (1), the theoretical
stoichiometric value of reactants in the metathesis reaction
of ethylene and 2-pentene is equimolar.

CH; = CH; + CH3CH = CHCH,CHj3; < CH;
= CH,CHj; + CH; = CHCH,CHj3; (1)

The conversion of limited 2-pentene reactant and the
yield of products were calculated using the following
equations:
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amount of 2—pentene in feed — amount of 2—pentene remained in products

Conversion of 2-pentene (% ) = 100 x

amount of 2-pentene in feed

Yield of component i (% ) conversion of 2-pentene

amount of component i in products
X

amount of total products

In the present work, the propylene yields for all the
Re/SixAl catalysts far exceeded the stoichiometric values
(propylene selectivity of 50 mol% or ~ 43 wt%). Only the
Re/100Al exhibited propylene yield equal to the
stoichiometric value. The highest propylene yield ca. 70 %
was achieved over the Re/Si50Al with good stability during
the 488 min time-on-stream. Thermodynamically, excess
ethylene would shift the reaction (1) from left to right,
producing more propylene and 1-butene products. However,
as shown in Fig. 1, the yield of 1-butene product was not
increased in the same trend as that of propylene for the

catalysts exhibiting propylene yield higher than its
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Fig. 1 Effect of silica—alumina composition (SiO,—xAl,03, x = 13,

25, 50, 75 and 100 wt% Al,O3) of Re,0,/Si0,—xAl,Oj3 catalysts on
the a 2-pentene conversion, b propylene yield, ¢ 1-butene yield,

@ Springer

stoichiometric amount (i.e., for Re/Si50Al and Re/Si75Al).
It has been suggested that the isomerization of 1-butene
product from the metathesis of ethylene and 2-pentene to
2-butenes (Eq. 2) can further react with excess ethylene in
the feed, resulting in additional propylene formation (Eq. 3)
[8,9].

Isomerization :

CH2 == CHCH2CH'; — CH‘;CHQ == CHQCH3 (2)

Secondary metathesis :
CH, = CH, + CH3CH, = CH,CH; — 2(CH,
= CH,CH;)

(3)

The yield of 1-butene was found to be varied from 55 %
for the Re/100Al, 30 % for the Re/Si75Al, and <20 % for
the other catalysts (Re/Si13Al, Re/Si25Al, and Re/Si50Al).
The lowest yield of 1-butene was obtained over the
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d 2-butene yield. (Pressure: 0.1 MPa; E/2P mole ratio: 3; GHSV:
3,000 h™'; Temperature: 35 °C)
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Re/Si50Al, suggesting that 1-butene was isomerized to
2-butene and further reacted with excess ethylene to form
additional propylene product. This view point can also be
considered in terms of the yield of 2-butene, higher yields
of 2-butene were produced over the Re,O, catalysts
supported on the relatively high silica content supports
(Re/Sil3Al and Re/Si25Al) whereas moderately high
and lower 2-butene yields were obtained over Re/Si50Al
and Re/75-100Al catalysts, respectively. Both the
isomerization and the cross-metathesis activity strongly
depended on the Si/Al composition of the SiO,—xAl,O3
supports. Unlike the conventional metathesis of ethylene
and 2-butenes that double-bond isomerization was a
competing side reaction; it was considered as a useful
reaction for the transformation of 1-butene primary
product to 2-butenes which could further react with
excess ethylene to form additional propylene in the
metathesis of ethylene and 2-pentene [8, 9]. The results in
this study, however, suggest an optimum composition
of the SiO,—Al,O5 supports for the Re,O, catalysts to
exhibit high activities for both double-bond isomerization
and cross-metathesis reactions so that higher propylene
yield (than its stoichiometric amount) was attained with
high stability. Besides propylene and 1-butene primary
metathesis products, the other by-products including cis-
and trans-2-butene, 1-pentene, 3-hexene, and Cs,
oligomers can also be produced by various side reactions
[8]. However, under the reaction conditions used in the
present study, the only Cs, hydrocarbon found in the
products was 3-hexene, which was produced in very small
amount (<3 % yield) by self-metathesis of 2-pentene. A
relationship between the catalyst physicochemical
properties and their catalytic performances was further
investigated by catalyst characterization using several
techniques.

3.2 Catalyst Characterization

The BET surface area, pore volume, and average pore
diameter of the supports and the supported rhenium oxide
catalysts are shown in Table 1. It was found that all the
Si0,—xAl,O5 supports had larger BET surface area and
pore volume than that of the pure Al,O3; which is in good
agreement with those of Okada et al. [44]. However, con-
sidering the changes in BET surface area, pore volume, and
pore diameter of the supports after impregnation of rhe-
nium metal and calcination, the Re/Si50Al exhibited the
least change in their textural properties. Such results sug-
gest that most of the rhenium was highly dispersed on the
surface of the SiO,—xAl,O;3 support. As revealed by ICP-
OES results, the actual Re-metal loadings varied from 4.6
to 8.1 wt%, depending on the supports used. Higher
amount of Re-metal (7.8-8.1 wt%) remained on the Al,O3
rich supports (=50 wt% Al,03). Because some of the
Re,O; can be volatized during high temperature calcina-
tion step especially the inactive rhenium centers of the type
=Si-0-ReOj; [40], the use of SiO,—xAl,O5 supports with
relatively higher silica content (i.e., Sil3Al and Si25Al)
resulted in lower amount of rhenium metal on the catalyst
samples. It is quite well known that Re,0;/SiO, catalyst
has no activity in olefin metathesis due to poor interaction
between silica and rhenium oxide that tends to form inac-
tive rthenium clusters [45].

Although one can notice the differences in the actual Re
metal loadings on the various Re,0,/Si0,—xAl,05 cata-
lysts, they seemed to make little influence on the catalytic
performances. The amount of 2-pentene converted per
gram Re metal was calculated and was found to be even
higher on the catalysts with lower Re contents (Re/Si13Al
and Re/Si25Al1). However, it is quite well known that the
number of thenium active sites were only small fraction of

Table 1 The physicochemical property of the bare silica-alumina supports and the supported rhenium oxide catalysts

Sample Al,O3 content® Surface area” Pore volume® Average pore Re-metal loading® Total acidity®
(Wt%) (m2 gf') (cm2 gfl) diameter® (nm) (Wt%) (103 pmol NHjy gf')
Re/Sil3Al 13 224 (291) 1.10 (1.07) 13.7 (17.2) 4.7 7.487
Re/Si25A1 25 210 (277) 0.71 (0.58) 8.7 (9.7) 4.6 7.333
Re/Si50Al1 50 308 (316) 0.83 (0.79) 8.3 (8.7) 7.5 14.554
Re/Si75A1 75 389 (431) 0.86 (0.77) 6.1 (6.0) 7.8 14.967
Re/100A1 100 213 (233) 0.40 (0.33) 5.1 4.9 8.2 7.698

The numbers in parenthesis indicated the values of the bare supports

# Based on the calculated amounts that were used for synthesis of various SiO,—~Al,O3 supports

® Based on the Brunauer—Emmett-Teller (BET) method

Based on the Barret—Joyner—Halenda (BJH) desorption method

c
d

e

Total surface acidity of the catalysts was probed by the NH3-TPD

Actual re-metal loading for each catalyst after calcination was measured by ICP-OES
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Fig. 2 The X-ray diffraction (XRD) patterns of the different Re,O;/
Si0,—xAl,0O5 catalysts (x = 13, 25, 50, 75 and 100 wt% Al,O5)

the Re atoms presented on supported rhenium oxide cata-
lysts. The rhenium active centers have been quantitatively
determined by various techniques including poisoning
experiments using NO [4], kinetic studies [46], and
chemical counting method [47]. These studies showed the
percentage of active Re centers of approximately 1 % of
the total actual amount Re loading.

The XRD patterns of the Re/SixAl catalysts are shown
in Fig. 2. A broad peak around 20-30° represents a typical
character of amorphous solid of these samples. The XRD
characteristic peaks of the y-phase alumina appeared at
20 = 32, 37, 46, 61 and 67° for the samples containing
>50 wt% of Al,O3. The intensity of the y-phase alumina
increased with increasing amount of Al,O; in the samples.
The peaks corresponding to the crystalline Re,O; were not
detected for all the supported Re,O, catalysts. According
to the literature [2, 16, 42, 48], most of the rhenium species
formed on the surface is isolated ReO, form and the
crystalline Re,O; can be volatilized during high tempera-
ture calcination at above 300 °C.

Although alkene metathesis reaction does not regard as
an acid-catalyzed reaction, surface acidity of the catalysts
strongly influences the formation of metathesis active sites
[2, 26, 27, 29, 33, 49]. Acidity of the catalysts was probed
by the NH;3-TPD measurements and the results are shown
in Fig. 3. The total amounts of acidity was found to be
directly related to the specific surface area of the catalysts,
in which they were increased with increasing alumina
content from 13 to 75 wt% and then markedly declined for
the 100 wt% Al,O3 support (Table 1). It is generally
accepted that silica—alumina supported metathesis catalysts
are more acidic than alumina supported catalysts [2, 11-13].
From the NH;-TPD profiles (Fig. 3), the desorption peaks
in the temperature range below and above 300 °C were
assigned to the weak and the strong acid sites, respectively
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Fig. 3 Temperature programmed desorption of ammonium (NH3-TPD)
spectra of the Re,07/SiO,—xAl,O5 catalysts (x = 13, 25, 50, 75 and
100 wt% Al,O3)

[8, 9]. In Fig. 4, it was found that the amount of strong acid
sites was maximized for the Re/Si50Al. The Re/100A1,05
shows only the weak acidity characteristic. The acid
strength thus strongly influenced both the isomerization
and metathesis activity over the supported Re,O; catalyst.
Since the major products of the metathesis of ethylene and
2-pentene obtained over the Re//00Al,O5 catalyst were in
accordance with their stoichiometric amounts, it is sug-
gested that the weak acidity of the Re/100Al,0; was not
strong enough for isomerization reaction of the 1-butene
product so that the secondary metathesis reaction did not
occur.

The oxidation states of rhenium in the various Re,O5/
Si0,—Al,O3 catalysts were determined by XPS and the
results are shown in Fig. 5. According to the literatures
[50-52], the XPS spectra revealed that most of rhenium
oxidation state of the fresh catalysts lied in oxidation state

14 - .
Weak acidity

12- W Strong acidity

=
o
|

Surface acidity (10° umol HN3.g%)

Re/100Al Re/Si75A1  Re/Si50Al  Re/Si25A1  Re/Si13Al

Fig. 4 The amount of surface acidity of the different Re,0/SiOp—
xAl,O5 catalysts in terms of umol NHj3 per gram of catalysts by
classification into weak and strong acidity
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Fig. 5 XPS spectra of the fresh Re,0;/Si0O—xAl,O3 -catalysts
(x = 13, 25, 50, 75 and 100 wt% Al,O3)

+(7), however a fraction of rhenium oxidation state +(6-7)
was also detected for the Re,0,/Si0,—-50A1,05, Re,O4/
Si0,-75A1,05; and Re,0,/100Al,05 catalysts. Based on
the XPS results, the catalysts in this study can be catego-
rized into three different characters; the first one is the
group of low metal-support interaction Re,O,/SiO,—
13A1,05 and Re,0,/Si0,-25A1,0;3 catalysts possessing
only the rhenium oxidation state +(7). The second one is
the group of stronger metal-support interaction Re,O/
Si0,-50A1,0; and Re;0;/Si0,-75A1,05 catalysts that
showed lower binding energy of the rhenium oxidation state
+(6-7). Both of the rhenium species (Re’" and Re®~"™)
were detected on the surface of the Re,O,/100A1,05 cat-
alysts, the third type possessing metal-support interaction
strength in between the first two groups. The different
characteristics observed may be related to the dispersion
degree of rhenium oxide on the surface. Well-dispersion
species were found on the SiO,—50Al,03 and the SiO,—
75A1,05. Iwasawa and Yuan [52] also found that the
binding energy of rhenium species shifted towards lower
binding energy for the catalysts possessing stronger metal—
support interaction.

The structure of transition metal species was investi-
gated by diffuse reflectance UV-Visible spectroscopy. The
diffuse reflectance UV-Visible spectra of the various
supported Re,O5 catalysts are shown in Fig. 6. Two intense
absorption bands centered at ca. 210 and 240 nm were
assigned to the undistorted tetrahedral ReO, ™ ion [53]. The
presence of isolated tetrahedral species of rhenium active
species was found on the Re,0;/Si0,—xAl,O5 composing
of higher alumina content (x > 50 wt% Al,Os3). Hence, it
would be an evidence for the highly dispersion of rhenium
over these suitable support compositions. The isolated
tetrahedral structure of rhenium is necessary for the for-
mation of metal-carbene metathesis active sites and better
catalyst performance. The Re/100Al,O5; shows additional
absorption bands centered at ca. 300 and 330 nm which

[
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—~ 16 330 nm
S
©
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(<]
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< Re/Si25Al
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o
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Wavelength (nm)

Fig. 6 Diffuse reflectance UV-Visible spectra of the different
Re,07/S10,—xAl,05 catalysts (x = 13, 25, 50, 75 and 100 wt%
AL O3)

were attributed to the existence of rhenium in a distorted
octahedral species [13, 53].

The surface structures of ReO, species on the various
supported Re,O; catalysts were characterized by Raman
spectroscopy and the results are shown in Fig. 7. Consis-
tent to the XRD results, the Raman shifts corresponding to
the crystalline Re,O, (at 800, 450, and below 200 cmfl)
[54, 55] were not detected for all the catalyst samples and
only isolated ReO, species existed. The monomeric tet-
rahedral ReO,~ ions were observed at ~990-975 cm™'
[v{(Re=0), the most intense band], ~900-930 cm '
[vas(Re=0), weak band], and ~ 340 cm ™' [s, 2s(O—Re-0),
intense band] [48, 54-57]. For all the SiO,—xAl,O3 sup-
ported Re,O5 catalysts, two separated peaks of the terminal
Re=0 bond were observed at 970 and 990 cm ™", indicating
the existence of two different surface rhenium oxide spe-
cies. The position of the higher frequency peaks tended to
shift to lower frequency when the alumina composition in
the Si0,—xAl,03 supports increased and eventually merged
into a single peak at 976 cm™' for the case of Re/100Al
catalyst. The shift of Raman to lower frequency was
interpreted as a result of the stronger of the bridging
Re—O-support bond strength [58, 59]. The Re/100Al1,0;

1% type,

2" type, “

Re/100Al /\-_
5 3
S 4 Re/Si7T5AI
s & N
2] i Re/Si50Al
=t A
= JJ\ RefSIZ5A o\
N Re/SiL3AI
1200 1000 800 600 400 200

Raman Shift/ cm

Fig. 7 Raman spectra of the different Re,0;/SiO,—xAl,05 catalysts
(x =13, 25, 50, 75 and 100 wt% Al,O3)
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catalyst showed metathesis activity with negligible isom-
erization activity. It is likely that the catalyst had only
one type of surface rhenium species with rather strong
Re—O-support bond (shown as a single Raman shift at
976 cm™"). Contrarily, all the Re/SixAl catalysts exhibited
double-bond isomerization activity in addition to the
metathesis reaction. The second type of surface rhenium
species with a weaker Re—O-support bond (additional peak
at 990 cm™") could be attributed to the hydrido—rhenium
species ([Re]-H) which was claimed to act as isomeriza-
tion sites [30, 42, 60]. The Raman spectroscopy results
strongly support the UV-Vis results that isolated mono-
meric ReQ, tetrahedra is the rhenium metathesis active
structure. It is noted that the hydrolyzed ReO,  or the
ReO, ion in aqueous solution also resemble in the form of
isolated monomeric ReO, " tetrahedral species [54, 57, 61—
64]. A shift in all Raman bands to lower range of frequency
is often observed particularly in the measurements that
performed under ambient conditions [54]. It appears that an
increase in alumina component in the SiO,—xAl,O3 sup-
ports could stabilize the surface rhenium species as the first
type of isolated monomeric ReO," tetrahedra metathesis
active structure whereas the proportion of the second type
decreased. The intensity of Raman bands also increased
with increasing amount of surface rhenium oxides as
determined by the ICP-OES results. The Re/Si50Al cata-
lyst that exhibited the highest propylene yield and good
catalyst stability had the highest proportion of isolated
monomeric ReO,~ tetrahedral with relatively strong bond
strength.

4 Conclusions

The role of silica—alumina composition in the unconven-
tional metathesis of ethylene and 2-pentene has been
investigated over the Re,0/Si0,—Al,05 catalysts at 35 °C,
GHSV 3,000 hfl, and ethylene/2-pentene mole ratio 3.
The SiO,—Al,O5; composition has strong influence on the
acidity, the metal-support interaction, and the dispersion of
Re-active species. Higher amount of Re metal remained on
the catalysts was observed in the Al,O5 rich Re,07/SiO—
xAL, O3 catalysts (x > 50 wt% Al,O3), corresponding to
the stronger metal-support interaction. These characters
also suggest a well dispersion of Re-active species as a
monolayer of the isolated ReO,~ species. The second type
of the isolated monomeric ReO, " tetrahedral structure with
a weaker Re—O-support bond appeared in all the catalysts
except the one supported on pure alumina. The optimum
amount of alumina in the SiO,—Al,O3 was determined to
be 50 wt% Al,O3 in which the highest propylene yield was
obtained. The isomerization of the initial 1-butene product
into 2-butenes and a subsequent secondary metathesis

@ Springer

reaction between these 2-butenes and excess ethylene
enhanced the propylene yield over the Re,0,/Si0,—Al,03
catalysts.
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Abstract

Nanocrystalline cobalt aluminate (CoAl,Oy4) was synthesized by the solid-state reaction method with cobalt
chloride hexahydrate (CoCl»6H20) as the source of Co and gibbsite (Al(OH)s;) as the source of Al
respectively. The effects of particle size of the starting fine gibbsite (0.6 and 13 um) and calcination
temperatures (450, 550, and 650°C) on the properties of CoALO, were investigated by means of X-ray
diffracion (XRD), thermogtavimetry analysis and differential thermal analysis (TG/DTA), X-ray
photoelectron  spectroscopy (XPS), UV-visible absorption spectroscopy (UV-Vis), scanning electron
microscopy (SEM), and transmission electron microscopy (TEM). Increasing of calcination temperature
promoted the insertion amounts of Co?t in alumina matrix in CoAlOy structure, which resulted in the
brighter blue particles and increasing of UV spectra band. The lowest temperature for the formation of
nanocrystalline CoAlLO4 particles was 550°C for the solid-state reaction of cobalt chloride and 0.6 um fine

gibbsite.
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1. Introduction

Cobalt aluminate is a binary oxide consisting of cobalt and aluminium oxides. It is a thermally and
chemically stable pigment of intense blue color and is usually synthesized at high temperature by solid-state
reaction between two oxide components [1-2]. In the past decades, it has received attention due to its
applications as inorganic ceramic blue pigment which is widely used for coloration of plastics, paint, fiber,
papet, rubber, phosphor, glass, cement, glazes, ceramic bodies and porcelain enamels [3,4,5]. Moreover, its
uniqueness optical properties leads to its extensive use as color filter for automotive lamps or pigment layer
on luminescent materials in optical devices [6,7,8]. The coloring performance of cobalt pigments strongly
depends on their thermal stability, chemical reactivity, and coordination of Co?* ions [9]. Other applications
of cobalt aluminate is an important material for heterogeneous catalysis such as selective catalytic reduction
of NO. with hydrocarbons [10] and carbon dioxide reforming of methane [11].

Cobalt aluminate can be synthesized by various routes such as polymerized complex [3], molten salt
[4], polyol [8], low temperature combustion [9], co-precipitation [7,12], sol—gel [13,14,15], citrate-gel [16],
metal—organic chemical vapor deposition (MOCVD) [17], EDTA chelating precursor [18], glycine chelated
precursor [19], hydrothermal [20], polymer acrosol pyrolysis [21] and reverse micelle processes [22].
Nonetheless, the selection of preparation method is usually based upon the desired properties of the final
materials [3]. The solid-state reaction of a mechanical mixture between gibbsite and cobalt precursor is
interested due to three main advantages approach. They (i) are simple, cheaper and convenient; (ii) involve
less solvent and reduce contamination; and (iii) give high yields of products [23]. The solid-state reactions
involve four steps in a typical proceeding: diffusion, reaction, nucleation, and growth. Any chemical
interaction between solids proceeds exclusively on the contact area between the particles [24].

In the present work, cobalt aluminate was synthesized by the solid-state reaction method with cobalt
chloride hexahydrate (CoCl»:6H20) as the source of Co and gibbsite (Al(OH)3) as the source of Al,
respectively. The effects of particle size of gibbsite and calcination temperature on the formation of cobalt
aluminate and theirs properties were investigated by means of X-ray diffraction (XRD), thermogravimetry
analysis and differential thermal analysis (TG/DTA), X-ray photoelectron spectroscopy (XPS), UV-visible
absorption spectroscopy (UV-Vis), scanning electron microscopy (SEM), and transmission electron

microscopy (TEM).



2. Experimental
2.1 Preparation of CoALOy

Fine gibbsite (Al(OH)3, Merck) and cobalt chloride hexahydrate (CoCl2-6H-O, Fluka) were used as
starting materials. The starting fine gibbsite has an average particle size of 13 um and is denoted as FG-13
um. After milling of 100 g of fine gibbsite in an attrition mill for 24 h, the particle size of the fine gibbsite
was reduced to 0.6 um and is denoted as FG-0.6 pm [25]. The solid-state reaction between fine gibbsite and
cobalt chloride took place at 450, 550, and 650°C with a Co:Al molar ratio 1:6. Firstly, a certain amount of fine
gibbsite and cobalt chloride hexahydrate were mixed in an agate mortar. Secondly, the mixed materials were
dried in oven at 110°C overnight. Finally, the mixtures wete calcined in a tube furnace in an air flow (95 ml/min)
by heating to a desired temperature (450, 550, and 650°C) at a rate of 10°C/min and held at that temperature for

5 h. Then, the mixed materials were cooled down to room temperature in N> (75 ml/min).

2.2 Characterization

Particle size distribution was measured using a laser diffraction-based size analyzer (Malvern
Mastersizer, reflective index 1.57). All the samples were done on deionized water as dispersant. Dispersion
and deagglomeration of particles were ensured by ultrasonic treatment before measurement. XRD was
performed to determine the bulk phase of particles by SIEMENS D 5000 X-ray diffractometer connected
with a computer with Diffract ZT version 3.3 programs for fully control of the XRD analyzer. The
experiments were cattied out by using Cu K, radiation with Ni filter in the 20 range of 10-80 degtrees
resolution 0.04°. The crystallite size was estimated from line broadening according to the Scherrer’s equation
and o-alumina (0-ALOs3) as an external standard. The decomposition of cobalt chloride and fine gibbsite and
CoAL Oy formation was studied by TG/DTA using an SDT Analyzer Model Q600 from TA Instruments,
USA from room temperature to 1000°C at a heating rate of 10°C/min in air. The chemical state of Co and
surface elemental composition were determined by XPS analysis using an AMICUS spectrometer equipped

with a MgK,, X-ray radiation. For a typical analysis, the source was operated at voltage of 15 kV and current of

12 mA. The pressure in the analysis chamber was less than 107> Pa. The AMICUS system is computer controlled

using the AMICUS “VISION 2” software. The optical properties of CoAl,Oy particles were studied by UV-Vis



analysis using a Perkin Elmer Lambda 650 spectrophotometer. The diffuse absorption spectra were
recorded in the wavelength range 200—-900 nm with the step size for the scan was 1 nm. BaSO4 was used as

a blank for the measurement. The particles morphology was obtained using a JEOL JSM-35CF SEM

operating at 20 kV and JEOL JEM 2010 TEM operating at 200 kV.

3. Results and Discussion
The median particle sizes (dsp) of fine gibbsite used as starting materials for producing CoALOj4 in
this study were determined by a laser diffraction-based size analyzer to be 0.6 and 13 pm. Figure 1 shows
the XRD patterns of fine gibbsite samples with different particle sizes. The intensities of the XRD peaks
decreased and the peaks became wider as the average particle size of gibbsite decreased from 13 um (FG-
13) to 0.6 um (FG-0.6). The XRD patterns of samples obtained from the solid-state reaction of cobalt
chloride with FG-13 (Figure 2(A)), and FG-0.6 (Figure 2(B)) at various calcination temperatures are shown
in Figure 2. The XRD peaks at 20 degrees = 31.3°, 36.8°, 44.9°, 59.3°, and 65.3° were obsetrved and could
be assigned to either CoALO4 or Co3O4 because their peak positions are almost identical [26]. CoALO4 and
Co0304 have the same spinel cubic (Fd3m) crystallgraphic structure with slightly difference in the lattice
constant (a = 8.111 for CoAl:O4 and a = 8.0885 for Co304). Therefore they have a similar peak pattern and
the positions of peak are neatly same. The transition alumina phase was also found at 20 = 68° in some
samples. However, the relatively low intensity and broad XRD patterns suggest that crystallinity of the
samples was not very good and/or the average crystallite size may be very small. The peak detected at 20 =
130 corresponded to an impurity peak. Figure 3 shows the SEM images of CoAbLOs nanoparticles
synthesized via the solid-state reaction between cobalt chloride and FG-13 and FG-0.6 at 650°C.
Agglomeration of fine particles forming large irregular particle was observed. However, there is
inappreciable change in morphology after calcination at different temperatures.
Figure 4(a) shows the TG/DTA curve of the cobalt chloride which included three endothermic

peaks and one exothermic peak. The first and the second endothermic peaks with maxima at 100 and
175°C wete accompanied by weight losses of 1.79 and 12.92%, respectively. These peaks corresponded to

the loss of water. The exothermic peak at 708°C, which was accompanied by a 48.44% loss in weight,



corresponded to the loss of chloride and the subsequent formation of Co3Os4. Finally, the last endothermic
peak at 920°C, which was accompanied by a 50.49% loss in weight, corresponded to a small oxygen loss
and the conversion of Cos04 into CoO [27]. Figure 4(b) and 4(c) illustrate the TG/DTA cutves of a
mechanical mixture of cobalt chloride and FG-13 and FG-0.6, respectively. The dehydration of a
mechanical mixture between cobalt chloride with FG-13 (Figure 4(b)); includes a series of endothermic
peaks. The first, second, and third of endothermic peaks were corresponding to the loss of water in the

sample. The endothermic peak at around 300°C was the formation of boechmite. In addition, the

endothermic peak at around 500°C indicated the formation of cobalt aluminate. It is interesting that the
exothermic peak at around 708°C corresponding to chloride elimination disappeared and the formation of
CoAbLOy4 occurred at much lower temperature. It is suggested that in the presence of gibbsite, cobalt
chloride was decomposed easier probably due to the hydrolysis reaction by water dehydrated from gibbsite.
Moreover, a decrease of gibbsite particle size from 13 um to 0.6 um, the series of endothermic peaks
decreased and the endothermic peaks at around 230 and 500°C disappeared (comparing to Figure 3(b) and
3(c)). Such results suggest that the dehydration of a mechanical mixture between gibbsite and cobalt
chloride was accelerated when the particle size of gibbsite was decreased. As a consequence, cobalt
aluminate was formed at lower calcination temperature. The images of synthesized CoAlbO4 nanoparticles
are shown in Figure 5. Bright blue color was clearly observed for the FG-13 and FG-0.6 calcined at 650°C
and FG-0.6 calcined at 550°C, indicating the formation of CoALOj structure.

The XPS analyses were catried out to examine surface species on the samples. The samples were
analyzed in the Co 2p, Al 2s, and O 1s binding energy regions. The binding energy, the atomic concentration,
and the FWHM of Co 2ps/2 and Al 2s are given in Table 1. According to the literature [20, 28], cobalt in an
oxide state (Co 2ps/2 in Co304) exhibited lower binding energy (780.0 eV) than that in CoAl:O4 (781.9 eV).
The XPS results confirm that the samples prepared by solid-state reaction between cobalt chloride and FG-13
calcined at 650°C and FG-0.6 calcined at 550°C were CoAl,O4 which were in good agreement with the blue
color observed in Figure 5. Moreover, the relative amount of Co?' ions in tetrahedral sites was found to
increase with increasing calcination temperature. Decreasing the particles size of fine gibbsite probably
increased the rate of diffusion step during a solid-state reaction [24], thus the CoAlO4was formed at lower

calcination temperature for FG-0.6 than FG-13. The average crystallite sizes of synthesized CoAlLO4 were



calculated from the full width at half maximum of the XRD peak at 26 = 306.8° using the Scherret’s
equation and are reported in Table 1 (dxrp). The TEM images of synthesized CoAl:O4 are shown in
Figure 6. The TEM results clearly show that the synthesized CoALOy consisted of very fine particles with
average size below 10 nm which are in good agreement with the average crystallite size calculated from the
Scherrer’s equation.

UV-Vis spectroscopy was carried out in order to study the correlation between cation distribution and
the optical properties of synthesized CoAlO4 nanoparticles. Figure 7 shows the absorption spectra of the
CoALOy particles obtained from the solid-state reaction of cobalt chloride and FG-13 and FG-0.6 at various
calcination temperatures. The UV-Vis results were consistent to the XPS analyses. The Co?* in a tetrahedral
ligand field is responsible for its blue color. It has been reported that the coloration of CoALO4 was strongly
dependent on the temperature of the heat treatment and on the stoichiometry of Co and Al in the Cos.,ALO4
sample with the brightest blue coloration was obtained for §' = 2.25 [16]. The intense absorption peak at around
600 nm for both of the prepared CoAl:O4 particles are the characteristic of Co?* ions in the tetrahedral sites in
crystalline materials [9]. From the UV-Vis spectra of the prepared CoAlLOy particles in Figure 7, a triple band
were observed at around 540—630 nm, attributing to the spin-allowed [*Ax(F) — #T1(P)] transition. This triple
band can be attributed to a Jahn—Teller distortion of the tetrahedral structure [29]. It was found that the intensity
of this triple band decreased with decreasing patticles size of the starting fine gibbsite for a given calcination
temperature (i.e., at 650°C). According to the XPS results, the atomic concentration of Co/Al increased with
decreasing particles size of the starting fine gibbsite. It has been also reported that the intensity of this triple
band decreased as the S value was increased, and might be probably due to the formation of white AOs3 from
excess Al in the samples, lowering the intensity of color although the § values were larger than 2.25 and
remained blue [16]. The results in this study also suggest that reduction of particle size of the starting material
could have an influence on the band shift. However, further detailed study is necessary to confirm whether the

blue shift is because of the reduction of particle size [27-30].



4. Conclusions

Nanocrystalline CoAl:O4 particles were successfully synthesized at low temperature by solid-state
reaction using calcination of the mechanical mixture between fine gibbsite and cobalt chloride. The particle
sizes of the starting fine gibbsite were 0.6 and 13 um and the calcination temperature was varied in the range
of 450-650°C. The XRD and XPS results revealed that the crystallization of CoAlLO4 from the mixture
between cobalt chloride and FG-13 and FG-0.6 occurred at 650°C and 550°C, respectively. The reduction
of the starting particle size of fine gibbsite resulted in the lower crystallization temperature of CoALO4
formation due to the increasing of contact area between reacting particles. However, increasing of
calcination temperature promoted the insertion amounts of Co?* in alumina matrix in CoAlLOjy structure,

which resulted in the brighter blue particles and increasing of UV spectra band.
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Table 1 The crystallite size and XPS results of the CoAl2O4 particles obtained via solid-state reaction of

fine gibbsite and cobalt chloride.

Samples dxrp (nm) Co(IT) 2p3/2 Al 2s Atomic Conc%
B.E.(eV) FWHM B.E.(eV) FWHM Al/O Co/Al

FG-13-650°C 6 781.9 2.819 119.1 2.828 0.50 0.032

FG-0.6-550°C 6 781.5 3.223 118.6 2.772 0.50 0.050

FG-0.6-650°C 6 782.1 3.385 119.2 2.678 0.48 0.053

1C0304 780.0 £ 0.7

aCoALO4 781.9£0.5

a ref [20, 27]



Figure 1 The XRD patterns of fine gibbsite (13 pm and 0.6 um).
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Figure 2 The XRD patterns of the CoAl,O4 nanoparticles synthesized via the solid-state reaction between
cobalt chloride and FG-13 (A) and FG-0.6 (B), after calcination at vatious temperatures: 450°C (a), 550°C (b),

650°C (c); 0 = CoALO..
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Figure 3 SEM images of the CoALO4 nanoparticles synthesized via the solid-state reaction between cobalt

chloride and FG-13 (A), FG-0.6 (B) at 650°C.
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Figure 4 The TG/DTA curves of samples: bulk cobalt chloride (a), a mechanical mixture of cobalt chloride

and FG-13 (b), and a mixture of cobalt chloride and FG-0.6 (c).
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Figure 5 The images of the CoALO4 nanoparticles synthesized via the solid-state reaction between cobalt
chloride and FG-13 (left-hand side) and FG-0.6 (right-hand side) after calcination at various temperatures:

450°C (a), 550 °C (b), and 650°C (c).
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Figure 6 TEM images of the synthesized CoALO4 nanoparticles (FG-0.6 calcined at 650°C)

15



16

Figure 7 Absorption spectra in the wavelength range 200-900 nm of the CoAlLO4 nanoparticles
synthesized via the solid-state reaction between cobalt chloride and FG-13 (a) calcined at various temperatures

and (b) the solid-state reaction of cobalt chloride and FG-0.6 calcined at various temperatures.
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