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Abstract

In the present study, the impact of diene addition during copolymerization of ethylene and propylene using a metallocene/MAO catalyst

was investigated. It showed that with a small amount of diene added, the dienes (except for ENB) did not incorporate in the polymer

backbone pronouncedly. However, the addition of dienes can alter the incorporation of ethylene and propylene in the polymer backbone

according to different types of dienes used. The catalytic behaviors and yields were not significant changes with the addition of dienes. The

characteristics of polymer obtained using 13C NMR, SEM, and DSC were also further discussed in more detail.

D 2005 Elsevier B.V. All rights reserved.

Keywords: Polymerization; Metallocene; Catalyst; Elastomers; Methylaluminoxane

1. Introduction

It is known that the copolymerization of ethylene (E) and

propylene (P) can result in a production of rubbery materials

called EP elastomers [1–3]. Because there are no double

bonds in the backbone of polymer chain, they are usually

insensitive to oxygen, ozone, acids, and alkaline. It was

found that addition of the third monomer such as dienes

could be applied in order to escalate the properties of EP

elastomers, the so-called EPDM elastomers. As known,

EPDM can be widely used in many applications so far [4–

6]. Currently, EPDM is synthesized using vanadium-based

catalysts. With the presence of dienes, it was found that the

vanadium-based catalysts exhibited low activities along

with toxicity concerns due to the residual vanadium remains

in the polymer [7]. Thus, in order to overcome those

problems, an alternative way of using the homogeneous

metallocene catalysts has been substantially investigated by

many authors [8–10]. Nevertheless, the production of

EPDM is considered to be an important matter, the approach

of our present study was apparently different from the

0167-577X/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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others. Hereby, only a small amount of various dienes was

introduced into the system during EP copolymerization, not

for the purpose of synthesizing the EPDM as in general, but

specifically for altering the behaviors of EP copolymeriza-

tion. Thus, in our present study, the small amount of various

dienes added did not incorporate into the polymer backbone,

which can be determined using 13C NMR measurement.

2. Experimental

In this study, EP copolymerization was performed using

rac-Et[Ind]2ZrCl2 catalyst. All chemicals were manipulated

under purified argon using a vacuum atmosphere glove

boxes and/or Schlenk techniques. Polymerization was

carried out in 100-ml stainless steel reactor with magnetic

stirrer. First, 30 ml of toluene used as a solvent was added to

the reactor. Then, methylaluminoxane (MAO) solution was

added according to the specified ratio to the catalyst

concentration ([Al]/[Zr]=2000) followed by the addition of

0.1 M of a selected diene [dienes used were 5-ethylidene-2-

norbonene (ENB);(1), 4-vinylcyclohexene (VCH);(2), and

1,4-hexadiene (HD);(3)]. Then, the catalyst was injected into

the system. The reactor was immediately put into liquid

nitrogen to stop the reaction between the catalyst and

cocatalyst (MAO). After the reaction mixture was frozen

for 15 min, the reactor was evacuated for 3 min to remove

argon then filled with the gaseous monomers (ethylene/

propylene with a molar ratio of 75/25) while the reactor was

still frozen in liquid nitrogen. Then, the reactor was taken out

of liquid nitrogen and heated up to polymerization temper-

ature (40 -C) to start the polymerization reaction. The

polymerization time was kept for 1 h. In order to stop the

reaction, the gaseous monomers were released and the

reaction mixture was washed with acidic methanol. The

polymer (white rubbery powder) obtained was filtered and

dried overnight at ambient condition. Technically, for each

diene, the polymerization was run at least three times to

ensure the results obtained. The average values were

reported. Characterization of the polymer obtained was

performed using the 13carbon nuclear magnetic resonance,
13C NMR (JEOL JMR-A500 operating at 125 MHz),

differential scanning calorimetry, DSC (Perkin-Elmer DSC

7), and scanning electron microscopy, SEM (JSM-5800 LV).

3. Results and discussion

The present research indicated that a small amount of dienes

(ENB, VCH, and HD) added could have impact on behaviors of

ethylene–propylene (EP) copolymerization with a metallocene/

MAO catalyst. In fact, a large amount of diene addition could

result in a decreased activity of polymerization as reported by

Malmberg et al. [5]. However, it should be noted that the large

amounts (¨10–16 mol%) of diene were technically required in

order to produce the terpolymer of EPDM. In particular, only a

small amount (¨3.6 mol%) of each diene was added during EP

copolymerization in this study in order to maintain high activity

of polymerization at this specified condition.

The rates of consumption for E and P with and without the

diene addition are shown in Fig. 1. It was found that the

Table 1

Yields and activities of EP elastomers produced from rac-Et[Ind]2ZrCl2/

MAO catalyst; [Zr]=30 AM in toluene, [Al]/[Zr]=2000, [diene]=0.1 M, E/

P molar ratio=75/25, polymerization temperature=40 -C, and polymer-

ization time=1 h

Sample Types of diene Polymer

yield (g)

Activity

(kg polymer/mol Zr h)

EP (0) None added 2.88 3198

EP(1) ENB 2.40 2671

EP(2) VCH 2.60 2887

EP(3) HD 2.54 2824

13C-NMR

EP-VCH

EP-HD

EP-ENB

EP

50 45 40 35 30 25 20 15 ppm

Fig. 2. 13C NMR spectra of various EP elastomers with and without diene

addition.

Table 2

Triad distribution obtained by 13C NMR measurement of ethylene (E) and

propylene (P) in polymers produced

Sample Types of

diene

EEE PEE+EEP PEP EPE EPP+PPE PPP

EP (0) None

added

0.502 0.187 0.045 0.122 0.032 0.112

EP (1) ENB 0.604 0.191 0.023 0.107 0.024 0.051

EP (2) VCH 0.505 0.205 0.056 0.114 0.088 0.032

EP (3) HD 0.609 0.210 0.032 0.118 0.031 –

Table 3

Incorporation of ethylene (E), propylene (P) and reactivity ratios of

ethylene (rE) and propylene (rP) calculated from 13C NMR measurement

Sample Types of diene Incorporation (%) Reactivity ratios

E P rE rP rErP

EP (0) None added 73 27 5.3 1.9 10.1

EP (1) ENBa 80 18 6.9 1.5 10.4

EP (2) VCH 76 24 4.8 1.5 7.2

EP (3) HD 85 15 6.2 1.1 6.8

a ENB incorporation ca. 2%.
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induction period of the catalyst was also observed at the

beginning of polymerization. The consumption rate went to a

maximum after 6–7 min, then decreased due to catalyst

deactivation. With the diene addition, similar activity profiles

can still be observed as also shown in Fig. 1. It was suggested

that the addition of dienes would have no effect on the catalyst

performance at all indicating the similar rate profiles. Yields and

activities of various EP elastomers are shown in Table 1. It

indicated that the addition of dienes could result in only slightly

decreased activities regardless of the dienes used. The polymers

obtained were then further characterized using 13C NMR, SEM,

and DSC as mentioned. As known, 13C NMR is one of the most

powerful techniques used to identify the microstructure of a

polymer. The 13C NMR spectra for all polymer samples are

shown in Fig. 2. It can be observed that the 13C NMR spectra of

EP, EP-VCH, and EP-HD samples exhibited similar patterns

corresponding with those as reported by Randall [11]. These

revealed that there was no incorporation of HD and VCH in the

polymer backbone. The 13C NMR spectrum of EP-ENB sample

is also shown in Fig. 2, which apparently exhibited the slightly

different patterns compared with other samples as mentioned

before. Besides the characteristic peaks of EP copolymer, the

incorporation of ENB can be additionally observed at d =14,
36.5 and 42 ppm. This indicated that only ENB was able to

incorporate into the polymer backbone at this specified

condition. The triad distribution, % incorporation, and the

reactivity ratios of E and P can be also calculated based on

the method described by Randall [11]. The triad distribution of E

and P for all samples is shown in Table 2. It indicated that the

similar triad distribution was observed, except no block PPP in

EP (3) sample. However, % incorporation of E and P along with

the reactivity ratios (rE and rP) are shown in Table 3. It revealed

that upon the addition of a small amount of dienes during

copolymerization of EP, the incorporation of ethylene in the

polymer apparently increased, especially for the ENB and HD.

Since the reactivity ratio of rErP>1, the blocky incorporation of

comonomer was obtained, which was different from the

behaviors for copolymerization of ethylene and higher 1-olefins

such as 1-hexene, 1-octene, and 1-decene [9,10]. The thermal

properties such as Tc and Tm obtained from DSC measurement

along with % crystallinity [12] are also summarized in Table 4.

It was found that Tm, Tc and % crystallinity of EP tended to

increase with the addition of dienes. In addition, the various

dienes gave different impacts on % crystallinity of EP. It showed

that using HD would result in the largest number of Tm, Tc and

% crystallinity. The SEM micrographs of various EP produced

are shown in Fig. 3. It can be observed that there were some

differences in morphologies of the various EP produced.

Apparently, the EP produced with the addition of dienes

appeared in a larger air gap in the texture compared to those

without diene addition. It should be noted that the impact of

diene on the different ratios of E/P would be interesting to

Table 4

Thermal properties of polymers obtained from DSC measurement

Sample Types of diene Tc
(-C)

Tm

(-C)

DHm

(J/g)

% Crystallinity

(% v)

EP (0) None added 59.3 73.6 30.6 10.6

EP (1) ENB 57.2 73.8 23.8 8.2

EP (2) VCH 65.2 80.5 36.3 12.5

EP (3) HD 70.0 88.2 49.1 17.0

EE EP-ENBEP-ENB

EP-VCHEP-VCH EP-HDEP-HD

Fig. 3. SEM micrographs of various EP elastomers.
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further investigate for our future work. In particular, the various

ratios of E/P in the polymer backbone are considered to be the

key role to obtain different properties for EP rubbers.

According to our experimental data, the mechanism of this

copolymerization of ethylene and propylene could be drawn based

on changes in the incorporation of ethylene and propylene upon the

diene addition. As seen in Table 3, it can be observed that the

insertion of propylene apparently decreased with the diene

addition. Therefore, it can be proposed that the addition of diene

probably inhibited the propylene insertion catalytic site and/or

somehow promoted the catalytic site of ethylene insertion. Those

phenomena resulted in a decreased propylene insertion. However,

in order to provide a better understanding of the rigorous

mechanism inside, we believe that a more powerful technique

such as the steady-state isotopic transient kinetic analysis

(SSITKA) [13–15], where the reaction intermediates can be

identified would be helpful. This technique requires an additional

instrument such as a mass spectrometer along with the isotopes

(13C) of the corresponding reactants.

4. Conclusions

In summary, our present study revealed, for the first

time, that the addition of only a small amount of dienes

under the specified condition could alter the copolymeriza-

tion behaviors of ethylene and propylene instead of

making the EPDM as in general. At the specified

condition, dienes (except for ENB) did not incorporate

into the polymer backbone as proved by 13C NMR. Upon

the various dienes used, % incorporation, Tm, Tc, and %

crystallinity can be changed dramatically. However, in

order to provide a better understanding, the roles of dienes

should be further investigated in more detail, especially

when the ratios of E/P are varied.
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Abstract

This present study revealed a dependence of rutile:anatase ratios in titania on the characteristics and catalytic properties of
Co/TiO2 catalysts during CO hydrogenation. In this study, Co/TiO2 catalysts were prepared using various titania supports consis-
ting of various rutile:anatase ratios of titania. In order to identify the characteristics, all catalyst materials were characterized using
XRD, SEM/EDX, TPR, and hydrogen chemisorption. CO hydrogenation (H2/CO = 10/1) was also performed to determine the
overall activity and selectivity. It was found that both activity and selectivity were altered by changing the rutile:anatase ratios
in the titania support.
� 2005 Elsevier B.V. All rights reserved.

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

1. Introduction

It has been known that supported cobalt (Co) cata-
lysts are used for carbon monoxide (CO) hydrogenation
because of their high activities based on natural gas [1],
high selectivity to linear long chain hydrocarbons and
also low activities for the competitive water–gas shift
(WGS) reaction [2,3]. Many inorganic supports such
as SiO2 [4–8], Al2O3 [9–14], TiO2 [15–17] and zeolites
[18] have been extensively studied for supported Co
catalysts for years. It is known that in general, the cata-
lytic properties depend on reaction conditions, catalyst
compositions, metal dispersion, and types of inorganic
supports used. Thus, changes in the catalyst composi-
tion and/or even though the compositions of supports

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

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

Therefore, the main objective of this present research
was to investigate influences of various rutile:anatase
ratios in titania support on the characteristics and cata-
lytic properties during CO hydrogenation of Co/TiO2

catalysts. In the present study, the Co/TiO2 catalysts
were prepared using various titania supports containing
different ratios of rutile:anatase phase. The catalysts

1566-7367/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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were characterized using various characterization tech-
niques and tested in order to evaluate the catalytic prop-
erties during CO hydrogenation.

2. Experimental

2.1. Material preparation

2.1.1. Preparation of titania support

The various ratios of rutile:anatase in titania support
were obtained by calcination of pure anatase titania
(obtained from Ishihara Sangyo, Japan) in air at tem-
peratures between 800 and 1000 �C for 4 h. The high
space velocity of air flow (16,000 h�1) insured the grad-
ual phase transformation to avoid rapid sintering of
samples. The ratios of rutile:anatase were determined
by XRD according to the method described by Jung
and Park [19] as follows:

% Rutile ¼ 1

½ðA=RÞ0.884þ 1� � 100;

where A and R are the peak area for major anatase
(2h = 25�) and rutile phase (2h = 28�), respectively.

2.1.2. Preparation of catalyst samples

A 20 wt% of Co/TiO2 was prepared by the incipient
wetness impregnation. A designed amount of cobalt
nitrate [Co(NO3) Æ6H2O] was dissolved in deionized
water and then impregnated onto TiO2 containing vari-
ous ratios of rutile:anatase obtained from Section 2.1.1.
The catalyst precursor was dried at 110 �C for 12 h and
calcined in air at 500 �C for 4 h.

2.2. Catalyst nomenclature

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

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

2.3. Catalyst characterization

2.3.1. BET surface area

BET surface area of the samples with various
rutile:anatase ratios of TiO2 was performed to determine
if the total surface area changes. It was determined using
N2 adsorption at 77 K in a Micromeritics ASAP 2010.

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

phases of catalyst. It was conducted using a SIEMENS
D-5000 X-ray diffractometer with Cu Ka(k = 1.54439

Å). The spectra were scanned at a rate of 2.4 deg/min
in the range 2h = 20–80�.

2.3.3. Scanning electron microscopy and energy dispersive

X-ray spectroscopy

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

2.3.4. Hydrogen chemisorption

Static H2 chemisorption at 100 �C on the reduced
cobalt catalysts was used to determine the number of
reduced surface cobalt metal atoms. Prior to H2 chemi-
sorption, the catalyst sample was reduced in H2 at
350 �C for 10 h. The resulting H2 chemisorption is
related to the overall activity of the catalysts during
CO hydrogenation. Gas volumetric chemisorption at
100 �C was performed using the method described by
Reuel and Bartholomew [20]. The experiment was per-
formed in a Micromeritics ASAP 2010 using ASAP
2010C V3.00 software.

2.3.5. Temperature-programmed reduction

TPRwasused todetermine the reduction behaviors and
reducibilities of the samples. Itwas carried out using 50 mg
of a sample and a temperature ramp from 35 to 800 �C at
5 �C/min. The carrier gas was 5% H2 in Ar. A cold trap
was placed before the detector to remove water produced
during the reaction. A thermal conductivity detector
(TCD)was used to determine the amount ofH2 consumed
during TPR. The H2 consumption was calibrated using
TPR of Ag2O at the same conditions. The calculation of
reducibilities was as described elsewhere [9,21–24].

2.4. Reaction

CO hydrogenation (H2/CO = 10/1) was performed to
determine the overall activity of the catalyst samples.
Hydrogenation of CO was carried out at 220 �C and
1 atm. A flow rate of H2/CO/He = 20/2/8 cm3/min in
a fixed-bed flow reactor under differential conditions
was used. A relatively high H2/CO ratio was used to
minimize deactivation due to carbon deposition during
reaction. Typically, 20 mg of a catalyst sample was
reduced in situ in flowing H2 (30 cm3/min) at 350 �C
for 10 h prior to the reaction. Reactor effluent samples
were taken at 1 h intervals and analyzed by GC. In all
cases, steady state was reached within 5 h.

3. Results and discussion

The present study showed the dependence of rutile:
anatase ratios in titania on the catalytic properties during
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CO hydrogenation of Co/TiO2 catalysts. As mentioned,
in general titania used contains mainly two phases; ana-
tase and rutile phases. Phase transformation of titania
depends on the preparation of titania such as sol–gel or
solvothermal methods and also calcination temperatures.
However, it was proposed that the different phase
compositions in titania could play an important role on
the catalytic properties during CO hydrogenation of
Co/TiO2 catalysts. Results and discussion are divided
into two parts as follows.

3.1. Crystalline phases of titania

After calcination of the pure anatase titania under
calcination temperatures ranging between 800 and
1000 �C for 4 h, the phase transformation from anatase
to rutile phase should technically occur. The amounts of
rutile phase formed during calcination depended on the
temperature used. The high space velocity of the air flow
at 16,000 h�1 was applied during the calcination process
in order to minimize the rapid sintering due to the phase
transformation of titania. It was found that after calci-
nation of the pure anatase sample, the amounts of rutile
phase obtained ranged between 3% and 99%. The titania
supports containing rutile phase of ca. 0%, 3%, 19%,
40%, 96%, and 99% were named as R0, R3, R19, R40,
R96, and R99, respectively. The surface areas of titania
containing various rutile:anatase rations essentially
decreased from 70 m2/g for the R0 sample (pure anatase
titania) to 49 m2/g for the R99 sample (99% rutile
titania). XRD patterns of titania samples calcined at
various temperatures between 800 and 1000 �C are
shown in Fig. 1. For the pure anatase titania (R0),
XRD peaks of the anatase phase of titania at 25�
(major), 37�, 48�, 55�, 56�, 62�, 71�, and 75� were
evident. After calcination of the pure anatase titania
sample, it was observed that besides the XRD peaks
of pure anatase titania as shown above XRD peaks at

28� (major), 36�, 42�, and 57� were gradually seen. These
peaks were assigned to the rutile phase essentially
formed after calcination of the pure anatase titania.
Apparently, the major peak at 28� of the rutile phase
gradually increased with increasing the calcination
temperatures indicating a higher content of rutile phase
in the titania. It was shown that the transformation from
anatase to rutile phase (R99) was almost complete at a
temperature of ca. 1000 �C, resulting in the disappea-
rance of XRD peaks for the anatase phase of titania.
After various titania supports were obtained, the prepa-
ration of Co/TiO2 with various rutile:anatase ratios of
titania was consequently conducted in order to investi-
gate the effect of the rutile:anatase ratio on characteris-
tics and catalytic properties of the Co/TiO2 catalysts
during CO hydrogenation.

3.2. Characteristics of Co/TiO2

A 20 wt% of cobalt on titania supports containing
various ratios of rutile:anatase phase was prepared by
the conventional incipient wetness impregnation meth-
od. The XRD patterns for all calcined catalyst samples
(Co/TiO2) exhibited similar patterns as seen in Fig. 1.
After calcination, all calcined samples exhibited XRD
peaks, which were identical with those for the corre-
sponding titania supports. This indicated that no further
phase transformation from anatase to rutile occurred
after calcination (at temperature ca. 500 �C for 4 h) of
the catalyst samples. Besides the XRD peaks of the tita-
nia, all calcined samples also exhibited weak XRD peaks
at 31�, 36�, and 65�, which were assigned to the presence
of Co3O4. However, at high content of the rutile phase,
the XRD peaks of Co3O4 were less apparent due to the
strong intensity of XRD peaks for the rutile phase of
titania. Based on the XRD results, it was clear that
Co3O4 species were definitely present in a highly
dispersed form.

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

TPR was performed in order to identify the reduction
behaviors and reducibility of catalysts. TPR profiles for
all samples are shown in Fig. 3. TPR of the titania
support samples used was also conducted at the same
TPR conditions used for the catalyst samples (not
shown) and no hydrogen consumption was detected.
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Fig. 1. XRD patterns for various ratios of rutile:anatase in titania
supports.
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This indicated that the titania supports used themselves
were not reducible at these TPR conditions. Apparently,
TPR profiles of all calcined samples were similar exhi-
biting only one strong reduction peak as shown in
Fig. 3. This peak can be assigned to the overlap of
two-step reduction of Co3O4 to CoO and then to Co0

[25]. Under TPR conditions, the two reduction peaks
based on the two-step reduction may or may not be
observed. The presence of only one reduction peak
during TPR for all catalyst samples indicated that no
residual cobalt nitrates precursor remained on the
samples under the calcination condition used in this
study. It was found that a TPR peak located at ca.

380–700 �C (max. at 520 �C) was observed for the
Co/R0 sample. However, this reduction peak was
dramatically shifted about 50–80 �C lower when ca.
3–99% of rutile phase (Co/R3 to Co/R99) was present
in the titania supports used. This suggests that the pres-
ence of rutile phase in titania can facilitate the reduction
process of cobalt oxide species on the titania support
leading to reduction at a lower temperature. Since
TPR is more of a bulk technique, it should be noted that
the number of reduced Co metal obtained from the TPR
measurement might not be well representative of the
number of reduced Co metal surface atoms available
for catalyzing CO hydrogenation. Therefore, static H2

chemisorption on the reduced cobalt catalyst samples
was used to determine the number of reduced Co metal
surface atoms. This is usually related to the overall
activity of the catalyst during CO hydrogenation.

The resulting H2 chemisorption results for all catalyst
samples are shown in Fig. 4. It was found that the
amounts of H2 adsorbed increased with the presence
of rutile phase in titania up to a maximum at 19% of
rutile phase (Co/R19) before decreasing when greater
amounts of the rultile phase were present. Since H2

chemisorption is a surface technique that the reduced
Co metal surface atoms can be measured directly. The
amounts of H2 adsorbed on Co/TiO2 obtained were
lower compared to those for Co/Al2O3 and Co/SiO2 at
similar loading [5,6,21,22]. However, based on the H2

chemisorption results in this present study, different
ratios of rutile: anatase phase in titania exhibited diffe-
rent amounts of H2 chemisorbed on the catalyst samples.

Fig. 2. A typical SEM micrograph for Co/R40 granule and EDX for Co, Ti, and O mapping.
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Fig. 3. TPR profiles for Co/TiO2 catalysts with various ratios of
rutile:anatase in titania supports used.
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3.3. Reactivity

In order to measure the catalytic properties of the
catalyst samples with various ratios of rutile:anatase in
titania, CO hydrogenation was performed in a fixed-
bed flow reactor under differential condition. The results
are shown in Fig. 5 and Table 1. It indicated that the
reaction rate ranged between 0.3 and 6.6 lmole/g. cat.
s (initial) and between 0.2 and 5.2 lmole/g cat s (steady
state). This also showed that activities of the samples
increased with the presence of rutile phase in titania
up to a maximum at 19% of rutile phase (Co/R19)
before decreasing when greater amounts of rutile phase
were present, similar to the results obtained from H2

chemisorption. Considering selectivity to methane, it
was found that the presence of rutile phase in titania
resulted in an increased selectivity to methane. After
reaction, XRD of the spent catalyst samples was also

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

Based on the reaction study, it can be concluded that
the catalytic properties of Co/TiO2 depend on the ratio
of rutile/anatase. The results revealed that the presence
of rutile phase of an optimum of the rutile phase (i.e.,
Co/R19) result in an increased catalytic activity during
CO hydrogenation. It is proposed that the presence of
rutile phase in titania can facilitate the reduction process
of cobalt oxides species resulting in lower reduction
temperatures. The presence of some rutile phase also
resulted in an increased number of reduced cobalt metal
surface atoms available for catalyzing the reaction.
However, higher ratios (more than 19%) of rutile:ana-
tase in titania decreased the catalyst activities. It should
be mentioned that besides the ratios of rutile:anatase in
titania, there are also other factors such as preparation
methods, titania precursors, particle sizes, modes and
types of reactions that would affect the characteristics
and catalytic properties of titania used both as a catalyst
support or a catalyst itself.

4. Conclusion

The present research showed a dependence of the
characteristics and catalytic properties during CO hydro-
genation on the ratio of rutile/anatase in titania for Co.
The study revealed that the presence of 19% rutile phase
in titania for Co/TiO2 (Co/R19) exhibited the highest
activity during CO hydrogenation. It appeared that the
increase in activity was due to two reasons;(i) the pres-
ence of rutile phase in titania can facilitrate the reduction
process of cobalt oxide species into reduced cobalt metal
and (ii) the presence of some rutile phase resulted in a
larger number of reduced cobalt metal surface atoms,
which is related to the activity during CO hydrogenation.
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Fig. 5. Reaction rate during CO hydrogenation for Co/TiO2 catalysts
with various ratios of rutile:anatase in titania supports used.

Table 1
Activities and selectivity during CO hydrogenation of Co/TiO2 via
various rutile:anatase ratios of titania support

Catalyst samples Rate (lmol/g cat s)a Selectivity to CH4(%)

Initialb Steady statec Initialb Steady statec

Co/R0 0.3 0.2 71 68
Co/R3 3.3 0.8 99 99
Co/R19 6.6 5.3 98 98
Co/R40 4.9 4.9 97 96
Co/R96 5.0 5.0 99 99
Co/R99 1.7 0.5 94 94

a CO hydrogenation was carried out at 220 �C, 1 atm, and H2/CO/
He = 20/2/8.
b After 5 min of reaction.
c After 5 h of reaction.
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Fig. 4. H2 chemisorption for Co/TiO2 catalysts with various ratios of
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However, if the ratio of rutile:anatase was over 19%, the
activity dramatically decreased. No further phase trans-
formation of the supports occurred during calcination
of the catalyst samples and reaction.
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Abstract

Nanocrystalline zirconia was prepared by decomposition of zirconium tetra n-propoxide in 1,4-butanediol and was employed as a
support for cobalt catalysts. The activity and the selectivity of the catalysts in CO hydrogenation were compared with cobalt supported
on commercial available micron- and nano-sized zirconia. The catalytic activities were found to be in the order: Co/ZrO2-nano-
glycol � Co/ZrO2-nano-com > Co/ZrO2-micron-com. Compared to the micron-sized zirconia supported one, the use of commercial
nano-sized zirconia resulted in higher CO hydrogenation activity but lower selectivity for longer chain hydrocarbons (C4–C6), whereas
the use of glycothermal-derived nanocrystalline zirconia exhibited both higher activity and selectivity for C4–C6. The better perfor-
mance of the latter catalyst can be ascribed to not only the effect of the crystallite size but also the presence of pure tetragonal phase
of zirconia.
� 2005 Elsevier B.V. All rights reserved.

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

1. Introduction

Zirconia powder has been effectively used in different
areas of chemistry such as in ceramics and catalysis. It
has been found that zirconia has high catalytic activities
for isomerization of olefins [1] and epoxides [2]. Use of zir-
conia as a catalyst support has shown promising results in
many environmental catalysis reactions such as CO2

hydrogenation [3], CO oxidation [4], and Fischer–Tropsch
reaction [5–7]. Enache et al. reported that compared to
conventional alumina supported Co catalysts, the ones
supported on zirconia showed better reducibility and capa-
ble of hydrogen adsorption via spillover mechanism. The
authors proposed that these properties resulted in a higher
catalytic activity and an increase of the chain growth prob-
ability in the Fischer–Tropsch reaction. Recently, we

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

In this work, the characteristics and catalytic properties
of nanocrystalline zirconia supported Co catalysts were
studied and compared to commercially available micron-
and nano-sized zirconia supported ones. The physicochem-
ical properties of the catalysts were analyzed by means of
thermal gravimetric analysis (TGA), X-ray diffraction
(XRD), N2 physisorption, scanning electron microscopy
(SEM), and H2 chemisorption. The catalytic performances
of the zirconia supported Co catalysts were tested in CO
hydrogenation reaction at 220 �C and 1 atm.

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

2.1. Catalyst preparation

Nanocrystalline zirconia with the average crystallite size
of 4 nm was prepared by the glycothermal method accord-
ing to the procedure described in [12]. Approximately 15 g
of zirconium tetra n-propoxide, Zr(OC3H7)4 (ZNP) with
20.5% Zr from Strem Chemicals was added to 100 ml of
1,4-butanediol (Aldrich). This mixture was placed in a
300-ml autoclave. After the atmosphere inside the auto-
clave was replaced with nitrogen, the mixture was heated
to 300 �C at a heating rate of 2.5 �C/min and was kept at
that temperature for 2 h. After cooling to room tempera-
ture, the resulting powders were collected and washed
repeatedly with methanol by vigorous mixing and centri-
fuging. Concentrated ammonium hydroxide was added to
the upper part of the mixture, if no additional particle set-
tling was observed then washing was finished. The products
were then air-dried and were used without further calcina-
tion. Commercial zirconias in micron- and nano-sized were
obtained from Aldrich for comparison purposes. The zirco-
nia supported Co catalysts were prepared by the incipient

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

2.2. Catalyst characterization

TGA was performed using a DIAMOND TG/DTA
analyzer. The catalyst samples of 10–20 mg and a temper-
ature ramping from 35 to 800 �C at 10 �C/min were used
in the operation. The carrier gas was N2 UHP. The BET
surface areas were determined by N2 physisorption using
a Quantachrome Nova 1000 automated system. Each sam-
ple was degassed in the system at 150 �C for 2 h prior to N2

physisorption. The XRD spectra of the sample powders
were measured using a SIEMENS D5000 X-ray diffractom-
eter using Cu Ka radiation with a Ni filter in the 10–80� 2h
angular regions. The particle morphology was obtained
using a JEOL JSM-35CF scanning electron microscope
(SEM) operated at 20 kV. Transmission electron micros-
copy was performed on a JEOL-TEM 200CX transmission
electron microscope operated at 100 kV. The catalyst sam-

ple was first suspended in ethanol using ultrasonic agitation
for 10 min. The suspension was dropped onto a thin Form-
var film supported on copper grid and dried at room tem-
perature before observation. H2 chemisorption was carried
out following the procedure described by Reuel and Bar-
tholomew [13] using a Micromeritics Pulse Chemisorb
2700 system. Prior to chemisorption, the catalysts were
reduced at 350 �C for 10 h after ramping at a rate of
1 �C/min. Static H2 chemisorption was performed at
100 �C.

2.3. CO hydrogenation reaction

CO hydrogenation was carried out at 220 �C and 1 atm
total pressure in a fixed-bed stainless steel reactor under
differential conversion conditions. A flow rate of H2/CO
/Ar = 20/2/8 cm3/min was used. Typically, 0.2 g of the cat-
alyst samples were reduced in situ in flowing H2 (50 cm3

/min) at 350 �C for 10 h prior to reaction. The data was
collected every hour and analyzed by gas chromatography.
The steady-state rates for all the catalysts were obtained
after 5–6 h. The percentages of CO conversion and reaction
rates were defined as:

3. Results and discussion

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

%CO conversion¼ ðmol of CO in feed�mol of CO in productsÞ
ðmol of CO in feedÞ �100;

Reaction rate ðgCH2 g cat:
�1 h�1Þ ¼%CO conversion� flowrate of CO in feed ðcm3=minÞ�60 ðmin=hÞ�mol. wt of CH2 ðg=molÞ

catalyst weight ðgÞ�22;400 ðcm3=molÞ .
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cobalt appeared as light/white spots on the granules of the
Co/ZrO2-nano-com catalyst. Unlike the commercial zirco-
nia supported Co catalysts, the morphology of the glyco-
thermal-derived nanocrystalline zirconia supported one
was not altered by cobalt impregnation and calcination
even for cobalt loading as high as 8 wt%.

The X-ray diffraction patterns of the various ZrO2 are
shown in Fig. 2. Both micron- and nano-sized commercial
zirconia samples exhibited the XRD patterns of both
tetragonal and monoclinic zirconia while only tetragonal
phase was obtained for the glycothermal-derived ones.
Typically, the monoclinic phase is stable to �1170 �C, at
which temperature it transforms into the tetragonal phase,
which is stable up to 2370 �C [14]. However, at low temper-
ature, a metastable tetragonal phase zirconia is usually
observed when zirconia is prepared by certain methods
such as precipitation from aqueous salt solution or thermal

composition of zirconium salts as employed in this work. It
is also found that there was less monoclinic phase for the
commercial nano-sized zirconia compared to the micron-
sized one. The transformation of the metastable tetragonal
form into the monoclinic form was due probably to the
lower surface energy of the tetragonal phase compared to
monoclinic phase [15,16]. The average crystallite sizes of
tetragonal and monoclinic zirconia determined by X-ray
line broadening and BET surface areas of the zirconia sam-
ples are given in Table 1. The average crystallite size of
tetragonal phase of the glycothermal-derived zirconia was
calculated to be 4 nm while those of commercial ones were
ca. 9–12 nm. The BET surface areas of the catalyst samples
were 50–170 m2/g in the order of Co/ZrO2-nano-
glycol� Co/ZrO2-nano-com > Co/ZrO2-micron-com. The
information on porosity of the new nanocrystalline ZrO2

such as pore volumes and N2 adsorption–desorption iso-

Fig. 1. SEM micrographs of various ZrO2 and 8%Co/ZrO2 catalysts.
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therms can be found in [12]. After impregnation of cobalt
and calcination at 300 �C, the XRD peaks for cobalt oxides
were not apparent for all the catalyst samples due probably
to overlapping of Co3O4 peaks with those of the ZrO2 sup-
ports. Thermal stability of the zirconia samples was inves-
tigated by thermal gravimetric analysis and the results are
shown in Fig. 3. It was found that the ZrO2-nano-glycol
exhibited �8% and 5% more weight loss than those of
ZrO2-micron-com and ZrO2-nano-com, respectively, dur-
ing heat treatment up to 800 �C. These losses may be due
to larger amount of water was adsorbed on the high surface
area/pore volume ZrO2-nano-glycol and not to the phase
change as confirmed by XRD (results not shown).

The H2 chemisorption results and the catalytic activi-
ties of zirconia supported Co catalysts are reported in
Tables 1 and 2, respectively. We have performed CO
hydrogenation under methanation conditions (high H2/
CO ratio) in order to minimize deactivation of the cata-
lysts due to wax formation. It is clearly seen that the cat-
alysts supported on nano-sized zirconia exhibited smaller
Co� particle size, higher Co dispersion, and higher CO
hydrogenation activities than the micron-sized supported
one with the use of the glycothermal-derived nanocrystal-
line zirconia showed the best performances. As reported
in the literature, strong metal support interaction (SMSI)

between metal (i.e. Pt) and ZrO2 occurs during high tem-
perature reduction P850 �C [17]. Under the reduction
and reaction temperatures used in this study (350 and
220 �C, respectively), the SMSI effect is likely to be
absent. Thus, a decrease in cobalt oxide particle size (as
surface area of ZrO2 increases) can result in faster reduc-
tion due to a greater surface area/volume ratio hence
higher metal dispersion can be obtained.

It should be noted that under similar reaction conditions
(methanation) relatively large portions of higher hydrocar-
bons (C4–C6) were obtained on all the Co/ZrO2 catalysts
compared to those reported in the literature for Co cata-
lysts supported on SiO2 [18], Al2O3 [19], or TiO2 [20]. It
is likely that the use of ZrO2 support significantly enhances
the polymerization reaction as also suggested by Enache
et al. [7]. In this study, we report that compared to the
use of micron-size ZrO2, the nano-sized ones exhibited even
higher selectivities for long chain hydrocarbons. However,
for the two commercial zirconia supported Co catalysts,
the product selectivities were similar in which C1 � C4–
C6 > C2–C3, typical for CO hydrogenation under methana-
tion while for the glycothermal-derived nanocrystalline
ZrO2 supported catalyst, the selectivities for longer chain
hydrocarbons were much higher and were found to be in
the order: C4–C6 � C1 > C2–C3. In other words, using

Fig. 2. XRD patterns of various ZrO2 samples.

Table 1
The characteristics of Co/ZrO2 catalysts

Sample BET S.A.a (m2/g) Crystal size of ZrO2
b (nm) H2 chemisorptiond

(·1019 mol g cat.�1)
% Co dispersione dP Co0f (nm)

Tetragonal Monoclinic

Co/ZrO2-micron-com 50 7.7 10.5 3.1 7.6 12.6
Co/ZrO2-nano-com 78 11.5 10.2 10.1 24.7 3.9
Co/ZrO2-nano-glycol 170 4.0 n.d.c 15.3 37.4 2.6

a Error of measurements = ±10%.
b Determined by XRD line broadening using Scherrer�s equation [21].
c n.d. = not detected.
d Error of measurement = ±5%.
e Based on total amount of cobalt.
f dP = 5/(SCo · qCo), where SCo is the surface area of cobalt measured by H2 chemisorption.

Fig. 3. TGA profiles of various ZrO2 samples.
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the nano-sized zirconia resulted in higher CO hydrogena-
tion rates but on the expense of selectivities for C4–C6,
whereas Co catalyst supported glycothermal-derived nano-
crystalline zirconia, both higher reaction rate and higher
selectivities for longer chain hydrocarbons were obtained.
Thus, it is not only the effect of ZrO2 crystallite size but
also the presence of pure tetragonal phase of zirconia that

resulted in better catalytic performances in CO hydrogena-
tion. Stabilization of tetragonal phase zirconia has been
reported to be very important for applications as a catalyst
or catalyst support [5]. The TEM micrographs and the
XRD patterns of Co/ZrO2-nano-glycol catalyst before
and after CO hydrogenation reaction are shown in Figs.
4 and 5, respectively. Primary particles in nano-sized of
the glycothermal-derived ZrO2 as well as high Co disper-
sion can be observed for both fresh and used catalysts.
There was also no change in the tetragonal phase of the
ZrO2 while the crystallite size was slightly increased from
4.0 to 4.3 nm. Overall, the results in this study suggest a
marginal effect of the nanocrystalline zirconia on the cata-
lytic activities and selectivities on CO hydrogenation reac-
tion. Although the cost of catalyst preparation using
glycothermal process is more expensive than conventional
method, their unique properties such as high stability of
pure tetragonal ZrO2 offer interesting possibilities for cata-
lyst design and for application in particular cases.

4. Conclusions

The comparison of catalytic performances in CO hydro-
genation of the cobalt catalysts supported on glycothermal-
derived nanocrystalline zirconia and commercial available
nano- and micron-sized zirconia shows that both catalyst

Table 2
Catalytic activities of Co/ZrO2 in CO hydrogenation

Catalysts Reaction ratea

(g CH2 g cat
�1 h�1)

Product selectivity (%) TOFsb (s�1)

C1 C2–C3 C4–C6

Co/ZrO2-micron-com 1.7 57.8 14.4 17.8 0.66
Co/ZrO2-nano-com 3.8 77.8 8.6 13.5 0.45
Co/ZrO2-nano-glycol 14.5 29.5 11.4 59.1 1.13

a Reaction conditions were 220 �C, 1 atm and H2/CO ratio = 10.
b Based on H2 chemisorption results.

Fig. 4. TEM micrographs of Co/ZrO2-nano-glycol: (a) before and (b) after CO hydrogenation reaction at 220 �C 1 atm for 6 h.

Fig. 5. XRD patterns of Co/ZrO2-nano-glycol before and after used in
CO hydrogenation reaction at 220 �C and 1 atm for 6 h.
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activity and selectivity for long chain hydrocarbons were
enhanced by the use of nanocrystalline zirconia as catalyst
supports. The glycothermal-derived catalysts exhibited
higher surface areas, higher Co dispersion, and highly sta-
ble pure tetragonal phase zirconia.
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Abstract

Nanoparticles of anatase titania were synthesized by the thermal decomposition of titanium (IV) n-butoxide in 1,4-butanediol. The powder

obtained was characterized by various characterization techniques, such as XRD, BET, SEM and TEM, to confirm that it was a collection of

single crystal anatase with particle size smaller than 15 nm. The synthesized titania was employed as catalyst for the photodegradation of

diuron, a herbicide belonging to the phenylurea family, which has been considered as a biologically active pollutant in soil and water.

Although diuron is chemically stable, degradation of diuron by photocatalyzed oxidation was found possible. The conversions achieved by

titania prepared were in the range of 70–80% within 6 h of reaction, using standard UV lamps, while over 99% conversion was achieved

under solar irradiation. The photocatalytic activity was compared with that of the Japanese Reference Catalyst (JRC-TIO-1) titania from the

Catalysis Society of Japan. The synthesized titania exhibited higher rate and efficiency in diuron degradation than reference catalyst. The

results from the investigations by controlling various reaction parameters, such as oxygen dissolved in the solution, diuron concentration, as

well as light source, suggested that the enhanced photocatalytic activity was the result from higher crystallinity of the synthesized titania.

q 2005 Elsevier Ltd. All rights reserved.

Keywords: Titania; Thermal decomposition; Nanoparticle; Photocatalytic activity; Diuron; Degradation

1. Introduction

Titanium (IV) dioxide or titania (TiO2) is one of the most

common metal-oxides recognized in various industries. Due

to its good physical and chemical properties, such as

catalytic activity [1], photocatalytic activity [2], good

stability toward adverse environment [3], sensitivity to

humidity and gas [4], dielectric character [5], nonlinear

optical characteristic [6] and photoluminescence [7], titania

has been used in many fields of application including the use

as catalysts, catalyst supports, electronics, cosmetics,

pigments and filler coating. Nevertheless, photocatalyst is

one of the most important applications of titania. Although

titania is known to have three natural polymorphs, i.e. rutile,

anatase, and brookite, only anatase is generally accepted to

have significant photocatalytic activity [8–10].

Many factors affect the photocatalytic activity of titania.

Particle size is one of the most important factors. It has been

reported that photocatalytic activity is increased with the

decrease in titania particle size, especially into nanometer-

scale, because of high surface area and short interface

migration distances for photoinduced holes and electrons

[11–13]. Nanocrystalline titania can be synthesized by many

methods, such as sol-gel method, hydrothermal method,

vapor-phase hydrolysis, laser-induced decomposition,

chemical vapor decomposition and molten salt method. In

this work, nanocrystalline anatase titania was synthesized

via the thermal decomposition of titanium alkoxide in

organic solvent, which has been employed to synthesize

various nanocrystalline metal-oxides [14–19]. It has been
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demonstrated that the activity of titania synthesized by

this method is much higher than those of commercially

available titania for photocatalytic decomposition of simple

compound, such as acetic acid, in aqueous solutions [20].

However, it has never been used for the decomposition of

more complex substance. In this study, photodegradation of

complex substance, i.e. diuron [3-(3,4-dichlorophynyl)-1,1-

dimethylurea], is employed to investigate the activity of

titania prepared by this method.

Diuron has been one of the most commonly used

herbicides for more than 40 years. It is bio-recalcitrant

and chemically stable with half-life in soil over 300 days.

Since, diuron is slightly soluble (solubility of 36.4 mg/l at

25 8C), it can slowly penetrates through soil and contami-

nates underground water. Photodegradation using titania as

catalyst is therefore one potential option for contaminated

water remediation.

2. Materials and methods

2.1. Synthesis of titania

Titanium (IV) n-butoxide (TNB) was used as starting

material for titania synthesis. 15 g of TNB was suspended in

100 ml of 1,4-butanediol, which was used as reaction

medium, in a test tube. The test tube was then placed in a

300 ml autoclave. The gap between the test tube and the

autoclave wall was also filled with 1,4-butanediol. The

autoclave was purged completely by nitrogen before heating

up to 300 8C at a rate of 2.5 8C/min. Autogeneous pressure

during the reaction gradually increased as the temperature

was raised. The system was held at 300 8C for 2 h before

cooling down to room temperature. The resulting powders

in the test tube were repeatedly washed with methanol and

dried in 110 8C oven overnight. Subsequently, the obtained

product was calcined at 500 8C for 2 h in a box furnace with

a heating rate of 10 8C/min.

Synthesized powders were characterized by various

techniques, i.e. powder X-ray diffraction (XRD), scanning

electron microscope (SEM) and transmission electron

microscope (TEM). Powder X-ray diffraction (XRD)

analysis was done by using a SIEMENS D5000 diffract-

ometer with CuKa radiation. The crystallite size of the

product was determined from the broadening of its main

peak, using the Scherrer equation. Specific surface area of

the samples was also measured by using the BET multipoint

method.

2.2. Photocatalytic experiments

Photodegradation of diuron in aqueous solution was

employed to investigate the photocatalytic activity of the

synthesized titania. The initial concentrations of diuron used

were 1 and 10 ppm, respectively. The solution was mixed

with titania in the ratio of 1 mg titania to 10 ml of solution

and kept in the dark for at least 15 min to allow the complete

adsorption of diuron on the surface of titania. The

photocatalytic reaction was initiated by exposing test

tubes to light from UV lamps (Phillips Cleo 15 W). Diuron

degradation was periodically monitored by using a reverse

phase HPLC system. The HPLC system included Hyper-

clone column (150!8 mm inner diameter; 5 mm particle

size) (Phenomenex, USA) with a mobile phase of 70%

acetonitrile–29.5% water–0.5% phosphoric acid; a flow rate

of 0.5 ml/min and a UV detector at 254 nm. The

photocatalytic activity of the synthesized catalyst was

compared with that of the Japanese Reference Catalyst

titania, JRC-TIO-1, which is also pure nanocrystalline

anatase.

3. Results and discussion

3.1. Properties of synthesized titania

The particles obtained from the decomposition of TNB in

1,4-butanediol at 300 8C was confirmed to be titania. The

XRD analysis, as shown in Fig. 1, revealed that the

synthesized product before calcination was already anatase

phase. This result was in agreement with the results from

our previous work that anatase crystals were formed by

crystallization when the temperature in the autoclave

reached 250 8C [21]. The crystallite size of the as-

synthesized product calculated from the Scherrer equation

was approximately 13 nm, while that of the calcined product

was 15 nm. It should be noted that the crystallite sizes

calculated were in agreement with TEM observation

(Fig. 2). Therefore, it was suggested that the synthesized

product synthesized was nanosized single crystal titania.

As shown in Table 1, the BET surface area measured by

nitrogen adsorption (SBET) of the as-synthesized products

was comparable with the surface area calculated from the

particle size (SXRD), which was assumed that the particles

were spherical and nonporous. It was therefore suggested

20 25 30 35 40 45 50 55 60 65
2-theta

Anatase

(a)

(b)

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

calcination.
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that the primary particles were not heavily agglomerated. It

was also confirmed by SEM micrographs (Fig. 3a) that the

synthesized powder was an irregular aggregates of nan-

ometer particles. According to Park et al. [22], agglomera-

tion of the precipitates is influenced by dielectric constant of

the reaction medium. The lower the dielectric constant, the

higher the degree of agglomeration. Since, 1,4-butanediol

has quite high dielectric constant (3Z32 at 25 8C [23]), the

repulsive force between anatase particles formed in this

reaction medium is more pronounced than the attraction

force, resulting in low degree of agglomeration.

After calcination at 500 8C, the calcined powder was still
in anatase phase, as previously proved that anatase

synthesized by this method is thermally stable [21].

Nevertheless, the crystallite size of titania increased due

to crystal growth. Agglomeration of primary particles was

also observed, according to the fact that the BET surface

area was notably decreased. Despite of the smaller surface

area, calcined titania has shown higher photocatalytic

activity than as-synthesized titania. This is due to the fact

that the crystallinity of titania was improved by calcination

and the crystallinity predominantly influenced the activity

rather than surface area [24].

3.2. Photodegradation of diuron

It has been reported that titania synthesized by the

thermal decomposition of titanium alkoxide in organic

solvent has high activity in photocatalytic decomposition of

various compounds [20]. In this work, titania synthesized by

this method was employed as catalyst in the photodegrada-

tion of diuron, which is chemically stable pollutant. Since,

the photocatalytic activity depends upon the conditions of

the reaction, such as temperature, light intensity, initial

concentration of the compound to be degraded and amount

of catalyst used, it is difficult to directly compare the results

obtained in this work to those reported in literatures.

Therefore, in order to investigate activity of the in-house

synthesized catalyst, the results were compared to that of the

reference catalyst (JRC-TIO-1) from the Catalysis Society

of Japan. It should be noted that mass of the reference

catalyst used was the same as the mass of the in-house

synthesized catalyst.

Fig. 4 shows the disappearance of diuron by photo-

catalytic degradation using the synthesized titania or

reference titania as catalyst. It should be noted that C is

the concentration of diuron at time t, while C0 is the initial

diuron concentration. The results shown in Fig. 4a indicate

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

Table 1

Crystallite size and surface area of the synthesized products

Crystallite

sizea, d (nm)

SBET (m2/g) SXRD (m2/g)

Synthesized titania

Before calcination 13 113 120

After calcination 15 68 103

Reference titania 9 53 174

a Crystallite size calculated from XRD peak broadening.

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

after calcination.
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that although both catalysts yielded approximately the same

degradation after the reaction time of 6 h, the synthesized

titania showed almost twice as much in the initial

degradation rate than the reference catalyst. The amount

of diuron was reduced to 30% of its initial value within 4 h

of the reaction using the synthesized catalyst, while almost

6 h was required for the reference catalyst.

It has been recognized that the efficiency of titania in

photocatalytic reaction is influenced by many factors such

as crystallinity of the anatase phase [9], particle size [11]

and surface area [11]. Since, the synthesized and reference

titania are both anatase with roughly same particle size and

surface area, the main factor accountable for the enhanced

activity of the synthesized titania is its crystallinity.

Although there has been no consensus on the detailed

mechanism of the photocatalytic reaction on titania, it is

generally agreed that the reaction involves generation of

electron-hole pairs upon illumination of UV light on titania.

The photogenerated holes can be subsequently scavenged

by oxidizing species such as H2O or OHK and result in

highly reactive hydroxyl radicals, which are the key for

decomposition of most organic contaminants. Therefore, the

separation of the photogenerated electron-hole pairs is

considered to have a predominant role in photocatalytic

reaction. The longer the separation period, the higher

the activity. Crystallinity, including quality and quantity of

both bulk and surface crystal defects, is one factor that

affects the electron-hole separation [25]. It has been

reported that negligible photocatalytic activity of

amorphous titania is attributable to the facilitated recombi-

nation of photoexcited electrons and holes in the amorphous

structure. Therefore, the result in Fig. 4a suggests that titania

synthesized by thermal decomposition of TNB in 1,4-

butanediol has structure with high crystallinity that prevents

electron-hole recombination. This result supports the

findings in our previous work that titania synthesized by

this method was formed via crystallization pathway [21].

When all oxygen dissolved in the solution was purged by

thoroughly bubbling with nitrogen gas, the conversion of

diuron photodegradation dramatically decreased. As shown

in Fig. 4(b), only about 30% of diuron was degraded within

6 h of the reaction with either the synthesized or the

reference catalyst. This is in agreement with the generally

accepted mechanism of the photocatalytic reaction that the

presence of oxygen as an electron scavenger in the system is

required for the course of the reaction [26–28]. Without

electron scavenger, the electron-hole recombination spon-

taneously took place on the surface of titania. The enhanced

effect from crystallinity of the synthesized titania was

therefore compromised and the progress of the photocata-

lytic reactions from both catalysts were roughly the same.

However, regardless of the depletion of dissolved oxygen in

the solution, the reaction still slowly progressed. This was

expected to be the results from chlorine radicals produced

from diuron degradation. Several studies involving photo-

catalytic decomposition of chlorinated organic materials

have proposed that chlorine radicals may be generated

during photocatalysis [29] and these radicals participate in

radical chain reactions [30–32].

Further, investigations on the enhanced activity of the

synthesized titania were conducted by using solar

irradiation, which had much higher light intensity than

UV lamps. It should be noted that the concentration of
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Fig. 4. Results for photocatalytic degradation of 1 ppm diuron aqueous

solution: (a) in oxygen saturated solution, (b) in nitrogen-purged solution;

(&) synthesized titania, ($) reference titania.
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Fig. 5. Results for photocatalytic degradation of 10 ppm diuron aqueous

solution: (- - -) using UV lamps, (—) using solar radiation; (&), (:)

synthesized titania, ($), (B) reference titania.
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diuron employed was increased to 10 ppm in order to

investigate the effect of the initial concentration as well.

Fig. 5 shows the results comparing the photodegradation

using sunlight to that using UV lamps. Furthermore, since

rates of photooxidation of various organic contaminants

over illuminated titania have been suggested to follow the

Langmuir–Hinshelwood kinetics model [27,33,34], which

can be simplified to the apparent first-order kinetics at low

concentration, the plot of ln (C0/C) versus time was

expected to be a straight line with the slope equal to the

apparent rate constant, kapp, of the degradation. The first-

order linear transforms of the results shown in Fig. 5 are

given in Fig. 6 and the rate constants are reported in Table 2.

Regarding the effect of diuron concentration, it was found

that the degradation rate under UV light shown in Fig. 5

(C0Z10 ppm) was only slightly less than that was given in

Fig. 4 (C0Z1 ppm). This is in general agreement with the

pseudo first-order nature, according to the Langmuir–

Hinshelwood kinetics, of the photooxidation on titania.

It can be seen from Figs. 5 and 6 that titania synthesized

from thermal decomposition of titanium alkoxide has higher

photocatalytic activity than the reference catalyst,

especially under solar irradiation. Although it was not

surprise to observe higher degradation rate under higher

light intensity, it was particularly interesting to find that the

enhancement in the activity from the synthesized titania

increased with an increase in light intensity. According to

Table 2, the reaction rate constant obtained from the

synthesized titania was roughly 45% higher than that of the

reference titania, when UV lamps were used. On the other

hand, the rate from the synthesized titania was about 60%

higher, under solar irradiation.

In general, under higher light intensity, more photo-

electron-hole pairs are generated. However, it has been

reported that a rate of the electron-hole recombination

increases with increasing light intensity more progress-

ively than the rates of charge transfer reaction [35].

Therefore, titania with high crystallinity, which prolongs

the separation lifetime of the photogenerated electron-hole

pairs, would utilize these greater amount of photoexcited

electrons and holes with higher efficiency. Consequently,

the enhancement in the photocatalytic activity under high

light intensity is more pronounced than that from titania

with lower crystallinity. This feature supports the afore-

mentioned discussion that thermal decomposition of

titanium alkoxide resulted in anatase titania with much

higher crystallinity than the conventional preparation

techniques.

Results discussed above have demonstrated that titania

synthesized by thermal decomposition of TNB in 1,4-

butanediol is potentially applicable for the photodegrada-

tion of diuron. However, the operating conditions for

photocatalytic reaction in this work have not been

optimized. Further, investigation on effects of degradation

parameters on the degradation efficiency as well as the

intermediates resulted from diuron degradation will be

discussed in our next paper.

4. Conclusion

Nanocrystalline anatase titania can be prepared via

thermal decomposition of TNB in 1,4-butanediol. The

synthesized titania has shown higher photocatalytic activity

comparing to the reference catalyst. It is suggested that the

enhanced activity is resulted from high crystallinity of

the synthesized powder, which consequently reduces the

recombination of photogenerated electron-hole pairs.

The synthesized titania also shows the potential for the

degradation of chemically stable compound such as diuron.

Nevertheless, conditions for photodecomposition need to be

optimized.
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Table 2

Rate constants and half-life of the photocatalytic degradation reaction of

diuron

kapp (minK1) t1/2 (min)

Degradation using UV

lamps

Synthesized titania 3.003!10K3 230.8

Reference titania 2.042!10K3 339.5

Degradation using solar

irradiation

Synthesized titania 1.145!10K2 60.5

Reference titania 7.027!10K3 98.6
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Fig. 6. First-order linear transforms of the degradation of 10 ppm diuron

aqueous solution: (- - -) using UV lamps, (—) using solar radiation; (&),

(:) synthesized titania, ($), (B) reference titania.
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Abstract

In the present study, the catalytic behaviors of mixed TiO2-SiO2-supported cobalt (Co) Fischer–Tropsch (FT) catalysts via carbonmonoxide
(CO) hydrogenation were investigated. The various weight ratios of TiO2/SiO2 were prepared, then consequently impregnated with the cobalt
precursor. After calcination, the various samples were characterized using XRD, Raman spectroscopy, scanning electron microscopy/energy
dispersive X-ray (SEM/EDX), transmission electron microscopy (TEM), temperature-programmed reduction (TPR), and H2 chemisorption.
The characteristics of various samples were further discussed in more details. Based on the reaction study, it revealed that the presence of
titania in the mixed supports resulted in decreased activities dramatically. However, longer chain hydrocarbons such as C2–C5 can be obtained
substantially with increasing the amounts of titania in the mixed supports.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

It has been known that supported cobalt (Co) catalysts
are preferred for Fischer–Tropsch (FT) synthesis because of
their high activities during FT synthesis based on natural
gas [1], high selectivity to linear long chain hydrocarbons
and also low activities for the competitive water–gas shift
(WGS) reaction [2,3]. Many inorganic supports such as SiO2
[4–8], Al2O3 [9–14], TiO2 [15–17] and zeolites [18] have
been extensively studied for supported Co catalysts for years.
It is known that in general, the catalytic properties depend on
reaction conditions, catalyst compositions, metal dispersion,
and types of inorganic supports used. Thus, changes the cat-
alyst compositions and/or even though the compositions of
supports used may lead to significantly enhance the catalytic
properties as well.
The TiO2-SiO2 mixed oxide has been considered to be

very attractive as catalysts and supports, which have brought
much attention in recent years. It was reported that TiO2-SiO2

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

mixed materials have been used as catalysts and supports for
various reactions [19]. However, the use of this mixed oxide
support here with the cobalt catalyst has not been reported
yet. This TiO2-SiO2 mixed oxide would lead to robust cat-
alytic supports of cobalt catalyst for carbon monoxide (CO)
hydrogenation reaction.
Therefore, the main objective of this present study was

to investigate the catalytic behaviors of mixed TiO2-SiO2-
supported cobalt Fischer–Tropsch catalyst via CO hydro-
genation reaction. The ratios of TiO2/SiO2 used were varied.
The mixed oxide supports and catalyst precursors were pre-
pared, characterized and tested for CO hydrogenation. The
role of titania in the mixed oxide supports on the catalytic
behaviors was also further discussed.

2. Experimental

2.1. Material preparation

2.1.1. Preparation of TiO2-SiO2 mixed oxide support
TiO2-SiO2 mixed oxide supports [surface areas of

SiO2 = 300m2 g−1 and TiO2 = 70m2 g−1 (anatase form)]

0254-0584/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2005.08.016
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were prepared according to the method described by Con-
way et al. [20]. In particular, 1 g of TiO2-SiO2 mixed oxide
support was physically mixed by dispersing in toluene (ca.
20ml). The mixture was stirred for 30min, filtered, and then
dried under vacuum. The TiO2/SiO2 weight ratios were var-
ied from 0/1, 2/8, 4/6, 6/4, 8/2, and 1/0. The mixed supports
were calcined at 500 ◦C for 4 h.

2.1.2. Preparation of catalyst samples
A 20wt.% of Co/TiO2-SiO2 mixed support was prepared

by the incipient wetness impregnation. A designed amount
of cobalt nitrate [Co(NO3)·6H2O]was dissolved in deionized
water and then impregnated onto the mixed oxide supports
obtained fromSection 2.1.1. The catalyst precursor was dried
at 110 ◦C for 12 h and calcined in air at 500 ◦C for 4 h.

2.2. Catalyst nomenclature

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

• Co a/b refers to the cobalt catalyst on theTiO2-SiO2 mixed
oxide support, where a is the weight ratio of TiO2 and b
the weight ratio of SiO2

2.3. Catalyst characterization

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

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

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

jecting a continuous wave laser of argon ion (Ar+) green

Fig. 1. XRD patterns for various ratios of TiO2/SiO2 mixed supports.

Fig. 2. XRD patterns for the various mixed TiO2/SiO2-supported cobalt
catalysts after calcination.

(514.532 nm) through the samples exposed to air at room
temperature. A scanning range of 100–1000 cm−1 with a res-
olution of 2 cm−1 was applied. The data were analyzed using
the Renishaw Windows-based Raman Environment (WiRE)
software, which allows Raman spectra to be captured, cal-
ibrated, and analyzed using system 2000 functionality via
Galactic GRAMS interface with global imaging capacity.

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

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

Fig. 3. Raman spectra for the various mixed TiO2/SiO2-supported cobalt
catalysts after calcination.
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2.3.4. Transmission electron microscopy (TEM)
The dispersion of cobalt oxide species on the vari-

ous mixed oxide supports was determined using a JEOL-
TEM 200CX transmission electron spectroscopy operated at
100 kV with 100k magnification.

2.3.5. Hydrogen chemisorption
Static H2 chemisorption at 100 ◦C on the reduced cobalt

catalysts was used to determine the number of reduced sur-
face cobalt metal atoms. This is related to the overall activity
of the catalysts during CO hydrogenation. Gas volumetric
chemisorption at 100 ◦C was performed using the method
described by Reuel and Bartholomew [21]. The experiment
was performed in a Micromeritics ASAP 2010 using ASAP
2010C V3.00 software.

2.3.6. Temperature-programmed reduction (TPR)
TPR was used to determine the reduction behaviors and

reducibilities of the samples. It was carried out using 50mg
of a sample and a temperature ramp from 35 to 800 ◦C at
5 ◦Cmin−1. The carrier gas was 5% H2 in Ar. A cold trap
was placed before the detector to remove water produced
during the reaction. A thermal conductivity detector (TCD)
was used to determine the amount of H2 consumed during
TPR.TheH2 consumptionwas calibrated usingTPRofAg2O
at the same conditions [9,22–26].

2.4. Reaction

CO hydrogenation (H2/CO= 10/1) was performed to
determine the overall activity of the catalyst samples. Hydro-

genation of CO was carried out at 220 ◦C and 1 atm. A flow
rate of H2/CO/He = 20/2/8 ccmin−1 in a fixed-bed flow reac-
tor under differential condition was used. A relatively high
H2/CO ratio was used to minimize deactivation due to car-
bon deposition during reaction. Typically, 20mg of a catalyst
sample was reduced in situ in flowing H2 (30 ccmin−1) at
350 ◦C for 10 h prior to the reaction. Reactor effluent sam-
ples were taken at 1-h intervals and analyzed by GC. In all
cases, steady-state was reached within 5 h.

3. Results and discussion

3.1. Characteristics of Co/TiO2-SiO2

The XRD patterns of mixed TiO2-SiO2 supports before
impregnation with the cobalt precursor are shown in Fig. 1.
It was observed that the pure silica exhibited a broad XRD
peak assigning to the conventional amorphous silica. Similar
to the pure silica, the XRD patterns of pure titania indi-
cated only the characteristic peaks of anatase titania at 25◦
(major), 37◦, 48◦, 55◦, 56◦, 62◦, 71◦, and 75◦. XRD pat-
terns of the mixed oxide supports containing various ratios
of titania and silica revealed the combination of titania and
silica supports based on their contents. It can be seen that
the intensity of XRD characteristic peaks for both supports
was changed based on the ratios of titania and silica. After
impregnation with the cobalt precursor and calcination, all
samples ofCo/TiO2-SiO2 catalystwere again identified using
XRD. The XRD patterns of all calcined samples are shown in
Fig. 2. After calcination, all samples exhibited XRD peaks,

Fig. 4. SEM micrograph and EDX mapping of the calcined Co/SiO2 catalyst.
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which were identical with those for the corresponding mixed
oxide supports used as seen in Fig. 1. This indicated that
there was no further phase transformation from anatase to
rutile occurred after calcination (at temperature ca. 500 ◦C
for 4 h). The amorphous silica also exhibited good stability
upon the same calcination process. Besides the correspond-
ing mixed oxide supports detected, all calcined samples also
exhibited weak XRD peaks at 31◦, 36◦, and 65◦, which were
assigned to the presence of Co3O4. Based on XRD results,
it indicated that the presence of Co3O4 was apparently in
the highly dispersed form. Raman spectroscopy is one of the
most powerful techniques used to identify the metal oxide
species present. It was found that the titania support exhib-
ited theRaman bands at 640, 514 and 397 cm−1 for TiO2 in its
anatase form as seen from our previous work [27] whereas
silica was the Raman insensitive upon the scanning range

applied. TheRaman spectra for all calcined samples as shown
in Fig. 3 exhibited the Raman bands of the titania support as
mentioned above with two shoulders at 690 and 480 cm−1,
assigned toCo3O4 [9,22,27]with corresponding to thosewith
XRD.
SEM and EDX were also conducted in order to study

the morphologies and elemental distribution of the samples,
respectively. Apparently, SEM micrographs and EDX map-
ping exhibited similar trends of morphologies and elemental
(Co, Si, Ti, and O) distributions. The typical SEM micro-
graphs along with the EDX mapping (for Co, Si, and O)
of Co/SiO2 sample are illustrated in Fig. 4 indicating the
external surface of the sample granule. It can be seen that
the cobalt oxide species were well distributed (shown on
EDXmapping) all over the sample granule. In order to deter-
mine the morphologies and elemental distributions of cobalt

Fig. 5. SEM micrograph and EDX mapping of the calcined Co/TiO2-SiO2 (2/8) catalysts.



B. Jongsomjit et al. / Materials Chemistry and Physics 97 (2006) 343–350 347

Fig. 6. A typical of SEMmicrograph andEDXmapping ofmixedTiO2-SiO2
support.

oxides on the mixed TiO2-SiO2 supports, the typical SEM
micrographs along with the EDX mapping (for Co, Si, Ti,
and O) are shown in Fig. 5, which is similar with those as
seen in Fig. 4. However, an obvious charged surface under
SEM electron bombarding is visible in Fig. 4. Besides the
observation of well distribution for cobalt oxide species, it
indicated that titania was apparently located on the outer sur-
face of silica as shown in Fig. 6. The connectivity of Si O Ti
can be confirmed by the IR spectroscopy indicating the IR
bands at ca. 980 and 1100 cm−1 [28,29]. In order to deter-
mine the dispersion of cobalt oxide species on the various
mixed oxide supports, a more powerful technique such as
TEM was applied to all samples. The TEM micrographs

for all samples are shown in Fig. 7. The dark spots rep-
resented cobalt oxide species or patches dispersing on the
various mixed TiO2-SiO2 supports. It can be observed that
a highly dispersed form of cobalt oxide species trended to
be achieved with the presence of titania in the mixed oxide
supports resulting in an appearance of smaller cobalt oxide
patches. When combined the Raman spectroscopic results
with those from TEM, it is likely that larger shoulders at
690 and 480 cm−1 would result in more dispersion of Co. It
should be mentioned that although the more highly dispersed
cobalt oxide patches with the presence of titania, their dis-
tributions seen by TEM were not as good as those seen in
the pure silica support. On the other hand, the cobalt oxide
patches present on the pure silica support exhibited better
distribution, however, with lower degree of dispersion than
any other samples. This can be attributed to higher surface
areas of the silica support itself. It should be mentioned that
high surface area of support could result in better distribu-
tion of Co, but somehow does not guarantee good dispersion
(small Co patches). Besides, the highly dispersed form of
cobalt oxide species could not guarantee the large number of
reduced cobalt metal surface atoms, which is related to the
overall activity of the catalyst. In addition, the highly dis-
persed form of cobalt oxide species, the interaction of those
with the specified supports has to be essentially considered.
Thus, temperature-programmed reduction on the calcined
samples needs to be performed in order to give a better under-
standing according to such a reduction behavior. The TPR
profiles for all samples are shown in Fig. 8. It was found
that there was only one reduction peak, however, at different
reduction temperatures for all calcined samples. The lowest
reduction temperatures located at ca. 280–600 ◦C (maximum
at 450 ◦C) was observed on the Co/SiO2 sample. However,
the reduction temperatures were found to dramatically shift
to higher temperatures with increasing the amounts of titania
present in the mixed oxide supports. Thus, the highest reduc-
tion temperatures located at ca. 370–650 ◦C (maximum at
550◦C) can be observed for the Co/TiO2 sample. The pro-
nounced shift of reduction temperatures to higher ones found
with the presence of titania can be attributed to the strong
support interaction between the cobalt oxides and titania [30].
This was suggested that with the presence of titania it was
more difficult for the cobalt oxide species to be reduced at
the specified condition than those in silica itself. However,
since the catalyst samples were reduced at different temper-
atures, it may not be useful to compare the reducibility of
samples at this condition. Besides, the number of reduced
Co metal surface atoms can be calculated directly from the
H2 chemisorption results, which is more acceptable since all
catalyst samples are reduced at the standard reduction con-
dition.
It is known that the active form of supported cobalt FTS

catalysts is cobalt metal (Co0). Thus, reduction of cobalt
oxide species is essentially performed in order to trans-
form cobalt oxide species obtained after calcination process
into the active cobalt metal atoms for catalyzing the reac-



348 B. Jongsomjit et al. / Materials Chemistry and Physics 97 (2006) 343–350

Fig. 7. TEM micrographs of the various mixed TiO2/SiO2-supported cobalt catalysts after calcinations.

tion. Therefore, the static H2 chemisorption on the reduced
cobalt samples was used to determine the number of reduced
cobalt metal surface atoms. This is usually related to the
overall activity of the catalyst during carbonmonoxide hydro-
genation. The resulted H2 chemisorption for all samples are
shown in Table 1. It revealed that the number of reduced
cobalt metal surface atoms decreased with the amounts of
titania present in the mixed oxide supports. These results

were corresponding with those from the TPR as mentioned
before.

3.2. Reaction study

In order to determine the catalytic behaviors of the cobalt
catalyst on various mixed TiO2-SiO2 supports, CO hydro-
genation (H2/CO= 10/1) was performed to determine the

Table 1
Show the H2 chemisorption, reaction rates, and product selectivity of various samples

Catalyst samples H2 Chemisorption (�mol g
−1
cat ) Rate (×102 g CH2 g−1cat h−1)a Product selectivityb (%)

Initialb SSc CH4 C2–C5

Co 0/1 11.11 38.9 34.3 99 1
Co 2/8 10.70 32.2 30.4 95 5
Co 4/6 1.85 14.2 10.0 87 13
Co 6/4 0.42 2.7 0.7 74 26
Co 1/0 0.22 1.4 0.8 68 32
a CO hydrogenation was carried out at 220 ◦C, 1 atm, and H2/CO/He = 20/2/8.
b After 5 h of reaction.
c After 5min of reaction.
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Fig. 8. TPR profiles of the various mixed TiO2/SiO2-supported cobalt cat-
alysts after calcination.

overall activity and selectivity of the catalyst samples. Hydro-
genation of CO was carried out at 220 ◦C and 1 atm. A flow
rate of H2/CO/He = 20/2/8 ccmin−1 in a fixed-bed flow reac-
tor under differential condition was used. In fact, a relatively
high H2/CO ratio was used to minimize deactivation due
to carbon deposition during reaction. The resulted reaction
study is also shown in Table 1. As expected, based on the
H2 chemisorption results, the overall activities for both ini-
tial and steady-state rates dramatically decreased with the
amounts of titania present on the mixed oxide supports. This
was basically due to the less number of reduced cobalt metal
surface atoms with the presence of titania as seen by the H2
chemisorption results along with higher surface area of silica
as mentioned earlier. However, with some consideration on
the product selectivity obtained, an interesting discovery can
be observed in this present study. Considering the selectivity
of product, it showed that the selectivity to methane essen-
tially decreased with the amounts of titania in the supports.
On the other hand, more amounts of longer chain hydrocar-
bons (C2–C5) can be obtained with the presence of titania
in the mixed supports. It is known that CO hydrogenation
is a kind of polymerization reactions where insertion of the
CH2 (methylene group) occurs through the active cen-
ter. Thus, the product distribution strongly depends on the
nature of active centers, rate of propagation, and rate of ter-
mination. Obviously, the termination of chain growth occurs
and is recognized as the chain growth probability. Based on
product selectivity found here, it can be concluded that the
presence of titania in the mixed supports apparently inhib-
ited the chain growth probability resulting in the observation
of longer chain hydrocarbons even at the specified methana-
tion condition. In order to study this effect in more details,
the reaction intermediates at specified conditions must be
further investigated with more powerful techniques such as
the steady-state isotropic transient kinetic analysis (SSITKA)
which has been successfully done byGoodwin and coworkers
[5,6,8,9,31,32].

4. Summary

The present study showed impact of various mixed TiO2-
SiO2-supported cobalt catalysts on their catalytic behaviors.
It was found that both initial and steady-state rates during CO
hydrogenation dramatically decreased with the amounts of
titania present in themixed supports. The decreased activities
had to be attributed to the less number of reduced cobaltmetal
surface atoms for catalyzing the reaction. At the specified
conditions, the selectivity of the longer chain hydrocarbons
(C2–C5) was more pronounced with the presence of titania
in the mixed supports. It can be concluded that the presence
of titania apparently inhibited the chain growth probability
during CO hydrogenation.
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