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acetate and cobalt acetylacetonate which could result in very small cobalt
particles and stronger metal-support interaction showed a large portion of Co
species that was reduced at higher reduction temperature. Any Co not
reducible during the H, reduction up to 800°C is identified as “non-reducible”
Co silicate [15,16]. However, for a given Co precursor, Co/SiO; and Co/MCM-
41 exhibited similar TPR profiles. The results suggest that pore structure of the
supports (Si0> or MCM-41) has little influence on the metal-support interaction
on silica supported Co catalysts.
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Fig. 2. Temperature program reduction (TPR) profiles of Co/MCM-41
).

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

Results for CO hydrogenation®

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

Catalyst
Steady-

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

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

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

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

1. Introduction

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

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

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

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

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

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

2.2. Characterisation

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

2.3. Catalytic activity

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

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

3. Results
3.1. N, adsorption

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

3.2. XRD analysis

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

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

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

BJH pore size distribution (%)

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

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

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

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

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

3.3. CO; temperature programmed desorption

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

3.4. NH; temperature programmed desorption

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

3.5. Reaction test

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

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

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

4, Discussion

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

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

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

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

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

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

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

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

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

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

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

5. Conclusions

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

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

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

1. Introduction

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

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

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

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

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

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

2.2. Characterisation

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

2.3. Catalytic activity

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

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

3. Results
3.1. N, adsorption

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

3.2. XRD analysis

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

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

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

BJH pore size distribution (%)

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

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

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

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

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

3.3. CO; temperature programmed desorption

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

3.4. NH; temperature programmed desorption

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

3.5. Reaction test

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

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

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

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

4, Discussion

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

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

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

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

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

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

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

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

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

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

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

5. Conclusions

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

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

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

1. Introduction

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

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

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

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

E electromotive force of a cell (V)

F Faraday constant (C mol~!)

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

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

Di partial pressure of component i (kPa)

q electrical charge (A)

R gas constant (Jmol ™! K~1)

T temperature (K)

Us fuel utilization (%)

w electrical work (W)

Greek letters

[0 potential (V)

n system efficiency (%)

Subscripts

a anode

c cathode

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

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

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

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

2. Theory

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

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

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

anode : Hy + 0>~ = H,0 + 2¢~ 4

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

anode : Hy = 2H' 4 2¢™ (6)

Cathode : 2H' + 10, +2¢™ = H,0 (7

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

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

E = |¢c — ¢al (®

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

RT

SOFC-0*": ¢ = (- |In po, ©9)
4F
RT

SOFC-H" : ¢ = <2F> In py, (10)

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

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

2

PH,0

po, =\ — (11
? (Kp]-[2>

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

anode chamber is calculated from its mole fraction, while the

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

pry = 20 (12)
K Po,

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

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

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

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

W =gE (13)
qE .
n=— g x 100% (14)

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

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

3. Results and discussion

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

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

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

The results in Fig. 1 also show that the SOFC-H" offers
higher efficiency than the SOFC-O?~ for both flow pattern
modes. This is in good agreement with previous results ob-
tained for SOFCs fuelled by hydrogen [7] and methane [8].
The electrolyte type plays an important role on the value of
the hydrogen partial pressure in the anode side and, therefore,
on the electromotive force and efficiency of the SOFC. The
partial pressure of hydrogen for the SOFC-H" is relatively
higher than that for the SOFC-O?~ because the water gener-
ated from the electrochemical reaction is present and acts as
an inert gas at the anode side for the SOFC-O?~, whereas it
appears at the cathode side for the SOFC-H". It is noted that
when pure hydrogen is fed to the anode, the mole fraction of
hydrogen in the anode chamber is always unity along the cell
length for the SOFC-H™.
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Efficiency (%)
3

60
50 >
- SOFC-O ' (MF)
40 : ' :
1 2 3
(@) Inlet H, O:MeOH ratio (-)
1.2 T T T T :
1 SOFC-H *(PF)
S | soFc-0 Z(PF)
L [T
08 TTTTTTTTeeseeeemE e
u SOFC-H*MF) <___
SoFc-0ZMF) ~
061-_“_5_“__\_\_\_5 ________________ T
| | | | |
0 1 2 3
(b) Inlet H,O:MeOH ratio (-)

Fig. 2. Influence of inlet H;O:MeOH ratio on SOFC performance at fuel
utilization of 90% (solid line) and 99% (dashed line): (a) efficiency; (b)
electromotive force (T=1300K, P=101.3 kPa).

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

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

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

100 f f } 2
] G —~
SOFC-OF (PF SOEC-H'(PF
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Fig. 4. Operating conditions corresponding to those in Fig. 3, at maximum
efficiency (P=101.3 kPa).

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

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

4. Conclusions

The performance of methanol-fuelled SOFCs using
proton- and oxygen ion-conducting electrolytes and operat-
ing under plug flow and mixed flow modes is investigated.
The electromotive force and efficiency are dependent on fuel
utilization, inlet HyO:MeOH ratio, operating temperature,
operation mode and electrolyte type. The benefit of less steam
requirement for the SOFC-O>~ is taken into account in com-
parisons of SOFC performance. It is demonstrated that the
plug flow is superior to the mixed flow and that the use of
the proton-conducting electrolyte is more preferable. These
findings indicate that SOFC development should be directed
towards a system that was the proton-conducting electrolyte.
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Nimocrystalline titania have been prepared by thermal decomposition ol titanium (I'V) #-butoxide in (wo dilterent solvents
(toluene and F4-butanediol) ut 320 °C and employed as supports for Pd and Pd-Ag catalysts tor selective acetvlene hyvdrogenation
for the first time. The ttania products obtained from both solvents were pure anatase phase with relatively the same ervstallite sizes
and BET surlace areas. However, due to different erystaflization pathways. the oumber of Ti'" defective sites as shown by ESR
results of thestitania prepared in toluene was much higher than the ones prepared i Ld-butanediol. [U wias found that the use of
anatuse Blania with higher defective sites as o support for Pd catalysts vesulted i lower activity and selectivity in selective acetviene
hydrogenation. However, this effect was suppressed by Ag promotion.

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

I. fatroduction

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

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

investigate the characteristics and catalytic properties ol

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

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

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

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

2. Experimental

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

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

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

starting matertal was suspended in 100 ml of solvent

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

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

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

2.3, Catalyst characterization

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

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

2.4. Selective hydrogenation of acetvlene

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

3. Results and discussion

3.1, Physicochemical properties of the solvothermal-
derived TiO >

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

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

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

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

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

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

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

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

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

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

Table |

Catalyst

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

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

Pd dispersion (%)

d, Pd” (nm)’

1%Pd/TiO, (1.4-butanediol)

1% Pd/TiO; (toluene)

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

52
60
42
47

5.65
4.69
218
2.05

10.0
3.3
38
36

1.2
13.5
291
30.9

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

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

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

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

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

TiO,-toluene

TiO,-1,4-butanediol

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

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

4. Conclusions

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

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

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

INTRODUCTION

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

* Corresponding author. Phone: +66 (02)-218-6859; Fax: +66 (02)-218-6877
E-mail: joongjai.p@eng.chula.ac.th

0133-1736/2005/US$ 20.00
© Akadémiai Kiadd, Budapest
All rights reserved



142 PANPRANOT et al.: LIQUID-PHASE HYDROGENATION

However, the effects of pore size and pore structure of the same material in
liquid phase hydrogenation on activity and catalyst deactivation remain unclear.
In this study, the effects of silica-structure and pore size of the silica supports
were investigated in terms of metal dispersion, catalytic activity in liquid-phase

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

EXPERIMENTAL
Preparation of supported Pd catalysts

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

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

Catalyst characterization

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

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

Liquid-phase hydrogenation

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

RESULTS AND DISCUSSION

Catalyst activities

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

Table 1

Liquid phase hydrogenation activities of various Pd catalysts®

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

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

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

Catalyst deactivation due to metal sintering

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

Particle size (nm)

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

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

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

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

— yave Fi g
LIREDC 15KWw El,3uue’ 1% O

(b)

tam

tde FL 1D}

K5, 000 l1eowm

Fig. 1. SEM micrographs under back scattering mode of various silica supported
Pd catalysts before and after liquid phase hydrogenation reaction (a) fresh

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

Catalyst deactivation due to metal leaching

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

Table 3
Results from atomic absorption spectroscopy (AAS)

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

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

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

1. Introduction

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

*To whom correspondence should be addressed.

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

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

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

2.2.  Hydrothermal Treatment

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

2.3.  Catalyst Characterization

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

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

2.4. Reaction Study

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

3. Results and Discussion

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

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

Specific surface area (m?/g)

% decrease

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

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

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

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

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

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

The relative arcas of tetrahedral 2 Al (%)

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

0.3 95 78 17.9 95

0.4 93 79 15.1 96

0.5 88 78 11.4 97

0.7 89 81 9.0 96

0.9 94 78 17.0 95

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

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

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

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

4. Conclusions

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

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

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

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

1. Introduction

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

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

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

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

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

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

2.2. Catalyst preparation

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

2.3. Catalyst nomenclature

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

2.4. Catalyst characterization

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

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

2.5. CO hydrogenation reaction

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

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

x 100

reaction rate (g CHp gcat.”' h™1)

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

x 60 min h™! x mol.wt. of CHp(gmol ")

catalyst weight(g) x 22400 cm3 mol !

3. Results and discussion

The X-ray diffraction patterns of the zirconia powders
prepared by the glycothermal method in two different
glycols with various Zr contents in the ZNP solutions
and the commercial zirconia are shown in Fig. 1. All the
glycothermal-derived zirconia samples exhibited tetragonal
crystalline zirconia phase. No other crystal structures were
observed. The crystal structure of the commercial zirconia
as observed from XRD shows a mixture of tetragonal and
monoclinic phases, typical for a commercial one. The
average crystallite sizes calculated from the XRD line
broadening using the Scherrer’s equation [11] and the BET
surface areas of the zirconia are reported in Table 1. The
average crystallite sizes of the glycothermal-derived zirconia
were approximately 3—4 nm while that of the commercial
zirconia were found to be ca. 10.5nm. The BET surface
areas of the glycothermal-derived zirconia were found to be
much higher (195-220m? g~!) than that of a commercial
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Fig. 1. X-ray diffraction patterns of the zirconia (T = tetragonal, M = mon-
oclinic).

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

Table 1

The characteristics of the zirconia samples

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

Zr0,—BG-20 4.0 T 206

Zr0,-BG-30 3.0 T 195

ZrOy—PeG-20 3.7 T 220

ZrO7—PeG-30 3.6 T 207

ZrO;-com 10.5 T, M 50

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

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

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

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

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

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

Table 2

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

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

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

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

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

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

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

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

/\ Bulk Co,0,

T T T T T T

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

Intensity (a.u.)

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

4. Conclusions

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