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Abstract—Nanocrystalline alumina powders were prepared by thermal decomposition of aluminum isopropoxide
(AIP) in 1-butanol at 300 °C for 2 h and employed as cobalt catalyst supports. The crystallization of alumina was found
to be influenced by the concentration of AIP in the solution. At low AIP content, wrinkled sheets-like structure of j-
AlO, was formed, while at high AIP concentrations, fine spherical particles of y-Al,O; were obtained. It was found
that using these fine particles alumina as cobalt catalyst supports resulted in much higher amounts of cobalt active sites
measured by H, chemisorption and higher CO hydrogenation activities.
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INTRODUCTION

Alumina powders are very interesting crystalline materials with
broad applicability as adsorbents, coatings, soft abrasives, ceramic
tools, fillers, wear-resistant ceramics, catalysts, and catalyst sup-
ports [1,2]. Because of their fine particle size, high surface area,
high melting point (above 2,000 °C), high purity, good adsorbent,
and high catalytic activity, they have been employed in a wide range
of large-scale technological processes [3,4].

Various transition aluminas (&, ¥ x, 6, n and 6) have been pre-
pared by different methods, such as sol-gel synthesis [5,6], hydro-
thermal synthesis [7], microwave synthesis [8], emulsion evapora-
tion [9], plasma technique [10], and solvothermal synthesis [11-
18]. Among these methods, solvothermal synthesis attracts the most
attention because it gives the products with small uniform mor-
phology, well-controlled chemical composition, and narrow size
distribution. Furthermore, the desired shape and size of particles
can be produced by controlling process conditions such as solute
concentration, reaction temperature, reaction time, and the type of
solvent [19,20]. For example, Berntsen et al. [21] described a sim-
ple route to high surface area nanostructured MoS, based on the
decomposition of cluster-based precursor (NH,),Mo,S ;xH,0 in
toluene at 380 °C. It was found that solvothermal decomposition
resulted in nanostructured material distinct from that obtained by
decomposition of the precursor in sealed quartz tubes at the same
temperature. Wang et al. [22] prepared nanocrystalline titania in al-
cohols under solvothermal conditions at 100 °C for 24 h. The selec-
tion of crystal structures, grain sizes, and morphologies was achieved
by simply varying the alcohols and other reaction conditions.

Alumina prepared by the solvothermal method is considered high
thermal stability. In our recent works [23-26], nanocrystalline tran-
sition alumina with micro spherical particles and high thermal stabil-
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ity has been synthesized by decomposition of aluminum isopropoxide
(AIP) under solvothermal conditions. The mechanism of the pro-
cess involves the formation of amorphous complexes before fur-
ther decomposition takes place. Inoue et al. [27] prepared silica-
modified alumina by the reaction of AIP and tetracthyl orthosili-
cate (TEOS) in 1,4-butanediol at 300 °C. The products were found
to maintain large surface areas after calcination at high temperature.
In this study, the influence of concentration of aluminum isopro-
poxide in 1-butanol used in the preparation of nanocrystalline alu-
mina by solvothermal method on the properties of alumina powders
and alumina supported cobalt catalysts was investigated by using
various characterization techniques such as XRD, BET analysis,
TEM, SEM, EDX, H, chemisorption, and temperature-programmed
reduction. The catalytic activity of the catalysts was tested in car-
bon monoxide hydrogenation at 220 °C and atmospheric pressure.

EXPERIMENTAL

1. Catalyst Preparation
1-1. Preparation of Nanocrystalline ALO;

A selected amount of aluminum isopropoxide (Aldrich) (10-35 g)
was suspended in 100 ml of 1-butanol (Ajax Finechem) in a test
tube, which was then placed in a 300 ml autoclave. In the gap be-
tween the test tube and the autoclave wall, 30 ml of 1-butanol was
added. The atmosphere inside the autoclave was purged completely
with nitrogen. The mixture was heated to 300 °C at a heating rate
of 2.5 °C/min and was kept at that temperature for 2 h. After cool-
ing to room temperature, the resulting powders were collected after
repeated washing with acetone by centrifugation. They were then
air-dried. The calcination of the products was carried out in a box
furnace by heating up to 600 °C at a rate of 10 °C/min and held at
that temperature for 1 h.

1-2. Preparation of Al,O;-Supported Co Catalysts

The Co/ALO, catalysts were prepared by incipient wetness im-

pregnation of ALO, with a desired amount of an aqueous solution
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of cobalt nitrate [Co(NO,),*6H,0] (Aldrich). The final loading of
the catalysts was determined by atomic absorption spectroscopy
(Varian Spectra A800) to be ca. 10 wt% cobalt. The catalysts were
dried at 110 °C for 24 h and calcined in air at 300 °C for 2 h using a
ramp rate of 1 °C/min.
2. Catalyst Nomenclature

In this study, alumina and alumina-supported cobalt catalysts are
referred to as Al-x and Co/Al-x, where x is the amount (g) of AIP
used in the preparation of alumina powders. For example, Al-10
and Co/Al-10 refer to Al,O; and Co/Al,O; catalyst prepared with
10 g AIP.
3. Catalyst Characterization

XRD patterns of the samples were collected with a SIEMENS
D-5000 X-ray diffractometer with Cu K, radiation (1=1.54439 A).
The spectra were scanned at a rate of 0.04%/step from 26=15° to 80°.
BET surface areas were calculated by using the BET=single point
method at liquid N, temperature. Transmission electron microscopy
(TEM) was performed with a JEOL JEM1220. SEM and EDX were
performed with a JEOL JSM-35CF scanning electron microscope
in the back scattering electron (BSE) mode at 20 kV. EDX was per-
formed by using Link Isis 300 software. Static H, chemisorption
was carried out on the reduced cobalt catalyst samples at 100 °C
according to the method described by Reuel and Bartholomew [28]
by using a Micromeritics Pulse Chemisorb 2700 system. Prior to
H, chemisorption, the catalyst samples were reduced at 350 °C in
flowing H, for 3 h. Temperature-programmed reduction (TPR) was
performed by using an in-house system. Approximately 0.1 g of
the catalyst was placed in the middle of a stainless steel reactor. A
temperature ramp from 35 to 600 °C at a ramp rate 5 °C/min and
the reduction gas 5% H, in Ar were used. A thermal conductivity
detector (TCD) was used to determine the amount of hydrogen con-
sumed. A cold trap was placed before the detector to remove water
produced during the reduction. The hydrogen consumption was cal-
ibrated by using TPR of silver oxide (Ag,0) at the same conditions.
4. Reaction

CO hydrogenation was carried out in a fixed-bed quartz reactor
under differential reaction conditions (<10% conversion) at 220 °C,
1 atm total pressure, and H,ACO=10/1. The total flow rate of Hy/
CO/Ar was 80/8/32 cc/min. Typically, 0.1 g of the catalyst sample
was reduced in sifu in flowing H, (50 cc/min) at 350 °C for 3 h prior
to CO hydrogenation. After the startup, samples were taken in 1-h in-
terval and analyzed by gas chromatography. Steady state was reached
within 6 h in all cases.

RESULTS AND DISCUSSION

1. Effect of AIP Concentration on the Properties of ALQO;
Fig. 1 shows the XRD patterns of various alumina powders ob-
tained from thermal decomposition of AIP in 1-butanol after calci-
nation at 600 °C for 1 h. XRD patterns of Al,O; show strong dif-
fraction peaks at 31°, 33°, 38°, 43°, 47.5°, and 68° (according to the
JCPDS:s database). It was found that when lower amounts of AIP
were used, only jalumina was formed as seen by the XRD char-
acteristic peaks at 2@=33° according to the JCPDSs database. The
XRD characteristic peaks of y-alumina were observed at 26=42.5° for
the ones prepared with AIP 25 and 35 g. The intensity of y-alumina
peaks became stronger with increasing amount of AIP content. It
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is indicated that increasing AIP content during the synthesis resulted
in formation of mixed phase between j-alumina and y-alumina. The
crystallization process of alumina was probably affected by the a-
mounts of AIP in 1-butanol.

O = y-Alumina

0O = x-Alumina
O O
Al-35
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Fig. 1. XRD patterns of various nanocrystalline alumina prepared

by the reaction of AIP in 1-butanol at 300 °C for 2 h (after
calcinations at 600 °C for 1 h).
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Fig. 2. TEM images of alumina obtained by the reaction of AIP in
1-butanol at 300 °C for 2 h with different amounts of AIP
(a) AI-10 (b) Al-15 (c) Al-25 (d) Al-35.
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Table 1. The physical and chemical properties of Al,O; supports

Samples Amounts of AIP (g) Surface area (m*/g)" Bulk density (g/cm®)* Morphology
Al-10 10 70 0.3824 Wrinkled sheets
Al-15 15 120 0.3858 High amount of wrinkled sheets
Al-25 25 139 0.3928 Wrinkled sheets and small amount of
spherical particles
Al-35 35 145 0.5358 Small amount of wrinkled sheets and
high amount of spherical particles
“Error of measurement=+5%
TEM images of alumina powders prepared with different amounts
of AIP are shown in Fig. 2. For the ones prepared with lower amounts © = y-Alumina
of AIP, Al-10 and Al-15, the wrinkled sheets morphology was ob- O = x-Alumina
served. They were found to be similar to those obtained from the
formation of j-alumina by decomposition of glycol or alkyl deriva- z o 0 Co/AL3S
tives on boehmite [26,27]. As the amounts of AIP increased, the = W
wrinkled sheets morphology became less apparent and spherical é’ o O Co/AL25
particles were observed. The presence of spherical particles was prob- S o
ably due to the formation of y-alumina, which is normally formed =

by thermal decomposition reaction of AIP in inert organic solvents
at 300 °C [23-26]. TEM results were in good agreement with the
XRD patterns that a mixture of j-alumina and y-alumina was ob-
served when AIP concentration increased.

The physical properties of the alumina products are summarized
in Table 1. The BET surface areas increased with increasing AIP
concentration as a result of morphology changing from wrinkled
sheets structure to small spherical particles. BET surface area of
the Al-35 (145 m’/g) was found to be twice of that of Al-10 (70 m*/
g). Similar trend was observed for the bulk density of the alumina
powders. The bulk density increased with increasing AIP contents.

Mechanism of thermal decomposition of AIP in alcohol has been
proposed in our previous works [23,26] involving three competi-
tive reactions. First, AIP reacted with 1-butanol yielding aluminum
butoxide, which decomposed further to give the alkyl (butyl) deriv-
ative of boehmite. Second, 1-butanol can be dehydrated to give water
which then hydrolyzes aluminum isopropoxide or butoxide yielding
pseudoboehmite. Finally, the direct decomposition of aluminum al-
koxide in organic solvent, which proceeded slowest, gave y-alu-
mina. In the present work, at low AIP content, boehmite was prob-
ably the main product and j~alumina was obtained after calcination
at 600 °C for 1 h. The morphology of the boehmite products ob-
tained via solvothermal reaction was wrinkled sheets [23,26], which
was also similar to those of ypalumina decomposed from. How-
ever, when the amounts of AIP in 1-butanol increased, formation of
z-alumina from direct decomposition of AIP in the solvent occurred
as the main reaction.

2. Characteristics of Co/AlL,O; Catalysts

The XRD patterns of cobalt catalysts supported on alumina pre-
pared with various amounts of AIP are shown in Fig. 3. The XRD
patterns of the Co/ALO, catalysts were not significantly different
from those of alumina supports. No XRD peaks of Co,0, or other Co
compounds were detected. This indicates that cobalt was present in
a highly dispersed form on alumina even for cobalt loading as high
as 10 wt% [29].

SEM and EDX were performed in order to study the morphol-
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Fig. 3. XRD patterns of Co/AlO; catalysts with different amounts
of AIP.

ogy and elemental distribution of the catalyst samples, respectively.
Typical SEM micrographs of Co/Al,O; catalysts are shown in Fig.
4. There was no significant change in morphology of the catalyst
samples due to the effect of AIP concentrations in 1-butanol used
in the preparation process. The white or light spots observed in all
figures can be attributed to the cobalt patches distributed on the ex-
ternal surface of catalyst granules. Fig. 5 shows the SEM micro-
graphs and the EDX mapping of the cross-sectioned Co/Al-35 cat-
alyst granule. The distribution of cobalt was found to be well dis-
persed throughout the catalyst granule.

The relative amounts of active surface cobalt on the catalyst sam-
ples were calculated from H, chemisorption experiments at 100 °C
according to Reuel and Bartholomew [28]. It is known that only
surface cobalt metal atoms are active for CO hydrogenation, not its
oxide or carbide [30]. The H, chemisorption results are reported in
Table 2. The amounts of H, chemisorption increased from 0.90 to
20.65 pmol/g cat., with increasing amount of AIP in 1-butanol used
in the preparation of the alumina supports from 10 to 35 g. It is likely
that the increase in the relative amounts of active cobalt metals was
due to the formation of the small spherical particles of y-alumina.
As also seen in the Table 2, the amount of H, chemisorption of Co/
Com-Al (13.38 umol/g cat.), prepared from the commercial y-alu-
mina which the crystal shape of alumina was spherical (the results
was not shown), was better than solvothermal-made Co/j«alumina
(0.90 umol/g cat.) but lower than Co/y-alumina (20.65 umol/g cat.).

Korean J. Chem. Eng.(Vol. 24, No. 3)
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Fig. 4. SEM micrographs of (a) Co/Al-10, (b) Co/Al-15, (c) Co/Al-25, and (d) Co/Al-35.

Fig. 5. SEM micrograph and EDX mapping of cross-sectioned Co/Al-35 catalyst granule.

May, 2007
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It was again confirmed that the spherical morphology of the alu-
mina support is important in achieving a higher amount of active
cobalt metal.
3. Reduction and Catalytic Behaviors of Co/ALO; Catalysts
Temperature program reduction (TPR) is a powerful tool for stud-
ying the reduction behavior of the catalysts. The TPR profiles of
various nanocrystalline alumina supported cobalt catalysts are shown
in Fig, 6. All the catalyst samples exhibited two main reduction peaks
which could be assigned to the two-step reduction of Co;0O,: first
reduction of Co,0, to CoO and then the subsequent reduction of
Co0 to Co” [31]. The two reduction steps may not always be ob-

Table 2. The characteristics and H, chemisorption of cobalt cata-

lyst
Catalyst Surface area ~ Amount of H, chemisorption
samples (m*/g)* (umol/g cat.)”
Co/Al-10 61 0.90
Co/Al-15 87 2.29
Co/Al-25 108 7.58
Co/Al-35 114 20.65
Co/Com-Al* 145 13.38

“Error=+5%, as determined directly.
*Commercial alumina, BET surface area of alumina 230 m?/g.

Co/Al-25
Co/Al-15

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

H; consumption (a.u.)

Fig. 6. TPR profiles of the catalyst samples.

served as separate peaks in TPR profile [32], as seen in the Co/Al-
35 sample. A wide range of variables such as metal particle size
and metal-support interaction have an influence on the reduction
behavior of cobalt catalysts resulting in the observation of different
locations of the TPR peaks. The TPR profiles for all the catalysts
except Co/Al-35 appeared to be not significantly different, suggest-
ing that the AIP content had little impact on the interaction of cobalt
and alumina supports. Thus, high dispersion of cobalt obtained on
Co/Al-35 was rather to be due to the formation of small spherical
particles alumina and not to the change in reducibility of the cata-
lysts.

CO hydrogenation reaction was carried out as a test reaction to
determine the catalytic activity of the catalyst samples. The results
are shown in Table 3. It is clearly seen that alumina prepared with
higher amounts of AIP in 1-butanol resulted in much higher CO
hydrogenation activities and CH, selectivities. The reaction results
confirm the amount of surface cobalt metals measured by H, chemi-
sorption.

CONCLUSIONS

Nanocrystalline alumina powders were prepared by thermal de-
composition of AIP in 1-butanol with various AIP contents. The
concentration of AIP in 1-butanol had a significant impact on the
properties of alumina and alumina supported cobalt catalysts. In-
creasing amounts of AIP in the solution resulted in the transformation
of wrinkled sheet j-alumina to fine spherical particles of y-alumina.
It also gave rise to the cobalt active sites and CO hydrogenation
activities when employed as supports for preparation of Co/ALO;
catalysts.
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