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Abstract

This paper reports the results of a study into the effect of mixed 7y and y
crystalline phases in Al,O; on the characteristics and catalytic activities for CO
hydrogenation of Co/Al,O3 catalysts. The catalysts were characterized by X-ray
diffraction, N, physisorption, transmission electron microscopy, and H;
chemisorption. Increasing Co loading from 5 to 20 wt% for the mixed phase Al,Os-
supported Co catalysts resulted in a constant increase in both the number of cobalt
metal active sites and the hydrogenation activities. However, for those supported on

*Al,O3, Co dispersion increased up to 15 wt% Co and declined at 20 wt% Co loading.
It is suggested that the spherical-shape like morphology of the yphase Al,O;

prevented agglomeration of Co particles, especially at high Co loadings.



1. Introduction

Alumina is one of the most common commercial carriers used to disperse
catalytic materials because of its excellent thermal stability, high mechanical
resistance, and wide range of chemical, physical, and catalytic properties. In general,
acidic, high surface area alumina hydrates are produced at relatively low temperatures
by precipitation from either acidic or basic solutions and then are transformed to
“transition” B, ¥, B, %, ¥, 8, 6, and aAl,O3 by dehydration and treatment at high
temperatures [1].

Despite a wide range of crystalline structures, only ¥ and &Al,Os have been
studied often as catalyst supports. Typically, ¥Al,O3 provides a better dispersion of

catalytically active metals than &Al,O3; due to its higher surface area. Only a few

publications have reported the effect of other crystalline phases of alumina on the
properties of alumina-supported catalysts. For example, Chary et al. [2] reported that
dispersion of vanadium oxide on alumina as well as its catalytic activities in partial
oxidation decreased with increasing calcination temperature due to the transformation
of yalumina into Balumina, dalumina, and aalumina phases. Recently, Moya et al.
[3] studied silver nanoparticles supported on &, i, and 3 Al,O3 prepared by a colloidal
processing route. It was found that silver particle sizes varied between 1-100 nm
depending on the alumina phase. To our knowledge, the effect of mixed ¥ and ¥
Al,O3 phases on the properties of Al,O3 as a catalyst support has never been reported.

In this study, nanocrystalline transition Al,O3; (¥Al,O3; and mixed ¥ and %

Al,O3) were synthesized by decomposition of aluminum isopropoxide (AIP) under
solvothermal conditions. The advantages of the solvothermal method are that it gives

products with uniform morphology, well-controlled chemical composition, and



narrow particle size distribution [4-8]. Furthermore, desired shapes and sizes of
particles can be tailored by controlling process conditions such as solute
concentration, reaction temperature, reaction time, and the type of solvent [9-10]. The
effects of mixed crystalline phases of Al;Os on the dispersion of cobalt on Al,O3 and

the resulting catalytic activity for CO hydrogenation were investigated.

2. Experimental
2.1. Preparation of alumina

Nanocrystalline transition Al,O3 was prepared by the solvothermal method
according to the procedure described in Ref. [11]. The desired amount of aluminum
isopropoxide (AIP) (Aldrich) (10, 15, 25, or 35 g) was suspended in 100 ml of 1-
butanol (Ajax Finechem) in a beaker, which was then placed in a 300 ml autoclave.
In the gap between the beaker and the autoclave wall, 30 ml of 1-butanol was added.
After the atmosphere inside the autoclave was purged completely with nitrogen, the
mixture was heated to 300°C at a heating rate of 2.5°C/min and was kept at that
temperature for 2 h. After cooling to room temperature, the resulting powders were
collected after repeated washing with acetone and were then air-dried. The calcination
of the products was carried out in a box furnace by heating up to 600°C at a rate of

10°C/min and held at that temperature for 1 h.

2.2. Catalyst preparation
The Al,Os-supported cobalt catalysts with different Co loadings (5, 10, 15,
and 20 wt%) cobalt were prepared by incipient wetness impregnation of alumina with

a desired amount of an aqueous solution of cobalt nitrate [Co(NO3),-6H,0] (Aldrich).



After impregnation, the catalysts were dried at 110°C for 24 h and calcined in air at

300°C for 2 h using a ramp rate of 1°C/min.

2.3 Catalyst characterization
X-ray diffraction patterns of the samples were collected using a SIEMENS D-

5000 X-ray diffractometer with Cu K radiation (4 = 1.54439 A). The spectra were

scanned at a rate of 0.04/step from 20 = 15 to 80. The composition of each
crystalline phase has been calculated from the calibration of X-ray diffraction peak
areas of the mixtures between each pure phase (physically mixed). BET surface areas
of the sample were calculated using the BET-single point method at liquid N
temperature. Transmission electron microscopy was performed to study the
morphologies of the catalyst samples and the dispersion of cobalt oxide species on the
alumina supports using a JEOL JEM 1230. The number of surface cobalt metal atoms
was determined by pulse H, chemisorption at 100°C on the reduced cobalt catalysts
based on the static method described by Reuel and Bartholomew [12] using a
Micromeritics Pulse Chemisorb 2750 system. Prior to H, chemisorption, the catalyst
samples were reduced at 350°C in flowing H, for 3 h. The X-ray photoelectron
spectroscopy (XPS) analysis was performed using an AMICUS photoelectron

spectrometer equipped with a Mg K_X-ray as a primary excitation and a KRATOS

VISION?2 software. XPS elemental spectra were acquired with 0.1 eV energy step at

a pass energy of 75 kV. The C 1s line was taken as an internal standard at 285.0 eV.



2.4 Reaction study

CO hydrogenation was carried out at 220°C and 1 atm total pressure in a fixed-
bed quartz reactor under differential reaction conditions. The Ho/CO ratio used was
10/1. Typically, 0.1 g of the catalyst sample was reduced in situ in flowing H, (50
cc/min) at 350°C for 3 h prior to reaction. After the start up, samples were taken at 1-
h intervals and analyzed by gas chromatography. Steady state was reached within 6 h

in all cases.

3. Results and Discussion

In this study, nanocrystalline alumina powders were prepared by thermal
decomposition of AIP in 1-butanol with various AIP content. XRD patterns of these
alumina samples after calcination at 600°C for 1 h are shown in Figure 1. The XRD
patterns of transition Al,O3; were observed at degree 26= 31", 33", 38', 43", 47.5’, and
68’. It was found that when lower amounts of AIP were used (10 and 15 g in 100 cm’
of 1-butanol), only ¥AlLOs; was formed by calcination, as seen by the XRD
characteristic peaks at 20 = 33" according to the JCPDSs database. These ¥Al,Os3
samples are denoted hereafter as Al-G1 and AI-G2, respectively. The XRD
characteristic peak of ¢alumina was observed at 260 = 42.5" for the supports prepared
with higher amounts of AIP (25 and 35 g in 100 cm’® 1-butanol). The mixed + and %
crystalline phase samples containing ¥%phase of ca. 33% and 57% were denoted as Al-
GC1 and Al-GC2, respectively. Pure alumina prepared by reaction of AIP in
toluene was used as the reference sample and denoted as Al-C. The intensity of %

AlLLO; peaks became stronger with increasing amount of AIP content during



preparation, indicating that increasing AIP content during the solvothermal synthesis
resulted in formation of alumina giving rise to mixed phases of ¥Al;O3 and %Al,O3

after calcination. The physical properties of the various Al,Oz samples are shown in
Table 1. The BET surface area of the AI-GC2 (145 mz/g) was found to be twice of
that of Al-G1 (70 mz/g). A similar trend was observed for the bulk density of the
AlOs powders. The bulk density increased with increasing amount of AIP used
during preparation (from 0.38 g/cm’ to 0.54 g/cm’). The BET surface areas also
increased with increasing AIP concentration, probably as a result of morphology
changing from a wrinkled sheet structure to small spherical particles (see Figure 3).
These results were confirmed by Al-C with highest BET surface area (180 m2/g),
highest bulk density (0.56 g/cm®) and complete spherical particle morphologies.
From results such as these, it has been proposed that for preparation with low AIP

contents, boehmite is the main product resulting in ralumina after calcination at

600°C for 1 h. The morphology of the boehmite products obtained via the
solvothermal reaction has been shown to be wrinkled sheets [13-14]. The precursor to

spherical-shaped %Al,03 was formed by direct decomposition of AIP in the solvent

and appeared to increase with increasing AIP concentration.

Figure 2 shows the IR spectra of alumina supports after calcination at 600°C
for 1 h. The IR peaks assigned to OH stretching were observed at around 3730 and
broad peak between 3200 to 3600 cm™. According to Peri’s model [15], the features
at 3791, 3730, and 3678 cm™" are assigned to surface isolated hydroxyl groups. The
broader peak at 3589 cm™ is due to the vibration of associated hydroxyl groups of
aluminum oxide. The spectra which assigned to OH groups of all samples were
nearly identical. Therefore, the amounts and nature of OH groups of all supports were

essentially same.



The nanocrystalline ¥Al,O3 and mixed ¥ and %Al,O; were then employed as

catalyst supports for Co catalysts. The Co/Al O3 catalysts were prepared using the
incipient wetness impregnation method with cobalt loadings of 5, 10, 15, and 20 wt%
in order to investigate the effect of mixed crystalline phases of Al,Os on the
dispersion of Co and its catalytic activity for CO hydrogenation. The XRD patterns
of the various Co/Al O3 catalysts after calcination at 300°C were not significantly
different from those of the Al,Os supports (results not shown). No XRD characteristic
peaks of Co304 and/or other Co compounds were detected for all the catalyst samples.
This suggests that the crystallite size of cobalt oxide on Al,O3 was probably below the
lower limit for XRD detectability (3-5 nm). Such results also indicate that cobalt
oxide species were present in a highly dispersed form on these nanocrystalline Al,O3
even for cobalt loadings as high as 20 wt%.

The morphology and distribution of cobalt oxide particles on the Al,O;
supports were investigated by transmission electron microscopy (TEM). The typical
TEM micrographs of 20 wt% of cobalt on alumina supports containing different

compositions of yand  phases are shown in Figure 3. In all the TEM figures, the
darker spots on the catalyst granules represent a high concentration of cobalt and its
compounds while the lighter areas indicate the support with minimal or no cobalt
present. It was found that the wrinkled sheets-like structure of +Al,O3; was maintained
after impregnation and calcination for both 20Co/Al-G1 and 20Co/Al-G2 catalysts
(Figure 2a and 2b). The mixed structure between spherical particles of xAl,O3 and
wrinkled sheets of ¥Al,O3; were also observed for 20Co/Al-GC1 and 20Co/Al-GC2

samples (Figure 2c and 2d). However, cobalt oxide species appeared to be more



agglomerated on the ¥ Al,O3 supports than on the mixed ¥ and %ones as shown by the

appearance of larger cobalt oxide particles/granules.

Static H, chemisorption on the reduced cobalt catalyst was used to determine
the number of active surface cobalt metal atoms [16]. The H, chemisorption results
for all the catalyst samples are reported in Table 2. The overall dispersion of reduced
Co and crystal size of Co” in the catalyst samples based on the H, chemisorption

results is also given. In order to distinguish the effect of mixed yyand y crystalline

phases of Al,O; and the effect of BET surface area, we also report the H,
chemisorption results in terms of the amount of H, chemisorption per total specific
surface area of the catalyst (see Figure 4). For the Co/Al-G1 and Co/Al-G2 catalysts
in which the Al,O3; contained only the yphase, the number of active surface cobalt
metal atoms per unit surface area increased with increasing Co loading up to 15 wt%.
Further increase of the amount of Co loading to 20 wt% resulted in both a lower
cobalt dispersion and fewer exposed surface cobalt metal atoms (Table 2), even
taking into account BET surface area (Figure 4). This is typical for supported Co
Fischer-Tropsch catalysts. Dispersion usually decreases with increasing Co loading
beyond a certain point [17-21]. On the contrary, the amounts of H, chemisorption per
unit surface area of the mixed yand y crystalline phases Al,O3 supported Co catalysts
(Co/Al-GC1 and Co/Al-GC2) constantly increased with increasing Co loading from 5
to 20 wt% (Table 2, Figure 4). To study the effect of phase composition on active
sites of Co catalyst, 15%Co/pure -alumina catalyst was characterized to compare

with 15%Co deposited on pure $+Al,O3 and mix phase supports. The amounts of H,

chemisorption increased from 9.2 to 21.4 umol/g catalyst as the y phase contents

increased from 0 to 57%. While the amounts of H, chemisorption of Co/pure y-



alumina catalyst ranged around 16.8 mol/g catalyst. It is suggested that the presence
of x phase in ¥Al,O3 may prevent agglomeration of Co particles especially at high Co
loadings, resulting in the maintenance of high Co dispersion. Because of its surface
sensitivity, XPS is used to identify the surface compositions of the catalysts as well as
the interaction between Co and the alumina supports. The results are given in Table 3.
It was found that the ratio of Al/O atomic concentration was slightly increased while
that of Co/Al decreased with the presence of ¥phase in ¥Al,O3 suggesting higher
dispersion of Co on the mixed phase Al,Os supports. There was also a slight shift of
Co 2p binding energy to higher values for the 15Co/Al-GC1 and 15Co/Al-GC2

catalysts compared to those supported on ¥Al,O; (Al-G1 and Al-G2). Such results

suggest stronger interaction between Co and the mixed phases ¥ and xAlO;.

CO hydrogenation was carried out in a fixed-bed quartz reactor under
differential reaction conditions in order to determine the catalytic activity of the
catalyst samples. The reaction results in terms of CO conversion, hydrogenation rate,
and the turnover frequency (TOF) per exposed Co atom calculated using the hydrogen
chemisorption data are given in Table 4. The catalytic activities increased with
increasing Co loading in general (at least to 15 wt% Co). For a similar Co loading,
Co catalysts supported on the mixed crystalline phases Al,Os exhibited higher CO
hydrogenation activities compared to those supported on the ones containing only 7y
phase Al,Os. The TOFs of the cobalt catalysts in which the Al,Os support contained
only the 7y phase decreased with increasing Co loading, suggesting perhaps an
underestimation of exposed Co metal atoms by H, chemisorption. However, the
TOFs for the mixed crystalline phases Al,Osz did not significantly change regardless

of cobalt loading percentage. The reaction results are in a good agreement with the

10



H, chemisorption results since CO hydrogenation is usually considered to be a
structure insensitive reaction [22-26]. Thus, higher dispersion of Co yields higher

hydrogenation activity.

4. Conclusions

Nanocrystalline Al,Os and mixed ¥ and y-Al,O; were obtained by
decomposition of AIP in 1-butanol by varying the amounts of AIP used under the
solvothermal conditions. For a similar Co loading, the presence of kphase in FAl,O3

support resulted in higher dispersion of Co as well as higher CO hydrogenation
activities of the Co/Al,O3 catalysts. It is suggested that the spherical-shape like
morphology of the %phase Al,Os provide better stability of the Co particles, especially

for those with high Co loadings.
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Figure 1 XRD patterns of the various nanocrystalline alumina prepared by the

reaction of AIP in 1-butanol at 300°C for 2 h (after calcination at 600°C for 1 h).

16



Absorbant

Al-GC2
Al-GC1
Al-G2
Al-G1
3900 3400 2900 2400 1900

Wavenumber (cm'l)

Figure 2 IR spectra of various alumina supports.
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Figure 3 TEM micrographs of the various 20 wt% Co/Al,O5 catalysts

(a) 20Co/Al-G1 (b) 20Co/Al-G2 (c) 20Co/Al-GC1 (d) 20Co/Al-GC2.
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Figure 4 The amount of H, chemisorption/specific surface area of the Co/Al,O3

catalysts as a function of cobalt loading.
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