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In the present study, nanocrystalline x-Al,03; were prepared by thermal decomposition of fine gibbsite
(x-GB) and solvothermal method (x-SV) and employed as supports for preparation of 20 wt% Co/Al,03
catalysts. As compared to the use of y-Al,03 with similar BET surface area, Co dispersion and CO hydro-
genation activity were higher on the nanocrystalline x-Al,03 supported Co catalysts. The transmission
electron microscopy (TEM) results revealed that the wrinkled sheets-like structure of y-Al,03 was com-
pletely destroyed after CO hydrogenation for 6 h whereas the spherical particles of x-SV and plate-like
structure of x-GB were maintained. The H,-temperature program reduction (H,-TPR) also revealed a
stronger interaction between cobalt and alumina supports for the Co/x-Al, O3 catalysts.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Alumina is the most common inorganic oxide used as catalyst
carrier because of its excellent thermal stability and wide range
of chemical, physical, and catalytic properties. Various transition
alumina (e.g. a-, y-, X-, 8-, M- and 6-Al,03) has been prepared
by different methods such as, sol-gel synthesis [1,2], hydrother-
mal synthesis, microwave synthesis [3], emulsion evaporation [4],
plasma technique [5], and solvothermal synthesis [6-9]. Among
these methods, solvothermal synthesis attracts considerable atten-
tion because it gives the products with uniform morphology,
well-controlled chemical composition, and narrow size distri-
bution. Furthermore, desire shape and size of particles can be
produced by controlling process conditions such as solute concen-
tration, reaction temperature, reaction time, and the type of solvent
[10,11]. A number of studies show that highly stable nanocrys-
talline x-Al,O3 prepared by the solvothermal method exhibited
interesting results when employed as catalyst and catalyst supports
in many catalytic reactions including CO hydrogenation [12,13],
dehydration of methanol to dimethyl ether [14], and CO oxidation
[15].

In our recent study, high purity of nanocrystalline x-Al,03
(100 wt%) was obtained by calcination of milled fine gibbsite at
600 °C and their physical properties were comparable to those pro-
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duced by the solvothermal method [16]. This offers a simple way
to prepare large amount of pure x-phase alumina for particular
industrial applications. In the present work, the effect of x-Al,03
structure obtained from different routes (i.e. from thermal decom-
position of gibbsite and solvothermal method) on the catalytic
behavior of Co/Al;05 in the CO hydrogenation reaction was investi-
gated. The commercially obtained «y-Al, O3 with similar BET surface
area was also employed to prepare the Co/y-Al,03 as a reference
catalyst. The catalysts were characterized by N, physisorption,
X-ray diffraction (XRD), CO chemisorption, transmission electron
microscopy (TEM), and temperature program reduction of H, (H;-
TPR). The catalytic behavior of the catalysts was investigated in the
CO hydrogenation at 220°C and atmospheric pressure.

2. Experimental

2.1. Preparation of x-alumina by thermal decomposition of
gibbsite

Approximately 100g of fine gibbsite (Merck, Germany) was
mixed with 300 cm3 water in a plastic pot and milled in an attri-
tion mill for 24 h, using alumina balls as grinding media. Cooling
water was fed continuously in the attrition mill in order to remove
heat. Rotational speed of the mill was fixed at 500 rpm. The sample
was dried at 105 °C overnight in an oven to remove water. The dried
sample was subsequently milled in a mortar to deagglomerate. The
sample was calcined in a tube furnace in air (95 ml/min) by heating
up to 600°C at a rate of 10°C/min and hold at that temperature for
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4 h. Then, the sample was cooled down to room temperature in N,
(75 ml/min). The sample was denoted as x-GB.

2.2. Preparation of x-alumina by the solvothermal method

Nanocrystalline x-Al,03 was prepared by the solvothermal
method according to the procedure described in Ref. [17]. Approx-
imately 15g of aluminium isopropoxide (AIP) (Aldrich) was
suspended in 100 cm?3 of toluene in a beaker, which was then placed
in a 300 cm? autoclave. In the gap between the beaker and auto-
clave wall, 30cm?3 of toluene was added. After the autoclave was
completely purged with nitrogen, the suspension was heated to
300°C at the rate of 2.5°C/min and held at that temperature for
2 h. Autogenous pressure during the reaction gradually increased
as temperature was raised. Then the autoclave was cooled to room
temperature. The resulting powder was washed repeatedly with

methanol by centrifugation and dried at 110 °C for 24 h. The prod-
uct was calcined in a box furnace by heating up to 600°C at a rate
of 10°C/min and held at that temperature for 6 h. The sample was
denoted as x-SV.

2.3. Preparation of Co/Al,03 catalysts

The catalysts were prepared by incipient wetness impregnation
with aqueous solution of cobalt(Il) nitrate hexahydrate (Aldrich).
The certain amount of cobalt (20 wt% loading) was dissolved de-
ionized water and then impregnated onto the support. The catalysts
were dried overnight in an oven at 110°C and then calcined in air
at 300°C for 2 h using a ramp rate of 1°C/min. The reference Co/y-
Al, 05 catalyst was also prepared by the same procedure using the
commercially obtained y-Al;03 (Sumitomo Aluminium Smelting
Co. Ltd.) as the catalyst support.
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Fig. 1. The XRD patterns of Al,05; and Co/Al,05 catalysts.
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Table 1
Physicochemical properties of the Co/Al,05 catalysts prepared on y- and x-Al,03.2

Samples Co304 crystallite Surface area Pore volume Average pore CO chemisorption (molecule Co dispersion
sizeP (nm) (m?/g) (cm3/g) diameter (nm) CO x 10719/gcat)

Co/x-SV 8.0 117 (171) 0.38 (0.63) 9.2(10.4) 2.0 0.29

Co/x-GB 7.8 135 (183) 0.23(0.34) 49 (4.8) 2.8 0.49

Co/y-Al,03 9.1 148 (188) 0.35(0.49) 5.7 (6.8) 1.7 0.19

2 The number in parenthesis indicate the surface area, pore volume, and average pore diameter of the bare Al,03; supports.

b Based on XRD results.

2.4. Catalyst characterization

The X-ray diffraction patterns of the catalysts were measured
in a range of 26 value between 20° and 80° using a SIEMENS
D5000 X-ray diffractometer and Cu K« radiation with a Ni filter.
The surface area, pore volume, and average pore diameter were
measured by Micromeritics ASAP 2020. The morphology of sam-
ples was investigated by TEM (JEOL JEM 2010), operating at 200 kV.
The active sites and the relative percentages dispersion of cobalt
catalyst were determined by CO pulse chemisorption technique,
using Micromeritics ChemiSorb 2750. Prior to the measurements,
the catalyst samples were reduced at 350°C in flowing H, for 3 h.
TPR was also carried out in a Micrometritics Chemisorb 2750 auto-
mated system. The catalyst sample 0.1 g was heated up to 200°C
in flowing nitrogen and held at this temperature for 1 h. The cata-
lyst sample was cooled down to room temperature and the carrier
gas was 5% Hy in Ar (30 cc/min) were ramping from 35 to 800°C at
10°C/min. Thermal gravimetric and differential temperature anal-
ysis (TG/DTA) were performed using an SDT Analyzer Model Q600
from TA Instruments, USA at heating rate of 5 °C/min in flowing air
(400 cm3/min). The spent catalysts were dried overnight at 110°C
prior to the measurement.

2.5. Reaction study

CO hydrogenation was carried out at 220°C and 1atm total
pressure in a fixed-bed quartz reactor under differential reaction
conditions. The H,/CO ratio used was 10/1. Typically, 0.1 g of the
catalyst sample was reduced in situ in flowing Hy (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

The XRD patterns of the Al,03 supports and the Co/Al,03 cat-
alysts are shown in Fig. 1. The XRD characteristic peaks of y- and
x-alumina were observed at degree 26 = 33° and 42.5°, respectively
according to the JCPDSs database. According to our previous study,
the fraction of x-phase in both x-SV and x-GB was determined to
be 100 wt% [12,16]. After Co loading, the diffraction peaks at 26 of
ca. 31.3°, 36.8°, 45.1°, 59.4°, and 65.4° were apparent, indicating
that cobalt was primarily in the form of Co304 spinel after calcina-
tion at 300 °C for all the catalyst samples [18]. The physicochemical
properties of the Co/Al,03 catalysts prepared on - and x-Al,03
are summarized in Table 1. The BET surface areas of the various
Al,05 supports were not significantly different ranging between
171 and 188 m2/g. As also illustrated in the pore size distribution
plots (Fig. 2), the x-GB possessed the least amount of pore volume
and smallest average pore diameter while the x-SV had the high-
est pore volume and the largest pore diameter. The y-Al,03, on
the other hand, showed wide pore size distribution in the meso-
pore range. It is noted that impregnation, drying, and calcination
did not change much the pore size distribution as well as the aver-
age pore diameter of the cobalt catalysts, but reduced the nitrogen
uptake [19]. The calculated crystallite sizes of Co304 from X-ray line

broadening were quite similar for all the catalyst samples (7-9 nm).
Such result was in contrast to the work reported previously by Borg
et al. [20], in which the largest Co304 crystallites were found in the
support of widest pores. Evidently, the classic model of cylindrical
pores with the catalytic component attached to the walls is not valid
here. It is shown that the x-SV with relatively large pore size can
result in the formation of small Co304 crystallites due probably to
the fact that x-SV is single crystal and possesses only interparticle-
particle pores. The amount of CO chemisorption as well as the
calculated %Co dispersion increased in the order Co/x-GB > Co/x-
SV >Co/vy-Al,03. The higher Co dispersion on the x-phase alumina
as compared to the higher surface area y-Al,03 was attributed to
the morphology/structure of the Al; O3 support. The spherical shape
like x-alumina particles has shown to prevent agglomeration of Co
particles on alumina surface, especially at high Co loadings [12,13].
In addition, the bimodal pore structure and the narrow pore size
distribution of x-GB also provided high Co dispersion.

The morphology of the Al,03 supports and the Co/Al,05 cata-
lysts before and after reaction are shown in Fig. 3. The morphology
of x-alumina obtained by thermal decomposition of gibbsite
and solvothermal method were apparently different. The x-SV
appeared as very small spherical particles (Fig. 3a) whereas the
X-GB consisted of irregular and flaky particles (Fig. 3d) which were
probably the results of milling of the pseudohexagonal plate-like
gibbsite [21]. The y-Al, 03 (Fig. 3g) exhibited the wrinkled sheets-
like structure similar to that of boehmite [22]. It was found that
the spherical and plate-like structure of x-SV and x-GB as well as
the cobalt dispersion on these x-phase alumina were maintained
after the CO hydrogenation reaction for 6 h whereas the wrinkled
sheets-like structure of y-Al,03 was completely destroyed (Fig. 3c,
f, i, respectively). It is noted that the wrinkled sheets structure of
v-Al,03 was still observed after impregnation and calcination of
Co/vy-Al;03 (Fig. 3h). The results in this study clearly show that
the textural properties of x-phase alumina were more stable than
the y-Al, O3 during CO hydrogenation. It has been reported that
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Fig. 2. The pore size distribution of Al,03 and Co/Al, O3 catalysts.
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Fig. 3. The TEM micrographs of x-SV (a), Co/x-SV (b), used Co/x-SV (c), x-GB (d), Co/x-GB (e), used Co/x-GB (f), y-Al, 03 (g), Co/y-Al, O3 (h), and used Co/y-Al,05 (i).

v-Al;03 was unstable under hydrothermal conditions (>140°C),
resulting in an overgrowth of the surface crystallites [23].

The TPR profiles of the various Co/Al;03 catalysts are shown
in Fig. 4. The reduction peaks for bulk Co304 can be assigned to
the two-step reduction of Co304 to CoO and then to Ca® [24,25].
In the present work, the reduction peaks appeared at two major
temperature ranges: 200-400°C and 550-750°C. According to
the literature, the reduction of large Co304 particles to Co metal
and possibly partial reduction of highly dispersed Co304 to CoO
occurred at the lower temperature range whereas the higher reduc-
tion temperature at ca. 550-750 °C was assigned to the reduction of
CoO (possibly) and Co species that are highly dispersed and strongly
interacting with the Al, 03 support or the reduction of cobalt alumi-
nate [26,27]. The reduction temperature for Co/x-SV and Co/x-GB
was higher than that of Co/v-Al,03, indicating a stronger interac-
tion between Co particles and x-phase alumina. It has often been
reported that the reduction temperatures of Co/Al,03 decreased
with increasing pore size of Al,03 [18,26]. However, the reduc-
tion temperature of Co/x-SV with relatively large pore size was

shifted towards higher temperature, suggesting that the reduction
behavior of cobalt on Al,03 was also affected by the structure and
morphology of the Al,03 support.

The CO conversion, reaction rate, product selectivity, and
turnover frequencies calculated from the CO chemisorption are
given in Table 2. The time on stream results are also illustrated

Table 2
Catalytic activity of the Co/Al, 03 catalysts in CO hydrogenation.

Catalysts CO conversion? (%) Selectivity® (%)  TOF¢ (x103s™1)
Initiald Steady-state® C Cy-Cy

Co/x-SV 84.1 78.8 99.5 0.5 10.2

Co/x-GB 87.2 60.9 99.3 0.7 6.6

Co/y-Al,03 67.2 46.6 98.3 1.7 5.7

2 The reaction conditions were 220°C, 1 atm, and H,/CO/Ar=20/2/8.
b After 6 h time-on-stream.

¢ Based on CO chemisorption results.

d' After 5 min time-on-stream.
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Fig. 4. The TPR profiles of the Co catalysts supported on x-SV (a), x-GB (b), and
v-Al>03 (c).

in Fig. 5. The initial CO conversion was found to be in the order
Co/x-GB > Co/x-SV > Co/vy-Al, 03, which was correlated well with
the amount of cobalt active sites measured from CO chemisorption.
However, as shown in the time-on-stream profiles and the steady-
state values, the Co/x-SV exhibited the highest CO conversion and
methane selectivity after 6-h time-on-stream. The activity of Co/x-
SV decreased only by 6% whereas those of Co/x-GB and Co/y-Al,03
decreased by ~30%. It is suggested that the strong interaction
between cobalt particles and the spherical shape x-Al,03 parti-
cles and/or the higher amount of aluminates formation provided
better stabilization of cobalt particles during CO hydrogenation,
preventing sintering of the catalysts as well as rearranging of active
cobalt surface which was typically found in other supported cobalt
catalyst systems [28-31]. There were no significant differences in
turnover frequencies of the various Co/Al, 03 catalysts, confirming
the structure insensitivity of the reaction [32-34].

The formation of inactive carbon species can be a reason for
the catalyst deactivation. The TG/DTA experiments were carried
out for all the spent catalysts in order to determine the amounts
of carbonaceous deposits after CO hydrogenation reaction and the
results are shown in Fig. 6. A small weight loss in the TGA pro-
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Fig. 5. The CO hydrogenation rate versus time-on-stream for the various Co/Al;03
catalysts.
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Fig. 6. The TG/DTA results of spent Co/Al, 05 catalysts after reaction: (a) in terms of
temperature (°C) and weight loss (%); (b) in terms of temperature (°C) and heat flow
(mW/g).

files (Fig. 6a) below 200 °C was due to the removal of physisorbed
water and/or chemisorbed hydroxyl groups whereas the weight
loss at higher temperature was due to oxidation of the carbona-
ceous deposited on the surface of used catalysts [35]. As shown by
the exothermic peaks in Fig. 6b, the type of coke species occurred
during reaction was probably “soft coke” since it could be removed
from the spent catalysts by oxidation at a relative lower temper-
ature (~350°C) [36,37]. Based on the TG/DTA results, the amount
of coke deposits on the catalysts prepared on x-phase Al,03 were
much lower than that prepared on the y-Al; 03 in the order: Co/x-
SV <Co/x-GB<Co/vy-Al;03. The results were in good agreement
with the activity trend shown in Fig. 5 in which the activity of Co/x-
SV was the most stable during the 6 h time-on-stream. However, it
should be noted that even though the catalytic properties of Co/x-
GB were not exactly the same as that of Co/x-SV, the synthesis of
high purity nanocrystalline x-Al,03 from the calcination of milled
gibbsite (x-GB) appeared to be much easier and more feasible than
the solvothermal method and could be employed in a large scale
production.

4. Conclusions

The Co catalysts supported on pure x-phase and +y-phase
Al,03 were investigated in the CO hydrogenation. The nanocrys-
talline x-Al,03 was synthesized by two different routes namely
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solvothermal method and thermal decomposition of fine gibbsite.
Despite their similar BET surface area, the Co dispersion mea-
sured from CO chemisorption and initial CO hydrogenation rate
increased in the order Co/x-GB > Co/x-SV >Co/y-Al,03. However,
the Co[x-SV exhibited the highest activity under steady-state
conditions (only 6% decrease from the initial values) due probably
to high thermal stability of the x-SV alumina and stable cobalt
particles on the catalyst surface. A stronger interaction between
cobalt and x-alumina was clearly observed by H,-TPR. Moreover,
the textural properties of x-phase alumina were more stable than
the y-Al,03 during CO hydrogenation.
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