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Mesoporous Co-AlOs catalysts were prepared by one-pot synthesis and, for the first time, used in
the partial oxidation of methane to synthesis gas. Compared with the catalysts prepared by im-
pregnation methods, the catalysts prepared by one-pot synthesis showed superior catalytic per-
formance for this reaction. The results showed that mesoporous Co-Al;03 catalysts have high sur-

face areas, large pore volumes, and an ordered hexagonal mesostructure. In the catalysts, Co species
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are highly dispersed, resulting in high dispersion of the metal after reduction. A confinement effect,
provided by the mesopores, on metal nanoparticles could effectively enhance resistance to metal
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The partial oxidation of methane (POM) to synthesis gas
(syngas) has received much attention because of its high reac-
tion rate, low energy consumption, and syngas production with
an Hz/CO ratio very suitable for the synthesis of methanol and
in Fischer-Tropsch syntheses. Among the catalysts reported for
the POM reaction, Ni- and Co-based catalysts are particularly
promising because of their low prices. Compared to Ni-based
catalysts, Co-based catalysts show higher resistance to carbon
deposition, but lower activities [1-3]; Co-based catalysts have
therefore received less attention. Previous results [4-6] re-
vealed that the catalytic performances of Co-based catalysts are
closely related to the dispersion and anti-sintering ability of Co,
which depend largely on the nature of the support and catalyst
preparation.

Alumina is an important support in catalysis, and alumi-

na-supported Co catalysts have wide applications in Fisch-
er-Tropsch syntheses [7-9]. In recent papers [6,10], it has been
reported that these catalysts provide good catalytic perfor-
mances in POM reactions. Mesoporous materials have high
surface areas, large pore volumes, and narrow pore size distri-
butions. These features make mesoporous materials good car-
riers for highly dispersed metal loadings, and the confinement
effect of the mesopores can prevent the metal particles from
sintering. Mesoporous alumina-supported Co catalysts can
therefore be expected to show enhanced catalytic performanc-
es. Recently, a facile and reproducible preparation method for
ordered mesoporous alumina (OMA) was reported by Yuan et
al. [11]. This was extended by Morris et al. [12] to the one-pot
synthesis of OMA-supported metal oxides (NiO, MgO, CaO,
TiO2). In this work, a similar preparation procedure was used
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to synthesize mesoporous Co-Al203 catalysts, and the results of
POM reactions over these catalysts were reported for the first
time.

Mesoporous alumina (meso-Al203) was synthesized using
the procedure reported by Yuan and co-workers [11], and the
as-synthesized meso-Al203 was calcined at 700 °C. The proce-
dure was modified and extended to the one-pot synthesis of
meso-Al203-supported Co (Co-meso-Al203) catalysts. Typically,
4.5 g of Pluronic P123 were dissolved in 100 ml of anhydrous
ethanol, and 7.5 ml of 65% HNO3 and 10.2 g of aluminum iso-
propoxide were added to the P123 solution under stirring. The
Co precursor, Co(NO3)2:6H20, was then dissolved in the above
solution with vigorous stirring for 5 h. The solvent was evapo-
rated at 60 °C for 48 h in an oven. The resulting samples were
calcined at 400 °C for 4 h and at 700 °C for 1 h. For comparison,
meso-Al203- and commercial-y-Al203-sup- ported Co catalysts
were also prepared using an impregnation method. These are
denoted by Co/meso-Al203 and Co/y-Alz203, respectively. Brief-
ly, the supports were impregnated with an aqueous solution of
Co(NO3)2:6H20, followed by drying and the same calcining
procedures as those used for the Co-meso-Al203 catalysts. Un-
less stated, the amount of Co was fixed at 9 wt% in all the cata-
lysts in this study.

The catalytic reaction was carried out in a fixed-bed vertical
quartz-reactor (i.d. =5 mm) under atmospheric pressure. Prior
to reaction, the catalyst was reduced at 700 °C in an Hz flow (30
ml/min) for 1 h, followed by Ar purging and heating under an
Ar flow to the reaction temperature (750 °C). The feed gas, of
molar composition CHa:02:Ar = 2:1:4, was passed through the
reactor at a space velocity of 1 x 105 ml/(g-h). After condensing
and drying, the reaction effluents were analyzed using an
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Fig. 1. N; adsorption-desorption isotherms (a) and BJH pore diameter
distribution (b) of various catalysts.

Table 1
Surface areas and pore structures of different catalysts.

Catalyst Ager/ Pore volume Ave.:rage pore
(m?/g) (cm’/g) size (nm)
y-Alz03 173.9 — -
meso-Al203 294.2 0.84 8.0
Co-meso-Al203 241.2 0.83 9.3
Co/meso-Al203 178.2 0.38 6.4
Co/y-Al203 126.4 0.30 6.9

on-line gas chromatograph equipped with a thermal conductiv-
ity detector and a TDX-01 column.

The results of N2 adsorption-desorption isotherm meas-
urements are shown in Fig. 1 and Table 1. As shown in Fig. 1,
both meso-Al203 and Co-meso-Al203 present a typical type-IV
isotherm with a steep H1-shaped hysteresis loop, suggesting
uniform cylindrical pores [11]. In contrast, Co/meso-Al203
shows a broad capillary condensation step, revealing a signifi-
cant change in the pore structure. The pore-filling step of the
Co/meso0-Al203 catalyst shifts to a lower relative pressure,
which indicates a decrease in mesopore size, and is consistent
with the Barrett-Joyner-Halenda (BJH) pore diameter distribu-
tion. As shown in Table 1, Co-meso-Al;03 has the highest sur-
face area and the largest pore volume among the catalysts
studied. All the catalysts show the expected decreases in sur-
face area and pore volume as a result of the introduction of Co
species into the alumina. However, the decreases are more
pronounced for the samples prepared by impregnation, indi-
cating that the support pores are largely blocked by the Co spe-
cies.

Figure 2 shows the X-ray diffraction (XRD) patterns of vari-
ous samples. As shown in Fig. 2(a), the meso-Al203 and
Co-meso-Al;03 samples present similar small-angle XRD pat-
terns. A strong and a weak peak, ascribed to the (100) and
(110) planes, respectively, appear at 20 = 0.8° and 1.5°, indi-
cating that the samples have an ordered hexagonal mesostruc-
ture. For the Co/meso-Al203 catalyst, however, the small-angle
diffraction peaks disappear completely, revealing that the car-
rier mesostructure was destroyed during preparation of the
catalyst. This is in agreement with the N: adsorp-
tion-desorption results. As shown in Fig. 2(b), the Co/y-Al203
and Co/meso-Al203 catalysts prepared by impregnation both
show strong XRD peaks assignable to Co304 and/or CoAlz204,
whereas no Co-containing phase could be observed for the
Co-meso-Al;03 catalyst. This demonstrates that the Co species
are highly dispersed in the latter sample. Figure 2(b) also
shows the XRD patterns of the catalysts after reduction in Hz at
800 °C for 2 h. All the reduced catalysts display diffraction
peaks assigned to metallic Co, but the peak in Co-meso-Alz203 is
much weaker and broader, indicating that this catalyst has
smaller Co particles. This result was further confirmed by
transmission electron microscopy (TEM) observations.

Figure 3 shows the TEM images of the catalysts after reduc-
tion and the energy-dispersive X-ray (EDX) spectrum of
Co-meso-Al203, collected from the TEM image region. Large
metal particles are clearly observed on both the Co/y-Al203 and
Co/meso-Al203 catalysts, showing that Co aggregation occurred
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Fig. 2. Small-angle (a) and wide-angle (b) XRD patterns of various
catalysts.

during the high-temperature reduction. For the Co-meso-Al203
catalyst, the ordered hexagonal channels were unaffected by
reduction at a high temperature of 800 °C. No aggregated parti-
cles were found on this catalyst, but a strong Co signal was de-
tected in the EDX spectrum. From the XRD results shown in Fig.
2(b), and the TEM and EDX results, it can be concluded that Co
metal is highly dispersed in the channels of the host alumina as
nanosized particles.

The temperature-programmed reduction (H2-TPR) profiles
of various catalysts are shown in Fig. 4. On Co/y-Al203, two
peaks appear, at 520 and 730 °C, which can be assigned to the

Fig. 3. TEM images of Co/y-Al203 (a), Co/meso-Al203 (b), and Co-meso-Alz03 (c) catalysts after reduction in Hz at 800 °C for 2 h, and EDX spectrum (d)
of the reduced Co-meso-Al203 catalyst collected from the TEM image region.
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Fig. 4. H>-TPR profiles of various catalysts.

reduction of Co304 and of surface Co oxides that interact more
strongly with the support, respectively [13,14]. The former
peak is larger, indicating poor dispersion of Co species, which
exist mainly as crystalline Co304 in this catalyst. The
Co/meso-Al203 and Co-meso-Al203 catalysts both present a
high-temperature peak at temperatures above 800 °C, ascribed
to the reduction of CoAl204 [13]. In the temperature range from
450 to 800 °C, several peaks are also observed for the
Co/meso-Al203 catalyst, revealing that Co species are present in
many forms, including Co304 and surface Co oxides, as well as
CoAl204. For Co-meso-Al203, however, only one peak, from the
reduction of highly dispersed surface Co oxides, can be found,
ataround 700 °C, indicating a higher dispersion of Co species in
this sample than in the Co/y-Al203 and Co/meso-Al203 cata-
lysts. This is consistent with the XRD results.

Figure 5 shows the catalytic performances of the catalysts.
Figure 5(a) shows that the catalysts prepared by impregnation
give very low CHa conversions for a wide range of Co loadings,
from 3 to 9 wt%. In contrast, the Co-meso-Al;03 catalysts are
highly active for CH4 conversion, even at a Co content as low as
6 wt%, indicating that a lower Co loading on these catalysts can
provide a high catalytic performance. Co/Al203 catalysts were
reported by Wang et al. [10] to be active for POM reactions, but
their Co loadings were as high as 24 wt%. Generally, a higher
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Fig. 5. Effect of Co loading on catalytic activity of different catalysts for POM reaction (a) and catalyst stability (b). Reaction conditions: CH4:02:Ar =

2:1:4 (molar ratio), gas hourly space velocity = 1 x 105 ml/(g-h), 750 °C.

metal loading tends to result in increased carbon deposition.
Efficient Co catalysts with low metal loadings are therefore
desirable. Figure 5(b) shows the changes in CHs conversion and
CO selectivity over different catalysts (9 wt% Co) as a function
of time on stream. Compared with Co/meso-Al;03 and
Co/y-Al203, Co-meso-Al203 exhibited not only higher activity
but also good stability. Co-meso-Al203 showed high CHs con-
version and high CO selectivity, without significant loss of ac-
tivity and selectivity, even after a long running time of 1000 h.

The results of this study show that mesoporous-alumina-
supported Co catalysts can be directly synthesized using a
one-pot synthesis. Compared with commercial y-Al203- and
mesoporous alumina-supported Co samples prepared by im-
pregnation, the samples prepared using the one-pot synthesis
show distinctive structures and catalytic behaviors. For the
latter samples, the high surface area and large pores enable
high dispersion of the metallic Co, and the confinement effect of
the mesopores effectively suppresses metal sintering under the
reaction conditions used. It is therefore assumed that the high
activities and better stabilities in POM reactions of the
Co-meso-Al203 catalysts prepared using one-pot synthesis are
closely related to their high metal dispersion and strong re-
sistance to metal sintering, respectively.
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Partial oxidation of methane to syngas over mesoporous
Co-Alz0s catalysts

LIU Ruiyan, YANG Meihua, HUANG Chuanjing*,
WENG Weizheng, WAN Huilin*
Xiamen University

A mesoporous Co-Al203 catalyst, prepared using one-pot syn-
thesis, showed an ordered hexagonal mesostructure, high dis-
persion of Co species, and excellent catalytic performance for
partial oxidation of methane to synthesis gas.
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