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Abstract

A series of calcium-modified alumina-supported cobalt catalysts were prepared with a two-step impregnation method, and the effect of calcium
on the catalytic performances of the catalysts for the partial oxidation of methane to syngas (CO and H,) was investigated at 750 °C. Also, the
catalysts were characterized by XRD, TEM, TPR and (in situ) Raman. At 6 wt.% of cobalt loading, the unmodified alumina-supported cobalt
catalyst showed a very low activity and a rapid deactivation, while the calcium-modified catalyst presented a good performance for this process
with the CH, conversion of ~88%, CO selectivity of ~94% and undetectable carbon deposition during a long-time running. Characterization
results showed that the calcium modification can effectively increase the dispersion and reducibility of Coz0y, decrease the Co metal particle size,
and suppress the reoxidation of cobalt as well as the phase transformation to form CoAl,O, spinel phases under the reaction conditions. These
could be related to the excellent catalytic performances of Co/Ca/Al,O5 catalysts.
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1. Introduction

The utilization of nature gas (mainly methane) as a fossil fuel
resource and a hydrogen source is attracting more and more
attention. Compared with steam and CO, reforming of methane,
partial oxidation of methane (POM) into syngas is of considerable
interest because this reaction is energy saving [1], and the
produced syngas has a H,/CO ratio of 2, which is suitable for use
in production of methanol and synthetic fuels [2]. A number of
catalysts, including nickel, cobalt and the noble metals (Rh, Pt,
Ru, Ir), have been adapted to the partial oxidation of methane [3—
12]. Among them, nickel- and cobalt-based catalysts are
particularly promising due to their low prices. Much attention
has been devoted to nickel catalysts, although the catalysts suffer
from deactivation mainly due to carbon deposition and the loss of
nickel under high flow rate and high temperature.

Compared to nickel, cobalt has higher melting and
vaporizing points. Also, cobalt-based catalysts are less active
for syngas methanation. The methanation is especially needed
to be considered for the POM process performed in the
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fluidized bed reactor [13]. Therefore, cobalt-based catalysts
may be an interesting alternative to traditional nickel-based
catalysts [13,14]. The major drawback with the cobalt catalysts
are their lower activities and stabilities [7,8]. Due to low
reducibility and the easiness of cobalt metal to oxidize, a higher
cobalt loading is often indispensable to the supported cobalt
catalyst with high catalytic performance [9,10]. Recently, Co/
MgO and Co/Al,O5 catalysts have been reported to be active for
partial oxidation of methane to syngas [11,12], but their cobalt
loadings were as high as 24 wt.%. Since a higher metal loading
generally tends to result in more carbon deposition, an efficient
cobalt catalyst with lower metal loading is desired.

To improve the catalytic performance of supported nickel
and cobalt catalysts for conversion of methane to syngas, the
effect of promoter has been widely studied. It has been shown
that calcium acts as a good nickel catalyst promoter, improving
the coking stability by increasing electron density of the nickel
and so decreasing its methane-dehydrogenating power [15-17].
Despite this, few studies have been made on the effect of this
promoter on supported cobalt catalyst for the POM reaction.

In this work, partial oxidation of methane to syngas was
performed on Co/Ca/Al,O5 catalysts. The effect of calcium
promoter on the catalyst structure and performance was studied
by XRD, TEM, TPR and Raman spectroscopy.
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2. Experimental
2.1. Catalyst preparation

Co/Al,O5 catalysts were prepared by the wet-impregnation
method, using Co(NO;3),-6H,O and ~vy-AlLO; (Sger=
1326 m* g ') as the metal precursor and the support,
respectively. After drying at 110 °C, the resulting material
was then calcined in air at 600 °C for 4 h. The calcium-
modified alumina-supported cobalt catalysts (Co/Ca/Al,O5)
were prepared with the sequential impregnation. First, the
calcium-modified support was prepared by impregnating <y-
Al,O5; with Ca(NOs3),-4H,O aqueous solution, followed by
calcining in air at 600 °C for 4 h. Then, the Co/Ca/Al,O5
catalysts were prepared using the same procedure for the Co/
Al,Oj3 catalyst. The prepared catalysts are denoted as xCo/
Al,O5 and xCo/yCa/Al,O5, where x and y refer to the mass
percents of Co and Ca, respectively.

2.2. Catalytic reaction

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 H, flow
(20 ml/min) for 1 h, followed by Ar purge and heating under Ar
flow to the reaction temperature. The reactant gas stream
consisted of CH4, O, and Ar with a molar ratio of 2:1:4,
controlled by mass flow controllers. After condensing and
drying, the reaction effluents were analyzed with an on-line gas
chromatography equipped with a TCD and a TDX-01 column.

2.3. Catalyst characterization

X-ray powder diffraction (XRD) measurements were
performed on a Rigaku Rotaflex D/max-C X-ray power
diffractometer with Cu Ka radiation. The samples were
studied either after calcination or after reduction. Average
cobalt metal particle size (d) was measured from the XRD line
of Co at 20=44.2°, using XRD line broadening. Cobalt
dispersion (D) was calculated according to the equation [18]: d
(nm) = 6.595/%D, where s = 14.6.

Temperature-programmed reduction (TPR) was conducted
in a quartz tube of 4 mm diameter with 50 mg sample by raising
the temperature from 100 to 900 °C at a rate of 10 °C/min under
a 5% H,y/Ar mixture flowing at 30 ml/min. Hydrogen
consumption was monitored by a TCD detector after removing
the water formed. Before TPR experiments, catalysts were
pretreated in situ at 500 °C in a flow of moisture-free oxygen for
30 min.

Transmission electron micrographs (TEM) were taken on a
TECNAI F-30 FEG electron microscope operating at 300 kV.

Laser Raman spectroscopic (LRS) studies were carried out
using Renishaw UV—vis Raman 1000 System equipped with a
CCD detector and a Leica DMLM microscope. The line at
514.5 nm of an Ar" laser was used for excitation.

Temperature-programmed oxidation (TPO) was performed
to measure the amount of carbon deposited on the catalysts.

After reaction, the catalysts were cooled down under argon to
room temperature, and the TPO experiments were carried out in
the same manner as reported in the literature [19].

3. Results and discussion
3.1. Catalytic performance

The effect of calcium content on the catalytic performances
of Co/Ca/Al,O5 catalysts with 6 wt.% Co loading is shown in
Fig. 1. The results were obtained after 30 min on stream. As can
be seen, the unmodified and the low-calcium content catalysts
show very low activities for methane conversion and low
selectivities to syngas. Their products are mainly CO,. With the
increase of calcium content, CH,; conversion and the
selectivities to H, and CO sharply increase, as opposite to
the selectivity to CO,, and attain their maximum values at
calcium content of about 6 wt.%. The CH, conversion (89%)
and CO selectivity (94%) at that calcium content are around
three times higher than those (31% and 28%, respectively) of
caiclum-free catalyst, and close to the values predicted by
thermodynamic equilibrium [20].

The effect of cobalt loading on the methane conversions of
unmodified and calcium-modified Co/Al,O5; catalysts is
presented in Fig. 2. The unmodified sample keeps a low
CH,4 conversion in a wide range of cobalt loading from 3 to
9 wt.%. Not until the loading is increased up to as high as
12 wt.%, is a high activity obtained. At and below 3 wt.%
cobalt loading, the calcium-containing sample also shows a low
CH, conversion. The conversion, however, sharply increases to
a maximal value when the cobalt loading is increased from 3 to
6 wt.%, beyond which the conversion remains almost
unchanged. This observation clearly shows that much smaller
cobalt loading of the calcium-modified catalyst produces a high
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Fig. 1. Effect of Ca content on the catalytic performance of 6Co/xCa/Al,O3
catalysts for partial oxidation of methane to syngas. Data were obtained after
30 min on stream. Reaction conditions: 7'=750 °C, CH4/O,/Ar=2/1/4,
GHSV =12,000mlg ' h™"'.
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Fig. 2. Effect of cobalt loading on the methane conversion over Co/Al,O3 and
Co/6Ca/Al,O3 catalysts. Data were obtained after 30 min on stream. Reaction
conditions: T'= 750 °C, CH4/O,/Ar = 2/1/4, GHSV = 12,000 ml g ' h™".

catalytic performance for partial oxidation of methane to
syngas, as compared to the case of unmodified catalyst.

For 6Co/6Ca/Al,05 and 6Co/Al,O5 catalysts, the influence
of space velocity on the catalytic performance was further
studied. As shown in Fig. 3, methane conversion and CO
selectivity decrease with the increase in space velocity over
6Co/6Ca/Al,O5 catalyst. The similar results have also been
reported for other supported Ni, Co catalysts [21,22]. These
results seem to reflect the two-step reaction mechanism that
methane total combustion happens first to form CO, and H,O,
followed by reforming of methane to syngas [22]. Compared to
6Co/6Ca/Al,05 catalyst, 6Co/Al,O3 shows much lower activity
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Fig. 3. CHy4 partial oxidation to syngas over 6Co/6Ca/Al,O3 (closed symbols)
and 6Co/Al,O3 (open symbols) catalysts as a function of space velocity. Data
were obtained after 30 min on stream. Reaction conditions: 7= 750 °C, CH,4/
O,/Ar = 2/1/4.
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Fig. 4. Alteration of methane conversion and CO selectivity as a function of
time on stream over 6Co/6Ca/Al,O5 and 6Co/Al,O3 catalysts. Reaction con-
ditions: 7= 750 °C, CH4/O,/Ar = 2/1/4, GHSV = 12,000 ml g ' h~".

and CO selectivity at the whole range of space velocity studied.
On this sample, complete oxidation of methane into CO, and
H,O is predominant.

Fig. 4 shows the alteration of CH, conversion and CO
selectivity over 6Co/6Ca/Al,O; and 6Co/Al,O5 catalysts, as a
function of time on stream. During a long time running (120 h),
6Co/6Ca/Al,03 catalyst gives the CH,4 conversion of ~88%
and CO selectivity of ~94% without any loss in catalytic
activity and selectivity. After the experiment, it was found that
the initially dark catalyst did not change its color. The used
sample shows a flat TPO profile (not shown here), implying no
carbonaceous deposited or their amounts, which were less than
the detection capability of the TPO analysis. On the other hand,
6Co/Al,03 catalyst shows a low initial activity and a rapid
deactivation. The CH, conversion and CO selectivity sharply
decrease from 53% and 73% to 31% and 28%, respectively, in
about 30 min after the feed gas is introduced, and then remain
low and unchanged during 10 h on stream. For this catalyst, no
coking deposits could be determined by TPO either, but the
initially dark catalyst turned light blue, implying that the
CoAl,O4-like compound was probably formed [23].

3.2. Catalyst characterization

The specific surface areas of the catalysts determined by
physical adsorption of nitrogen (BET) are shown in Table 1.
The surface area is increased firstly by a small amount (1 wt.%)
of calcium added, and then decreases continuously with the
increase of calcium content, due to the covering and blocking of
Al,O3 pores by calcium oxide. However, no correlation

Table 1
BET surface area and crystalline phase of the catalysts

Catalyst Surface area (m” g~ ') Crystalline phases
6Co/Al,04 132.6 Co304, y-ALO3
6Co/1Ca/Al,0; 166.6 Co304, v-AlLO3
6Co/3Ca/Al,O3 149.6 Co304, v-Al,03
6Co/6Ca/Al,O; 133.9 Co304, v-Al,O3
6Co/9Ca/Al,O5 115.9 Co304, v-Al,03
6Co/12Ca/Al,05 95.1 Co304, v-AlLO3
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Fig. 5. XRD patterns of 6Co/xCa/Al,O3 catalysts with various calcium con-
tents.

between the surface area and the catalytic activity could be
observed.

The XRD results of 6Co/xCa/Al,O; (x=0-12 wt.%)
catalysts are shown in Fig. 5 and Table 1. No phase containing
calcium could be detected for all the calcium-containing
samples, indicating that calcium oxide and/or calcium
aluminate, which may be produced due to the interaction of
calcium with alumina [24], are highly dispersed. In all the
samples only y-Al,O3 and Co30, crystalline phases are
observed. The XRD peaks of Co3;04 become broader and
weaker with the increase of calcium content, indicating an
increased dispersion of cobalt oxide species due to calcium
addition. Based on the XRD characteristic alone, however, it
is difficult to determine the CoAl,O, phases for these
catalysts, because both Co304 and CoAl,0O4 have identical
XRD patterns [12].
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Fig. 6. Raman spectra of (a) CoAl,O, prepared by calcining 6Co/Al,O3 at
1200 °C for 4 h, (b) 6Co/Al,03, (¢) 6Co/1Ca/Al, O3, (d) 6Co/3Ca/AlLOs, (€)
6Co/6Ca/Al,05, (f) 6Co/9Ca/Al,05 and (g) 6Co/12Ca/Al, 05 samples.

The Raman spectra shown in Fig. 6 give more information
on the surface structure of the catalysts. In order to identify the
Raman bands of the samples, the Raman spectrum of CoAl,Oy,,
the reference sample prepared by calcining 6Co/Al,O; at
1200 °C for 4 h, is also shown in Fig. 6. It is seen that CoAl,Oy4
has two strong bands at 202 and 513 cm™ ' and two weak bands
at 408 and 783 cm™'. These bands are absent from the spectra
of all the prepared catalysts, indicating that no or little CoAl,O4
was formed during the preparation. On unmodified and low-
calcium content catalysts, a series of strong Raman bands are
observed at 684, 614, 518, 477 and 192 cm_l, which are

Fig. 7. TEM images of the catalysts: (a) 6Co/6Ca/Al,O; and (b) 6Co/Al,O;.
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assigned to Co30, spinel [25]. With increasing calcium content,
the bands of Co;04 broaden, weaken noticeably and shift to
lower wavenumbers, indicating a decrease in particle size [26].
This is in agreement with the XRD results described above, and
is also further confirmed by the TEM observations with 6Co/
Al,O5 and 6Co/6Ca/Al,O3 catalysts as shown in Fig. 7. The
TEM images demonstrate that on the calcium-modified
alumina the cobalt oxide species are well-dispersed, while
on the unmodified sample the cobalt oxide species aggregate
into large particles.

Fig. 8 shows the TPR profiles of supported cobalt catalysts.
For unmodified 6Co/Al,O3, two major peaks are found at 565
and 770 °C. The former peak is related to the two-step
reduction (Co;0, — CoO — Co°) of Co30,. The latter, high-
temperature peak is assigned to the disordered, X-ray
amorphous surface overlayers of Co oxide [23,27], which is
assumed to be highly dispersed and interacts strongly with the
support. The TPR profiles of calcium-modified catalysts are
clearly different from the profiles of the unmodified catalyst.
The main pattern with two major peaks is still observed, but the
peaks have been shifted. A broad, high-temperature peak at
620-780 °C is observed for all the calcium-containing samples.
However, this peak varies with calcium content in a somewhat
complicated way. It probably indicates a transformation of the
cobalt surface phase caused by the calcium modification. The
more significant information is obtained from the peak related
to the reduction of Co30y. This peak shifts gradually to a low
temperature with the increase of calcium content, indicating
that calcium suppresses the interaction of CozO4 with the
support and, consequently, brings out an improved reducibility.
When the content increases up to 6 wt.%, the peak shifts to
lower temperature by as high as around 100 °C. From then on,
the peak temperature remains unchanged.

Probably, the hydrophilicity of Ca would also play a role in
the TPR procedure. The mass transport of H,O across the oxide
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Fig. 8. TPR profiles of the catalysts: (a) 6Co/Al,O3; (b) 6Co/1Ca/Al,0O3; (c)
6Co/3Ca/Al,05; (d) 6Co/6Ca/Al,O3; (e) 6Co/9Ca/Al,O5; (f) 6Co/12Ca/Al,O5.

lattice may be influenced by the presence of Ca. Lago et al.
reported that in the TPR profiles of LnCoOj5 perovskite oxide
precursors, the low-temperature peak showed a long tail in the
lower temperature and split into two components [28]. Such an
observation has been explained as that the reduction is activated
and probably controlled by mass transport of H, or/and H,O
across the lattice. As seen in Fig. 8, however, for the low-
temperature peak in the TPR profiles of Co/Ca/Al,O; catalysts,
neither the long tail nor the split can be observed. This indicates
that the mass transport of H,O influenced by Ca is less notable.
Thus, it can be assumed that the hydrophilicity of Ca is not a
main factor affecting the TPR results in this work.

In order to study the relationship between reducibility and
catalytic performance of the catalysts, the variation of the
reduction peak ascribed to Co3;0, with calcium content is
plotted in Fig. 9, accompanied by that of methane conversion
for comparison. The catalytic data are taken from Fig. 1. With
calcium content increasing, the methane conversion and the
peak temperature vary in opposite directions, attain the
maximum and minimum values, respectively, at the same
calcium content (6 wt.%). Beyond that content, both remain
unchanged. This observation clearly indicates that the catalytic
activity is closely related to the reducibility of the supported
Co304. It is more likely that an increased reducibility of the
calcium-modified catalysts is a main factor, which is
responsible for their higher catalytic performances for partial
oxidation of methane to syngas. This is consistent with a
previous report [29] that cobalt-based catalysts are active for
POM to syngas only when promoted with elements, which
favored Co reducibility.

XRD measurements were performed in an attempt to
examine the cobalt particle sizes of the catalysts after reduction
at 700 °C. These data are summarized in Table 2. The calcium-
modified catalysts show smaller crystallites by XRD than do
unmodified catalysts with the same cobalt loading. In the cobalt
loading range of 6-12 wt.%, the calcium-containing sample has
cobalt dispersion approximately two times higher than the
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Fig. 9. variations of peak temperature of Co3;O4 reduction and methane
conversion as function of calcium content in the 6Co/xCa/Al,O; catalysts.
The peak temperatures and the CH,4 conversions are taken from Figs. 8 and 1,
respectively.



216 X.X. Gao et al./Catalysis Today 131 (2008) 211-218

Table 2

Average cobalt particle sizes of unmodified and 6% Ca-modified Co/Al,O; catalysts®

Co loading (wt.%) Particle size (nm)

Size ratio of unmodified/modified

Dispersion (%)

Unmodified Modified Unmodified Modified
6 15.1 8.3 6.4 11.6
9 18.9 9.1 5.1 10.6
12 22.3 12.6 4.3 7.6

? The catalysts were reduced in H, at 700 °C for 1 h. The particle sizes were measured by X-ray diffraction line broadening. The dispersion were calculated

according to the equation: d (nm) = 6.59s/%D [18].

S0 1]

Fig. 10. TEM images of the catalysts after reduction in H, at 700 °C for 1 h. (a) 6Co/6Ca/Al,O3 and (b) 6Co/Al,O;.

identical calcium-free sample. The TEM images shown in
Fig. 10 are also consistent with the above results. Finely
dispersed cobalt particles on 6Co/6Ca/Al,0O; and partially
aggregated large particles on 6Co/Al,O; are observed. The
former case clearly indicates a high dispersion of cobalt
particles. These results are in agreement with the studies on Ni/
Al,O5 and Ni/CaO-Al,O; catalysts [30]. It has been shown that
the particle size of metallic nickel was decreased by CaO
modification. To some extent, the highly dispersed metal
crystallites are responsible for a higher catalytic activity. Also,
they are expected to be more resistant to carbon deposition, as
claimed by many authors [30-32].

Fig. 11 shows the Raman spectra of 6Co/Al,0; and 6Co/
6Ca/Al,05 catalysts after on-stream process at 750 °C for 10
and 120 h, respectively. The bands due to Co3;0, at 190, 472,
514, 606 and 673 cm ™! are observed for 6Co/6Ca/Al,O5. The
presence of Co3;0,4 over this sample could be attributed, at least
in part, to the oxidation occurred under the ambient conditions.
After reaction, the reactor was cooled down in argon
atmosphere and the catalysts were exposed to air at room
temperature to obtain Raman spectra. Although the laser power
was reduced to ~1.5 mW to avoid sample damage due to the
laser irradiation, it is not possible to completely avoid oxidation
of the surface metallic cobalt by air. However, this cannot

explain the Raman spectrum of 6Co/Al,O3 catalyst after
reaction. In the spectrum, the bands assigned to CoAl,O, are
clearly observed at 202, 410, 515 and 783 cmfl, indicating that
during the reaction, the metallic cobalt over the sample is
oxidized and transformed into CoAl,O4. With calcium
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Fig. 11. Raman spectra of (a) 6Co/6Ca/Al,O5 and (b) 6Co/Al,O; catalysts after
reaction for 120 and 10 h, respectively, under the same conditions as noted in
Fig. 4.
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Fig. 12. In situ Raman spectra of (A) 6Co/Al,O3 and (B) 6Co/6Ca/Al,O; catalysts recorded at (a) room temperature and after (b) heating to 700 °C in O,/Ar, (c) Ar
purge followed by reduction in H,/Ar flow for 30 min and (d—f) reaction in CH,/O,/Ar flow (CH4/O,/Ar =2/1/4) for 10, 20 and 30 min.

modification, such a phase transformation is suppressed, as a
result of a decrease in the interaction between cobalt and
alumina. Similar results have been reported for Ca-modified
Al,O3-supported Ni catalysts [31]. It was revealed that the
CaAl,04 compounds existed between Ni and Al,O3 could
effectively suppress the formation of NiAl,0,4 during POM to
syngas reaction.

To explore the catalyst structure under the POM reaction
conditions, the in situ Raman spectroscopy was performed for
6Co/Al,0; and 6Co/6Ca/Al,O; catalysts. The results are
shown in Fig. 12. When the temperature is increased to 700 °C
in O/Ar flow, on both the samples the bands assigned to Coz0y4
weaken, broaden and shift to lower temperatures due to the
temperature effect. After reduction in H, flow for 30 min, these
bands vanish completely, indicating a transformation of Co30,
into metallic cobalt. On exposure to the reaction atmosphere
(CH4/O,/Ar flow), both the reduced catalysts recover their
Co304 bands to some extent. This recovery, however, is much
less pronounced for the calcium-modified catalyst. On that
sample the Raman bands keep very low intensities during
30 min on stream, which is quite different from the case of the
unmodified sample. This observation demonstrates that,
compared to Al,Os-supported cobalt, Ca/Al,O5-supported
cobalt is less susceptive to reoxidation under the POM reaction
conditions. It could account for the great difference in catalytic
stability between the two catalysts. In the in siftu Raman spectra
obtained in the atmosphere of POM reaction, no bands related
to carbon species are observed for both 6Co/Al,O; and 6Co/
6Ca/Al,O5 catalysts, indicating that coking, which often leads
to the deactivation of non-noble catalysts for POM reaction, is
negligible in the present work. This is also in agreement with
the TPO results as mentioned above.

4. Conclusions

The results of this study demonstrate that Co/Ca/Al,O3
catalyst is more active and stable for partial oxidation of

methane to syngas compared to Co/Al,O3 catalyst. The Ca-
modified catalyst has high activity, selectivity and stability,
even at a low cobalt loading (6 wt.%). On the other hand, the
unmodified catalyst with the same cobalt loading shows a low
initial activity and a rapid deactivation due to the transforma-
tion of cobalt metal into CoAl,O4. In Co/Ca/Al,Oj3 catalysts,
the presence of calcium effectively increases the dispersion and
reducibility of Co3z0y,, decreases the Co metal particle size, and
suppresses the reoxidation of metallic cobalt as well as the
phase transformation to form CoAl,Oy, spinel phases under the
reaction conditions. These can be related to the excellent
catalytic performance of Co/Ca/Al,O5 catalysts.
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