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Combined catalytic partial oxidation and CO2 reforming of methane
over supported cobalt catalysts
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The combined partial oxidation and CO2 reforming of methane to synthesis gas was investigated over the reduced Co/MgO, Co/CaO,
and Co/SiO2 catalysts. Only Co/MgO has proved to be a highly efficient and stable catalyst. It provided about 94–95% yields to H2 and CO
at the high space velocity of 105 000 ml g−1 h−1 and for feed ratios CH4/CO2/O2 = 4/2/1, without any deactivation for a period of study of
110 h. In contrast, the reduced Co/CaO and Co/SiO2 provided no activity for the formation of H2 and CO. The structure and reducibility of
the calcined catalysts were examined using X-ray diffraction and temperature-programmed reduction, respectively. A solid solution of CoO
and MgO, which was difficult to reduce, was identified in the 800 ◦C calcined MgO-supported catalyst. The strong interactions induced by
the formation of the solid solution are responsible for its superior activity in the combined reaction. The effects of reaction temperature,
space velocity, and O2/CO2 ratio in the feed gases (while keeping the C/O ratio constant at 1/1) were investigated over the Co/MgO catalyst.
The H2/CO ratio in the product of the combined reaction increased with increasing O2/CO2 ratio in the feed.
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1. Introduction

The synthesis gas (a mixture of H2 and CO) is a versa-
tile feedstock for the methanol and Fischer–Tropsch synthe-
ses and several other carbonylation, hydrogenation and re-
duction reactions. The currently employed steam reforming
process (reaction (1)) is highly endothermic and provides a
synthesis gas with a too high H2/CO ratio (>3) [1,2]. In
recent years, major research efforts have been concentrated
on the CO2 reforming (reaction (2)) [3–12] and the partial
oxidation (reaction (3)) [13–23]. Like the steam reforming,
the “dry” CO2 reforming is also highly endothermic requir-
ing a large energy input, while the partial oxidation is mildly
exothermic with potential hazards due to the presence of hot
spots [24,25].

CH4 + H2O→ CO+ 3H2 �H 0
298 = 206 kJ mol−1,

(1)

CH4 + CO2 → 2CO+ 2H2 �H 0
298 = 247 kJ mol−1,

(2)

CH4 + 1
2 O2→ CO+ 2H2 �H 0

298 = −36 kJ mol−1.

(3)

To achieve a process requiring less energy input than
CO2 reforming, Ashcroft et al. [5] suggested to combine the
catalytic partial oxidation and CO2 reforming of methane.
They found that Al2O3-supported Ir catalysts were active
for the combined reaction. Other groups carried out sim-
ilar combination reactions by coupling the methane partial
oxidation with CO2 or H2O reforming and using various
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catalysts [26–28]. The combined reactions have a num-
ber of advantages. Firstly, by coupling the exothermic par-
tial oxidation reaction with the endothermic reforming re-
action, the methane-to-syngas conversion can be operated
in a safer manner than partial oxidation and more energy-
efficient manner than CO2 reforming. Secondly, by chang-
ing the feed composition, one can control the product ratio of
H2/CO and thus the selectivity for various Fischer–Tropsch
synthesis products. Finally, one can use those natural gas
reserves containing substantial amounts of CO2.

Our previous research has shown that the Co/MgO cata-
lyst provided high and stable activities for CO2 reforming of
methane [29] and its partial oxidation [30]. In the present
paper, the combined catalytic partial oxidation and CO2 re-
forming of methane over the same catalyst was investigated.
For comparison purposes, the Co/CaO and Co/SiO2 cata-
lysts were also employed.

2. Experimental

2.1. Catalyst preparation

The supported catalysts were prepared by impregnating
the supports with aqueous solutions of Co(NO3)2·6H2O, fol-
lowed by overnight drying at 110 ◦C. The samples were then
calcined in the open air of a furnace for 8 h at 800 ◦C. The
calcined catalysts are denoted as Co(O)/MxOy (M = Mg,
Ca, and Si) and the catalysts reduced in H2 as Co/MO. Co
loading means wt% Co in the completely reduced catalyst;
all the catalysts had a loading of 24 wt%.
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2.2. Catalytic reaction

All the catalysts were tested under atmospheric pressure
in a fixed-bed vertical quartz reactor (ID 4 mm), which was
located in a furnace. The reactor was operated in a down
flow mode with the catalyst held on a quartz wool bed. Be-
fore reaction, the catalysts were reduced in situ in a H2 flow
(30 ml min−1) by increasing the temperature from room tem-
perature to 600 ◦C at a rate of 20 ◦C min−1 and from 600 to
900 ◦C at a rate of 10 ◦C min−1, without holding at 900 ◦C.
After reduction, feed gases with a C/O ratio of 1 were intro-
duced into the catalyst bed at a flow rate of 35.0 ml min−1.
The reactants and products were analyzed with an on-line
gas chromatograph equipped with a Porapak Q column. An
ice-cold trap was set between the reactor exit and the GC
sampling valve to remove the water formed during reaction.
The yields to H2 and CO are defined as

H2 yield (%) = H2 × 100

(2× CH4, in)
,

CO yield (%) = CO× 100

(CH4, in + CO2, in)
,

where H2 and CO represent the moles of H2 and CO pro-
duced per unit time, and CH4, in and CO2, in the moles intro-
duced per unit time.

The blank tests, carried out in a reactor free of catalyst,
indicated that the yields to CO and H2 were negligible.

2.3. Catalyst characterization

2.3.1. BET surface area and the exposed Co surface area
The BET surface area of the calcined catalysts was

determined via nitrogen adsorption using a Micromeritics
ASAP2000 instrument. All the samples were degassed at
200 ◦C for at least 5 h in high vacuum before measurement.

The exposed Co metal surface area of the reduced cat-
alysts was determined via CO chemisorption at room tem-
perature, assuming a 1/1 stoichiometry. In each experiment,
20.0 mg of catalyst were used, and its reduction was car-
ried out as described in section 2.2. After reduction, the
catalyst was purged with an ultrahigh purity helium flow
(35 ml min−1) at 900 ◦C for 0.25 h, and then the sample was
cooled to room temperature. CO pulses (10 µl per pulse)
in the carrier gas (He, 35 ml min−1) were then passed over
the reduced catalyst and the CO uptake in each pulse was
monitored using a thermal conductivity detector (TCD).

2.3.2. CH4 decomposition
The decomposition of pure methane over the reduced cat-

alyst was carried out in a pulse microreactor. In each exper-
iment, 20.0 mg of catalyst was used, and its reduction was
carried out as described previously. After reduction, the cat-
alyst was purged with He (35 ml min−1) at 900 ◦C for 0.25 h
and then pulses of CH4 (250 µl) were injected in the car-
rier gas He (35 ml min−1). The products were analyzed with
an on-line gas chromatograph equipped with a TCD and a
Porapak Q column.

2.3.3. Temperature-programmed reduction (TPR)
During each TPR run, a high-purity 2.5% H2/Ar mixture

(35 ml min−1), which was additionally purified using Hydro-
Purge II and Oxy-Trap columns, was passed over a calcined
sample (10.0 mg) in a vertical quartz tube reactor (ID 4 mm).
The temperature of the sample was increased from 40 to
1000 ◦C, at a rate of 20 ◦C min−1. The water, formed during
reduction, was trapped in a Hydro-Purge II column. The hy-
drogen consumed in TPR was monitored continuously with
a TCD, which was calibrated using known amounts of CoO
and Co3O4.

2.3.4. X-ray powder diffraction (XRD)
A Siemens D500 X-ray diffractometer with monochrom-

atized Cu Kα radiation was used for the X-ray determina-
tions. The calcined catalysts were examined at a scanning
rate of 1.2◦min−1 and the obtained X-ray diffraction pat-
terns were used to identify the major phases present.

3. Results

3.1. Combined partial oxidation and CO2 reforming of
methane to synthesis gas

3.1.1. Comparison of the catalysts supported on different
supports
The combined reaction was carried out over the reduced

Co/MgO, Co/CaO, and Co/SiO2 catalysts at the high space
velocity of 105 000 mlg−1 h−1 and at 900 ◦C with a feed gas
of CH4/CO2/O2 (4/2/1). The time-dependent conversions of
CH4, CO2, and O2 and yields to CO and H2 are plotted in
figure 1 (a)–(d). Over the Co/MgO catalyst, the conversions
of CH4 and CO2 and yields to CO and H2 increased some-
what during an activation period of about 18 h, after which
they remained high (>90%) and unchanged during the pe-
riod of study of 110 h (figure 1 (a), (b), and (d)). The con-
version of O2 was always 100% (figure 1(c)) and a H2/CO
ratio of about 1.40 was obtained. Over the Co/CaO and
Co/SiO2 catalysts, the CH4 conversion was below 15% and
the CO2 conversion was negative (figure 1 (a) and (b)), indi-
cating that some CO2 was generated during reaction. Be-
cause no H2 and CO were formed and the conversion of
O2 was roughly eight times that of CH4 at a given time on
stream (figure 1 (a) and (c)), it is obvious that only combus-
tion of methane occurred over the two catalysts. In summary,
the CaO- and SiO2-supported catalysts provided no activity
for the formation of H2 and CO, while the MgO-supported
catalyst provided 94–95% yields to H2 and CO with high
stability.

3.1.2. Effect of reaction temperature on the Co/MgO
catalysts
The effect of temperature on the steady-state activity of

Co/MgO and the product H2/CO ratio is examined in fig-
ure 2. Only the CO yield is presented because the conver-
sions of CH4 and CO2 and the H2 yield followed the same
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Figure 1. Time-dependent conversions of CH4 (a), CO2 (b) and O2 (c), and yields to H2 and CO (d) over Co/MgO (�), Co/CaO (◦), and Co/SiO2 (�).
P = 1 atm, T = 900 ◦C, amount of catalyst = 20.0 mg, CH4/CO2/O2 = 4/2/1, space velocity = 105 000 ml h−1 g−1.

Figure 2. CO yield and H2/CO ratio as a function of temperature over
the Co/MgO catalyst. P = 1 atm, amount of catalyst = 20.0 mg,

CH4/CO2/O2 = 4/2/1, space velocity = 105 000 ml h−1 g−1.

pattern. Clearly, the CO yield increased monotonically with
increasing temperature, while the H2/CO ratio remained al-
most unchanged at about 1.40.

Figure 3. Time-dependent CO yield over the Co/MgO catalyst at var-
ious temperatures: (◦) 877, (�) 900, and (∇) 925 ◦C. P = 1 atm,
amount of catalyst = 20.0 mg, CH4/CO2/O2 = 4/2/1, space velocity =

105 000 ml h−1 g−1.

The time-dependent CO yields at various temperatures
are plotted in figure 3. An activation period was observed,
which lasted longer at the lower temperatures.



102 E. Ruckenstein, H.Y. Wang / Oxidative conversion of CH4 by CO2 and O2

3.1.3. Effect of space velocity on the MgO-supported Co
catalysts
The space velocity was varied by changing the amount

of catalyst while maintaining the total flow rate at 35.0 ml
min−1. The effect of space velocity on the steady-state
activity of Co/MgO and the product H2/CO ratio is pre-
sented in figure 4. Again, only the CO yield is plotted be-
cause the conversions of CH4 and CO2 and the H2 yield
followed the same pattern. With increasing space veloc-
ity, the CO yield notably decreased, the decrease being
smaller at low space velocities. The equilibrium at the
exit was achieved for space velocities lower than about
50 000 ml g−1 h−1. The H2/CO ratio obtained for space ve-
locities �105 000 ml g−1 h−1 was slightly higher than that
for space velocities �210 000 ml g−1 h−1.

The time-dependent CO yields obtained for various space
velocities are plotted in figure 5. Activation periods were ob-
served for space velocities �105 000 ml g−1 h−1. The higher
the space velocity, the longer was the activation period.

3.1.4. Effect of O2/CO2 ratio
The effect of the O2/CO2 ratio was investigated for a

C/O ratio of 1 and a total flow rate of 35.0 ml min−1 for
the gas compositions listed in table 1. The effect of the
O2/CO2 ratio on CO yield and H2/CO ratio is presented
in figure 6. The CO yield increased notably with increas-
ing O2/CO2 ratio from 0 to 0.5, but remained almost un-
changed with a further increase in the O2/CO2 ratio. The
H2/CO ratios obtained in the CO2 reforming of methane (in

Figure 4. CO yield and H2/CO ratio as a function of space velocity over the
Co/MgO catalyst. P = 1 atm, T = 900 ◦C, CH4/CO2/O2 = 4/2/1.

the absence of O2) and in the partial oxidation of methane
(in the absence of CO2) were around 1.0 and 2.0, respec-
tively. The combined partial oxidation and CO2 reforming
of methane can provide a synthesis gas with a H2/CO ratio
between 1 and 2, which increases with increasing O2/CO2

ratio.

Figure 5. Time-dependent CO yield over the Co/MgO catalyst at
various space velocities: (�) 420 000, (◦) 210 000, (�) 105 000,
(∇) 52 500 ml h−1 g−1. P = 1 atm, T = 900 ◦C, CH4/CO2/O2 = 4/2/1.

Figure 6. CO yield and H2/CO ratio as a function of O2/CO2 ratio over
the Co/MgO catalyst (data obtained after 22 h of reaction). P = 1 atm,
T = 900 ◦C, amount of catalyst = 20.0 mg, CH4/(CO2 + 2O2) = 1/1,

space velocity = 105 000 ml h−1 g−1.

Table 1
Various flow compositions used to investigate the effect of gas composition on the catalyst activity

at 900 ◦C.

Test CH4 CO2 O2 Total CH4/(CO2 + 2O2) O2/CO2
no. (ml min−1) (ml min−1) (ml min−1) (ml min−1) (v/v) (v/v)

1 17.5 17.5 0.0 35.0 1.0 0.0
2 20.0 10.0 5.0 35.0 1.0 0.5
3 21.0 7.0 7.0 35.0 1.0 1.0
4 22.5 2.5 10.0 35.0 1.0 4.0
5 23.3 0.0 11.7 35.0 1.0 ∞
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Figure 7. Amount of carbon (C) deposited during CH4 decomposition over the reduced catalysts at 900 ◦C.

Table 2
Physical data for the supported Co (24 wt%) catalysts pre-

calcined at 800 ◦C.

Support Surf. areaa Co surf. areab

(m2 g-cat−1) (m2 g-cat−1)× 100

MgO 20 13
CaO 5 48
SiO2 382 72

a For the calcined catalysts.
b For the reduced catalysts.

3.2. Physico-chemical characterization

3.2.1. Exposed metallic Co surface area of the reduced
catalyst
The exposed metallic Co surface area was determined af-

ter the catalyst was reduced under the conditions used in the
catalytic runs. As shown in table 2, the exposed metal sur-
face area of the reduced catalysts decreased in the sequence
SiO2 > CaO > MgO.

3.2.2. Surface carbon (C ) formed in the CH4 decomposition
The decomposition of CH4 pulses over the reduced cata-

lysts was carried out at 900 ◦C and the amount of surface car-
bon (C) generated was determined from the carbon balance.
Figure 7 shows that the amount of C accumulated during the
same period over Co/MgO was much lower than those over
Co/CaO and Co/SiO2.

3.2.3. Reduction characteristics of the calcined supported
Co catalysts
The TPR spectra of the 800 ◦C calcined Co catalysts

supported on various supports are plotted in figure 8. For

Figure 8. TPR profiles of calcined Co (24 wt% loading) catalysts supported
on MgO (a), CaO (b), and SiO2 (c).

Co(O)/MgO, a peak started to form at a temperature higher
than 800 ◦C (figure 8(a)). A single peak at about 540 ◦C was
observed for Co(O)/CaO (figure 8(b)), and a single peak at
about 345 ◦C for Co(O)/SiO2 (figure 8(c)). The extent of
reduction of the MgO-supported catalyst after TPR was es-
timated to be below 5%, while nearly 100% reduction was
reached for the CaO- and SiO2-supported catalysts.

3.2.4. Compounds present in the calcined supported Co
catalysts
By combining the XRD and TPR results, the major Co-

containing species present in the calcined catalysts could be
identified. The data and the assignments of the XRD pat-
terns for the 800 ◦C calcined catalysts are listed in table 3.
For the Co(O)/MgO, the XRD patterns could be attributed
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Table 3
Data and assignments of XRD patterns of the 800 ◦C calcined supported Co

(24 wt% loading) catalysts.

Catalyst d (Å) Assignment

24% Co(O)/MgO 2.106, 1.490, 1.269, (Co, Mg)O and/or MgO
1.214, 2.431

24% Co(O)/CaO 2.686, 2.273, 3.587, Ca3Co4O9
2.406, 2.083, 1.878

24% Co(O)/SiO2 2.435, 1.427, 1.555, Co3O4
2.861, 2.028

to a solid solution of CoO and MgO (denoted as (Co, Mg)O)
and/or MgO. The TPR spectrum (figure 8(a)), which exhib-
ited a reduction peak that started to form at a temperature
higher than 800 ◦C, allowed us to conclude that a solid solu-
tion was formed. Ca3Co4O9 was identified over Co(O)/CaO,
in agreement with the TPR spectrum (figure 8(b)) which pro-
vided a single reduction peak. Finally, over Co(O)/SiO2,
Co3O4 was identified, in agreement with the TPR spectrum
which exhibited a single peak at about 345 ◦C (figure 8(c)).

4. Discussion

Among the catalysts investigated in the present paper,
only Co/MgO provided a high and stable activity during the
period of study of 110 h; the Co/CaO and Co/SiO2 provided
no activity for the formation of the synthesis gas. A correla-
tion can be made among the species present in the calcined
catalysts, their reduction behavior, and the catalytic perfor-
mance of the reduced catalysts.

Firstly, the species formed in Co catalysts were closely
dependent on the nature of the support. MgO and CaO
have the same NaCl type structure as CoO. However, only
MgO has a lattice parameter and bond distance close to
CoO [31]; for this reason, a solid solution of CoO and MgO
was generated in the MgO-supported catalyst after calcina-
tion at 800 ◦C (table 3). While a compound, Ca3Co4O9,
was identified in the CaO-supported catalyst, no compound
was generated between cobalt oxide and SiO2 and in the
SiO2-supported catalyst cobalt was present as Co3O4 (ta-
ble 3).

Secondly, the Co-containing species present in the cat-
alyst controlled its reducibility and the size and morphol-
ogy of the metal particles generated during reduction. For
the three Co-containing species, their reducibility increased
in the sequence: (Co, MgO)O � Ca3Co4O9 < Co3O4
(figure 8). Due to the strong interactions between CoO
and MgO, the solid solution was the most difficult to re-
duce. For this reason, the extent of reduction of the MgO-
supported catalyst after the TPR run was below 5%, while a
nearly 100% reduction was reached for the CaO- and SiO2-
supported catalysts (estimated on the basis of figure 8). Sim-
ilarly, after reduction under the conditions used in the cat-
alytic runs, the smallest exposed Co surface area was ob-
tained over the MgO-supported catalyst (table 2). The size
of the metal clusters in the reduced catalyst was strongly
affected by the reducibility of the catalyst. The higher the

reducibility, the larger is expected to be the size of the
metal particles. As already revealed by XRD and TPR, in
the MgO-supported catalyst, a solid solution of (Co, Mg)O,
which is much less reducible than Ca3Co4O9 and Co3O4,
was generated (table 3 and figure 8). Thus, the size of the
metal clusters is expected to be small for the MgO-supported
catalyst. Parmaliana et al. brought transmission electron mi-
croscopy (TEM) evidence for a quasi-uniform distribution
of small Ni particles (d = 25 Å) originated through the
reduction of Ni2+ ions dispersed in the MgO matrix of a
NiO–MgO solid solution [32]. Moreover, due to the low
reducibility of the solid solution, its reduction was limited
to few surface layers only. During reduction, some Co0

atoms formed fine metal particles exposed to the chemical
atmosphere, while others, which lay deeper, were present in
the MgO matrix either as Co0 or mostly as Co species in a
low oxidation state. Being extracted from the substrate, the
generated metallic clusters were partially embedded into the
MgO lattice. Parmaliana et al. brought TEM evidence that
such embedding was present in the reduced NiO–MgO solid
solution systems [32].

Finally, the surface features of the generated metallic par-
ticles controlled the catalytic pattern of a catalyst. The car-
bon deposition and the metal sintering constitute the main
causes for catalyst deactivation in the methane conversion
reactions, which are usually carried out at high temperatures
(>800 ◦C). Sintering decreased not only the number of ac-
tive sites, but also accelerated the carbon deposition, since
large metal ensembles stimulate coke formation [33]. As al-
ready mentioned, the metallic crystallites generated over the
MgO-supported catalyst were small and partially embedded
into the lattice of MgO. Being small, the carbon deposition
could be suppressed. Indeed, as shown in figure 7, the car-
bon deposition during the decomposition of pure CH4 was
much lower over MgO than over CaO and SiO2. Being par-
tially embedded into the MgO lattice, they became more
resistant to sintering than the crystallites supported on the
conventional supports [34]. For these reasons, the Co/MgO
provided a high and stable activity for the combined par-
tial oxidation and CO2 reforming of methane. As already
noted, Ca3Co4O9 and Co3O4 are much more reducible than
the solid solution of CoO and MgO (figure 8). For this
reason, larger exposed Co surface areas were obtained af-
ter reduction over CaO and SiO2 than over MgO (table 2).
However, the former two provided no activity for the for-
mation of synthesis gas, but some activity for combustion.
This most likely occurred because of the generation of large
metallic particles during reduction, which stimulated carbon
deposition. Consequently, too few metallic sites remained
accessible for the formation of H2 and CO. In conclusion,
the high stability of the Co/MgO catalyst is due to the for-
mation of a solid solution between CoO and MgO after a
high-temperature calcination.

The reaction temperature and space velocity exert signif-
icant influences on the activity of Co/MgO catalysts, and
the O2/CO2 ratio of the feed gases a significant effect on
the H2/CO ratio. As expected, the steady-state CO yield
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increased with increasing reaction temperature (figure 2)
and decreased with increasing space velocity from 52 500
to 420 000 ml g−1 h−1 (figure 4). In the partial oxidation
of methane [35], the CH4 conversion remained unchanged
(at about 85%) with increasing space velocity from 180 000
to 720 000 ml g−1 h−1 because of the presence of hot spots.
For the endothermic CO2 reforming of methane over the
Co/MgO catalyst, the reaction had to be operated at a low
space velocity (�60 000 ml g−1 h−1) to reach high (>90%)
yields to H2 and CO [29]. In contrast, for the combined
reaction, high yields (about 85%) could be reached even
at the high space velocity of 210 000 ml g−1 h−1 (figures 4
and 5). Hot spots, less bright than in the partial oxidation of
methane, have been observed visually during the combined
reaction. Consequently, the combined reaction can be oper-
ated in a more efficient manner than the CO2 reforming and
in a safer manner than the partial oxidation. The H2/CO
product ratio in the combined reaction increased with in-
creasing O2/CO2 ratio in the feed (figure 6). Thus, by chang-
ing the O2/CO2 ratio one can control the product H2/CO
ratio within a range between 1 and 2, values which corre-
spond to the H2/CO ratio in the CO2 reforming of methane
and the partial oxidation of methane, respectively. Acti-
vation periods were noted for temperatures �900 ◦C (fig-
ure 3) and space velocities �105 000 ml g−1 h−1 (figure 5),
that lasted longer at lower temperatures (figure 3) and larger
space velocities (figure 5). These results indicate that addi-
tional metallic sites were generated during reaction via the
reduction of the unreduced solid solution by CH4 and/or H2
until a steady state was achieved. Consequently, the solid so-
lution catalyst acted like a “reservoir” which provided addi-
tional active metallic sites during reaction. This constitutes
an additional positive feature of the solid solution catalyst.
Of course, additional active sites were also generated at the
low space velocity of 52 500 ml g−1 h−1, for which no ac-
tivation period was noted (figure 5). However, in that case,
the initial number of sites was sufficient to achieve thermo-
dynamic equilibrium at the exit of the reactor.

5. Summary

The following conclusions can be drawn regarding the
combined catalytic partial oxidation and CO2 reforming of
methane over supported Co catalysts:

(1) After a high-temperature calcination, a solid solution of
CoO and MgO, Ca3Co4O9, and Co3O4 were formed in
the MgO-, CaO-, and SiO2-supported catalysts, respec-
tively. The species present in the calcined catalyst had a
significant effect on its reduction behavior and catalytic
performance.

(2) The reduced Co/MgO catalyst exhibited a high and sta-
ble activity for the combined reaction, while the Co/CaO
and Co/SiO2 provided no activity for the formation of
synthesis gas.

(3) By changing the O2/CO2 ratio of the feed gases one
could control the product H2/CO ratio between 1 and 2.
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