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C002WysCx and supported Cog,WqsCx catalysts are shown to be active for the partial oxidation of
methane to synthesis gas. The catalyst stability is improved by operating at elevated pressure, or in the
presence of excess methane. At atmospheric pressure the Cog ;W gCy catalysts deactivate by oxidation,
as seen by X-ray diffraction. Manganese substituted hexaaluminate catalysts with different Mn contents
have been tested as catalysts for the total combustion of methane. In particular BaMn,Al;¢09 is active
and stable for the combustion reaction. The temperature rise observed in the reactor was up to 300 K,
depending on the reaction conditions, and complete conversion of oxygen in the feed was achieved. A
process for stabilising the carbide catalysts is demonstrated, combining the manganese substituted

hexaaluminate total oxidation catalyst, in series before the carbide reforming catalyst: this process leads
to stable operation, with no carbon formation in the reactor and no carbide catalyst oxidation observed.
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1. Introduction

In the 1990s Green and co-workers reported that group VI
metal carbides, of molybdenum and tungsten, are active catalysts
for methane partial oxidation (POM, Eq. (1)), dry reforming and
steam reforming [1,2].

CH4 +(1/2)0, — CO + 2H,

AH%,9g = —38KkJmol~! partial oxidation (1)

Catalysts for these reforming reactions are usually based on
supported group VIII metals, though the similarity between
platinum and tungsten carbide, and ruthenium and molybdenum
carbide has been noted before [3,4]. Nevertheless, the observation
was surprising since these group VI metal carbides are extremely
sensitive to an oxidising atmosphere. The reforming reactions
were carried out using stoichiometric feedstocks resulting in
product distributions approaching those for the calculated
equilibrium. However, the importance of reaction pressure for
catalyst stabilisation was emphasised, in particular in the case of
methane partial oxidation. LaMont and Thomson investigated the
role of pressure in stabilising the catalyst by studying the effect of
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mass transfer conditions on the stability of Mo,C for methane dry
reforming [5]. It was found that the carbide catalysts are only
stable under conditions where the mass transfer coefficient is low,
e.g. high pressure and low flow rate, since under these conditions
products of the reaction (CO and H,), which are highly reducing in
nature, remain near the catalyst surface, preventing oxidation to
take place. In other studies, the methane partial oxidation reaction
mechanism over molybdenum carbide has been studied using '3C
isotope exchange and in situ laser Raman. It appears that the
carbon in the lattice of the molybdenum carbide takes an active
part in the reaction, while deactivation of the molybdenum carbide
catalyst results from the oxidation of the catalyst surface [6,7].
Recently the synthesis and catalytic performance of bimetallic
Co92WysCx has been reported [8-10]. Here we will show the
performance of the Cog, Wy gCy material as a catalyst for methane
partial oxidation, and also demonstrate the use of a supported
CogWyosCy catalyst. Furthermore, a two-catalyst system for
stabilising the carbide catalysts for POM will be reported, with a
total oxidation catalyst, based on a Mn substituted hexaaluminate
material, situated in front of the metal carbide reforming catalyst:
this process utilizes the knowledge of the POM reaction mechan-
ism, which is generally accepted to proceed first by total oxidation
of the methane with oxygen, and then dry and steam reforming of
the remaining methane with the CO, and H,O formed in the former
reaction. By using the combustion catalyst it is possible to
controllably remove all the oxygen from the feed gas before the
oxygen sensitive carbide catalyst, and also generate enough heat to
efficiently run the carbide reforming catalyst for synthesis gas
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production. Within the study of the integrated system, the
performance of different Mn substituted hexaaluminate catalysts
under the methane rich feed composition required for POM is also
reported.

2. Experimental
2.1. Synthesis of the Cog>WysCy reforming catalyst

The bulk oxide precursor is prepared using a solid state reaction
method, e.g. Co(NOs),-6H,0 is ground to mix with WO3 in a mortar
and pestle for 2 h. The mixture was calcined at 650 °C for 4 h, then
cooled to room temperature and crushed into a powder. The
powder was pressed into pellets, which were calcined at 650 °C for
8 h. The alumina supported catalysts were prepared by mechani-
cally mixing the oxide precursor with the support material.

The carburisation process is the same as that for molybdenum
oxide precursors reported previously [8,11]. Briefly, a gas mixture
of 10% (in volume) C5Hg (10 ml min~') and 90% H, (90 ml min~!)
was passed through the oxide precursor material, 1.2 g of
Cog2Wos0x in @ 4 mm ID quartz tube. The temperature was
increased using controlled tubular furnace at a rate of 1 K min~! to
900 K and held until no carbon oxides were detected in the exhaust
gas.

2.2. Synthesis of the hexaaluminate combustion catalyst

BaMn,Al;>_»019 samples with nominal composition (x=0, 1,
and 2) have been prepared via a co-precipitation method similar to
that described previously by Forzatti and coworkers [12,13].
Soluble nitrate salts of the constituents are dissolved in distilled
water, and (NH4),COs is used as a precipitating agent. The
precursor materials were recovered by filtration, washing and
overnight drying at 393 K. Calcination was then carried out:
temperature programmed calcination from room temperature to
1573 Kat arate of 1 K min~!, followed by a hold at 1573 K for 10 h.
The resulting materials were then pulverized, and sieved to 255-
350 wm particles for catalytic activity evaluation.

2.3. Catalyst testing and characterisation

Catalytic testing was carried out in a quartz microreactor (ID
8 mm) placed in a tube furnace, with the catalyst material
positioned between silica wool plugs within the quartz tube. For
measuring the temperature of the catalyst bed, two thermocouples
were used: one placed in the outer layer of the silica wool to
control the temperature of the furnace and another in the catalyst
bed to monitor the temperature change during the combustion.
Gas compositions were controlled using mass flow controllers. The
products were analyzed by on-line gas chromatography (5880A GC
PerkinElmer) equipped with TCD and FID detectors. The X-ray
powder diffraction (XRD) patterns of all the samples before and
after reaction have been measured using Cu-Ka radiation and a
pyrolitic graphite diffracted beam monochromator from 5° to 70°.

3. Results and discussion
3.1. Activity of bulk CoWC,

The results of the Cog Wy sCx activity test for methane partial
oxidation to synthesis gas are given in Figs. 1 and 2. This catalyst is
active at 830°C and GHSV of 30,000 h~!, and shows better
performance than that of molybdenum carbide published pre-
viously [2]. Methane conversion and CO and H, selectivity
approach the equilibrium values. The ratio of CH4/O, has a large
effect on the catalyst activity and selectivity; increasing the CH4/O,
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Fig. 1. Methane conversion and product selectivity for partial oxidation over
C002WosCx under various conditions as specified in the graph (GHSV:
30,000 ml gep ' h™!, CHy/O2/N; = 2.6-2.7/1/4).

improves the catalyst stability and selectivity. However, although
the catalyst testing is carried out in a ratio of CH,4/O, of 2.7, the
reactor is still clean after 100 h running of POM at 830 °C and 4-
6 bar, with no carbonaceous material observed on the catalyst. This
indicates there is insignificant carbon deposition on the catalyst
bed, and that the carbon deposition sometimes seen in the reactor
is mainly from the thermal pyrolysis of methane at higher
temperature.

Cop Wy sCx was also tested at 850 °C and 1 bar (Fig. 2). The
methane conversion and CO and H, selectivity decrease gradually
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Fig. 2. Methane conversion and product selectivity for partial oxidation over
C00.,WogCx at 850 °C and 1 bar (GHSV: 30,000 ml gc, ' h™!, CH4/0,/N, = 2.6-2.7/
1/4).
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with time on stream, while carbon dioxide increases. This shows
that, as was the case for molybdenum carbide previously, at
atmospheric pressure the catalyst is not stable. This again
demonstrates the importance of elevated pressure in stabilising
the active carbide phase. From these studies it is concluded that the
most suitable conditions for POM with the Cog,W,j gCy catalyst is
around 900 °C, CH4/0, above 2.2 and 6 bar.

Fig. 3 gives the XRD patterns of the Cog Wy sCx before and after
POM reaction. For comparison, the pattern for WO5 (Fig. 3a) and
C00.2Wy g0y (Fig. 3b) are presented. Before the POM reaction, the
as-prepared Cog W,y gC, showed very broad diffraction peaks from
20 of 35 to 50, with the strong peak at 39.8, which corresponds to
W,C (JCPDS file 653896,W,C, P31m), a sharp diffraction peak at
about 44 20 may be due to the cobalt metal, suggesting that some
cobalt may not occupy the lattice of the W,C.

Fig. 3d is the diffraction pattern of the Cog,;WgsCy after POM
reaction at 850 °C and 1 bar, which is very similar to the pattern of
Fig. 3b, e.g., the Cog,Wjg0y; this suggests that after the POM
reaction at 1 bar and 850°C, the carbide was converted into oxide
phase, and the carbide catalyst is not stable under these conditions.
However, when the POM reaction is carried out at 830 °C and 5 bar,
XRD patterns of the catalyst after reaction showed the main peaks
at 260 of 31.5, 35.8, 48.4, 64.1-65.7, which correspond to WC 001,
100,110and 111 planes (JCPDS file 510939, WC, P6m2). This
result shows that tungsten carbide changed from W,C to WC after
POM at 830 °C and 4-6 bar. However, no carbon deposition or
tungsten oxide is present in the catalyst. This suggests that
Cog Wy gCy is stable under these reaction conditions.

The results shown here demonstrate that although bulk Co/W
bimetallic carbide shows much better performance than molyb-
denum carbide in POM to synthesis gas, this material is still prone
to deactivation, due to the very oxidising nature of the inlet feed.
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Fig. 3. XRD patterns of Cog,W(sCx before and after reaction: (a) WOs; (b)
Cop2Wo.g0y carbide precursor; (c) Cog>WogCx before use; (d) CopWosCyx after
methane partial oxidation at 850 °C, 1 bar, 24 h; and (e) Cog W sCx after methane
partial oxidation at 830 °C, 4-6 bar, 100 h.

However, the XRD results also suggest that the structure and pores
of Co/W bimetallic carbide are stable and resistant to sintering at
high temperature.

3.2. Activity of supported CoWCy

Bulk Co/W bimetallic carbide has been demonstrated to be
superior in performance for POM than the molybdenum carbide
reported previously [2]. In this section the performance of the
supported Co/W bimetallic carbide is shown.

The results of the activity test are shown in Fig. 4. It can be seen
that the activity of the supported Co/W carbide is not as good as
that of the bulk catalyst. The supported catalyst is active and stable
for 40 h at 850 °C and high GHSV. The lower activity of supported
Co and W bimetallic carbide compared to the bulk carbide is
probably due to the presence of less carbide phase for the
supported system. After more than 70 h running, no black layer
was seen in the reactor wall and also no carbon deposition in the
catalyst bed was observed, suggesting that the catalyst is resistant
to carbon deposition.

XRD measurement results of the supported bimetallic oxide and
carbide are shown in Fig. 5. For comparison, the XRD pattern of as-
prepared bulk Cog,Wq 5Oy is presented in Fig. 5a, which shows the
typical CoWOQ, phase, corresponding to the diffraction peaks at 26 of
35.6(200),30(11 1), the strongest peak,and 27.5(110and01 1)
[14]. When the Cog>Wj g0y is mechanically mixed with alumina
powder in the presence of alcohol, and calcined at 500 °C, besides the
main diffraction pattern of CoWQ,, some new peaks at 26 of 27 and
35 appear, which can be tentatively assigned to WO,. The carburised
C002Wp.30x showed the main phase of W,C [15], as described in
Fig. 3, although cobalt metalis also present. When Cog , Wy g0/Al,03
is carburised to 630 °C with ethane, the XRD pattern (Fig. 5d) is
different from that of the bulk supported material; the diffraction
peaks at 26 of 39, 42 and 46 can be assigned to the CogWsC, carbide
[16]. After 30 wt.% Cog Wy sCx/Al;05 is used for POM reaction at
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Fig. 4. Methane conversion and product selectivity for partial oxidation over
30 wt.% Cop W sCy/Al;03: Zone 1: T=3830°C, p =4.8 bar, CH4/02/N; = 30/10/40;
Zone 2: T=850 °C, p = 4.8 bar, CH4/0/N; = 30/10/40; Zone 3: T =850 °C, p = 6 bar,
CH4/05/N, = 33/11/44; Zone 4: T=850 °C, p = 5.5 bar, CH4/0,/N; = 33/11/44; Zone
5: T=850°C, p = 6.5 bar, CH4 = 36, air = 86; Zone 6: T= 850 °C, p = 6.5 bar, CH4/0,/
Ny = 24/9/36.
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Fig. 5. XRD patterns of the supported Co and W bimetallic oxides and carbides: (a)
C002WopsOx; (b) 30wt% CogaWps0x/Alz03; (c) C002WosCyi (d) 30wt%
C0p2WysCy/Al,03 before use; and (e) 30 wt.% CopWysCyx/Al,O3 after methane
partial oxidation at 850 °C, 5-6.5 bar for 60 h.

850 °C, 5-6.5 bar for 60 h a phase transition occurs, with the CsWgCy
carbide phase changed to the WC phase. A sharp diffraction peak was
seen at 43.9°, which can be assigned to alpha cobalt metal.

Alumina supported Co and W bimetallic carbide has shown
good preliminary performance and stability for POM to synthesis
gas, though over long test times deactivation is observed. To
improve the performance of the catalyst, future work should
concentrate on optimizing the catalyst synthesis and studying the
effect of different supports.

3.3. Two step process

The catalytic methane partial oxidation reaction route [17] is
shown below, and knowledge of this can be used to improve the
POM process:

CH4 +20, — CO, +2H,0 total oxidation
CH4 +CO; — 2CO + 2H; dryreforming

2CH4 +2H,0 — 2CO + 6H; steamreforming

4CH,4 + 20, — 4CO + 8H,

Initially all the oxygen is consumed in a total oxidation reaction,
also removing 25% of the methane from the feed gas. Then the
products of total oxidation, namely CO, and H,O, react with the
remaining methane, resulting in the overall product distribution
expected from POM. This route is well established for the group VIII
metal catalysts, e.g. Ni, but evidence also exists that this route is
that which occurs with a metal carbide. Fig. 6 shows that, over
molybdenum carbide, an exotherm is seen at the front of the
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reactor; this is indicative of the exothermic total oxidation
reaction. After this initial temperature rise, the temperature of
the catalyst drops back to below that of the furnace, indicating an
endothermic process: methane steam and dry reforming. The
endothermicity of dry reforming is also shown in Fig. 6 for
comparison. It should be possible to use knowledge of the POM
reaction route to design a process to remove all the oxygen from
the feed gas over a very stable catalyst, in terms of sensitivity to
oxygen, carbon formation in the pre-catalytic zone and sintering
due to the exothermic reaction taking place. The catalyst exotherm
over the total oxidation catalyst can also be used to raise the
reactor to a temperature more suitable for methane reforming (e.g.
>850 °C).

The proposed process, using two catalysts in series, incorpo-
rates a manganese substituted barium aluminate catalyst, which
have been identified as suitable candidates for the total oxidation
reaction [18].

3.3.1. Mn substituted hexaaluminates for methane combustion
Manganese substituted barium aluminate catalysts, BaAl;5019,
BaMnAl;;0,9 and BaMn,Al;o0;9, have been studied for the
methane rich combustion reaction, with a feedstock comprising
methane and oxygen in the ratio 2:1, i.e. the ideal ratio for POM.
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Fig. 9. Methane conversion and product mole fraction for the partial oxidation
process incorporating a BaMn,Al;(019 oxidation catalyst in series with the CoOWC,
reforming catalyst (850 °C, 1 bar).
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The temperature profile of the catalyst bed has been monitored,
along with the reaction products. The aim is to achieve high
catalyst activity for total oxidation, and also a high catalyst
exotherm to pass on to the reforming catalyst. The results are
shown in Figs. 7 and 8.

In Fig. 7 it can be seen that using BaMn,Al;¢01g, the theoretical
maximum methane conversion under these conditions, i.e. 25%,
has been achieved, since the distribution of the products is
dominated by carbon dioxide (almost 25%), and this is even
possible at 500 °C. The products are those expected for the total
oxidation reaction. Furthermore, it can be seen from Fig. 8 that the
exotherm generated over the BaMn,Al;0019, catalyst can be 200-
300 °C, depending on reaction temperature. The reaction can be
expressed as follows:

2CHj4 + 05 = 1.5CHy4 + (1/2)CO5 + H,0

Increased conversion of O, will give more heat, and if the above
reaction in the presence of O, is complete combustion, theoretical
CH,4 conversion should be 25%. When less combustion reaction
occurs, less heat would be generated from the combustion
reaction, thus the temperature rise would be lower.

Fig. 8 shows that lower exotherms were observed over the
BaAl{,0,9 and BaMnAl;;0,9 materials, showing that the relative
activity for these materials under the POM reaction conditions is:
BaMnj;Al;o019 > BaMnAl;;0:9 > BaAl;,010. The less active cata-
lysts also produced total oxidation products, but with lower
selectivity, and ethene and ethane, from methane oxidative
coupling, were also observed, resulting in the lower exotherms;
this is not surprising given that the methane/oxygen feed ratio is
ideal for oxidative coupling, while also limiting the extent of total
oxidation.

Therefore the most suitable catalyst for integration into the
combined process is BaMnyAl;¢0qg.

3.3.2. Integration of the combustion and reforming catalysts

The integrated process was carried out by placing the two
catalysts in series in the reactor. The reaction conditions were
1 bar, 850 °C, pre-reforming catalyst: 0.2 g BaMn;Al;¢01g, reform-
ing catalyst: 0.3 g, methane flow rate: 11 ml min~!, O, flow rate:
5.0 ml min~!. Fig. 9 shows that the POM performance of the two

catalysts in series is very good; after 5 days continuous operation,
the catalyst is still very stable and active. This is in contrast to the
performance of the Cog ;W sCy catalyst without the pre-oxidation
catalyst in series; it has been shown here and previously [6] that
deactivation can occur very quickly for these catalysts in POM. In
the combined process, the conversion of methane over CoWG, is
above 90%, and the ratio of H, to CO is almost always above 2.
Almost no carbon deposits were found in the reactor.

Fig. 10 shows the XRD measurements of the combustion and
reforming catalysts, before and after reaction. The structure of the
combustion catalyst is maintained after 5 days reaction, as shown
in Fig. 10 (left), the overall diffraction pattern of the catalyst is
almost unchanged. However, the crystallinity of the catalyst is a
little lower, as reflected by the lower diffraction intensity,
suggesting the particle size is becoming finer.

Fig. 10 (right) shows the XRD pattern of the CoWC, catalyst
before and after POM reaction at 850 °C, and 1 bar for 120 h. It is
seen that the main phase of the as-prepared carbide is W,C before
the reaction. After the POM reaction, structure of the reforming
catalyst changed, the tungsten carbide transformed into WC and
CosWeCy, while the catalyst was still active after 5 days reaction.
The phase transformation is probably caused by the high
temperature treatment, because the carbide was originally
prepared at a temperature lower than 700 °C. There is also trace
amount of WO,, and some cobalt exists as metal after reaction.
Despite this, the catalyst remains stable under the reaction
atmosphere.

Integration of combustion and reforming processes may offer a
route for prolonging the lifetime of the carbide catalysts, mainly
due to removal of oxygen before the carbide catalyst. Manganese
substituted hexaaluminate is a good candidate for the total
oxidation catalyst.

4. Conclusions

It has been shown that the performance of the group VI metal
carbides for methane partial oxidation to synthesis gas can be
improved by using bimetallic materials, either in bulk form or
supported. Cog>2WposCyx and supported CogoWosCy catalysts are
both active for POM, and also very stable at elevated pressures. At
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atmospheric pressure deactivation by oxidation is observed,
however, a two-catalyst process has been demonstrated that
improves the stability of the catalysts for the POM process even at
atmospheric pressure. BaMn,Al;o01g is an excellent candidate for
methane total combustion under POM conditions, with high
exotherms achievable over the catalyst: this heat can be used
downstream in the reforming catalyst bed. When the BaM-
nAl10019 is placed in series with the Cog,WosCy catalyst, the
overall methane oxidation process performance is stable for 5 days.
No carbon formation in the reactor and no carbide catalyst
oxidation was observed. The high stability of the reforming
catalyst probably results from the pre-combustion of methane
with oxygen, thus removing oxygen before the carbide catalyst:
the carbide catalyst only catalyses dry and steam reforming
reactions in this process.
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