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High-surface-area molybdenum and tungsten carbide materials,
synthesised by the temperature programming reduction of the rele-
vant metal oxide with methane/hydrogen, are highly efficient cata-
lysts for the conversion of methane to synthesis gas, via the steam
reforming, dry reforming, or partial oxidation processes. The activi-
ties of the carbides were found to be comparable to those of elemental
iridium and ruthenium (well known to be active noble metal cata-
lysts for the reforming of methane), and the conversion and product
distribution were in accord with those calculated from the thermo-
dynamic equilibria. At ambient pressure the carbides deactivated,
in all the processes, due to the oxidation of the catalyst to MO, while
operation at elevated pressure (8 bar) resulted in stabilisation of the
carbide and no catalyst deactivation for the duration of the experi-
ments (72 h). HRTEM analysis showed that no macroscopic carbon
was deposited on the catalysts during the catalytic reactions. The
deactivation rate of the carbides reflected the strength of the oxidant
used: oxygen > water = carbon dioxide. A deactivation mechanism,
via the insertion of O* resulting in oxide terraces is discussed, and
two possible mechanisms for the production of synthesis gas by the
methane dry reforming reaction over metal carbides are proposed:
noble metal type and redox type.  © 1998 Academic Press

INTRODUCTION

Natural gas, the main component of which is methane, is
an abundant fossil fuel resource found all over the world
and is predicted to outlast oil reserves by a significant mar-
gin (1). Most of these reserves, however, are situated in
areas remote from the centres of highest energy consump-
tion (2), and the costs of compression, transportation and
storage make methane an unattractive proposition as an
energy source (3). To make methane economically more
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viable, a large amount of research into the conversion of
methane to liquids or higher hydrocarbons has been car-
ried out. For example, the direct oxidative conversions of
methane into methanol (4-7), formaldehyde (8, 9), benzene
and other aromatics (10, 11), and propanal (12, 13) have all
been demonstrated, but unfortunately the yields achieved
are too low or the processes too costly. The most promis-
ing of the direct conversion routes is the oxidative coupling
of methane to ethane and ethene. However, an inherent
mechanistically imposed limit to the maximum C, yield ap-
pears to exist, limiting the maximum vyield to about 30%
(14, 15); in fact, the highest reported yields in the literature
are lower than this, at around 20-25% (16-20), and do not
meet industrial requirements at the current price of oil (21).

Current industrial use of methane as a chemical feed-
stock proceeds by initial conversion to carbon monoxide
and hydrogen (synthesis gas) by either steam reforming (22)
[1] (the most widespread process) or by dry reforming [2].
In addition, while currently limited as an industrial process,
partial oxidation [3] has recently attracted much attention
due to significant inherent advantages (e.g., exothermicity).
The synthesis gas produced is then used in downstream pro-
cesses, such as methanol synthesis, Fischer-Tropsch synthe-
sis, or ammonia synthesis.

CH; +H,0 =CO +3H; AHj = +206kImol™" [1]
CH; +CO; =2CO +2H; AHj = 4+247kJmol™ [2]
CHs+ 30, =CO+2H, AHj=-38kImol™" [3]

Nickel catalysts are used commercially for both methane
steam and dry reforming reactions (22), while partial oxida-
tion is carried out autothermally (23). However, nickel also
catalyses carbon formation, via methane decomposition
[4] and CO disproportionation (Boudouard reaction) [5],
both of which lead to catalyst deactivation and plugging of
the reformer tubes by carbon deposits. Excesses of oxidants
are used in order to prevent carbon deposition, but this in-
creases the H,/CO and/or CO,/CQ ratios; low H,/CO and
CO,/COratios are required for optimal further conversion
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of the synthesis gas to higher hydrocarbons, alcohols, or for
iron ore reduction (i.e., reducing gas) (3, 22).

CHs =Cy +2H; [4]
2CO =C +CO, [5]

Therefore, considerable effort has been concentrated on
exploring catalysts for reactions [1]-[3] which are resistant
to carbon formation at or near stoichiometric reactant ra-
tios. Previously sulphur passivated nickel catalysts (24) and
noble metal catalysts (25-30) have been shown to exhibit
kinetic resistance to carbon formation, but the low activ-
ities of sulphur passivated nickel and the high costs and
limited availability of the noble metals have limited their
application.

Since 1973, when Levy and Boudart reported that «-WC
displayed reactivity similar to Pt for neo-pentane isomeriza-
tion (31), there has been considerable interest in the cata-
lytic properties of metal carbides, particularly of the group
VI transition metals, for a variety of reactions (32, 33).
Indeed, since the starting materials for the production of
these carbides are abundant and cheap, it has been sug-
gested that they can replace the rare and expensive no-
ble metals in catalysis. The main problem with the metal
carbides has been the difficulty in obtaining materials with
sufficiently high surface area for catalytic applications.
However, a number of research groups have now published
methods for synthesising metal carbides with surface areas
as high as 200 m? g~* (34-41). These carbide materials have
shown promise for a number of reactions, including HDN
and HDS (42-45), hydrocarbon isomerization (46-52), and
CO hydrogenation and Fischer-Tropsch synthesis (53-55).

Here we demonstrate that the carbides of molybdenum
and tungsten are extremely active catalysts for the oxida-
tion of methane to synthesis gas with carbon dioxide (dry
reforming), oxygen (partial oxidation), or steam (steam
reforming), using a stoichiometric feedstock at slightly el-
evated pressures. These are reactions that are normally
catalysed by the noble metals. Also, importantly, no carbon
deposition was observed over the carbides during the re-
actions, and the consequential selectivities and conversions
to carbon monoxide and hydrogen are those predicted by
thermodynamic considerations.

METHODS

Catalyst Synthesis

The high-surface-area metal carbide materials were pre-
pared by the methods previously described for 8-Mo,C
(36), «-WC (56), and Mo,C/Al,O3 (57), by the tempe-
rature-programmed reduction (TPR) of the relevant ox-
ides or supported oxides in flowing methane or methane/
hydrogen mixture. Briefly, the details of the TPR synthesis
are as follows: The precursor material was heated, under

20% v/iv CH4/H;, or pure CH,4, from room temperature
to 1000-1150 K, depending on the material (synthesis
of WC requires a higher temperature than for Mo,C),
at a heating rate of 1 K min—'. Normally the catalysts
were prepared in situ and tested immediately. The 5 wt%
Mo,C/Al,O3 was prepared from y-Al,O3 (AKZO, 297 m?
g~ (000-1.5 E, high purity)) impregnated with a solution
of (NH4)sM07024 -4 H,O. The mixture was dried in air at
373 K for 10 h and then ramped at 10 K min~! to 770 K
and held for 15 h, to give the supported carbide precursor.

The postsynthesis high-surface-area carbides or sup-
ported carbides are readily and exothermically oxidised by
air at room temperature and, therefore, passivation in flow-
ing 1% O,/N, for 10 h at room temperature is required be-
fore exposure to the atmosphere and characterization can
be achieved (57).

The 5 wt% Ir/Al,O3 catalyst was prepared by impreg-
nating 5.00 g of AlLO3; (AKZO, high purity; surface
area=297 m? g~1) with a solution containing 0.624 g of
(NH_y)3lrClg. The mixture was dried in air at 373 K for 10 h
and calcined in air at 770 K for 22 h. The 5 wt% Ru/
Al;O3 and 5 wt% Rh/AIl,O3 catalysts were obtained from
Johnson-Matthey Ltd.

Catalyst Testing

The apparatus used in this work was a modified version
of the commercial Labcon microreactor (see Fig. 1). The
reactor was built using 1/8 and 1/16-in.-od 316 stainless steel
tubing and 316 stainless steel Swagelok fittings throughout.
Gas flow rates were controlled using Brooks 5850TR mass
flow controllers, and the gases were then combined and
passed to the reactor, either directly or via the mixing valve
(MV) when liquid was being supplied. Water flow rates,
for steam reforming, were controlled using a Bronkhorst
LIQUI-FLOW liquid flow controller, operating with an
8-bar helium over pressure. From here, it passed to the
mixing valve, where it was mixed with the gas flow, and then
to the Bronkhorst vaporiser. The liquid flow controller and
vaporiser were controlled by a Bronkhorst HighTech EPA2
control module. The catalyst sample (generally 0.33 g) was
placed between two quartz wool plugs in the centre of a
4-mm-i.d. silica tube and inserted into a vertical Severn
Science tube furnace, heated to the required reaction tem-
perature, and controlled from a Eurotherm 905 tempera-
ture controller. Calibration of the furnace allowed accurate
and reproducible reaction temperatures to be used in the
experiments, and no significant cooling or heating effects
were observed (endothermic or exothermic reactions). For
safety reasons, in the experiments carried out at elevated
pressures, the silica tube was placed inside a steel tube and
sealed at both ends with rubber O rings to ensure that no gas
could pass into the space between the two tubes. The exit gas
stream from the reactor passed through a Tescom two-stage
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FIG. 1.

Schematic diagram of the modified Labcon microreactor (PG, pressure gauge; V, manual On/Off valve; PR, pressure regulator; PT, pressure

transducer; MFC, mass flow controller; NRV, non-return valve; MV, mixing valve; NV, needle valve; LFC, liquid flow controller; BPR, back pressure

regulator).

back-pressure regulator, which provided a smooth pressure
drop across the reactor bed. All the pipework was heated
to prevent condensation of the products.

Product analysis was carried out using a Hewlett-
Packard 589011 gas chromatograph, fitted with both a ther-
mal conductivity detector and a methanator/flame ioniza-
tion detector. Separation of the products was achieved
using a 3-m Porapak Q packed column, with argon carrier
gas. Reference data and pure component injections were
used to identify the major peaks, and response factors for
the products and reactants were determined and taken into
account in the calculation of the conversion and product
distribution. In all cases stoichiometric gas mixtures were

used and carbon balances were better than 97%. Calcula-
tion of conversions and yields was carried out according to
the general equations below:
conversion of x = C[x] = (% conversion of x into all
products).
yield of carbon monoxide = Y[CO]
= (amount of CO in products)/
(amount (C) in reactants).
H,/CO = (amount of H, in products)/
(amount of CO in products).



88 CLARIDGE ET AL.

Catalyst Characterisation

The crystalline components of the materials were iden-
tified by X-ray diffraction (XRD) using a Philips
PW1710diffractometer with CuKo radiation. Sampleswere
mounted on an aluminium plate with a groove cut into it
and smoothed flat using a microscope slide.

High-resolution transmission electron microscopy
(HRTEM) was carried out using Jeol 2000FX and 4000EX
electron microscopes with accelerating voltages of 200 and
400 kV, respectively. Samples were ground to a fine powder
and dispersed in AR-grade chloroform. The dispersed
sample was then placed in an ultrasonic bath for 10-20 min,
before a drop of the suspension was placed on a grid, and
the grid positioned in the microscope specimen holder.

Catalyst surface areas were determined using an all-
glass high-vacuum line and calculated from the N, BET
isotherms. Hydrogen chemisorption was performed at
room temperature using asilica U tube, in which the carbide
materials were prepared or the supported noble metal ma-
terials reduced; this was attached to the same apparatus as
for BET determination. Hydrogen dosing was then carried
out and the number of titrated metal sites calculated.

RESULTS

Catalyst Characterisation

The X-ray diffraction patterns of the starting metal ox-
ides and their carbides, after synthesis under the methane
TPR conditions, were obtained. None of the starting or-
thorhombic MoO3; or WO3 could be seen in the patterns for
the metal carbides, and only minute traces of MoO, were
observed in the pattern for the molybdenum sample; this is
probably due to slight oxidation on removal of the sample
from the reactor; however, the very sharp oxide peaks are
a stark contrast to the broad carbide peaks, indicating that
only a very small amount of oxide is present. The patterns
corresponded to almost phase pure 8-Mo,C and phase pure
a-WC, respectively. No evidence of MoC or W-C, respec-
tively, was ever observed in the XRD patterns of the bulk
carbide samples.

The BET surface areas of the samples used for dry
reforming, partial oxidation, and steam reforming were
B-M0,C =30 m? g~* and «-WC =20 m? g~1. The surface
areas of the samples used in the activity study are given in
the relevant section.

Methane Dry Reforming

Table 1 shows the results obtained for the dry re-
forming of methane to synthesis gas with carbon dioxide
(CH4/CO,; =1), using B-Mo,C and «-WC as catalysts, at
both ambient pressure and elevated pressure. The results
shown for the reaction at ambient pressure are those ob-
tained after about 1 h since, under these conditions, the

TABLE 1
Dry Reforming of Methane over the Metal Carbides at

Various Temperatures and Pressures (GHSV =2.87 x 10% h™1,
CH4/CO,=1)

T P  C[CHs C[CO;] Y[CO]
Catalyst (K) (bar) (%) (%) (%) H,/CO
B-Mo,C 1120 1.0° 924 925 925 0.93
1220  1.02 98.8 95.9 95.9 0.92
1120 8.3 62.5 75.9 69.5 0.78
1170 8.3 73.5 83.7 78.8 0.83
1220 83 83.3 89.5 86.5 0.88
a-WC 1120  1.02 92.0 93.1 92.6 0.94
1120 8.3 62.7 75.4 68.6 0.79
B-Mo,C/Al, O3 1120 1.02 92.6 924 92.5 0.95
1120 8.3 65.1 80.7 73.1 0.81

2 Catalyst deactivates.

catalyst deactivated after a short period of time on stream
(8 h), as can be seen in Fig. 2.

Powder XRD showed that the initial 5-Mo,C was con-
verted to MoO;, (Fig. 3a), which has only a very low activity
for methane dry reforming. In situ XRD experiments (not
shown) showed that under a flow of CO/H, 1/1 the carbide
phase was stable, while under CO,/CH, 1/1 MoO, started to
appear after an induction period of several hours. No other
phases were observed. Further evidence for the oxidation
of the catalyst being responsible for deactivation, and not a
symptom of deactivation, comes from the observation that
passivated samples showed low initial activities and rapid
decreases in activity. Increasing the reaction temperature to
1220 K had little or no effect on the lifetime of the 8-Mo,C,
and again there was a sudden decrease in activity after ap-
proximately 8 h on stream. In addition, at 1120 K, 8-Mo,C
and MoO; can be cycled at low conversions under alternat-
ing flows of CO, and CHj,, with products approximately of
the composition given in the equations
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FIG. 2. Lifetime study of g-Mo,C for the methane dry reforming

reaction at atmospheric pressure and 1120 K (GHSV = 2.9 x 10° h™?,
CH./CO,=1); W, C[CH.]; ®, C[CO,]; A, Y[COJ; and #, H,/CO.
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FIG.3. XRD of (a) 8-Mo,C and (b) «-WC before and after methane dry reforming at atmospheric pressure (T =1120 K, GHSV =2.9 x 108 h™?,

CH,/CO,=1).

Mo,C + 5CO, = 2M00O, + 6CO
2MoO, + 5CH4 = Mo0,C + 4CO + 10H,

(rate=k;) [6]
(rate=ky). [7]

This indicates that the early transition metal carbides
can function as redox catalysts for the dry reforming of
methane.

When the dry reforming reaction was carried out at
elevated pressure, the high activity was maintained for the

duration of the experiments, typically more than 72 h
(Figs. 4a and 4b), with no observable deterioration in acti-
vity. XRD of the quenched catalysts after use (Figs. 5a and
5b) showed only peaks corresponding to 8-Mo,C and «-
WC, respectively, and no trace of MoO, or WO, was ob-
served. It can also be seen that the peaks for g-Mo,C are
sharper after the reaction, and this is probably due to some
sintering of the catalyst.
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FIG. 4. Lifetime study of 8-Mo,C for the methane dry reforming reaction at 8.3 bar (GHSV =2.9 x 10% h™!, CH,/CO,=1). (a) 1120 K and

(b) 1220 K; W, C[CH]; ®, C[CO]; A, Y[COY]; and 4, H,/CO.

Temperature and pressure dependence studies were con-
ducted over a 8-Mo,C catalyst, at temperatures varying
from 1120 to 1220 K and at pressures of 1.0 and 8.3 bar. The
changes in methane and carbon dioxide conversion and car-
bon monoxide yield are shown in Table 1. These show the
trends expected from thermodynamic considerations (7),
with Y[CQ], C[CHy,], C[CO], and H,/CO decreasing with
increasing pressure and increasing with increasing temper-
ature.

The effect of gas hourly space velocity (GHSV, total gas
flow under standard conditions) at 1123 K and 1 bar is
shown in Fig. 6. Clearly, as the GHSV is increased the sta-
bility of the Mo,C catalyst diminishes, from >1000 min at
1.91 x 10° h~! to <1 min at 6.36 x 10° h~1. However, this
may simply be due to an increase in the oxidant-to-catalyst
ratio. Therefore, an experiment was conducted in which the
flow rates of CH4 and CO, were the same as in the experi-
ment above with the lowest GHSV, but the GHSV was in-
creased by the addition of argon (GHSV =8.79 x 10° h™1).
In this case, the oxidant-to-catalyst ratio was the same as
in the original experiment, but the catalyst deactivated at
a much faster rate. This indicates that GHSV is of vital im-
portance for the stabilisation of the early transition metal
carbides under these stoichiometric reactant flows. In ad-
dition, it can be seen that the CO; conversion is always
higher than that of CHy, indicating that the reaction of CO,

with the molybdenum carbide (reaction [6], ki) is more
favourable than the reverse reaction of CH4 and molyb-
denum oxide (reaction [7], kz). Indeed, it appears that
the rate of divergence of the CH4 and CO; conversions is
greater for the experiment with argon, again indicating that
k1 > kz.

In industry it is usual to use supported catalysts, often
for reasons of lower costs or improved stability, and, there-
fore, an alumina-supported molybdenum carbide catalyst
(5 wt% B-Mo,C/Al,O3) was tested for the methane dry
reforming reaction, and the results are given in Table 1.
It can be seen that the supported catalyst showed be-
haviour similar to that of the unsupported molybdenum
carbide. Again the catalyst deactivated at ambient pressure,
while the activity was maintained when elevated pressures
were employed. This demonstrates that a stable and active
molybdenum carbide phase can be formed on an alumina
support and that the phase produced is very similar to that
formed in the bulk molybdenum carbide sample.

Activity Study

The activity of the group VI transition metal carbide
catalysts was investigated for the methane dry reforming
reaction, so that a comparison with the noble metal cata-
lysts could be made. As the catalysts are prone to oxidation
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FIG.5. XRD of (a) 8-M0,C and (b) «-WC before and after methane dry reforming at 8.3 bar (T =1120 K, GHSV =2.9 x 10° h™%, CH,/CO,=1).

under the CH4/CO, reaction mixture, the initial activities
were measured. Experiments were carried out between
900 and 970 K, so that differential conditions (conversion
<10%) could be maintained. Table 2 shows the metal sur-
face site concentration titrated by hydrogen chemisorption
at room temperature, and Fig. 7 is a plot of the natural
logarithm of the specific activities (mol site~! s~1) against

1000/T. The 5 wt% Ru/Al,0O3 was the most active of all
the catalysts tested. However, 8-Mo,C (Sq=91 m? g71)
had activity comparable, based on turnover rates, to those
of 5 wt% Ir/Al,O3; and 5 wt% Rh/Al,O3, which are well
known as active catalysts for steam reforming and dry
reforming (29), while «-WC (Sg= 39 m? g~*) had a slightly
lower activity. From this study and some of the past
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literature (25, 58, 59), the relative activities of a number
of the dry reforming catalysts have been established as
highest Ru > Rh ~ Mo,C > Ir>WC > Pd > Pt.

Carbon Formation

Given the propensity for carbon formation, and par-
ticularly whisker formation, during the dry reforming of
methane (29, 60, 61), the catalysts were studied for car-
bon deposition postreaction. This was done by HRTEM, as
the possible presence of both nonstoichiometric carbides
and carbon deposits means that controlled temperature
programming oxidation (TPO) results are less informative
than in the case of supported metals. An HRTEM study
of a postcatalysis 8-Mo,C sample is shown in Fig. 8a. No
macroscopic carbon deposition is observed on the catalyst,
and the porous morphology of the starting carbide is re-
tained. In contrast, under these stoichiometric conditions
large amounts of carbon were deposited over a commer-
cial nickel catalyst, resulting in rapid plugging of the reac-
tor tube. HRTEM examination of the used nickel catalyst

TABLE 2

Kinetic Parameters for the Dry Reforming of Methane over
Metal Carbides and Supported Noble Metals (CH4/CO, =1, 2 bar,
GHSV=4.4x10°h™Y

Chemisorption sites Rate (ko7ok) E,+2
Catalyst (sites g% x 10'9) (molg~ts™)  (kImol™)
B-Mo,C 0.22 5.4 x 1078 100
«-WC 0.13 1.4 %1077 205
5% Ir/Al,O; 1.31 15x10°° 146
5% Rh/ALO4 7.83 1.4 x107* 46
5% RU/AlLLO4 0.48 49x10°° 48

showed the presence of both whisker (W) and encapsulate
carbon, asshown in Fig. 8b. Kinetically, both the Boudouard
reaction and methane decomposition reaction are slow in
the absence of a catalyst, but both are catalysed by many
transition metals, and Audier et al. demonstrated that a sig-
nificant amount of carbon can be deposited over catalysts
containing iron or nickel (30, 62). In order to avoid carbon
deposition on the iron (and sometimes nickel) containing
walls of the reactor, reactions have been carried out in a
silica-lined reactor. The behaviour of the carbides toward
carbon formation appears to be comparable with that of the
noble metals tested previously for the methane reforming
reactions (29, 30, 63), where it was found that almost no
carbon deposition was observed over supported Rh, Ir, Ru,
and Re catalysts. This is not surprising since the catalytic
similarities between Mo,C and Ru, and WC and Pt have
been reported before (34, 64, 65). It appears that there is a
kinetic barrier for carbon deposition over both Mo,C and
WC, as was previously reported for some of the noble met-
als. Based on the results presented here and those published
previously, the relative rate of carbon formation over the
catalysts is Ni > Pd > Rh, Ir, Ru, Re, M0o,C, WC =~ 0.

Methane Partial Oxidation

Since the metal carbides were found to be highly active
catalysts for the dry reforming of methane, it was decided
to conduct a study of the same materials for the partial
oxidation of methane with air.

Atmospheric pressure studies showed poor methane con-
version, and low CO selectivity and H,/CO ratio, due to
extremely rapid catalyst deactivation (see Fig. 9a) result-
ing from the oxidation of the initial carbide to MO,. This
very high reactivity of dioxygen in the oxidation of catalytic
phases relative to carbon dioxide is reminiscent of the be-
haviour of noble metals (66, 67). However, by operating
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FIG.7. Pseudo-Arrhenius plots for the methane dry reforming re-
action at 2 bar (catalyst weight, 0.071 g Mo,C; 0.084 g WC, and 0.05 g
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FIG. 8.

METHANE OXYREFORMING OVER GROUP VI METAL CARBIDES

Electron micrographs of (a) 8-Mo,C and (b) commercial Ni/Al,O3; (W = whisker carbon), after the dry reforming of methane.
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FIG. 9.

Lifetime study of 8-Mo,C for the methane partial oxidation reaction (T = 1170 K, GHSV =5.25 x 10° h~1, CHy/air = 2/5). (a) Atmospheric

pressure and (b) 8.7 bar. B, C[CH,]; @, S[CO]; O, S[CO;]; A, Y[CO]; and <, H,/CO.

at elevated pressure and starting initially with a CH4#/CO,
mixture, which was switched progressively for CHg/air over
the period of one hour, it is possible to obtain high activ-
ities for the partial oxidation of methane, and the results
obtained for methane partial oxidation at 1170 K and at el-
evated pressures over Mo,C, a-WC and 5wt% Mo,C/Al;O3
catalysts are listed in Table 3.

TABLE 3

Partial Oxidation of Methane over the Metal Carbide Catalysts
(T=1170 K, GHSV =5.25 x 10% h™%, CHg/air = 2/5)

P C[CHs S[CO] S[CO; Y[CO]

Catalyst (bar) (%) (%) (%) (%) H,/CO
B-Mo,C 400 95 96 5 90 2.01
B-Mo,C 8.7 88 92 8 80 2.02
a-WC 8.7 89 90 10 80 2.05
B-M0,CIAL,O; 8.7 o1 92 8 83 2.00

@ Experiment run for only 12 h; no catalyst deactivation.

The catalysts were stable for extended periods of time,
e.g., >72 h for g-Mo,C (see Fig. 9b). In all cases, XRD
inspection of the catalysts after reaction showed that the
carbide phase was maintained. Further, HRTEM examina-
tion of the catalysts after reaction showed no evidence of
macroscopic carbon deposition.

Pressure and temperature dependence studies were con-
ducted over a 8-Mo,C catalyst, at pressures varying from 3
to 12 bar and at temperatures between 1070 and 1220 K. The
changes in methane conversion, carbon monoxide yield,
carbon monoxide selectivity, and carbon dioxide selectivity
areshownin Figs. 10and 11. These show the trends expected
from thermodynamics, with Y[CO], S[CO], C[CH,4], and
H2/CO decreasing with increasing pressure and increasing
with increasing temperature, while S[CO;] shows the op-
posite trend.

Methane Steam Reforming

Methane steam reforming was also investigated over
the 8-Mo,C, «-WC, and 5 wt% Mo0,C/Al,O3 catalysts at
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FIG. 10. Pressure effect on the partial oxidation of methane over 8-Mo,C (T=1170 K, GHSV =5.25 x 10° h™!, CHy/air=2/5). B, C[CH,];
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1220 K, and the results obtained are given in Table 4. Ini-
tially 8-Mo,C was investigated at low pressure, leading to
high conversions. However, as was the case with the dry
reforming and partial oxidation, the catalyst deactivated
after a period of ~10 h. As before, this was overcome by
operation at elevated pressures, resulting in steady activ-
ity for the duration of the experiment, as shown in Fig. 12.
Postcatalysis XRD showed that the catalyst contained only
B-Mo,C.

a-WC and 5 wt% Mo, C/Al, O3 catalysts were also tested
for methane steam reforming at elevated pressures and
were also stable and active for the reaction. In all cases
HRTEM examination of the catalysts after reaction showed
no evidence of macroscopic carbon deposition.

Combined Reforming

In order to demonstrate that the metal carbide catalysts
can be used under mixed oxidant conditions and, therefore,

that the reaction conditions could be tuned, the combined
methane steam reforming and dry reforming reaction [8]
was conducted in a single catalytic bed, over the 8-Mo,C,
a-WC, and 5 wt% Mo,C/Al,Oj3 catalysts.

3CH4 + CO; + 2H,0 = 4CO + 8H; [8]
This was achieved by making a minor modification to the
Labcon microreactor described earlier, in order to oper-
ate with two catalyst beds. A 5% palladium on alumina
catalyst (supplied by Johnson Matthey, powder type 24C,
0.2 g) was placed upstream of the carbide catalyst in a silica
U tube. A gas mixture of CH4/O,/N, of 2/1/4 was passed
(GHSV =5.2 x 10® h™*; 8.7 bar) over the Pd catalyst main-
tained at 573 K, to convert essentially all of the oxygen
present with excess methane to form a product gas mixture
of carbon dioxide, water, and unreacted methane. Analy-
sis of this product gas showed C[CH,4] = 26.8%, S[CO;] =
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FIG. 11.
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Temperature effect on the partial oxidation of methane over -Mo,C (8.7 bar, GHSV = 5.25 x 10 h™1, CH/air =2/5). B, C[CH,];
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TABLE 4

Steam Reforming of Methane over the Metal Carbide Catalysts
(T=1220 K, GHSV =2.87 x 10° h™1, CH4/H,0 = 1)

Catalyst P (bar) C[CHa4] (%) Y[CO] (%) H,/CO
B-Mo,C 1.02 915 90.1 3.08
B-Mo,C 8.0 81.8 1.7 3.07
a-WC 8.0 81.9 77.8 3.06
B-Mo,C/Al,O3 8.0 82.1 77.9 3.05

2 Catalyst deactivates.

99.1%, S[H,0]=96.6%, S[CO] 0.9%, and S[H;] =3.4%.
This product was immediately heated to 1170 K and passed
over the carbide catalyst bed to form a combined dry and
steam reforming product (Table 5).

At the elevated pressures used the catalysts were stable
for >72 h (Fig. 13), and no macroscopic carbon deposition
was observed. The product distribution was that predicted
from thermodynamic calculations.

HRTEM Study of the Deactivated Carbides

Figures 14a and 14b show high-resolution electron micro-
graphs of WC, as prepared by CH,; TPR and after deactiva-
tion under dry reforming reaction conditions (1 bar, 1123 K,
CH4/CO; = 1), respectively. The precatalysis WC material
is polycrystalline, made up of small crystallites which, to-
gether, resemble the overall shape and size of the starting
metal oxide precursor. This has been reported previously
by a number of researchers (68, 69). However, in the de-
activated sample the surface of the crystals are composed
of tungsten oxide “terraces,” although the central bulk of
the crystals is still the carbide phase. When WC was treated
with CO; alone, oxide needles were formed (Fig. 14c). This
demonstrates that the favourable oxide formation from the
metal carbides can be interrupted by reduction, leading to a
shortening of the needles, which then appear as “terraces.”
If this were occurring under an equilibrium between oxida-
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FIG. 13. Lifetime study of «-WC for combined reforming (1170 K,
8.7 bar, GHSV =5.25 x 10° h™%, CH,/CO,/H,0O/N, = 3/1/2/8). B, C[CH4];
@, S[COJ; O, S[CO.]; A, Y[CO]; and <, H,/CO.

tionand recarbidation, the switching between metal carbide
and oxide could be easily imagined.

DISCUSSION

As far back as 1890, it was demonstrated that nickel ef-
ficiently catalysed the steam reforming of methane to syn-
thesis gas. Later in 1928 and 1946 its applicability was ex-
tended to the analogous reactions of dry reforming and
partial oxidation, respectively. While extensively used as a
commercial catalyst its major drawback is its propensity to
also catalyse the formation of carbon when stoichiometric
feedstocks are used. More recently, following initial studies
by Ashcroft et al. (26, 28), it has been demonstrated that
the noble metals (25-30), Rh, Ru, Ir, Pd, and Pt, as well as
Re (58), also exhibited high activity and selectivity for the
methane reforming reactions under conditions similar to
those used for nickel catalysts. These noble metal catalysts
offer significant advantages over the conventional Ni cata-
lysts since some of them have a high resistance to carbon
formation (30). However, since they are extremely rare and
expensive, alternatives are desirable.

It has now been shown that molybdenum and tung-
sten carbides, synthesised by temperature programming
reduction, are highly active catalysts for the methane re-
forming reactions, despite the oxidative environment that

TABLE S5
Combined Steam and Dry Reforming over the Metal Car-
bide Catalysts (T=1170 K, P=8.7 bar, GHSV =5.2 x 10° h™%,
CH4/CO2/H,0/N, = 3/1/2/8)

C[CH4 S[H:] S[CO] S[CO;] S[HO]

Catalyst %) (%) (%) (%) (%) H,CO
Mo,C 91.3 94.9 91.3 8.6 5.1 2.00
a-WC 92.0 93.4 92.4 7.6 6.6 1.97
B-Mo,C/Al,O3 90.7 96.1 91.7 8.3 3.9 2.02
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6nm

FIG. 14. High-resolution electron micrographs of tungsten carbide
and deactivated tungsten carbide. (a) WC, as prepared by CH; TPR;
(b) WC, deactivated under CH4,/CO; = 1; (c) WC, deactivated under CO,.

appears to exist in these reactions. Although at elevated
pressures the carbide catalysts are extremely stable, at at-
mospheric pressure and under differential conditions the
catalysts deactivate by oxidation to MO, slowly in the case

of dry reforming and steam reforming but rapidly in the
case of partial oxidation, a trend which reflects the relative
strengths of carbon dioxide, water, and oxygen as oxidis-
ing agents. Varying the GHSV demonstrated that the rate
of oxidation (k;) is higher than that of recarbidation (k2),
or in other words carbon dioxide dissociative adsorption is
faster than that for methane. Therefore, under differential
conditions the carbides of molybdenum and tungsten are
kinetically unstable. The increased catalyst stability at el-
evated pressures can thus be attributed to the apparently
lower GHSV, or a longer contact time, allowing the slower
carbidation reaction to reach equilibrium. Thus, when the
oxidation and carbidation reactions are at equilibrium the
catalyst remains stable. No changes in the product distri-
butions are observed when the GHSV is varied since the
catalyst is operating at thermodynamic equilibrium. Ther-
modynamic calculations of the dioxygen (O,) concentra-
tion during the dry reforming of methane under stoichio-
metric feeds (““Chemsage” program) at 1223 K have shown
that there is almost no difference between the O, partial
pressures at ambient and elevated pressures, and therefore
deactivation is not attributed to the formation of dioxygen
during the dry reforming reaction. If O, formation were re-
sponsible for catalyst deactivation, the calculations would
show that a lower catalyst stability would be expected at
elevated pressures: at 1 bar, p[O2] =5.0 x 10~% bar, and
at 8 bar, p[O2] =2.25 x 10728 bar. Thus it is proposed that
deactivation of molybdenum and tungsten carbide at at-
mospheric pressures is primarily due to kinetic factors. The
surface modification of group VI carbides is well known,
and Ledoux and co-workers (47) and Iglesia et al. (49) have
both shown that oxygen-modified carbide surfaces are ac-
tive catalysts, in their cases for the isomerisation of alkanes.
Iglesia explained this by the formation of acidic oxide areas
and metallic carbide areas on the surface of the catalysts,
leading to bifunctionality, while Ledoux discussed the for-
mation of an intermediate phase, between a carbide and an
oxide, named an oxycarbide (48, 51); both these types of oxi-
dised carbide may be present under the reaction conditions,
but the conditions present in the reforming of methane al-
low the surface to cycle, such that the oxide and carbide
areas or oxycarbide phase are in dynamic equilibrium with
the gas phase.

From the evidence presented it is apparent that reform-
ing reactions over metal carbides can occur via a redox type
mechanism. However, we propose that there are two pos-
sible competing mechanisms for the formation of synthesis
gas. The first is the cycling or redox mechanism and the
second is a noble metal type mechanism. In the redox type
route, depicted below, it is proposed that after dissociative
adsorption of CO,, the O* produced reacts with carbon in
the carbide surface (Cs)) to leave a vacancy (O). This is then
filled with either C*, from methane, retaining the carbide,
or O*, afirst step in the oxidation to MO,.
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CO; =CO + O*
WC + O =WoO + CO
WO + O* = WO == oxide
WO + C* = WCy).

The O*, however, can also react with C* formed from the
dissociation of methane, instead of carbon from the carbide.
This is the basis of the second, noble metal mechanism.
This type of mechanism has been previously proposed for
supported nickel catalysts, where it was suggested that the
active phase was nickel carbide (70, 71). The key steps are

CH; =C* 4+ 2H,
CO; =CO + O
O*+ C* = CO.

However, since the high reactivity of surface carbide
atoms is well established (72, 73) and active carbon species
have previously been implicated in the mechanisms for re-
forming reactions (74-76), it is suggested that both the pro-
posed mechanisms are important in synthesis gas forma-
tion; i.e., surface carbon atoms (C,) from the carbide and
those in excess (C*) must both participate in the overall
reforming reaction. Migration of carbon from the carbide
bulkislikely to be too slow to account for the high reforming
activities observed, and therefore we do not believe that the
bulk (deep) carbide plays a significant role in the reform-
ing reactions over active and stable metal carbide catalysts.
This hypothesisis further confirmed when one examines the
deactivation of the carbides at atmospheric pressure. As re-
action occurs, the catalyst is progressively oxidised along its
length (starting with the segment of the bed nearest the gas
feed inlet). While enough catalyst remains for the reaction
to reach completion, a stable conversion is observed, but
this is followed by deactivation when the majority of the
catalyst has been oxidised to MoO,. If migration of car-
bon from the bulk were the dominant factor contributing
to the reforming reaction, then one would expect to observe
metallic Mo or W in postcatalytic XRD patterns for deac-
tivated catalysts (unless diffusion of oxygen into the bulk
was comparable or faster), which is not the case. Further,
the formation of oxide overlayers is commonly observed
for carbides.

The transition metal carbide catalysts used here dis-
played avery high activity for the dry reforming of methane,
on both a per gram basis and per active site. This is crucial
if these catalysts are to be suitable for application in indus-
trial reforming. For example, 8-Mo0,C has an activity for dry
reforming comparable to that of 5 wt% Ir/Al,O3 and 5%
Rh/Al, O3 (59), which would imply that Mo,C is at least as
active as standard commercial catalysts and compares very
favourably with the activity of the sulfided nickel catalysts
currently used to produce reducing gas (24, 29). The order

determined in this study is Ru > Rh > Mo0,C > Ir > «-WC;
nickel catalysts were not compared since carbon deposi-
tion would not allow reliable activity data to be obtained;
no such carbon formation occurs on supported ruthenium,
rhodium, or iridium catalysts (30). Similar activity trends
for the noble metals have been reported previously. The
low activity of «-WC, relative to §-Mo,C, is probably due
to the lower surface area of the tungsten carbide material
(e-WC =39 m? g% -Mo,C =91 m? g~1), and also may be
partly due to the difficulty in obtaining high chemisorption
for «-WC samples, as reported previously (56). However,
turnover frequencies reported in the literature for dry re-
forming over Pt and Pd (29) are less than those for Rh and
Ru and in the same region as that for WC.

A number of reasons have been proposed to account
for the resistance of tungsten and molybdenum carbides to
the formation of coke during reforming. First, it has been
shown by Borowiecki and Golebiowski (77) that the ox-
ides of molybdenum and tungsten, when used as dopants
in a nickel catalyst for steam reforming, considerably re-
duce coking during the reforming reaction. The presence
of the small amount of oxide on the carbide surface may
prevent coking by reaction with adsorbed carbon, before
graphitic carbon can be formed. Similarly, the high rate of
dissociation of carbon dioxide over the carbides may result
in the rapid removal of carbon species, again due to the
presence of active oxygen species. In addition, the carbides
are already saturated with carbon and hence the dissolu-
tion of further carbon to nucleate and form the destructive
whiskers (22) so prevalent on nickel catalysts is unlikely.

Finally, the catalytic similarities reported here between
the carbides and the noble metals for methane reforming
are not surprising since it is well documented (31, 78, 79)
that strong electronic similarities exist between these
materials.

CONCLUSIONS

In conclusion, the stoichiometric carbon free reform-
ing of methane has been demonstrated using molybdenum
and tungsten carbide based catalysts, synthesised by the
Boudart TPR method. The carbide catalysts are stable at
slightly elevated pressures, and this pressure range is prefer-
able for industrial operations. Further, the conditions used
approach those for industrial reformers, particularly those
involved in the production of the OXO feed and reducing
gas; typical steam reformers operate at 10 to 30 bar, 1120 to
1220 K, and superficial contact times of 0.5 to 1.5 s at STP
(80). In addition, molybdenum carbide was found to have a
dry reforming activity comparable to that of supported irid-
ium. It seems possible that these cheap, active, and carbon-
resistant group VI metal carbide catalysts may have use-
ful applications as alternatives to conventional industrial
catalysts, especially for the production of low H,/CO ratio
synthesis gas.
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