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The synthesis of high surface area molybdenum carbides from molybdenum oxide and
butane has been studied via temperature-programmed reaction (TPRe), X-ray diffraction
(XRD), scanning electron microscopy (SEM), 13C solid-state NMR, infrared (IR), and Raman
spectroscopy (LR). The molybdenum oxygen/carbon system passes through four phase
transitions before transforming into the pure Mo2C carbide. Carbon exists in two forms within
high surface area molybdenum carbide. The initially produced molybdenum carbide has a
face-centered-cubic (fcc) structure but is gradually converted into the hexagonal-close-packed
(hcp) structure with increasing carburization temperature, and eventually at high temper-
ature coke is deposited. During the early stages, MoO3 is reduced by H2, but at higher
temperatures, butane also takes part in the reduction and, besides being consumed in the
formation of carbide, is catalytically converted into methane, ethane, propane, and benzene.
The high surface area of the molybdenum carbide materials is a consequence of preliminary
cracking of oxide crystallites during reduction with hydrogen and later from the deposition
of amorphous carbon. Catalytic activity tests indicate that molybdenum carbide material,
prepared at 823 K, is a good catalyst for the dehydrogenation of butane. The carbide obtained
between 923 and 973 K has excellent performance for pyridine HDN with good selectivity.

Introduction

Early transition metal carbide of molybdenum and
tungsten show catalytic properties similar to those of
the noble metals1-4 and so there is considerable interest
in the possibility of using these refractory carbides and
nitrides as novel catalysts as noble metal substitutes.
In particular, the more recent development, of high
surface area carbides, has led to an explosion of interest
in their use. Consequently, carbides have been shown
to be particularly active for hydrotreating, especially
hydrodenitrogenation (HDN),5-16 hydrogenation reac-

tions,17-24 the Fischer-Tropsch reaction,20,23,24-28 hy-
droisomerization,24,29-32 and the oxyreforming of meth-
ane.33-35

The catalytic activity of molybdenum carbide materi-
als is found to strongly related to their surface structure
and elemental composition, which, in turn, depend on
the method of synthesis. Some of the procedures devel-
oped for synthesizing high surface area molybdenum
carbide materials include gas-phase reactions of volatile
metal compounds,36-38 reaction of gaseous reagents with
solid-state metal compounds,39,40,41 pyrolysis of metal
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precursors,42 and solution reactions.43,44 Among these,
one of the most promising and widely used is the gas-
phase carburization of molybdenum oxides, developed
by Boudart and co-workers.45-47 However, there are
many carbon sources for this carburization reaction, and
it has become apparent that various carbon sources and
conditions bestow different properties, structure, and
catalytic performance on the resulting carbides.12,13,48-58

To date, most of the work has focused on the use of
mixtures of hydrogen and methane or ethane as car-
burizing agents. However, these gas mixtures are rela-
tively unreactive and require the use of relatively high
temperatures to affect carburization. The carbide prod-
ucts are limited to high-temperature phases only. There
have been some reports of the use of higher alkanes as
carbon sources, and generally those show greater reac-
tivity as carburizing agents than CH4 and C2H6. There-
fore, we have studied the synthesis of molybdenum
carbide materials using mixtures of hydrogen and
butane for the carburization process, and the structure
and catalytic performance of these carbides have been
investigated, as described below.

Experimental Section

The molybdenum carbides were prepared by temperature-
programmed reduction of molybdenum trioxide (Alfa, 99.995%)
at a rate of 1 K/min to different final temperatures. In all cases,
1.00 g of MoO3 powder was loaded into the commercial Labcon
silica microreactor (o.d. 10 mm) which has been described
previously.59 The carburizing atmosphere was composed of 5%
C4H10 (5 cm3/min, purity >99.99%) and 95% H2 (95 cm3/min,
purity >99.99%). This ratio was chosen on the basis of our
earlier discovery that the most effective ratio for CH4/H2 in
the same carburization 20% CH4 in H2. A total flowing rate of
100 cm3/min passed through the reactor, which was controlled
by mass flow controllers (Brooks). When the temperature
reached the maximum value, it was maintained for a further
2 h. Once the reaction was complete, the samples were
quenched to room temperature under flowing argon by remov-
ing the tube from the furnace. Before exposure to the atmo-
sphere, the samples were passivated in flowing 1 vol % O2/Ar
(20 mL/min). The samples were carburized to final tempera-
tures of 523, 673, 723, 823, 923, and 1023 K, and materials
are denoted as MoC-523, MoC-673, MoC-723, MoC-823, MoC-
923, and MoC-1023, respectively.

The changes of the MoO3 during carburization were moni-
tored by thermogravimetric analysis (TG, Rheometric Scien-
tific STA 1500 equipped with a simultaneous thermal ana-
lyzer). A small quantity (approximately 30 mg) of MoO3 was
loaded into a small platinum crucible and placed into the
balance in the instrument. The heating rate was controlled at
2 K/min, and a flowing atmosphere of 5% C4H10 + 95% H2 was
maintained during carburization. An upper temperature limit
of 1023 K was used, and to ensure complete reaction, the
reaction was held at this temperature for a further 2 h.

The changes in the butane and product gases during the
carburization were studied by TPRe methods. The reactor
consisted of a 6 mm (o.d.) silica tube, into which 100 mg of
MoO3 was loaded and placed into a furnace. The temperature
was increased at a rate of 2 K/min from room temperature to
1023 K and held for 1 h. The exit gas stream was passed
through a filter and then into a GC-MS Hewlett-Packard
5890A gas chromatograph fitted with a Hewlett-Packard
5791A quadrupole mass spectrometer detector (MS). The
masses 10-100 were scanned at 1 s intervals, which allowed
the gases CO, CO2, H2O, CH4, C2H6, C6H6, C3H8, and C4H10 to
be monitored by their parent ions.

The crystalline components of the materials were identified
by X-ray diffraction (XRD) using a Philips PW1710 diffracto-
meter with Cu KR radiation. The morphology of the passivated
samples was observed by scanning electron microscopy (SEM)
on a Hitachi S-520 microscope operated at 20 kV and 40 mA.
The powder sample was dispersed on the specimen stage with
acetone.

Solid-state MAS NMR measurements were carried out in a
CMX-200 NMR spectrometer at a frequency of 50.31 MHz. The
strongly metallic samples were diluted to 40% with sodium
chloride and ground finely before packing into the 7 mm
zirconia rotor, fitted with boron nitride inserts. Typically
20 000 transients were collected using a single pulse (45°), with
a pulse delay of 1.0 s and a 4 kHz spinning speed. The spectra
were recorded at room temperature using adamantane (δ )
29.5) as the reference.

Infrared (IR) spectra of the carburized samples were re-
corded with a Perkin-Elmer Paragon 1000 FT-IR as KBr
pellets containing ca. 1-2 wt % of sample powder, using 16
scans at 4 cm-1 resolution. Raman spectra were recorded in
air with a resolution of 2 cm-1 using a Yvon Jobin Labram
spectrometer, using a 632 nm HeNe laser, run in a backscat-
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tered confocal arrangement. The sample was pressed into a
self-supporting pellet for the average measurement.

Catalyst surface areas were determined from N2 BET
isotherms. The carbon content of the samples was measured
by the Micro-analytical Department at Inorganic Chemistry
Oxford.

For the study of pyridine HDN over the molybdenum
carbides, the activity was accessed using a 6.0 mm (o.d.) silica
reactor. Approximately 0.2 g of catalyst was loaded onto a plug
of silica wool, and the temperature of the catalyst bed was
measured with a thermocouple inserted directly into the bed.
The catalyst was heated under H2 from room temperature to
773 K at a rate of 2 K/min, held at 773 K for 1 h, and then
cooled to 653 K before pyridine was introduced for the reaction.
The reactants passed over the catalyst (total pressure ∼101
kPa) consisting of flowing H2 at a rate of 20 mL/min saturated
with pyridine (99.9%, Aldrich) at 273 K (0.61 kPa). The
products were analyzed using a Hayesep D packed column and
analyzed using a HP 5890 GC equipped with a TCD and FID.

Catalytic reactions for the dehydrogenation of n-butane over
the carbide catalyst were carried out in a fixed-bed continuous-
flow 6 mm (o.d.) silica microreactor. The catalyst powder (0.1
g) was loaded into the reactor and first purged with H2 at 823
K for 2 h followed by the introduction of n-butane at a space
velocity of 1000 h-1. The products were analyzed by an on-
line 5890 GC in with a 2 m long Porapak Q column and
detected by both TCD and FID.

Results

Structure Changes of the Carbides during Car-
burization at Different Temperatures. A series of
molybdenum carbides were synthesized under an at-
mosphere of 5% C4H10 and 95% H2, using temperature-
programmed reduction to different final carburization
temperatures, which were held at the final temperature
for a further 2 h. Figure 1 shows the XRD patterns of
the prepared samples; pattern a corresponds to the
starting MoO3 phase. Upon reduction of the MoO3 with
5% C4H10 + 95% H2 at 523, 623, 673, and 723 K, the
diffraction peaks at 26.03°, 37.02°, and 53.5° are dis-
played in all cases, which are the typical patterns of
monoclinic MoO2.60 When the reduction temperature
was raised to 823 K, the diffraction patterns became
very weak, and only two very broad peaks at 37° and
63° appeared. These are attributed to the diffraction
pattern caused by a fcc arrangement of molybdenum
atoms, presumably MoC1-x

61 or molybdenum oxycar-
bide,32 because, as shown later, there is still some
oxygen present in this sample. However, the oxycarbide
has a similar XRD diffraction pattern to that of MoC1-x.
Carburization at temperatures up to 923 K for 2 h
allows retention of this structure; however, diffraction
peaks at 34.3°, 37.9°, 39.5°, and 52.2° appeared in the
sample carburized to 1023 K, corresponding to the
diffraction peaks of [100], [002], [101], and [102] planes
of hexagonal Mo2C (P63/mmc).62 Thus, carburization at
1023 K changes the faced-centered-cubic lattice to
hexagonal-close-packed Mo2C.

The change of carbon and hydrogen content with the
carburization temperature is shown in Figure 2. For the
samples carburized at temperatures lower than 523 K,
the carbon content was very low, almost undetectable.
Carburization with butane from 723 to 823 K increased
the carbon content in the samples quickly, to a maxi-

mum of 12% corresponding to a value expected for bulk
carbide formation MoC(1-x) or insertion of much carbon

(60) . Natl. Bur. Stand. (US), Monogr. 1981, 25, 18-44.
(61) Lander, Germer Trans. Am. Inst. Min. Eng. 1948, 175, 648.
(62) Tutiya, H. Bull. Inst. Chem. Res. Kyoto Univ. 1932, 11, 1150.

Figure 1. XRD of the molybdenum carbides synthesized with
butane at different temperatures.

Figure 2. Changes of carbon content and surface area in
molybdenum trioxide carburized with butane and hydrogen
at different temperatures.
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atom in the lattice of molybdenum oxide to form
molybdenum oxycarbide. Beyond this temperature, the
carbon content decreased and remained at approxi-
mately 5.5% for the temperature range 873-1023 K and
then increased sharply when the carburization reaction
was performed at 1123 K; this was due to the occurrence
of carbon deposition.

BET surface area measurements showed that the
surface area of the starting MoO3 sample is less than
3.0 m2/g. The surface areas of the samples increased
rapidly when carburized in the temperature range 523-
723 K, which indicates that the surface area increases
during the reduction of MoO3 to MoO2. However, at 773
K, the surface area of the carburized sample decreased
slightly to 55 m2/g. This may be the result of sintering
of the MoO2 oxide, especially considering the relatively
low carbon content achieved at this temperature. The
sample carburized at 823 K has the highest surface
area, at 75 m2/g at this temperature, at which the XRD
data show the monoclinic MoO2 is converted to fcc
molybdenum carbide phase. The surface area of the
carbide prepared at 873 K decreased with increasing
temperature to 37 m2/g for the MoC-1023 sample,
presumably as a result of sintering. Above the carbur-
ization temperature of 1023 K, the surface area de-
creases further; however, this sample was composed of
both the carbide and bulk carbon.

Figure 3 shows the Raman spectra of Mo2C carburized
at different temperatures. The initial oxide shows at
995, 819, 701, 666, 417, 377, 338, 291, and 217 cm-1.
The Raman at 819 cm-1 is the most intense. The bands
at 995 and 377 cm-1 can be attributed to the symmetric
stretching and bending modes of the O-Mo-O bonds
of octahedrally coordinated polymeric molybdenum
oxide.63-65 After temperature-programmed treatment
with H2 and C4H10 up to 523 K, almost no changes were
observed in the Raman bands of the materials. After
reduction at 623 K for 2 h, the bands at 701, 417, and
219 cm-1 had disappeared, and the other bands were
broadened. When the reduction temperature was in-
creased, all of the Raman bands weakened, and at 773
K, there was virtually no spectrum. These changes are
consistent with the strong absorption of the excitation
source. The samples are now black, and this suggests
there will be metallic conductivity at the surface.
Further, the XRD pattern of the sample indicates the
presence of the MoO2 phase, as does the carbon content
data (although by 773 K, the 2% carbon content indi-
cates that carbide formation has started). It appears
that surface carbide formation starts at temperatures
above 673 K, and thus is some 100 K lower than is
required to carburize the bulk sample.

Figure 4 shows the IR spectra of molybdenum oxy-
carbide materials carburized at different temperatures.
After treatment at 523 K, the IR spectrum is identical
to that of MoO3. Raising the reaction temperature to
623 K gives new bands, characteristic of MoO2. Further
carburization gives black metallic materials with no IR
features.

The morphology of materials after reactions of MoO3
at different temperatures has been observed by SEM;
the data are shown in Figure 5. Commercial molybde-
num trioxide crystals are platelets with lengths up to
10 µm. After reaction at 523 K for 3 h, the morphology
of the particles was unchanged. Upon raising the
carburization temperature to 623 K, the morphology of
the sample became irregular, and many star cracks
appeared on the surface of the platelets (Figure 5c). This
is consistent with the phase change and lattice contrac-
tion produced upon reduction of MoO3 to MoO2. After
treatment with butane and hydrogen at 723 K, the
molybdenum sample showed more cracks on the surface
of the platelets, and some of the particles appeared to
have shattered to give crystallites that are several
micrometers wide and up to 5 µm in length. After the
sample was carburized at 823 K for 3 h, some of the
material appeared as sticklike particles, but still a
considerable proportion of crystallites remain which had
retained their parent MoO3 morphology. After reaction
at 923 K for 3 h, there was little further change. The
morphology of the sample after further carburization
at 1023 K for 3 h had changed to rectangular particles,
less than 10 µm in dimensions. This is attributed to
sintering (in agreement with the BET surface area
measurements). The surface of the cracked materials
(MoC-823) from examining a magnification of 2K is

(63) Kasztelan, S.; Grimbolot, J.; Bonnelle, J. P.; Payen, E.; Toul-
hoat, H.; Jacquin, Y. Appl. Catal. 1983, 7, 191.
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Figure 3. Laser Raman spectra of the molybdenum trioxide
carburized with butane and hydrogen at different tempera-
tures.
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shown in Figure 5h. Besides the larger star cracks, there
are also many small holes present on the highly pitted
surface. These voids must be partly responsible for the
high surface area of the resulting carbide.

The 13C MAS NMR data for the carburized materials
prepared at different temperatures are shown in Figure
6. At 623 K, the material showed only one broad peak
at 113 ppm. This peak is assigned by comparison with
a sample that was prepared using the published pro-
cedure,66 carbon located within a fcc molybdenum
lattice. The Raman spectra show there is no bulk carbon
deposition in these samples; hence, the NMR signals are
assigned to the carbon located in the carbide lattice.
This peak became more intense in material from higher
temperature carburization. For the materials formed
after reaction at 823 K, two new peaks showed at 273
ppm which was assigned by comparison to hcp Mo2C
(Aldrich) and a less intense peak at 208 ppm, which is
a spinning sideband. The substantial difference existing
between the chemical shift of carbon in fcc and hcp
molybdenum carbide is surprising. It may be due to the
different structure or possibly the presence of oxygen
in the fcc molybdenum carbide. The materials prepared
at 1023 K showed peaks at 273 and 113 ppm, both

become sharper, suggesting sintering had occurred.
Thus, NMR data are consistent with the transformation
of fcc molybdenum carbide or oxycarbide to the hcp
Mo2C phase. It is interesting to note the persistence of
the fcc-based carbide phase over the 400 K temperature
range. This is not suggested by XRD, which shows only
the arrangement of the phase with the greatest long-
range order, and thus for the most part, the molybde-
num carbide or oxycarbide with fcc structure is not
detected.

There are few reports of the solid-state NMR.67,68 The
13C NMR chemical shift of hexagonal molybdenum
carbide has been reported at 273 ppm67 in agreement
with our data. The 13C NMR peak at 113 ppm has been
observed before69 and was assigned to amorphous
carbon deposited on the catalyst. However, bulk carbon
deposition is not expected to occur until temperatures
reach 900 K. Also, as noted, a large amount of oxygen
held within the material up to 950 K. This implies that
the phases produced up until this temperature are best
represented as MoCxOy rather than being the pure
binary carbides. Therefore, we assign the peak at 113
ppm to carbon atom within MoOxCy with fcc structure.

Monitoring the Carburization of MoO3 with a
Mixture of Hydrogen and Butane. TG-DTA analysis
was carried out at MoO3 (30 mg) treated with a heating
rate of 2 K min-1 in a flow of 50 cm3 min-1 of a mixture
of butane in hydrogen. The final temperature of 973 K
was held for 2 h in line with the experiments of TPRe-
MS and carbide preparation. The data are shown in
Figure 7. Four stages of weight loss were observed
during the carburization of the MoO3. The first stage
occurred in the range 473-693 K, and the sample
weight decreased very slowly by about 0.35 mg. From
693 to 910 K, a 4.0 mg weight loss occurred, which is a
greater weight loss than expected for simply reduction
of MoO3 to MoO2 (2.9 mg). The sharp weight loss in the
temperature range 920-950 K was 3.0 mg; the mini-
mum weight at 21.5 mg corresponds to a little above
that expected for pure Mo2C. The weight of the sample
increased continuously from 21.5 to 25.0 mg from 950
to 973 K but remained the same hereafter. The final
increase of the sample weight is caused by carbon
deposition on the active surface.

From the DTA curves, it can be seen that reaction of
MoO3 with a mixture of H2 and butane is endothermic
from room temperature to 820 K. From 820 to 960 K, a
large exothermic change occurred which is probably due
to the phase change from fcc MoC(1-x) to Mo2C.

Figure 8 shows the distribution of volatile products
during carburization of MoO3 with 95% H2 + 5% C4H10.
The profiles of m/e ) 16, 18, 28, 30, 44, and 78
correspond to methane, water, carbon monoxide, ethane,
carbon dioxide, and benzene, respectively. The peaks at
39, 43, and 44 can all be attributed to fragments derived
from butane. The reaction was monitored from room
temperature to 690 K; only the signals associated with

(66) Lee, J. S.; Volpe, L.; Ribeiro, F. H.; Boudard, M. J. Catal. 1988,
112, 44.

(67) Ledoux, M. J.; Pham-Huu, C.; Delporte, P.; Blekkan, E. A.;
York, A. P. E.; Derouane, E. G.; Fonseca, A. Stud. Surf. Sci. Catal.
1995, 92, 81.

(68) Meunier, F.; Delporte, P.; Heinrich, B.; Bouchy, C.; Crouzet,
C.; Pham-Huu, C.; Panissod, P.; Lerou, J.; Mills, P. L.; Ledoux, M. J.
J. Catal. 1997, 169, 33.

(69) Kellberg, L.; Zeuthen, P.; Jakobsen, H. J. J. Catal. 1993, 143,
45.

Figure 4. IR spectra of the molybdenum trioxide carburized
with butane and hydrogen at different temperatures.
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butane were observed. When the temperature reached
720 K, water was observed, but there were no changes
in signals associated with butane, implying that the
water was formed by the reduction of MoO3 with
hydrogen and that butane was not involved in the
reduction of this stage. Further increase of the temper-
ature caused the peaks associated with butane to
decrease and reached a minimum at 793 K. Meanwhile,
the signals of m/e ) 18 and 44 due to H2O and CO2
appeared. This contrasts with the reduction of MoO3
with methane or ethane, in which no CO2 was produced
up to 793 K,70 so that butane is more active than

methane or ethane for preparing carbides at lower
temperatures. The signals due to methane, ethane,
propane, and benzene start to appear at 793 K, sug-
gesting the butane is undergoing hydrocracking and
dehydrogenation to benzene on the partially reduced
and carburized MoO3. The maximum production of
benzene (m/e ) 78) occurred at 872 K, which correlates
closely with the peak associated with ethane. At 890 K,
a maximum in CO production was observed, and by 898

(70) Decker, S.; Lofberg, A.; Bastin, J. M.; Frennet, A. Catal. Lett.
1997, 44, 229.

Figure 5. SEM graphs of MoO3 carburized with butane and hydrogen at different temperatures.
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K, the peaks for water, methane, carbon monoxide, and
carbon dioxide had appeared, coupled with a sharp
decrease of the identity of peaks associated with butane.

Thus, butane is converted into methane, carbon mon-
oxide, carbon dioxide, and also probably to deposited
carbon. Above 897 K, butane is completely converted
to methane and thus continues the carburization pro-
cess. When the temperature reaches 950 K, the fourth
maximum of water production appeared accompanied
by the peaks of CO and CO2 and a decrease in methane
formation. This shows the last remnants of molybdenum
oxide are reduced. Above 950-1013 K, the signals due
to carbon products were all relatively weak, showing
that carbon deposition was occurring. Above 1023 K, the
main reaction products were methane, ethane, and
propane. According to our XRD results, the molybdenum
carbide was fully formed when the reduction tempera-
ture was 823 K. However, the TPRe-MS data show there
are still some oxygen-containing compounds like water
and carbon oxides formed in a further reduction with
C4H10 and H2. Therefore, it seems that the molybdenum
carbide synthesized at temperatures lower than 950 K
still contains oxygen in the fcc carbide lattice as
molybdenum oxycarbide materials, as suggested by
Oyama71 and Ledoux.32

Catalytic Activity of Molybdenum Carbide for
Pyridine HDN and Dehydrogenation of Butane.
The catalytic activities of samples of molybdenum
carbide prepared at 823, 873, and 1023 K have been
tested for pyridine HDN using 1 atm of hydrogen. As
shown in Figure 9, the conversion of pyridine using
MoC-873 K was nearly 100%, but for MoC-823 K, it was
only 45% at first. The MoC-1023 K catalyst had the
lowest activity. Unfortunately, the activities of all the
three catalysts decreased with time, and MoC-823 K

(71) Oyama, S. T.; Yu, C.; Ramanathan, S. J. Catal. 1999,184, 535.

Figure 6. 13C MAS NMR spectra of MoO3 carburized with
hydrogen and butane at different temperatures.

Figure 7. TG-DTA curves of MoO3 under the atmosphere of
H2 + C4H10.

Figure 8. TPRe-MS of MoO3 during carburization of MoO3

with butane and hydrogen.
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activity decreased the fastest. After 4 h on stream, the
activity of MoC-823 K was about 10%, and that of MoC-
1023 K was less than 20%. All three carbide catalysts
are not stable; hence, the preliminary pyridine HDN
rate is calculated on the basis of preliminary conversion
of pyridine at 650 K and 101 kPa. The pyridine conver-
sion rate is 0.51 nmol/(g s) over MoC-873 K, 0.22 nmol/
(g s) over MoC-823 K, and 0.09 nmol/(g s) over MoC-
1023 K. MoC-873 K is not only more active than the
other two catalysts but also more stable. Pyridine
conversion over it was still nearly 70% after 5 h reaction.

The MoC-873 K catalyst was more active for pyridine
HDN than molybdenum carbide prepared using meth-
ane.72,73 The lower activity of MoC-1023 K possibly
resulted from its hexagonal structure, which may not
be as active as the molybdenum carbide with fcc
structure (hcp molybdenum carbide is prepared from
methane) although this catalyst also has a considerably
lower surface area than either of the other two systems.
The main products of the HDN reaction were butane,
pentane, and cyclopentane, showing that molybdenum
carbide prepared using butane has good selectivity.

As shown from the TPRe-MS results, during carbur-
ization of MoO3, some benzene was produced in the
temperature range 793-897 K even though the hydro-
gen concentration was 20 times higher than the butane,
suggesting that fcc molybdenum carbide materials,
which also contains a high oxygen content, is active for

dehydrogenation of butane under carefully controlled
conditions. Moreover, conversion of low-cost liquefied
petroleum gas (LPG) into valuable aromatics is a very
important reaction.74 Therefore, we prepared molybde-
num carbides by temperature-programmed carburiza-
tion with 5% C4H10 + 95% H2 at a rate of 2 K/min to
823 K and held the catalyst at 823 K for a further 30
min, before changing the gas feed to pure C4H10 at a
GHSV of 1000 h-1. The conversion of butane was around
9% during the first 30 min, and the product was mainly
benzene. But after 4 h on stream, the conversion had
slowly decreased to 6.4% (Figure 10). This activity was
higher than that obtained for the commercial Ga/ZSM-5
catalyst.75 The selectivity to benzene remained constant
at around 80%, which suggests that fcc MoOxCy or
MoC(1-x) is also quite active and selective for the dehy-
drogenation of butane to benzene. Further studies will
be made on the optimization of molybdenum carbide
preparation for this reaction.

Discussion

Phase Transformation of MoO3 during Carbur-
ization with Butane. There have been several stud-
ies56,58,68 on the phase transitions occurring during
carburization of MoO3 with methane and ethane. The
reaction of MoO3 with ethane proceeds topotactically,
while with methane it does not. It has been proposed
that the intermediate phases between MoO3 and Mo2C
include MoO2 and MoOxCy

56,57 and that formation of
(72) Choi, J. G.; Brenner, J. R.; Thompson, L. T. J. Catal. 1995,

154, 33.
(73) Xiao T.-C.; Al-Megren, H.; York, A. P. E.; Claridge, J. B.; Wang,

H.-T.; Sloan, J.; Green, M. L. H. 12th Jaques Cartier Meeting, Clean
Processes and Environment: The Catalytic Solution, Poster 17, Lyon
France, Dec 6, 1999.

(74) Doolan, P. C.; Pujado, P. R. Hydroc. Process. Sept 1989, 68,
72.

(75) Mao, R. L. V.; Carli, R.; Yao J. H.; Ragaini, V. Catal. Lett. 1992,
16, 43.

Figure 9. Pyridine HDN activity over molybdenum carbides
prepared with butane and hydrogen at different temperatures.

Figure 10. Activity of dehydrogentaion of n-butane over
molybdenum carbide prepared with butane at 823 K.
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MoO2 makes the nontopotactic route to Mo2C unavoid-
able. According to the results of XRD, Raman, and
NMR, MoO3 was first transformed mainly into MoO2,
and increasingly molybdenum oxycarbide on the surface
with increasing temperature, suggesting that the MoO3
transformation to Mo2C is nontopotactic. We observed
that MoO3 is converted into MoO2 at temperatures
between 523 and 623 K, over which temperature range
the carbon content remained very low, and this reduc-
tion is caused mainly by the hydrogen and not the
butane. However, even for the sample produced at 623
K, an adequate 13C NMR signal appeared, showing that
there was carbon present. This process was further
confirmed by the results of Raman measurements. As
shown in Figures 3 and 4, the vibrations due to
molybdenum oxide still exist (albeit weakly) in the
samples carburized at temperatures up to 623 K.
However, because the samples became black after
carburization from 623 to 723 K, surface carbide forma-
tion must have been occurring. It is proposed that this
surface carbide formation led to the virtual disappear-
ance of the Raman spectra since the intensities of the
bands became very weak. It should be noted, however,
that the temperature was too low to effect the bulk of
the sample as indicated by low values for carbon in the
elemental analysis data, even though carbon was de-
tectable by NMR, which shows that it existed in a fcc
molybdenum lattice environment.

The TPRe-MS results show that between 703 and 800
K water is produced and the butane flow decreases a
little, suggesting that at this stage both hydrogen and
butane are involved in the reduction process. By 823
K, according to the XRD data, the bulk of the sample
has gained a fcc structure, even though some oxygen is
still being evolved in the form of carbon oxides and
water. Thus, by this temperature, the sample consists
of fcc molybdenum carbide with a high oxygen concen-
tration, i.e., the MoOxCy phase noted previously. How-
ever, it should be pointed out that the oxygen concen-
tration rapidly diminishes with temperature and that
most of the reduction i.e., oxygen loss, has already
occurred, this being signaled by the high water profile
in the MS data between 700 and 800 K. Having said
this, some oxygen still persists in the sample, since
water and carbon oxides continue to be evolved in the
subsequent (higher temperature) reduction. This is also
quite readily reconciled with reference to the TGA
results, which do not show any well-defined features,
but rather a general, featureless weight loss over this
temperature range, consistent with there being a whole
range of compositions possible. According to refs 36-
38, molybdenum carbides can be formed at tempera-
tures around 900 K using ethane as the carbon source.
When using methane as a carbon source, carbide forma-
tion occurs close to 1000 K; hence, hexagonal Mo2C is
formed directly under these conditions. Since carbide
formation is observed by 750 K, these results suggest
that butane is more active in the carburization of MoO3
and that the intermediates formed during carburization
are different from those for ethane and methane.

After carburization at 923 K, the structure of the
reduced sample is still mainly fcc MoC1-x, but a con-
siderable quantity of the hcp phase is also present, as
indicated by XRD and carbon elemental analysis. Note-

worthy is the increased broadness of the XRD pattern
for the hcp carbide, and also from the slight increase in
BET surface area at 923 K, it appears that the particle
size may be becoming smaller in association with the
phase change. This is also supported by the NMR data
which suggest that hcp Mo2C is present at these
temperatures.After raising the carburization tempera-
ture to 1023 K, the sample consists mainly of the
hexagonal Mo2C (XRD and NMR), but more impor-
tantly, no oxygenates are detected in the TPRe-MS data,
confirming that the oxygen in the carbide has been
completely removed. Also, according to TPRe-MS re-
sults, almost all of the butane was hydrogenated into
methane after 900 K; thus, the final phase of the
carburization process, from fcc MoCxOy to hexagonal
Mo2C, was caused by methane. This reduction procedure
provided both CO and CO2 as products. Thus, this last
stage in the reaction is the same as when methane is
used as the carbon source.

Chemical Reactions of Butane during the Car-
burization of MoO3. Butane is not as thermally stable
as methane and can undergo many reactions, some of
which have been observed during the carburization
process. According to the TPRe-MS results, at temper-
atures below 793 K, the only reaction that appeared to
be occurring was the reduction of MoO3; the butane
shows little reactivity. However, above this tempera-
ture, carburization of the MoO2, to form the fcc carbide
(strictly fcc moybdenum oxide-carbide solid solution),
water and carbon oxides, started to occur along with
other side reactions. These include the cracking of
butane to give lower hydrocarbons such as methane,
ethane, and possibly propane, but also formation of
benzene. No xylenes or ethylbenzene was detected.

After the carburization temperature was raised to 910
K, a mixture of mainly fcc MoC and hcp Mo2C existed
together with a low oxygen content. These phases
together appear to be very active for methanation since
from 910 to 1023 K, only methane existed in the gas
phase. Efficient methanation is consistent with the
noble metal character exhibited by molybdenum car-
bides; i.e., the highly reduced molybdenum sites found
in the carbide display reactivity that resemble metals
such as nickel. This type of reactivity is also in agree-
ment with the observation that the phases have a very
low oxygen concentration.

When the carburization temperature was raised
above 1023 K, the catalyst consisted almost entirely of
hexagonal Mo2C; however, it is also reasonable to
assume that most of the bulk carbon deposition has
occurred by these temperatures since the product
distribution changes abruptly, implying that the active
sites of the catalyst have been covered. At temperatures
greater than 1023 K, only gas phase cracking occurs; it
is suspected that the carbide plays little further role
since the product distribution does not change with
temperature. The products consist mainly of methane
and C2 products. Thus, from 703 to 1023 K, oxidation,
cracking, and methanation reactions have all been
observed, reflecting the ever decreasing oxygen concen-
tration within the catalyst with increasing temperature.

Catalytic Activity of the Carbide for Pyridine
HDN and Dehydrogenation of Butane. It has been
shown that the electron-rich nature of molybdenum
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carbide is similar to that of the noble metals, and it is
active for reactions involving hydrogen activation.1,8,78

In previous studies of pyridine HDN, the molybdenum
carbide used has been prepared using methane as the
carbon source: the activity and lifetime of these carbide
catalysts were not satisfactory.73 Our results show that
the molybdenum carbide prepared using butane at 873
K can completely convert pyridine into nitrogen-free
compounds initially, with a high selectivity to C4 and
C5 alkane products. However, the activities of the
catalysts MoC-823 K and MoC-1023 K were not as good.
This may be due to the fact that MoC-873 K, which has
fcc structure, still contains a moderate concentration of
oxygen in the lattice or because the particle size is much
smaller than for the carbide prepared using methane.
The catalyst MoC-1023 K was not as active as MoC-
873 K, probably because there is carbon deposited,
which covers the active sites. The structure of MoC-1023
K is hexagonal Mo2C, which is the same as that
prepared from methane at 1053 K. However, its activity
is even lower than that of the carbide prepared from
methane, further suggesting that a greater carbon
deposit on MoC-1023 K is the main reason for the lower
activity of the catalyst. The reason why MoC-823 K is
less active is not clear, having both the lowest activity
and the shortest lifetime. However, this may be tenta-
tively attributed to insufficient carburization.

The nonoxidative dehydrogenation of lower alkanes
into more valuable olefins or aromatics is a reaction that
has received considerable attention.76,78-82 It has been
shown that ZSM-5 supported molybdenum oxide is a
very effective catalyst for this reaction. Under the
reaction conditions, the molybdenum oxide is converted
into a carbide, which is probably the active phase, which
when combined with the acidic nature of the ZSM-5
support works as a bifunctional catalyst, performing
both dehydrogenation and isomerization. Gallo et al.57

have pointed out that carbon-modified MoO3 has a
sufficiently acidic nature to catalyze the isomerization
of butane. During carburization, it has been shown that
dehydrogenation of butane to benzene could occur, even
in the presence of a large excess of hydrogen. This
indicates that the molybdenum carbides prepared with
butane at temperatures between 793 and 900 K do
display both noble metal and acidic characteristics. This
is presumed to be due to the presence of both oxygen
and carbon within the molybdenum lattice: careful
control of the oxygen concentration is crucial. Hence,
we carried out the dehydrogenation of butane over the
molybdenum carbide material formed by the carburiza-
tion of MoO3 at 823 K for 2 h. This catalyst showed a
conversion of butane of around 8% and a selectivity to
benzene which was greater than 80%. The high selectiv-
ity to benzene is quite surprising, since we see no

conversion to xylenes or other C8-containing products.
Further studies are continuing.

Conclusions

Molybdenum carbide materials can be prepared using
butane at a lower temperature than using either
methane or ethane. In contrast to carbide preparation
using either of these latter two gases, the fcc type
structure of MoCxOy is formed at low temperatures
using butane. Only after raising the carburization
temperature above 1023 K does the MoCxOy change to
hexagonal Mo2C. Transformation of MoO3 to Mo2C
during carburization with butane and hydrogen pro-
ceeds with a degree of topotacticity.

Solid-state NMR spectroscopy has been used to char-
acterize the catalysts, and the data show two main types
of carbon environment exist in the carbide materials.
The broad resonance at 117 ppm in the 13C NMR is
assigned to carbon within fcc molybdenum lattice, while
the peak at 273 ppm is assigned to molybdenum carbide
with the hcp structure.

The reduction of MoO3 with a mixture of H2 and
butane proceeds in several, albeit ill-defined, stages. The
preliminary reduction of MoO3 to MoO2 is carried out
with H2, during which period most of the high surface
area was created. Subsequent reduction is mainly
associated with butane. Once carburization begins,
there is a gradual loss of oxygen from the lattice, which
occurs more rapidly from the surface of the material and
a phase change of molybdenum carbide material from
monoclinic to face-centered cubic occurs. The cubic
phase appears to allow an almost continuous range of
oxygen and carbon solubility and may be called an
oxycarbide phase. Higher temperature carburization
leads to the â-Mo2C phase, which is the usual one
produced from methane and ethane feedstocks. Above
1000 K carbon deposition occurs on the surface of the
carbide along with sintering.

At higher carburization temperatures, butane is
cracked and hydrogenated into methane, ethane, and
propane. However, in the temperature range 800-900
K, dehydrogenation of butane over the oxycarbide phase
also occurs, and the main product is benzene despite
the high hydrogen concentration existing in the reac-
tants.

Molybdenum carbide material prepared using butane
at 873 K is a good catalyst for pyridine hydrodenitro-
genation. The nitrogen from pyridine could be elimi-
nated over this material at 653 K under a hydrogen
atmosphere. The selectivity to C4 and C5 alkane
products is very high. We have also shown that molyb-
denum carbide prepared from butane at temperatures
between 773 and 823 K is active for the dehydrogena-
tion, coupling, and isomerization of butane to benzene.
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