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Abstract

There exist two forms of molybdenum carbide: the stable hexagonally close packed (hcp) sffubtop€ and the
metastable face centered cubic (fcc) structw®loCsy_ .. Bulk fcc a-MoCsy_, can be prepared by controlled preactivation
in hydrogen or hydrogen/hydrocarbon mixtures, at moderate temperature (623 K), of MoOstructure molybdenum
oxyhydride or molybdenum oxycarbide are initially formed, respectively, by a topotactic transformation and they can be
further carburized to yield fca-MoC;_,. However, zeolite-supported-MoC;_, cannot be prepared by this route when
hydrogen is used, probably as a result of Mex@olite interactions or a too small size of the Mp€ystals which facilitate
the reduction of Mo@ to MoO,. Carbon stabilization, leading to the fcc structure oxycarbide is necessary, which can be
achieved by activating Mo®with a hydrogeni-butane mixture at 623 K. The latter is then easily carburized to yield fcc
a-MoC;_,. Molybdenum carbide species were identified to be active components in Mo-modified catalysts used for the
direct dehydroaromatization of methane. The catalytic performance of HZSM5 modified by eitteiMizgC, the classical
catalyst well described in the literature, and feéVloC;_,, the new catalytic system we prepared, have been compared.
The latter shows superior performance: higher activity, higher selectivity to benzene, and higher stability as a function of
time-on-stream. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction [1]. Their original report triggered many investigations

on transition metal interstitial compounds (carbides,
In 1973, Levy and Boudart reported that transition oxycarbides, nitrides, and oxynitrides) [2] because of

metal carbides, e.g. W and Mo carbides, may show their potential for the replacement of noble metals in

catalytic properties resembling those of noble metals catalysts. In particular, interstitial compounds of met-
als from group V to VI (V, W, Mo) were studied exten-

—_— sively as they appeared to catalyse several important
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structure is hexagonally close packed (hcp), and the sectors, and large amounts of hydrogen (ca. 9 mol of

metastable phase-MoC;_,, whose structure is face

centered cubic (fcc). Both compounds were tested as

catalysts for hydrotreating reactions, e.g. hydrodesul-
furization [7] and hydrodenitrogenation [8—10], show-
ing that these molybdenum carbides had catalytic
performances comparable with that of commercial
hydrotreating catalysts. Interestingly, Ranhotra found
that thea and molybdenum carbide phases exhibit
different catalytic properties for the hydrogenolysis
of ethane [11].

In most cases, earlier catalytic tests were per-

hydrogen per mol of aromatic compound produced).

It is now generally accepted that the active
molybdenum-containing phase in the active catalyst
is a carbide,3-Mo2C, formed during an induction
period when the Mo-modified zeolite precursor is
reduced by exposure to methane under reaction con-
ditions [20]. With a single exception, a report by our
group [21], all results in the current literature can be
attributed to HZSM5 supporte-Mo,C catalysts.

One of the main challenges to improve the perfor-
mance of such catalysts is increasing their lifetime,

formed using unsupported carbide powders, except essentially by reducing the rate of catalyst deactiva-

for B-Mo,C which, in some cases, was dispersed
on a support, either alumina [12] or silica [13]. To
our knowledge, the preparation and catalytic evalu-
ation of supportedxr-MoC;_, catalyst has not been
reported.

B-Mo2C with specific surface areas in 50-100
m?g~! range can be prepared by temperature pro-
grammed reduction and carburization of Mg@sing
methane or a hydrogen/methane mixture [14]. The
preparation ofkx-MoCj_, with a specific surface area
of about 200 rAg~1 has been reported via two differ-
ent routes: (i) a two-step process comprising the initial
nitridation of MoG; by ammonia followed by carbur-
ization of they-Mo2N nitride [15] and (ii) a one-step
process involving the direct carburization of MO
impregnated with platinum [16]. We reported recently
that the direct carburization of MaQreduced to the
Mo-oxyhydride by hydrogen at 623K also yields the
fcc carbidea-MoC;i_, [17]. This method presents
two advantages: (i) the carbide is not contaminated
with platinum traces that might affect its catalytic
behavior and (ii) the use of ammonia is avoided.
The latter fact is very relevant to the preparation of
a-MoC;_, supported on acidic zeolites because ex-
posure of zeolites to ammonia at high temperature
may result in structural damage [18].

Since Wang et al. [19] reported that methane could
be dehydrocyclized to aromatic products (naphtha-

lene, toluene, methyl-naphthalene, etc.) and hydro-

gen, at 973K in non-oxidative conditions, using a
Mo-modified HZSM5 zeolite, this reaction has re-

tion due to coking, a difficult task when large amounts
of heavy aromatic compounds are produced at high
temperature.

This study describes a route for the preparation
of bulk a-M0oC;_, and its application to the prepa-
ration of a-MoCi_,/HZSM5 catalysts. It further
demonstrates that a catalyst consistingxef10C;_
supported on HZSM5 has superior properties for the
direct, non-oxidative, conversion of methane to liquid
aromatic products. The catalyst lifetime is dramati-
cally increased and the benzene to naphthalene ratio
in the products is about doubled.

2. Experimental
2.1. Carburization of bulk Mo®

MoO3 (300mg, Mdrich, analytical grade) was
activated at 623 K under hydrogen (30 mImii or
under a hydrogenfbutane mixture (w = 11/1,
30 mImin1) for 24 h. The gas flow was then switched
to pure methane (16 mlmit) and the temperature
raised to 983K at a rate of 3K mid. This treatment
has been reported to yietdMoCy_, [17,21].

The same Mo@precursor was also directly carbur-
ized under methane only. For this purpose, Mags
heated under helium (50 mlmid) up to 623K at a
rate of 20 KmiL. The gas flow was then switched to
methane only (16 mImint) and the temperature in-
creased to 983K at a rate of 3K mih This treatment

ceived increased attention as it is a potential route to has been shown to yielg-MO,C [14].
add value to methane, a relatively cheap and abundant The structural transformations occurring during

raw material, yielding both aromatic hydrocarbons,
that are widely used in the petrochemical and chemical

these treatments were followed by in situ powder X-
ray diffraction (XRD). Scanning electron microscopy



C. Bouchy et al./Journal of Molecular Catalysis A: Chemical 163 (2000) 283-296

285

(SEM) was also used to characterize the morphology was equipped with a Paar in situ cell and a posi-

of selected products.

2.2. Preparation of Mo-modified zeolite HZSM5
(Mo/HZSM5)

HZSM5 was obtained by calcining NHZSM5
(Zeolyst International, batch CBV 80140G, SiO
Al>,03 = 80) at 773K for 4h. A Mo/HZSM5 precur-
sor containing 10 wt.% of Mo®was prepared by wet
impregnation of HZSM5 with an aqueous solution of
ammonium heptamolybdate ((M}[M07024]-4H,0,
Aldrich, analytical grade) as described previously
[21]. The dried precursor was calcined in situ at 673 K
in air for 1 h prior to further activation.

2.3. Preparation of HZSM5-supportgdMo,C

In situ calcined sample was activated by a
hydrogen/methane mixture Av 11/1, total
63 mimin1). The temperature was ranged from 298
to 973K at a rate of 5Kminl. The gas mixture was
then switched to pure methane (16.7 mlmij and
the temperature was held at 973K for 10 min.

2.4. Preparation of HZSM5-supportedMoC;

The in situ calcined sample was activated in hy-
drogen (63 mlmin?) or a hydrogemi-butane mixture
(v/v = 11/1, total= 63 mImin~1) for 24 h. The tem-
perature was ranged from 298 to 623K at a rate of
16 Kmin™!, held at 623K for 24 h, and then cooled
to 298 K. The sample was not cooled before further
carburization, but treated as described below.

The sample obtained by the above activation treat-
ments was carburized in a hydrogetutane gas
mixture (v/v = 11/1, total 63mIimirrl). The tem-
perature was ranged from 623 to 823K at a rate of
5Kmin~1. At 823K, the gas mixture was switched
to pure methane (16.7mlmiR) and the tempera-
ture ranged to 973K at a rate of 5Kmih These
conditions were maintained for 10 min.

2.5. Catalyst characterization: XRD, SEM, and TEM

For in situ powder XRD experiments, a Siemens
D5005 diffractometerd—20 mode, Cu Kx radiation)

tion sensitive detector enabling the fast acquisition
(<6min) of XRD patterns. In situ diffractograms
were recorded overé2values ranging from 10 to 60
with a scanning rate of 0.1s per step and a step size
of 0.0144. The various gases (hydrogen, helium,
methane and-butane) were introduced in the Paar
cell using a set of mass flow controllers (Brooks,
5850TR) previously calibrated. Ex situ diffractograms
were recorded overé2values ranging from 15 to 60
with a scanning rate of 0.02s per step. Both molyb-
denum carbide regions were further analyzed in more
detail in 30-50 (20) range at a scanning rate of 5s
per step. Transmission electron microscopy (TEM)
and selected area diffraction (SAD) characterizations
were performed on a JEOL 2000 FX instrument op-
erating at 200kV with a spot size of Qusn. For
the analyses, the sample was ground with a mor-
tar and pestled, and some dried powder layered on
a holy-carbon coated grid. The SEM characteriza-
tion of the powder samples was performed using
a HITACHI S2460N instrument in the secondary
electron imaging mode at 20kV. Prior to insertion,
the powder samples were sprinkled onto AGAR
carbon conductor tabs adhering to conventional
SEM stubs.

2.6. Catalytic microreactor tests

Samples were tested towards their catalytic perfor-
mance for the direct dehydrocyclization of methane
(16.7mlmirrl) to aromatics following in situ
pre-treatments described above. Testing was per-
formed at atmospheric pressure using a fixed bed
continuous plug-flow microreactor system consisting
of an 11 mm-i.d. 316 stainless steel reactor tube con-
taining ca. 1 g of catalyst, plugged at both ends with
quartz wool. The reaction temperature (973K) was
monitored using a K-type thermocouple positioned in
the catalyst bed and gas flows were monitored and
regulated with Brooks 5850S mass flow controllers.
The outlet of the reactor was kept above 500K to
avoid condensation of heavy hydrocarbons. On-line
analysis of the effluent was performed with a Varian
Star 3400CX gas chromatograph using the Varian Star
4.5 data handling software. The aromatic products
were separated using a capillary HP-1 column and
guantified using an FID detector. Other products were
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separated using a Porapak Q column and detected
using a TCD detector.

2.7. Direct carburization of bulk Mog preparation
of bulk 8-Mo,C

Fig. 1 shows the changes occurring in the XRD
pattern, measured in situ under methane flow in the
temperature of 863-983K range.

A qualitative description of the reduction—carburi-
zation process can be obtained by plotting the relative
intensity of a diffraction peak characteristic of each
crystalline phase as a function of temperature (Fig. 2).
MoOs; is slowly reduced to Mo@ between 700 and
863 K. Rapid reduction of Mo®to MoO;, starts at
863K and it is accompanied by the formation of the
intermediate suboxide M®11. MoOs is the only ma-
jor phase present at 923 K. Its complete carburization
yielding B-Mo2C takes place between 953 and 983 K.
Scheme 1 summarizes the transformation pathway.

The SEM picture of Mo@ before and after car-
burization (Fig. 3, direct carburization) shows that the

l—'p—~ B-Mo,C
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% M002 MOOZ
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Fig. 1. In situ XRD patterns recorded during the direct carburiza-
tion of bulk MoO; by methane in the temperature of 863-983 K
range. MoQ peaks are not indexed.
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Fig. 2. Evolution of the relative intensity of a diffraction peak
characteristic of each crystalline phase during the direct carburiza-
tion of unsupported Mo® by methane. The selected diffraction
peaks are identified by &"in Fig. 1.

platelet morphology of the parent oxide, typical of a
layered compound, is lost after carburizatifrvio,C
appears as aggregates of small 2 crystals with
poorly defined shapes.

2.8. Carburization of bulk Mo@after activation at
623 K: preparation of bulle-MoC;

2.8.1. Activation of bulk Mo@at 623 K

XRD patterns of MoQ@ after in situ activation at
623 K under pure hydrogen or hydrogesutane are
shown in Fig. 4. As reported [22], the activation of
MoO3 with hydrogenh-butane leads to the forma-
tion of two compounds, Mo® and a molybdenum
oxycarbide, MoQH,/C,. This oxycarbide has a fcc
structure with a unit cell length of 0.410 nm and a sto-
ichiometry estimated to be MaQ2Co.23Ho.78 [23].
A similar pattern is observed when M@Qs acti-
vated under hydrogen only. It shows the formation of
MoO, and molybdenum oxyhydride, Mo@®l,. The
latter is isostructural with the oxycarbide [23]. Both
the oxyhydride and the oxycarbide are obtained from
MoOs through a topotactic transformation, and the
insertion of hydrogen into the oxide was identified
as the key point of their syntheses [24,25]. The pre-
sence of carbon and hydrogen in the oxycarbide has
been quantified by temperature programmed oxida-
tion (TPO) and temperature programmed desorption
measurements [24,26].

M003 —» MO4O 11 —» MOOZ —> ﬁ-MOzC

Scheme 1.
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Fig. 4. XRD patterns of Mo@ after activation at 623 K under hydrogen or a hydrogdmitane mixture.

2.8.2. Carburization of bulk Mo®activated at 623
K under hydrogen

In situ XRD was used to follow the carburization
of bulk MoO;3 activated at 623 K under hydrogen, i.e.
a mixture of MoQH, and MoG, in the temperature
of 623-983K range and using methane only. Up to
863K, the diffraction peaks of Mofand MoQ.H,
remained unchanged, showing that bulk carburization
of neither phase was occurring. Fig. 5 shows the trans-
formations occurring in the temperature of 863—-983 K
range. At 893K, part of the sample has been carbur-
ized, mostly toa-MoC;_, and at the expense of the
oxyhydride phase. The latter phase was completely
carburized at 923K whereas some Mo@as still
present. Full carburization of the sample was achieved
at 953K, yieldinga-MoC;_, as the main carbide
phase with only traces ¢§-Mo,C. Similar transfor-
mations were observed during the carburization by
methane of the MoQH,,C,—-MoO, mixture obtained
by activation of bulk Mo@ with a hydrogemni-butane
mixture.

As the carburization of Mo@under similar condi-
tions leads to the formation @-Mo>C; the formation
of the fcca-MoC;_, carbide can be unambiguously
attributed to the carburization of either the fcc oxy-
hydride or the fcc oxycarbide. Traces @tEMo,C
in the final material imply that only a small amount
of MoO; is formed after the activation treatment at

viously, MoGy 7 [17]. The value ofacyy confirms that
a pure carbide and not an oxycarbide is formed, the
various oxycarbides being characterized by loagp
values [24,27] and this carbide is similar to the one
previously described in the literature [28]. The coher-
ent X-ray domain size calculated from the broadening

Intensity, a.u.

40 50 60

30

623 K. Scheme 2 summarizes the successive transfor-

mations that occurred.
The unit cell length of the fca-MoC;_, carbide is
acup = 0.428 nm and its stoichiometry, estimated pre-

Two theta, degrees

Fig. 5. In situ XRD patterns recorded during the carburization of
bulk MoO,H,—MoO; by methane.
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Scheme 2.

of the XRD pattern using Scherrer's equation is ca.
3.4nm.

SEM pictures of Mo@ before and after carbur-
ization by this two-step route are shown in Fig. 3.

concluded to be parallel to th@ 1 0 direction of the

MoOs crystallites. The observation of relatively large
electron diffraction spots confirms the small size of
the diffraction domains/crystallites estimated from

The shape of the parent oxide particles is retained the XRD measurements.

in a-MoC;_,, implying that the transformation pro-

cess is pseudomorphous, which is often characteristic2,.9. Preparation of zeolite-supported carbides

of a topotactic transformation. This is in contrast to
the synthesis oB-Mo,C. As the size of the coherent
X-ray domains is much smaller that the particle size
(in the micron range), a nucleation-growth mechanism
is probably also involved in this transformation.

TEM and SAD characterizations (Fig. 6) of
a-MoCqi_, confirm that the route from Mo®to
a-MoC;_, is topotactic according to the Oswald and
Gunter definition [29]. SAD performed on the basal
plane of a particle o&-MoC;_, shows a diffraction
pattern matching that of an fcc structurecf, =
0.428 nm) and the axis zone {4 00. It implies that
all the a-MoCy_, carbide diffracting domains have
the same orientation. As the basal plane of the ini-
tial particle (MoG) was the (0kO0) plane of Mo§)
the (100 direction of thea-MoC;_, crystallites is

Supported molybdenum carbides were prepared us-
ing a Mo (10 wt.%) modified HZSM5 zeolite precur-
sor. Studying the carburization of M@@sing such a
system is complicated by three factors: (i) the lower
concentration of Mo-containing species; (ii) the broad-
ening of the Mo-containing species diffraction peaks
due to their high dispersion and (iii) possible interfer-
ence with diffraction peaks arising from the zeolite.

The XRD patterns of the precursor activated at
623 K using a hydrogenfbutane mixture (a) or hy-
drogen only (b) are compared with the XRD pattern
of the calcined precursor (c) in Fig. 7. The pat-
tern of the calcined sample (c) shows the formation
of MoOs and HZSM5. No MoQ is detected by
XRD in the activated samples, implying that Mg@O

Fig. 6. TEM and SAD characterizations afMoCj_.
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Fig. 7. XRD patterns of the calcined precursor, MA@ZSM5, and of materials obtained after treatment at 623 K: (a) sample activated
under hydrogemtbutane; (b) sample activated under hydrogen; (c) MB@SM5. HSZM5 peaks are not indexed.

has been entirely converted to other Mo-containing The XRD patterns obtained after carburization
phases during activation. Broad reflections at an an- of the (a) and (b) samples mentioned above by
gle » = 26.1 and 37.2 for the sample activated methane are shown in Fig. 8. After carburization,
in hydrogen (b) are consistent with the presence of the hydrogen-activated sample shows the presence of
MoOs. By contrast, when the sample is activated us- hcp B-Mo2C (20 = 34.7, 37.8 and 397 only and

ing a hydrogemi-butane mixture (c), the amount of no fcc a-MoC;_,. By contrast, no hc-Mo»C is
MoOs is very much reduced and is at or below the detected after carburization of the sample activated in
XRD detection sensitivity. Instead, the presence of hydrogenh-butane. Instead, broad peaks at=2 36.5
MoO, H,/C; is indicated by the presence of a new and 42 are observed, which indicate the presence of
broad but distinct diffraction peak ab2= 38.5° and fcc a-MoCq_,.

a weak shoulder at the left of a zeolite diffraction The above observations are of major importance.

peak at) = 44.6°. They show that fcax-MoCy_, can be formed from
O (X-MOC1_X
® B-Mo,C
_ (a)
3
©
2
@ [ ) ®
2 [ ]
£
(b)
25 36 3I5 46 4‘5 50

Two theta, degrees

Fig. 8. XRD patterns of the carburized samples: (a) sample activated under hydrbgtarie and carburized with methane; (b) sample
activated under hydrogen and carburized with methane. HSZM5 peaks are not indexed.
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bulk MoO3 by activation under either hydrogen or
hydrogennh-butane followed by carburization un-
der methane, whereas it can only be formed from
zeolite-supported Mo® when hydrogem-butane
activation is used. They also show that the molyb-
denum oxyhydride is not formed when reducing
zeolite-supported Mo®under hydrogen. Both facts
point out to the important role played by carbon in
stabilizing the fcc structure of the oxycarbide.

2.10. Catalytic microreactor aromatization of
methane

Two samples, consisting of HZSM5 zeolite-suppor-
ted B-Mo,C (prepared as described in Section 2) and
a-MoC;_,, respectively, were used as catalysts for the
aromatization of methane at 973K and atmospheric
pressure using a conventional fixed-bed plug-flow
reactor.

The samples were calcined in air at 873K, instead
of 673K as part of the in situ activation procedure,
which should not affect the following observations
in view of the XRD results reported above. Conver-
sions and selectivities (without accounting for coke

291

Fig. 9 compares the activities of both catalysts as a
function of reaction time whereas Fig. 10 compares
their selectivities towards benzene, naphthalene and
Co's. B-M02C/HZSM5 showed a maximum conver-
sion of ca. 5% after 2 h, the conversion then decreased
steadily to reach only 2.5% after 25h on stream.
In contrast, the conversion observed oMoC;_,/
HZSM5 increased somewhat more slowly, initially,
but remained constant at ca. 6% after 5h. It is also
most interesting to note that theMoC;_,/HZSM5
catalyst is more selective towards the produc-
tion of benzene than thg-Mo,C/HZSM5 cata-
lyst. In both cases, benzene/naphthalene ratios re-
mained nearly constant throughout the test and
were 4 and 2, respectively, which may explain the
higher stability of thea-MoC;_,/HZSM5 catalyst
as a function of time-on-stream. Indeed, polyaro-
matic hydrocarbons are known to be efficient coke
precursors.

Fig. 11 shows the evolution with reaction time of the
rates of formation of aromatic andb@ompounds for
both catalysts. The variations in the formation rates of
aromatic compounds (benzene, toluene, naphthalene
and methylnaphthalene) parallel variations in conver-

formation) are expressed on a carbon basis. Zero sion, indicating that the primary reaction is indeed the

hour time-on-stream is defined as the time when the
temperature reached 973 K. Rates of formation of

formation of aromatic compounds. The rates of for-
mation of G-species (ethane and ethylene) are much

the products are calculated using methane conver-lower and comparable for both catalysts, with only

sions, products selectivities, total gaseous flow and
are expressed on a carbon basis in nmébls

a small increase as function of time-on-stream being
observed.

Conversion, %

o-MoC,,/HZSM5

B-Mo,C/HZSM5

10

15 20 25

Time on stream, hours

Fig. 9. Activity vs. time-on-stream o8-Mo,C/HZSM5 anda-MoC;_,/HZSM5 catalysts used for the aromatization of methane (973K,

atmospheric pressure).
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Fig. 10. Selectivity vs. time-on-stream p{Mo,C/HZSM5 anda-MoC;_,/HZSM5 catalysts used for the aromatization of methane (973K,
atmospheric pressure).

3. Discussion at 623K following activation under hydrogen or a
hydrogennh-butane mixture, respectively, is parallel
3.1. Carburization of unsupported (bulk) MeO to the (010 direction of the starting material, MaO

[24,25]. Thus, the formation of these fcc structures
Preactivation of Mo@ by hydrogen or a hydrogen/ is topotactic. As thg1 00 direction of the final fcc
n-butane mixture at 623 K changes dramatically the «-MoC;_, carbide obtained by carburization of the
nature of the molybdenum carbide, that is eventually oxyhydride or oxycarbide with methane is also parallel
obtained. Direct carburization of Malby methane to the (0 1 0 direction of MoQ, the nature and align-
leads to stable hdp-Mo,C as reported in the literature  ment of the crystallographic system of the oxydride
[14], whereas carburization of the pre-activated sample or oxycarbide remain unchanged during carburization
yields the metastable fcc carbideMoCq_, . (Fig. 12). The latter transformation is accompanied
It has been demonstrated that tie0 0 direction by an increase ofgy, from 0.410 to 0.428 nm, in
of the fcc oxyhydride or oxycarbide phase formed agreement with literature data [16,24,27]. Therefore,

800 ‘

700 -

o~-MoC_/HZSM5: —&—aromatics —8—C2s

8001 B-MOZC/HZSM& — -A—-aromatics — @—-C2s

500 T aia,

1
400 | |
300 -

200 +

Rate of formation, nmol C/ sec

0 5 10 15 20 25
Time on stream, hours

Fig. 11. Rates of formation of aromatic compounds angs@ecies vs. time-on-stream during the aromatization of methane using
B-Mo,C/HZSM5 anda-MoC;_,/HZSM5 catalysts.
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Fig. 12. Schematic representation of the activation and carburization of unsupportegl Mu®orientation and crystallographic system
of the oxyhydride or oxycarbide remain unchanged during the carburization.

it is further demonstrated that controlling the parame- which corresponds to the weakest lattice energy of the
ters of carburization (heating rate, gas mixture, space oxide, without additional structural reorganizations
velocity, temperature, etc.) should enable the synthe- and therefore resulting in a topotactic transformation
sis of fcc molybdenum carbides and oxycarbides of [16].
various composition. The synthesis of a molybdenum It should, however, be emphasized that the insertion
oxycarbide withacyp, = 0.418 nm has already been of heteroelements such as H or C into the oxide lattice
reported when using a different gas flow composi- can also be a critical factor promoting a topotactic
tion and thermal treatment (hydrogetdutane flow, transformation. Indeed, it has been shown that, in the
T1inal = 823 K) [23]. absence of H or C insertion, the reduction of Moi®
The critical step for the formation of fae-MoCj_y not topotactic, even at 623K [24,25]. It has also been
is the preliminary topotactic synthesis of a fcc struc- shown that the synthesis gfMosN from MoQOs is
ture in mild conditions, e.g. 623K and hydrogen or topotactic because nitrogen insertion (i.e. oxynitride
a hydrogeni-butane mixture. This is another illustra- formation) in the solid occurs at low temperature
tion of Figlarz’'s concept about the usefulness of ‘soft [31]. Finally, when MoQ is directly carburized by
chemistry’ applied to the synthesis of new compounds methane (yielding3-Mo,C), the intermediate phases
in the MoO;—WO;3 system [30]. ‘Soft chemistry’ is  detected are only molybdenum suboxides (K¢
defined as an ensemble of ‘soft’ chemicals operation and MoQ), which explain why the process is not
enabling the generation of new phases by using a topotactic.
structural relation between the initial and final phases. Interestingly, for bulk (unsupported) MeQthe in-
In our case, the synthesis of the metastable fcc carbidesertion of carbon at 623K is not mandatory. Forma-
involves the formation at low temperature (623 K) of tion of the fcc oxyhydride, Mo@H,, isostructural to
a fcc structure precursor, i.e. the oxyhydride or the the fcc oxycarbide, MoQH,/C,, is possible. How-
oxycarbide. This precursor provides oriented nucle- ever, this does not preclude that the presence of car-
ation sites for the formation of the carbide at higher bon stabilizes this structure [23,32] and this effect
temperature. This transformation of Mg@nust be has been demonstrated and used to synthesize fcc
performed at low temperature to have a preferential «-MoC;_, supported on zeolite HZSM5 as discussed
collapse of the Mo@lattice along thé0 1 0 direction below.
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3.2. Carburization of supported MaO

Calcination at 673 K is sufficient to decompose the
molybdenum polymolybdates present on the dried
sample after impregnation with ammonium hepta-
molybdate. XRD (Fig. 7) shows the presence of MoO
in the calcined sample, which is a prerequisite for the
topotactical transformation leading to faeMoCq_,
as discussed above.

By contrast to the bulk Mo investigations re-
ported above, treatment in hydrogen (24 h, 623 K) of
HZSM5 supported molybdenum oxide obtained after
calcination yields Mo@rather than molybdenum oxy-
hydride, MoQ.H,. Treatment by a hydrogembutane
mixture results in the formation of molybdenum oxy-
carbide, MoQ'H,/C, and only traces of Mo@ TPO
of the latter sample also shows the presence of oxycar-
bidic carbon evolved as CQOwhich will be described
elsewhere.

As the formation of zeolite-supported molybdenum
oxyhydride is not observed, we conclude that the fcc
structure cannot be formed in the absence of carbon.
This is most likely due to the altered reducibility of
supported Mo®@ compared with bulk Mo, as re-
ported for MoQ supported on alumina [33]. It is not
clear at present whether the latter is due to the smaller
size of the MoQ crystallites or their interaction with
the support.

Carburization of the sample activated under hydro-
gen only yields hcpB-Mo,C/HZSM5, as expected
from the presence of Mofas precursor. Carburiza-
tion of the sample activated under hydrogehltane
results in fcca-MoC;_,/HZSM5 as a consequence
of the topotactic transformation of fcc molybdenum
oxycarbide, MoQ H,/C, These results agree with our
observations for the bulk system.

To the best of our knowledge, it is the first time that
the direct preparation of supported feeMoC;_, is
reported. Lee et al. [38] reported that feeMoCj_,

2.
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MoO; is observed. Work is currently in progress to
assess if these observations and conclusions also hold
for other oxidic supports.

3.3. Catalytic testing: non-oxidative conversion of
methane to aromatic compounds

As seen from Figs. 9—-11, the catalytic performances
of the two supported carbide catalysts are significantly
different.

1. B-Mo,C/HZSM5 deactivates steadily and the con-

version of methane, after 24 h, is only about 50% of

the maximal conversion (5.2%) observed after 2h

(Fig. 9). By contrast, no deactivation is observed

for a-MoC;_,/HZSM5, even after 24 h on stream

(Fig. 9), and astable methane conversion of 6.7

% is maintained at a level comparable or superior

to that reported by other authors [19,20,34-37] for

deactivating catalystdt should also be noted that
the maximum conversion of methane to aromatic
compounds at 973 K is about 11% as governed by
thermodynamics.

The benzene/naphthalene ratio in the products,

expressed on a carbon basis, is about 2 for

B-Mo2C/HZM5 and 4 fora-MoC;_/HZSM5, and

these ratios are maintained throughout the whole

catalytic runs (Fig. 10). Thermodynamics predict
that benzene and naphthalene should be produced
in nearly equimolar amounts at 973K and thus
their thermodynamic ratio expressed on a carbon

basis should be about 0.6.

. The rate of aromatic compounds formation, on a
carbon basis, follows the trends observed for the
methane conversion for both catalysts (Fig. 11).
Cy-species (ethane and ethylene) are formed at a
lower rate ona-MoC;_,/HZSM5 compared with
B-Mo2C/HZSMS5 and after a few hours on stream,
these rates remain constant for both catalysts.
Deactivation of the catalyst at 973K could be

supported on alumina was probably formed upon car- due to either modifications occurring in the zeolite

burization of molybdenum nitride, the latter resulting or the molybdenum carbide, or to coke deposition
from the ammonia nitridation of Mog) but no definite on the catalyst. We did not obtained evidence for
characterization of the carbidic product was provided. structural modifications and we therefore conclude
Our results demonstrate that the critical step to obtain that coke deposition is responsible for the deac-
zeolite-supported fce-MoC; _, is the preactivation of  tivation of B-MooC/HZM5, compared with previ-

MoOs3 to yield a fcc molybdenum oxycarbide precur- ous reports. The latter conclusion is substantiated
sor. In the absence of a suitable hydrocarbon source,by the observation tha&-MoC;_,/HZSM5 is less

the supported fcc oxyhydride is not formed and only selective to naphthalene and has a lower ethane
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formation rate thanB-Mo,C/HZM5, remembering  imply that 3-Mo2C species could be located essen-
that naphthalene is obviously a coke precursor and tially at the external surface of the HZSM5 crystals
that more saturated light alkane species are likely whereas (part ofx-MoC;_, or other Mo-containing
to be formed by hydrogen transfer reaction when species resulting from the hydroge+idutane preacti-
coke deposition occurs. One should also remember vation treatment might also be located in the zeolite
that di-alkylation of benzene by ethylene in adja- intracrystalline volume. We are currently exploring
cent positions leads to a di-ethylbenzene naphthalenethis possibility and do not exclude, however, that the
and coke precursor, a reaction which appears to bea and B molybdenum carbides may have different
less likely on a-MoC;_,/HZSM5. These propos- catalytic behaviors for the aromatization of methane,
als are substantiated by TPO results showing that as differences in their catalytic performance as shown

usedp-Mo2CIHZM5 catalysts contains mostly ‘hard’
(most probably polyaromatic) coke located at the ze-

already [11].
Our results demonstrate the importance of control-

olite external surface, considering molecular shape ling the conditions for the formation of the desired

selectivity effects, likely to block the zeolite pore

supported molybdenum carbides (fcc or hcp) phases

mouths and cause deactivation whereas the ‘used’and show how the catalytic properties of HZSM5

a-MoCy_,/HZSM5 catalyst is essentially contami-
nated by ‘soft’ coke probably £oligomers) partially
occupying the intracrystalline volume of the zeolite
[21]. The formation of ‘soft’ coke ona-MoCj_,/
HZSMS5 certainly indicates that light olefinic species

are involved as intermediates in the methane dehy-

drocyclization reaction.

supported Mo carbide catalysts can be affected. Ad-
ditional work, in progress, is needed to ascertain
whether different catalytic behaviors are due to the
nature of the molybdenum carbide phase, its location,
and/or its dispersion.

The higher benzene to naphthalene ratio, relative to 4. Conclusions

thermodynamic predictions, can be explained by con-

sidering the well-known molecular shape selectivity

The initial topotatic transformation of MogXo the

effects which are imposed by intermediate pore size fcc molybdenum oxyhydride or oxycarbide in ‘soft’

zeolite catalysts. However, we have no firm expla-
nation at this point to rationalize the higher benzene
to naphthalene ratio observed f@MoC;_,/flZSM5
relative to its B-Mo,C/HZM5 counterpart. Zeolite

steric (molecular shape selective) constraints being

identical for both catalysts, this difference can be due
to either a different localization or dispersion of the
« andp molybdenum carbides in or on the zeolite, as
different protocols were followed for their preparation,
or to intrinsic differences in the catalytic activities.
In the latter respect, it is worth noting that the rate of
benzene formation is higher anrMoCjy_,/HZSM5.
The «-MoC;_, metastable phase may be more
prone to activate methane than the stapi®o,C
phase.

As mentioned above, we have no firm explanation
for the higher selectivity of the--MoC;_,/HZSM5

conditions, as achieved at 623 K using hydrogen or a
hydrogennh-butane mixture, is a prerequisite for the
synthesis of fcex-MoC;_, by further carburization of
these phases with methane at higher temperature.

In contrast to bulk Mo@, MoOs supported on
HZM5 is only converted to fcox-MoCi—, when
preactivation is achieved with a hydrogesiutane
mixture. The reducibility of Mo@ is affected by the
zeolite support and carbon insertion in the oxidic
phase is necessary to stabilize the fcc structure.

The preparation of HZSM5 supported fcc molybde-
num carbidep-MoC;_,, has been achieved success-
fully via the above route. It is proposed that this carbon
insertion and fcc structure stabilization method may be
a generic route for the preparation of feeMoC;_,
on various oxidic supports.

Hcp B-Mo2C, prepared by direct carburization of

catalyst towards benzene. We hypothesize, however,MoO3 with methane, and fca-MoC;_,, prepared as

that it is due to a higher pore mouth blockage, result-
ing from ‘hard’ coke deposition at the external surface
of HZM5, for the B-Mo>C/HZMS5 catalyst, leading to

product molecular shape selectivity effects. This may

mentioned above, both supported on HZSM5, have
very different catalytic properties for the non-oxidative
conversion of methane to aromatic compounds at
973K. Fcc a-MoC;_, has superior performance,



296
showing a higher methane conversion, a higher
selectivity to benzene, and no deactivation after 24 h
on stream.
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