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Abstract

The effect of pre-reduction with H2 at a low temperature, i.e. 623 K, on the structure of the Mo/HZSM-5 catalyst prepared by impregnation has
been studied and characterized by means of1H MAS NMR and EPR techniques. It has been revealed that there are three kinds of Mo species on the
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o/HZSM-5 catalyst, namely, the Mo6c
6+ oxide species with distorted octahedral coordination, the Mo5c

6+ oxide species with square pyrami
oordination, and the Mo6+ oxide species associated with the Brönsted acid sites. The first two Mo oxide species exist mainly on the ex
urface of the HZSM-5 zeolite, and can be readily reduced to form the�-Mo2C species, while the last one resides primarily in the channels,
ifficult to be fully reduced to form Mo carbide species. The Mo oxide species associated with the Brönsted acid sites can be partially reduce

he MoOxCy species during the induction period, which play a crucial role in the methane dehydro-aromatization (MDA) reaction. ThexCy

pecies with face centered cubic (fcc) structure are more active and more selective towards benzene, yet more stable than those Mo ca
ith hexagonally close packed (hcp) structure. It is likely that pre-reduction with H2 at 623 K can enhance the topotactic transformation of the
pecie from the hcp structure into the fcc structure, thus can improve greatly the catalytic activity and selectivity towards mono-aromatl
s the stability of the Mo/HZSM-5 catalyst.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Considerable attention has been focused on the transforma-
ion of natural gas (mostly methane) into highly value-added
iquid fuels and petrochemicals, owing to the increasing con-
umption and the shortage of oil resources. Therefore, devel-
ping of more economic processes for methane conversion
ecomes one of the serious challenges facing catalytic chemists
round the world[1]. Catalytic dehydrogenation and aromatiza-

ion of methane in the absence of gas-phase oxygen into highly
alue-added chemicals such as benzene and naphthalene turn
ut to be a promising route for the effective utilization of natu-
al gas[2–6]. Methane dehydroaromatization (MDA) occurs at
elatively lower temperatures (about 1000 K), as compared with
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the homogeneous pyrolysis of methane. Recently, this rea
has been widely investigated, and various transition meta
such as Mo, W, Re, V, Ga and Cr, as well as different zeo
such as HZSM-5, HZSM-11, HZSM-8, HMCM-41, HMCM
22, HMCM-49, H-beta, HY and H-mordenite, have been te
[7–15]. Up to now, however, the Mo/HZSM-5 catalyst is s
regarded as the best one among the tested catalysts at
tion temperature of 973 K and a methane space veloci
around 1500 ml/g h[16]. It is generally accepted that the M
oxide species are well dispersed on/in the HZSM-5 zeolite
calcination, and the Mo species are reduced by CH4 in the ini-
tial period of the reaction to form Mo carbide species, wh
are responsible for methane activation and for the formatio
C2Hy species (y < 4) [17,18]. Moreover, due to the unique cha
nel structure of the HZSM-5, together with its Brönsted acid
sites and the suitable pore size of 0.53 nm× 0.56 nm, which is
close to the kinetic diameter of benzene molecule, aromatiz
of the C2 intermediates can proceed easily[15,19].

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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There are several kinds of Mo species in different states and
various coordination environments on/in the Mo/HZSM-5 cata-
lysts, as identified by FT-IR, ISS, NH3-TPD[7,18,20], NH4OH
extraction and27Al, 29Si MAS NMR techniques[21,22]. Usu-
ally, the Mo oxide species are highly dispersed on the HZSM-5
surface, and interact with the Brönsted acid sites of the HZSM-5
if the Mo loading is less than 8 wt%, and the calcination tem-
perature is lower than 823 K. With an increasing Mo loading,
MoO3 crystallites can be detected by XRD and FT-IR[7]. On
the other hand, the extraction of framework Al by the Mo oxide
species will become more severe with the increase of the Mo
loading and the calcination temperature. Up to now, what kind
of Mo oxide species are acting as the precursor of the active Mo
carbide species in MDA is still under discussion. Lunsford et al.
and Solymosi et al. suggested that the Mo2C species, highly dis-
persed on the external surface of the HZSM-5 zeolite, played the
role of active sites and were responsible for initial methane acti-
vation[23–27]. Iglesia et al. demonstrated that most of the Mo
species could migrate into the channels, replacing the Brönsted
acid sites and anchoring on them[28–31]. Recently, they have
used silicon-containing organic molecules to selectively interact
with the external Br̈onsted acid sites of the HZSM-5 zeolite (so
called silanation method), which could lead to residence of all
Mo species in the channels. The Mo/HZSM-5 catalyst prepared
by using the zeolite modified by silanation method exhibited
excellent performances in the MDA. The authors also showed
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used to monitor and characterize the alteration in chemical
environment and coordination of the Mo species during the pre-
reduction and the early reaction stages, while the1H MAS NMR
technique was used to monitor the changes of various hydroxyl
groups on the HZSM-5 zeolite during the preparation and pre-
reduction stages of the Mo/HZSM-5 catalysts.

2. Experimental

2.1. Catalyst preparation

The Mo/HZSM-5 catalyst having a Mo loading of 6 wt%
was prepared by the conventional impregnation method. In
brief, a HZSM-5 zeolite (supplied by Nankai University,
SiO2/Al2O3 = 50) was impregnated with an aqueous solution
containing the desirable amount of ammonia heptamolybdate
((NH4)6[Mo7O24]·4H2O), and then dried at room temperature
for 12 h. Finally, it was dried at 393 K for 2 h and calcined in air at
773 K for 6 h. For use as samples of catalyst evaluation and char-
acterization, the catalyst was crushed and sieved to 250–425�m
granules (20–60 mesh).

2.2. Catalyst activation via prereduction

Before reaction, the Mo/HZSM-5 catalyst was prereduced
in situ by H . A catalyst sample (0.2 g) was charged into a
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hat the Mo species in the channels were less sensitive in
ng carbonaceous deposits, and were more effective for me
ctivation[19]. Our previous studies revealed that the reduc

ties of the Mo species located at various positions on/in
ZSM-5 zeolite were different, i.e. the MoOx species whic
ere non-associative with the Brönsted acid sites could be eas
nd fully reduced into the Mo carbide species by methane, w

he Mo species associating with the Brönsted acid sites cou
nly be partially reduced by CH4, which, very likely, formed

he MoOxCy species[32].
Many kinds of Mo carbide species can be formed, dep

ng on the nature of the Mo precursors and the carburiz
onditions, as has been reported in[33–35]. Recently, Derouane
bd Hamid and co-workers have studied the effect of diffe
hases of the Mo carbide species phases on the catalyti

ormance of the Mo/HZSM-5 catalysts in MDA. They ha
ound that if the Mo/HZSM-5 catalyst was pre-reduced w

mixture ofn-C4H10/H2 at 623 K for 24 h and then react
ith CH4, the catalyst was more active and stable for the M

eaction. The authors claimed that the Mo carbide species
ormed after prereduction with a mixture ofn-C4H10/H2 at
23 K for 24 h was in the form of�-MoC1−x, which was a

ace centered cubic (fcc) structure. On the other hand,
f the studies reported in the literature concluded that the
arbide species of the Mo/HZSM-5 catalysts were in the
f �-Mo2C with a hexagonally close packed (hcp) struc

36–38].
In this work, the effects of hydrogen prereduction at a

emperature (623 K) on the structure as well as the cata
erformances for MDA of a 6 wt% Mo/HZSM-5 catalyst w

nvestigated by1H MAS NMR and EPR techniques. EPR w
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xed-bed quartz tubular reactor of 6.2 mm I.D, and a hydro
ow of 2400 ml/(g cat h) was introduced into the reactor. A
2-prereduction, a 10% N2/CH4 stream (1500 ml/g cat h) w
witched into the reactor and the temperature was raised to
t a heating rate of 5 K/min. All gases used in this work w
f UHP grade and were used without further purification.
atalyst, prereduced with H2, was denoted as Mo/HZSM-5(H
hile that without H2-prereduction and was directly heated
0% N2/CH4 stream to the reaction temperature of 973 K,
enoted as Mo/HZSM-5(O).

.3. Catalytic test

After the H2-prereduction, the catalyst was evaluated
xed-bed flow reactor at 973 K and atmospheric pressure
atalyst charge was 0.2 g. The feed was a gas mixture of
2/CH4 (1500 ml/(g cat h)), and the N2 in the CH4 was used as a

nternal standard, as reported by Lunsford et al.[18], for measur
ng the CH4 conversion as well as the selectivity of all produ
nd carbonaceous deposits. On-line analysis of the effluen
erformed with a Hewlett-Packard 6890 gas chromatog
he hydrocarbon products, including ethane, ethylene and
ensable C6–C10aromatics such as benzene, toluene, xylene
aphthalene, etc., were separated by using a methyl-silicon
capillary column (0.32 mm× 50 m) and determined by a flam

onization detector (FID). For on-line separation and analys
2, N2, CO, CH4, CO2, C2H4 and C2H6, etc., a HayeSep-
olumn (3 mm× 2 m) and a thermal conductive detector (TC
ere equipped on the same gas chromatograph. Methan
ersion, selectivity of hydrocarbon products, and coke forma
ere evaluated according to carbon mass balance. All rea
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rates were calculated basing on carbon balance and expressed
as mmoles per gram of catalyst per second.

2.4. Catalyst characterization

1H MAS NMR experiments were carried out at 400.1 MHz
on a Bruker DRX-400 spectrometer with a BBI MAS probe and
4 mm ZrO2 rotors. Prior to the experiments, the Mo/HZSM-
5 catalyst sample was pretreated in two different ways. In one
case, the sample was dehydrated in a He stream at 623 K for 20 h
to remove adsorbed water. In the other case, the sample was first
reduced by hydrogen (2400 ml/g cat h) at 623 K for 6 h and then
dehydrated in a He flow at 623 K for 20 h. After the pretreatment,
the sample was put into the NMR rotor for measurement without
exposing to air. Each sample was spun at 8 kHz, and 200 scans
were accumulated. Chemical shifts were referenced to a satu-
rated aqueous solution of 4,4-dimethyl-4-silapentane sulfonate
sodium (DSS). The number of Brönsted acid sites per unit cell
in the parent zeolite was calculated from the corresponding unit
cell composition. The number of Brönsted acid sites per unit cell
of the Mo/HZSM-5 catalyst after calcination was estimated by
comparing the peak areas of the1H MAS NMR spectra with the
corresponding parent zeolite.

All EPR experiments were performed on a JEOL ES-EO3X
X-band spectrometer at room temperature. A microwave fre-
quencyγ of 9.42 GHz and a power of 1 mw were used. The
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Fig. 1. Rates of methane depletion and BTX formation, as well as BTX selec-
tivity on 6Mo/HZSM-5(O) and 6Mo/HZSM-5(H) catalysts (prereduced with
H2 at different temperatures) after 24 h time-on-stream for MDA (973 K, 1 atm,
GHSV: 1500 ml/(g cat h), H2-prereduction time: 6 h).

0.4× 10−3 mmol/g cat-s. After the 6Mo/HZSM-5 catalyst was
prereduced with H2 for 6 h at different temperatures, its cat-
alytic performance was improved. The methane conversion and
the BTX formation over the 6Mo/HZSM-5(H) catalyst both
increased with the increasing of the prereduction temperature,
and reached its highest value at the prereduction temperature of
623 K. Then they went down with a further rising of the H2-
prereduction temperature from 623 to 823 K, as shown inFig. 1.
Meanwhile, the effect of prereduction temperature on the prod-
uct distribution of MDA over the 6Mo/HZSM-5(H) catalysts was
quite apparent. On the 6Mo/HZSM-5(H) catalyst which was pre-
reduced with H2 at 623 K for 6 h, the BTX selectivity was about
71%, as compared with that of about 36% on the 6Mo/HZSM-
5(O) catalyst. It is clear that 623 K is a proper temperature for
H2-prereduction to obtain the best MDA performance over the
Mo/HZSM-5(H) catalyst.

The performance of the 6Mo/HZSM-5(H) catalyst could also
be affected by the pretreduction time, and the best prereduction
time has been found to be about 6 h, as shown inFig. 2. No further
enhancement could be observed with a further prolonging of the
prereduction time.

Thus, it can be concluded that prereduction with H2 at 623 K
for 6 h is the most appropriate treatment condition in allowing
the 6Mo/HZSM-5 catalyst to exhibit its best catalytic perfor-

F elec-
t H
f atm,
G

elative spin concentration and the g factor were calculate
aking the signal of manganese as an internal standard. A
ially designed EPR flow reactor cell was employed, w
ould be placed in the resonance cavity. The reactor ce
PR measurement was made of quartz (4 mm I.D.,) and
omally charged with 0.2 g of catalyst sample. With this rea
ell, the real fix-bed catalytic reaction could be simulated. A
he reaction or prereduction, the reactor was transferred
he resonance cavity of the EPR spectrometer under a pr
ng gas. The EPR spectra were digitized and doubly integ
y the PEAKFIT workstation in order to calculate the rela
pin concentration. The Mo/HZSM-5 catalyst sample was p
uced with H2 (2400 ml/g cat h) at 623 K for 6 h. Then a meth
tream (1500 ml/g cat h) was introduced into the reactor cel
he temperature was increased to 973 K. The EPR signals
ecorded during the processes of H2-pretreatment and metha
reatment, respectively.

. Results and discussion

.1. Effect of H2-prereduction conditions of Mo/HZSM-5
n the catalytic performances of MDA

The catalytic performances of MDA over 6Mo/HZSM-5(
atalysts prereduced with H2 at different temperatures for 6
ere investigated and the results were compared with
f a non-prereduced 6Mo/HZSM-5(O) catalyst.Fig. 1 shows

he methane depletion rate and the BTX formation rate
hese catalysts after running the reaction for 24 h. Ove
Mo/HZSM-5(O) catalyst, the rate of methane depletion
.2× 10−3 mmol/g cat-s, and the rate of BTX formation w
e

r
ig. 2. Rates of methane depletion and BTX formation, as well as BTX s

ivity on 6Mo/HZSM-5(O) and 6Mo/HZSM-5(H) catalysts (prereduced with2
or various durations of time) after 24 h time-on-stream for MDA (973 K, 1
HSV: 1500 ml/(g cat h), H2-prereduction temperature: 623 K).
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Fig. 3. Dependence of rates of methane depletion (�) and BTX formation (�)
over Mo/HZSM-5 catalysts on time on stream of MDA. Open symbols for the
6Mo/HZSM-5(O) catalyst. Solid symbols for the 6Mo/HZSM-5(H) catalyst pre-
treated in hydrogen at 623 K for 6 h.

mance.Fig. 3 shows the rates of methane depletion and BTX
(the main products) formation on the 6Mo/HZSM-5(O) catalyst
and the 6Mo/HZSM-5(H) catalyst prereduced with H2 at 623 K
for 6 h. As illustrated inFig. 4, the deactivation rate constant,
kd, of the depletion rate of methane over the 6Mo/HZSM-5(H)
catalyst is 0.24× 10−5 s−1 for an on-stream time of 24 h, and
the deactivation rate constant for the formation of BTX is about
0.35× 10−5 s−1, as compared with those of 0.74× 10−5 s−1 and
1.2× 10−5 s−1, respectively, over the 6Mo/HZSM-5(O) cata-
lyst. Obviously, both the activity and the stability for methane
conversion and aromatics formation over the 6Mo/HZSM-5 cat-
alysts were greatly improved after prereduction with H2 at 623 K
for 6 h.

3.2. 1H MAS NMR results

The parent HZSM-5 zeolite as well as the 6Mo/HZSM-5(O)
and 6Mo/HZSM-5(H) catalysts were investigated by using the
1H MAS NMR technique. There were five types of characteris-
tic resonance lines appearing after the1H MAS NMR spectrum
of the dehydrated parent HZSM-5 zeolite was deconvoluted,
as reported previously in refs.[39–44]. The high-field signal
with a chemical shift of 1.7 ppm can be ascribed to external Si-
OH groups, while the second peak atδ = 2.4 ppm is associated
with extraframework Al–OH[39–42]. The low-field signal at

Fig. 4. Rates of methane depletion (�) and BTX formation (�) as a function
of time on stream over 6Mo/HZSM-5 catalysts (the values ofkd are calculated
from the slope of semilogarithmic plot). Open symbols for the 6Mo/HZSM-5(O)
catalyst. Solid symbols for the 6Mo/HZSM-5(H) catalyst pretreated in hydrogen
at 623 K for 6 h.

δ = 3.8 ppm belongs to the bridging OH groups in the form of
free Al–OH–Si groups locating at the intersections of the chan-
nels of the zeolites, which are the so-called free Brönsted acid
sites[39–43]. And the broad resonance peak at about 6.0 ppm
can be due to another kind of Brönsted acid sites, termed as
the restricted Br̈onsted acid sites, which are affected by addi-
tional electrostatic interaction of the oxygen atoms in the zeolite
framework, as described in ref.[43]. In addition, the resonance
signal of the water adsorbed on the Lewis acid sites exhibited
a chemical shift of 4.7 ppm.[44]. Variation in the number of
different kinds of hydroxyl groups per unit cell on the HZSM-5
zeolite and the two 6Mo/HZSM-5 catalysts are listed inTable 1.
Obviously, introduction of the Mo species led to a significant
decrease in all kinds of hydroxy groups, especially in Brönsted
acid sites. Since the Brönsted acid sites of HZSM-5 zeolites are
mainly located on the inter-surface, as reported by Bao and co-
workers[45], the obvious decrease of the Brönsted acid sites
indicates that the Mo species would first disperse on the surface
of the HZSM-5 zeolite and then migrate into the channels to
interact with and replace the Brönsted acid sites.

It is interesting to notice that the spectra of the 6Mo/HZSM-
5(O) and 6Mo/HZSM-5(H) catalysts are almost the same. Only
a few changes could be observed in the number of different kinds
of OH groups (i.e. external Si–OH groups, extraframework
Al–OH groups and Br̈onsted acid sites) after the 6Mo/HZSM-5
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umerical results of1H MAS NMR experiments on the parent HZSM-5 ze

ample The number of hydroxyls per unit cell

B2 (6.0 ppm) Water (4.7 ppm) B1 (3.8 pp

ZSM-5 1.9 1.9 2.1
Mo/HZSM-5(O) 0.5 0.2 0.7
Mo/HZSM-5(H) 0.5 0.1 0.7

The number of Br̈onsted acid sites per unit cell = B1 + B2, the number of̈on
ormula on the basis of the Si/Al ratio, which is measured by29Si MAS NMR.
nd 6Mo/HZSM-5 catalysts

Number of B acid site pera

Al–OH (2.3 ppm) Si–OH (1.7 ppm)

0.50 0.54 4.0
0.22 0.08 1.2
0.23 0.07 1.2

acid sites per unit cell of the HZSM-5 zeolite was calculated from the un
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Fig. 5. EPR spectra of 6Mo/HZSM-5(H) catalyst after prereduced with H2 at
623 K for 6 h (a), and after running the MDA for 0.5 h (b), 1 h (c), 2 h (d) and
4 h (e) at 973 K.

catalyst was prereduced with H2 at 623 K for 6 h. Neither
changes in dispersion of the Mo species on the external surfac
nor in the amount of Mo species migrating into the channels of
HZSM-5 zeolite was caused by the H2-prereduction process.

3.3. EPR results

EPR is a sensitive technique for monitoring variations in the
chemical environment and coordination sphere of paramagneti
species. The Mo oxide species on the Mo/HZSM-5 catalyst
prepared by impregnation mainly exist in the form of Mo6+ after
calcination at 773K, which is diamagnetic, so that no EPR sig-
nals could be observed at room temperature if the 6Mo/HZSM-5
catalyst had not been subjected to any further treatments (spe
trum not show here). The EPR spectrum of the Mo species on
the 6Mo/HZSM-5 catalyst after H2-prereduction at 623 K for
6 h is shown inFig. 5a. Two smooth and axially symmetric
EPR signals appeared, but overlapping with each other. Fo
simplification, the signals located atg⊥ = 1.950,g|| = 1.894 and
g⊥ = 1.959,g|| = 1.866 were denoted as A and B, respectively.
The shape andg values of the signals A and B are very similar
to the EPR signals of the Mo5+ species formed on various
supported molybdenum-based catalysts subjected to differen
reduction treatments, as reported previously in[46–50]. Che
and co-workers suggested that both of the two Mo5+ species,
corresponding to the signals A and B, possess a short MoO
b was
a or-
d
o s
p ing

to the Mo6c
5+ and Mo5c

5+ species appeared, indicating that the
Mo6+ species can be reduced readily to Mo5+, either in the form
of compressed octahedral coordination or in a square pyramidal
coordination. Xu and co-workers have reported that, when a
2 wt% Mo/HZSM-5 catalyst was reduced in a methane stream
at 573 K for 1 h, the signals A and B could be well detected. The
authors suggested that the Mo6c

5+ and Mo5c
5+ species existed

mainly on the extra-surface of the HZSM-5 zeolite[32]. In
addition, signal A is much more intense than signal B, as shown
in Fig. 5a, implying that a large part of the Mo species located
on the external surface is in distorted octahedral coordination.

After the 6Mo/HZSM-5 catalyst was prereduced in situ with
H2 at 623 K for 6 h, a methane stream (1500 ml/g cat h) was intro-
duced into the reactor, and the temperature was raised to 973 K,
which is the temperature for MDA.Fig. 5b–e shows the changes
in EPR spectra with time on stream of the reaction. After running
the MDA reaction for 0.5 h, the EPR spectrum was totally differ-
ent from that recorded at the end of the H2-prereduction. First,
a new detectable isotropic signal located atg = 2.003 appeared.
As suggested by Lange and co-workers, the appearance of this
signal is due to the free electrons of condensed aromatics or
graphite-like coke[51]. Thus, the appearance of this signal indi-
cates the formation of carbonaceous deposits. With an increase
of the time on stream from 0.5 to 1 h, an evident increase of the
signal located atg = 2.003 (Fig. 5c) could be found, while the
shape and the line width of the isotropic signal changed scarcely.
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ttributed to Mo6c
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ination symmetry, and signal B to Mo5c

5+ species in the form
f square pyramidal coordination[49,50]. After the sample wa
rereduced with H2 at 623 K, both of the signals correspond
e
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bviously, the increase in intensity was mainly resulted from
ormation of the more carbonaceous deposits on the surfa
he 6Mo/HZSM-5(H) catalyst. Second, the overall signal of
o5+ species became rather complicated. Signal B disapp

ompletely, indicating that there was a further reduction o
quare-pyramidally coordinated Mo5c

5+ species on the extr
urface of the HZSM-5 zeolite. On the other hand, a new six
nd axially symmetric signal, locating atg⊥ = 1.983g|| = 1.921
nd denoted as signal C, appeared, which contributed m

o the overall Mo5+ signal. It is clear that signal C represe
uperimposed hyperfine structures, and the splitting of thg||
s not so severe as the splitting of theg⊥. Such kinds of split
ing lines in the EPR spectra of Mo/HZSM-5 catalysts h
een reported only in ref.[32]. The authors suggested that
plitting signal C should also be assigned to the Mo5+ species
he hyperfine structure (HFS) of this signal are resulted

he existence of the nearby odd nucleus moment, whe
o5+ species are located at positions closely associated

he framework27Al species (I = 5/2). The super-hyperfine inte
ction between the Mo5+ species and the27Al atoms will lead

o a splitting of the Mo5+ EPR signal. Therefore, the Mo spec
orresponding to the six-lined splitting signal C are propo
o be mononuclear Mo5+ cations having a particular interacti
ith the framework Al species and are located in the channe

he HZSM-5. This assignment is very similar to those repo
n the cases of Cr/HZSM-5 and Cu/HZSM-5[52–54]. Recently
wo-dimensional27Al MAS NMR has been used to study the
pecies on Mo/HZSM-5 catalysts prepared by impregnation
he experimental results testified the existence of strong
ction between the Mo species and the framework Al a

hrough Mo–O–Al bonds[55]. Results from1H MAS NMR
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experiments suggested that the Mo species would migrate into
the channels during thermal treatments, and would replace the
Brönsted acid sites, thus resulting in a decrease in the number of
Brönsted acid sites[56]. Therefore, it is reasonable to attribute
the signal C to Mo species associated with the Brönsted acid
sites, and most of them are residing inside the channels of the
HZSM-5 zeolite. Signal C would not appear if the temperature
of reduction with CH4 was lower than 973 K, suggesting that
the reduction of the Mo6+ species associated with the Brönsted
acid sites to Mo5+ species are much more difficult than those of
the Mo6+ species on the extra-surface of the HZSM-5 zeolite.

Moreover, signal A, locating atg⊥ = 1.950 andg|| = 1.894
and corresponding to the Mo6c

5+ species in distorted octahedral
coordination, changed significantly in shape, as compared to
that in Fig. 5a. After treating the catalyst sample with a flow
of methane at 973 K for 30 min, theg⊥ tensor of this signal
splitted, and showed the same HFS as in signal C. To simplify the
discussion, signal A that exhibited six-lined spitting is denoted as
signal D. Theg tensors of signal D are almost the same as those of
signal A, indicating that the distorted-octahedrally coordinated
Mo5+ species locating at the external surface of the HZSM-
5 zeolite would not change its coordination environment with
respect to oxygen ligands. Meanwhile, the splitting in signal D
suggests that the interaction between the Mo species and the
parent zeolite was strengthened during the methane treatment.
Probably, the unpaired electrons of the Mo species were affected
b
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Fig. 6. EPR spectra of the 6Mo/HZSM-5(O) catalyst after running the MDA
reaction for 0.5 h (a), 1 h (b), 2 h (c) and 4 h (d) at 973K.

to form Mo5+ species. Accompanying the decrease in intensity
of signal B, signal A became a six-lined splitting structure of
signal D. However, the intensity of signal D of the 6Mo/HZSM-
5(O) sample was not so intense as that of the Mo/HZSM-5(H)
sample. By extending further the treating time at 973K in the
CH4 stream, there were no distinct changes in the EPR spectra of
the 6Mo/HZSM-5(O) catalyst, with only a continuous decrease
in the intensity of the Mo5+ signal, especially in the high field
signal C, accompanied by an continuous increase in the intensity
of the coke signal.

The EPR results revealed that there are three kinds of Mo
species on the Mo/HZSM-5 catalyst prepared by impregna-
tion: the Mo6c

5+ species in distorted octahedral coordination,
the Mo5c

6+ species in square pyramidal coordination, and the
Mo6+ species associated with the Brönsted acid sites. The for-
mer two Mo species existed mainly on the external surface of
the parent HZSM-5 zeolite and could be easily reduced to Mo5+,
while the latter one resided primarily inside the channels. Fur-
thermore, during the MDA reaction at 973 K, there were two
kinds of Mo5+ species present on the Mo/HZSM-5 catalyst, one
was derived from the Mo6c species interacting with the HZSM-5
zeolite, while the other was associated with the Brönsted acid
sites. With the progressing of the reaction, a part of the Mo5+

species, mainly the Mo species on the external surface of the
HZSM-5 zeolite, was further reduced by methane. The quan-
t
d e
o to
s han
t

y the Al atoms through the bridging oxygen.
Even though the intensity of the overall Mo5+ signal

ecreased, both the signals C and D could still be cle
bserved. Moreover, it should be noted that, the decrea

ntensity of signal D is larger than that of signal C. This imp
hat further reduction of the Mo5+ species on the extra-surface
he HZSM-5 is easier than the Mo5+ species associated with t
rönsted acid sites locating in the channels of the zeolite.
further increasing of the reaction time from 1 to 2 h or fro

o 4h, the intensities of the splitted signals C and D decre
ontinuously, particularly in the high field signal D (inFig. 5d
nd e).

Fig. 6shows the EPR spectra of the 6Mo/HZSM-5(O) cata
fter heating in methane at 973 K for various durations of t
he symmetrical signal, located atg = 2.003 and ascribed

he carbonaceous deposits, as well as the signal of the5+

pecies, could be observed clearly after the 6Mo/HZSM-
atalyst had been heated at 973 K in a CH4 stream for 30 min
he overlapping signal for the Mo5+ species is mainly compos
f the two signals of A and B. Meanwhile, a weak signa
ould be detected, but the superimposed splitting structur
his signal were not easily distinguished. This suggests th
f the Mo6+ species on the Mo/HZSM-5 catalyst can be redu

o Mo5+ in a CH4 flow at 973 K to form the Mo6c
5+ and Mo5c

5+

pecies which are located on the external surface of the HZ
, as well as to the Mo5+ species associated with the Brönsted
cid sites. After the 6Mo/HZSM-5(O) catalyst was heate
73 K in a CH4 stream for 60 min, the intensity of signal

ncreased significantly, and the hyperfine structures of this s
ecame quite clear. These changes in signal C testify that
o species associated with the Brönsted acid sites were reduc
l
e

itative results of the EPR experiments are shown inFig. 7 by
ouble integrating the overall Mo5+ signal. It is evident that, th
verall amount of the Mo5+ species (mainly corresponding
ignals C and D) on the 6Mo/HZSM-5(H) is much larger t
hat on the 6Mo/HZSM-5(O) catalyst.1H MAS NMR results
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Fig. 7. The intensities of EPR signals of all Mo5+ species on the 6Mo/HZSM-5
(O) catalyst (�) and the 6Mo/HZSM-5 (H) catalyst (�).

also revealed that the number of all kinds of hydroxy groups
on the 6Mo/HZSM-5 catalyst remained unchanged after the
H2-prereduction at 623 K. Therefore, further migration and dis-
persion of the Mo species on the external surface or into the
channels of the HZSM-5 zeolite did not occur during the pro-
cess of H2-prereduction. It appears that the reduction of the Mo
species with fcc structures is much more difficult than that of the
Mo species with hcp structures, resulting in the amount of the
Mo5+ species remaining on the 6Mo/HZSM-5(H) catalyst to be
far higher than those on the 6Mo/HZSM-5(O) catalyst.Fig. 7
implies that partially reduced Mo carbide species may also play
an important role in the MDA reaction.

Possibly, the difference in catalytic performance between the
6Mo/HZSM-5(O) and the 6Mo/HZSM-5(H) catalysts is due to
that the MoOxCy species with fcc structure possess higher activ-
ity and better stability than those with hcp structure for the
activation of methane and the formation of aromatics. If this
speculation is true, the catalytic performance exhibited by the
6Mo/HZSM-5(H) catalysts prereduced with H2 under various
temperatures and durations of time can also be understood.

4. Conclusions

There are three kinds of Mo species on the Mo/HZSM-5
catalysts prepared by impregnation: the distorted octahedrall
coordinated Mo 6+ species, the square pyramidally coordi-
n he
B inly
o tter
o s ca
b
M and,
p o
a to an
f dif-
fi ecie

with an hcp structure. The Mo species with an fcc structure play
a crucial role in the MDA reaction. This can give inspiration for
creating a Mo/HZSM-5 catalyst with better activity for methane
conversion, higher selectivity to aromatics and better catalytic
stability.
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