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Abstract

Complete reduction of Mo species interacting strongly with a HZSM-5 zeolite support in methane is difficult, and the reduction product,
MoCy Oy, is a key active species in methane dehydroaromatization (MDA) under nonoxidative conditions. Pretreatment in Hj at 623 K could
lead to topotactic transformation of the Mo species from hexagonally close packing (hcp) to face-centered cubic (fcc) structures; the fcc MoC, Oy,
species are more active and more stable than the hcp MoCy Oy in MDA. After initial Hy pretreatment at 623 K, followed by a CHy-treatment, the
Mo species on a MoO3/HZSM-5 catalyst prepared by mechanical mixing was reduced and carburized to form fcc «-MoC|_, species on the extra
surface of the zeolite. Methane molecules activated by the «-MoCj_, were converted mainly into carbon deposits instead of benzene. Both the
most active Mo species and the neighboring Bronsted acid sites are essential in obtaining a perfect catalyst in the reaction of MDA.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Methane dehydroaromatization (MDA) in the absence of
gas-phase oxygen has received considerable recent attention as
a promising route for direct conversion of methane into highly
value-added chemicals [1-3]. Up to now, most research work
has focused on Mo/HZSM-5 catalysts, prepared by either the
impregnation or the solid-state reaction method. It is generally
accepted that both the activation of the methane C—H bond and
the formation of the initial C—C bond occur on the reduced Mo
carbide species, which is formed from the reduction of MoO,
species by CHy in the early stage of the reaction, whereas the
oligomerization, cyclization, and aromatization of the C, hy-
drocarbon species are catalyzed by the Bronsted acid sites of
the HZSM-5 zeolite [4—-18].
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Several kinds of Mo species on/in the Mo/HZSM-5 cata-
lysts existing in different states and various coordination en-
vironments were identified by FTIR, ISS, NH3-TPD [4,9,19],
NH4OH extraction, and >’ Al and 2°Si MAS NMR techniques
[8,9]. Usually, the Mo oxide species are highly dispersed on
the HZSM-5 surface and interact with the Bronsted acid sites
of the HZSM-5 if the Mo loading is <8 wt% and the calcina-
tion temperature is below 823 K. With increasing Mo loading,
MoOs crystallites can be detected by XRD and FTIR [4]. How-
ever, the tendency of framework Al extraction by Mo oxide
species becomes more significant with increased Mo loading
and elevated calcination temperature. What kind of Mo oxide
species acts as the precursor of the active Mo carbide species
in MDA remains under debate. Solymosi and coworkers [5—
7] and Lunsford and coworkers [20,21] in their early stage of
research for this topic, have suggested that the Mo,C species,
highly dispersed on the external surface of the HZSM-5 zeolite,
are the active sites and are responsible for the initial methane
activation. Recently, Iglesia and coworkers found that after cal-
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cination at 773 K under specified conditions, all of the Mo
species replaced the Bronsted acid sites with a stoichiometry
of 1:1 and existed in the channels of the HZSM-5 zeolite [22—
25]. They also found that the Mo species in the channels were
more effective in the activation of methane and less sensitive in
the formation of carbonaceous deposits [26]. Our previous stud-
ies have demonstrated differing reducibilities of the Mo species
located at various positions of the HZSM-5 zeolite; that is, the
MoO, species that were not associated with the Bronsted acid
sites could be easily and fully reduced into the Mo carbide
species by methane, whereas the Mo species associated with
the Bronsted acid sites could be only partially reduced by CHy4
to form MoO,C, species [27].

In this work, we studied the effect of hydrogen prereduc-
tion of Mo/HZSM-5 catalysts prepared by different methods
(i.e., impregnation and mechanical mixing) at low tempera-
ture (623 K) on the structure and the catalytic performance of
MDA. EPR was used to monitor and characterize the alteration
in chemical environment and coordination situation of the Mo
species during prereduction and at the early reaction stage.

2. Experimental
2.1. Catalyst preparation

MoO3/HZSM-5 samples with a Mo loading of 6 wt% were
prepared by traditional impregnation or mechanical mixing.
With the traditional impregnation method, the HZSM-5 zeo-
lite (supplied by Nankai University, SiO,/Al,O3 = 50) was
impregnated with an aqueous solutions containing the desirable
amount of ammonia heptamolybdate ((NH4)¢[M07024] - 4H;0),
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.
With the mechanical mixing method, HZSM-5 zeolite was thor-
oughly mixed with a given amount of MoO3 powder (analytical
grade, obtained from Beijing Shuanghuan Weiye Reagent Co.
Ltd; Sger = 7 m?/g), and then was ground in an agitating mor-
tar for 30 min. The catalyst prepared by impregnation was
denoted as im-MoO3/HZSM-5; that prepared by mechanical
mixing, as mm-MoO3/HZSM-5. When used as samples for cat-
alyst evaluation and characterization, the catalyst was crushed
and sieved to 250425 um granules (20-60 mesh).

2.2. Catalyst activation pretreatments

Before the reaction, MoO3/HZSM-5 was prereduced in
situ by Hy. A 0.2-g sample was charged into a fixed-bed
quartz tubular reactor (6.2 mm i.d.), and a hydrogen flow of
2400 ml/(gcat h) was introduced into the reactor. After the Hj
prereduction, a 10% N»/CHy4 stream with a space velocity of
1500 ml/(gca h) was introduced into the reactor, and the tem-
perature was raised to 973 K at a rate of 5 K/min. All gases
used in this work were of UHP grade and were used with-
out further purification. The catalyst prereduced with H, at
623 K was denoted as MoO,/HZSM-5. The real catalyst, pre-
reduced at 623 K and then heated in a 10% N,/CH4 stream to

the reaction temperature of 973 K, was denoted as Mo/HZSM-
5(H), whereas the catalysts that had no H, prereduction and
was heated directly in a 10% N»/CHy4 stream was denoted as
Mo/HZSM-5(M).

2.3. Catalyst evaluation

After the in situ activation pretreatment, the catalyst was
evaluated in a gas mixture of 10% N»/CHy (1500 ml/(gcat h))
at 973 K and under atmospheric pressure. The feed was a gas
mixture of 10% N>/CHy (1500 ml/(gcqt h)), and the N» in the
CH4 was used as an internal standard, as reported by Lunsford
et al. [21], for measuring the CH4 conversion as well as the
selectivity of all products and carbonaceous deposits. On-line
analysis of the effluent was performed with a Hewlett-Packard
6890 gas chromatograph. The hydrocarbon products, including
ethane, ethylene, and condensable C¢—Cj¢ aromatics (e.g., ben-
zene, toluene, xylene, and naphthalene), were separated by us-
ing a methyl-silicone HP-1 capillary column (0.32 mm x 50 m)
and analyzed by a flame ionization detector (FID). On-line sep-
aration and analysis of Hp, N», CO, CHy, CO;,, CyH4, and
C,Hg, were done with a HayeSep-D column (3 mm x 2 m) and
a thermal conductive detector (TCD) on the same gas chromato-
graph. Methane conversion, hydrocarbon product selectivity,
and coke formation were evaluated according to carbon mass
balance. All reaction rates were calculated basing on carbon
balance and expressed as mmol/(gcat S)-

2.4. Catalyst characterization

Temperature-programmed reduction (TPR) was carried out
in a setup TP-5000-II setup equipped with a TCD detector. The
sample charge was 0.05 g and it was first pretreated under a Nj
stream at 873 K for 30 min or in a hydrogen flow at 623 K for
6 h, and then cooled to room temperature. An Hy/N, stream
(5% H», 20 ml/min, UHP) was passed over the sample while it
was being heated from room temperature to 1173 K at a rate of
10 K/min.

X-Ray photoelectron spectroscopy (XPS) measurements
were performed using a Leybold LHS 12 MCD system with
an Al-K, radiation source, operated at 300 W. After the sam-
ple was pretreated in a hydrogen flow of 2400 ml/(gco h) at
623 K for 6 h, if necessary, the Mo 3d and C 1s XPS spec-
tra were collected using pass energy of 100 eV. The electron
binding energies (BEs) were referenced to the C 1s peak at
284.60 £0.05eV.

Electron paramagnetic resonance (EPR) experiments were
performed on a JEOL ES-EO3X X-band spectrometer at room
temperature. A microwave frequency y of 9.42 GHz and a
power of 1 mW were used. The relative spin concentration and
the g factor were calculated using the signal of manganese as
an internal standard. A specially designed EPR flow reactor cell
that could be placed in the resonance cavity was used. The re-
actor cell for EPR measurements was made of quartz (4 mm
i.d.,) and was normally charged with 0.2 g of catalyst sample.
With this reactor cell, real fixed-bed catalytic reaction condi-
tions could be simulated. The MoO3/HZSM-5 catalyst was pre-
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Table 1
Numerical results of TPR experiments on MoO3/HZSM-5 and MoO,/HZSM-5
catalysts prepared by different methods and pre-activated through different pro-
cedures

Sample Peak 1 Peak2 Peak3 Peak4
im-MoO3/  Peak temperature (K) 784 877 945 1023
HZSM-5 The amount of hydrogen 364 300 176 375
consumption (umol/gcat)
im-MoOy/  Peak temperature (K) 787 889 976 1054
HZSM-5 The amount of hydrogen 311 287 170 371
consumption (umol/gcat)
mm-MoO3/ Peak temperature (K) 824 1007
HZSM-5 The amount of hydrogen 599 1185
consumption (umol/gcat)
mm-MoOy/ Peak temperature (K) 817 1000
HZSM-5 The amount of hydrogen 391 1127

consumption (umol/gcat)

reduced with Hp (2400 ml/(gcq h)) at 623 K for 6 h if necessary.
Then a methane stream (1500 ml/(gca¢ h)) was introduced into
the reactor cell, and the temperature was increased to 973 K. Af-
ter the reaction or prereduction, the reactor was transferred into
the resonance cavity of the EPR spectrometer under a protect-
ing gas. The EPR signals were recorded during the processes of
H, pretreatment and methane treatment, respectively. The EPR
spectra were digitized and doubly integrated by the PEAKFIT
workstation to calculate the relative spin concentration.

Temperature-programmed surface reaction of methane (CHy-
TPSR) was carried out in a U-shaped quartz tubular microflow
reactor. Before measurement, the catalyst (0.2 g) was heated
from room temperature to 873 K in a He stream at a rate
of 10 K/min and held at 873 K for 30 min to remove the
water absorbed on the sample. After cooling to room tem-
perature, the pretreatment and the MDA reaction were per-
formed under the same conditions as in a real fixed-bed reactor.
Meanwhile, the effluent were analyzed on-line by a Balzers
QMS-200 multichannel quadruple mass spectrometer for m /e
of 2(Hy), 16(CHy), 18(H20), 27(C2Hy), 28(CO), 44(CO>), and
78(CeHp).

Temperature-programmed oxidation (TPO) measurements
were carried out after the CHy4-TPSR experiment, using the
same apparatus. After cooling to room temperature, the used
catalyst was heated from room temperature to 1073 K in a
stream of 10% O»/He (30 ml/min) at a rate of 20 K/min. Dur-
ing the temperature ramp, MS intensities for carbon oxides (CO
and CO») were measured as a function of temperature. The TPO
profiles were calculated as described previously [28,29].

3. Results
3.1. TPR and XPS results

The TPR results are listed in Table 1. The im-MoO3/HZSM-
5 sample without Hj pretreatment exhibited four peaks, at 784,
877,945, and 1023 K. As has been reported, the peak at 784 K
is usually attributed to the reduction of MoOj3 to MoO», which
was well dispersed on the external surface of HZSM-5 zeolite,
whereas the hydrogen consumption signal at 945 K was gen-
erally assigned to the further reduction of the well-dispersed

MoO; species [30,31]. It should be noted that the amount of hy-
drogen consumption corresponding to the TPR peak at 945 K
was about 1/2 of that corresponding to the peak at 784 K, indi-
cating that most Mo** species could not be thoroughly reduced
to Mo®. Recently, Xu et al. [27] suggested that two kinds of
Mo species are located on a MoO3/HZSM-5 catalyst prepared
by impregnation, one kind located on the external surface of the
zeolite that can be readily reduced and the other kind associated
with framework Al that is difficult to reduce. It is reasonable to
ascribe the TPR peak at 877 K to the initial reduction of the
second kind of Mo®t species to Mo*t, whereas the signal at
1023 K can be assigned to the further reduction of the Mo**
species associated with Bronsted acid sites.

The im-MoO,/HZSM-5 sample, which was pretreated in hy-
drogen at 623 K for 6 h in advance, also exhibited four hydro-
gen consumption peaks in the TPR profile. The hydrogen con-
sumption amounts corresponding to the two low-temperature
signals of the im-MoO,/HZSM-5 catalyst are slightly smaller
than those of the im-MoO3/HZSM-5 catalyst without H, pre-
treatment. This indicates that the Mo species located on the
external surface and those associated with the Bronsted acid
sites can be partially reduced during the in situ pretreatment in
hydrogen at 623 K for 6 h.

Two signals, at 824 and 1007 K, are shown in the TPR profile
of a fresh mm-MoO3/HZSM-5 catalyst, with the amount of hy-
drogen consumption at the higher temperature double that at the
lower temperature. The two peaks correspond to the reduction
of aggregative crystalline MoO3 to MoO, and a further com-
plete reduction to metal Mo species, respectively [32,33]. Com-
paratively, no new hydrogen consumption signals were present
in the TPR profile of the mm-MoO,/HZSM-5 sample, indicat-
ing that the Mo species were still located on the external surface
of the HZSM-5 zeolite and had not migrated into the channels
even after the pretreatment at 623 K. However, the intensity of
the signal at the lower temperature decreased dramatically, sug-
gesting that some of the Mo species were reduced during H»
pretreatment.

The Mo 3d XPS spectra of the im- and mm-MoO3/HZSM-5
catalysts without Hy pretreatment displayed only one state of
molybdenum, that is, the Mo®" species with a typical doublet
at 235.8 and 232.6 eV (spectra not shown here), consistent with
the literature data for MoO3 species supported on HZSM-5 ze-
olite [9,34-36]. After the samples were treated with hydrogen
at 623 K for 6 h, the XPS spectra showed a more complicated
structure. Curve fitting revealed the disappearance of a part of
the Mo®* oxidation state and the appearance of a Mo>* spin-
orbit component. The BE values for the Mo 3d of the Mo>*
species were recorded at 234.7 and 231.5 eV [35], demonstrat-
ing that part of the Mo species could be reduced in hydrogen
to form Mo>* species on either im-MoO3/HZSM-5 or mm-
MoO3/HZSM-5.

3.2. EPR characterization of the Mo species on
im-MoO3/HZSM-5 samples

No signals could be observed in the EPR spectrum of a
fresh MoO3/HZSM-5 catalyst prepared by impregnation, in-
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Fig. 1. EPR spectra of the im-MoO3/HZSM-5 sample after prereduced with
H, at 623 K for 6 h (a), and the im-Mo/HZSM-5(H) catalyst after running the
MDA for 0.5h (b), 1 h(c),2 h (d), and 4 h (e) at 973 K.

dicating the diamagnetism of the Mo®* species. However, as
shown in Fig. 1a, the EPR spectrum of the im-MoO,/HZSM-5
sample, obtained by treating im-MoO3/HZSM-5 at 623 K for
6 h, shows two smooth and axially symmetric EPR signals that
overlap. For simplification, the signals located at g; = 1.950,
g1 =1.8% and g, =1.959, g = 1.866 are denoted as A and
B, respectively. The shapes and g values of signals A and B are
very similar to the EPR signals of the Mo T species formed on
various supported molybdenum-based catalysts as well as on
these species after different reduction treatments, as reported
previously [37—41]. Che et al. [40,41] have suggested that both
of the two Mo species, corresponding to the signals A and B,
have a short Mo=O bond and are surrounded only by oxygen
ligands. The signal A is attributed to the Mogzr species with dis-
torted octahedral coordination symmetry, whereas the signal B
is assigned to the Mogzr species in the form of square pyramidal
coordination [40,41]. After the sample was prereduced with Hj
at 623 K for 6 h, signals of both the Mog:r and MoggL species ap-
peared, indicating that the Mo®* species can be reduced readily
to Mo, in the form of either compressed octahedral coordi-
nation or square pyramidal coordination. Xu et al. [27] have
reported that when a 2 wt% MoO3/HZSM-5 catalyst was re-
duced in a methane stream at 573 K for 1 h, the signals A and B
could be well detected. These authors suggested that the Mog:r
and Mogér species exist mainly on the external surface of the
HZSM-5 zeolite [27]. In addition, signal A is much more in-
tense than signal B, implying that a large part of the Mo species

located on the external surface is in a distorted octahedral coor-
dination.

Running the MDA reaction at 973 K for 0.5 h produced a
new, detectable isotropic signal located at g = 2.003 (Fig. 1b).
As ascribed by Lange et al. [42], this signal was due to the
free electrons of condensed aromatic or graphite-like coke and
indicated the formation of carbonaceous deposits. With pro-
longed time on stream from 0.5 h to 1 h, an evident increase
in the signal located at g =2.003 (Fig. 1c) was seen, resulting
from the formation of more carbon species on the surface of
the im-Mo/HZSM-5(H) catalyst. In addition, the overall signal
of the Mo>* species became rather complicated. The B sig-
nal disappeared completely, indicating further reduction of the
square pyramidally coordinated Mogér species on the external
surface of the HZSM-5 zeolite. Meanwhile, a new six-line and
axially symmetric signal appeared at g, = 1.983, g = 1.921,
denoted as signal C, it was attributed mainly to the overall
Mo>* signal. Signal C clearly represents superimposed hyper-
fine structures (HFS), with the splitting of g| not as severe
as the splitting of g, . Such splitting lines in the EPR spec-
tra of the MoO3/HZSM-5 catalysts were reported in only one
study [27]. The authors suggested also assigning the splitting
signal C to the Mo T species. The HFS of this signal resulted
from the existence of the nearby odd nucleus moment when the
Mo+ species are located at positions closely associated with
the framework 27 Al species (I = 5/2). The super-hyperfine in-
teraction between the Mo T species and the 27Al atoms will
lead to splitting of the Mo>* EPR signal. Therefore, the Mo
species corresponding to the sextet-splitting signal C are as-
cribed to the mononuclear Mo>* cation that has a particular
interaction with the framework Al species and is located in the
channels of HZSM-5. The assignment is very similar to those
reported in the cases of Cr/HZSM-5 and Cu/HZSM-5 [43-45].
Recently, two-dimensional >’ Al MAS NMR was used to study
the Al species on MoO3/HZSM-5 catalysts prepared by impreg-
nation, and the experimental results indicated a strong inter-
action between supported Mo species and the framework Al
atoms through a Mo—O—-Al bonds [46]. Results of the 'H MAS
NMR experiments suggested that the Mo species would mi-
grate into the channels during thermal treatment and replace the
Bronsted acid sites, leading to a decreased number of Bronsted
acid sites [47]. Therefore, it is reasonable to attribute signal C
to the Mo species associated with the Bronsted acid sites, most
of which are inside the channels of the HZSM-5 zeolite. But
signal C did not appear when the im-MoO3/HZSM-5 catalyst
was treated in hydrogen at 623 K, suggesting that the reduction
of the Mo®* species associated with Brénsted acid sites to the
Mot species is much more difficult than the reduction of the
Mo®* species on the external surface of the HZSM-5 zeolite.
Moreover, after the catalyst sample was treated with methane
for 30 min, signal A, located at g; =1.950 and g = 1.894 and
corresponding to the Mog: species in distorted octahedral coor-
dination, exhibited a significant change in shape. The g tensor
of this signal split and showed the same HFS as in signal C.
To simplify the discussion, signal A, with sextet spitting, is de-
noted as signal D. The g tensors of signal D were almost the
same as those of signal A, indicating that the distorted octahe-
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Fig. 2. EPR spectra of the im-Mo/HZSM-5(M) catalyst after running the MDA
reaction for 0.5 h (a), 1 h (b), 2 h (c), and 4 h (d) at 973 K.

drally coordinated Mo+ species located at the external surface
of the HZSM-5 zeolite did not change its coordination envi-
ronment with the oxygen ligands. The splitting represented by
signal D suggests that the interaction between the Mo species
and the zeolite was strengthened during the methane treatment.
The unpaired electrons of the Mo species likely were affected
by the Al atoms through the bridged oxygen.

The overall Mo " signal decreased when the reaction time
was increased from 0.5 to 1 h. It should be noted that the de-
crease in the intensity of signal D was more severe than that in
signal C, implying that further reduction of the Mot species
on the external surface of the HZSM-5 was easier than that of
the Mo species associated with Bronsted acid sites and lo-
cated in the zeolite channels. On further increases in reaction
time from 1 to 2 h or from 2 to 4 h, the intensities of the split-
ting signals C and D decreased continuously, particularly for
the high field signal D (Figs. 1d and e).

The symmetrical signal located at g = 2.003 and ascribed
to the carbonaceous deposits as well as the signal of the Mo+
species was clearly visible after the im-Mo/HZSM-5(M) cat-
alyst was treated in CHy at 973 K for 30 min (Fig. 2a). The
overlapping signal for the Mo>* species was composed mainly
of two signals A and B. A weak signal C could be detected,
but the superimposed splitting structures of this signal could
not be readily distinguished. With prolongation of the reaction
time to 1 h, the intensity of signal C increased significantly,
and the HFS of this signal became quite clear. Meanwhile, sig-
nal A exhibited sextet-splitting structures and formed signal D;
however, signal D of the im-Mo/HZSM-5(M) sample was not

9,9,
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Fig. 3. EPR spectra of the mm-MoO3/HZSM-5 sample after prereduced with
H; at 623 K for 6 h (a), and the mm-Mo/HZSM-5(H) catalyst after running the
MDA for 0.5 h (b), 1 h (c), and 2 h (d) at 973 K.

as intense as that of the im-Mo/HZSM-5(H) sample (Fig. 2b).
Further prolonging the treatment time led to decreased intensity
of the Mo>* signal, especially for the high field signal D.

3.3. EPR characterization of the Mo species on
MoO3/HZSM-5 samples

When a fresh mm-MoO3/HZSM-5 catalyst was reduced by
Hj at 623 K, only the smooth axial symmetric EPR signal A lo-
cated at g; = 1.950 and g = 1.894 was detectable (Fig. 3a).
Differing from the situation of the im-MoO,/HZSM-5 catalyst,
signal B could hardly be monitored, demonstrating that the dis-
torted and octahedrally coordinated Mo species, Mog., was the
dominant Mo species on a MoO3/HZSM-5 catalyst prepared
by mechanical mixing. In addition to the signal corresponding
to the Mo T species, a new signal with peaks at g; = 2.004,
g2 =2.012, and g3 = 2.016 appeared. When MoQO3/SiO, cat-
alyst was thermally reduced [48] or photoreduced [49], similar
EPR spectra with the same orthorhombic g tensor as in our
work could be observed. This signal was attributed to Oy~
species. Later, Howe and co-workers [39,50,51] investigated
the Mo species on reduced molybdenum-based catalysts pre-
pared by different methods and found that the O~ signal could
also be detected when the Mo/HZSM-5 catalyst was prepared
by aqueous ion exchange or when a H mordenite was treated by
adsorption of MoCls and reduced by hydrogen at 723 K. These
authors ascribed the signal, according to the indication of the
HFS induced by 7O species, to a normal ionic O, radical ad-
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Fig. 4. EPR spectra of the mm-Mo/HZSM-5(M) catalyst after running the MDA
reaction for 0.5 h (a), 1 h (b), and 2 h (¢) at 973 K.

sorbed asymmetrically on a Mo site. This kind of O,™ species
exists mainly on the external surface of the zeolites, including
magnetically equivalent oxygen atoms on Mo-mordenite and
inequivalent oxygen atoms on Mo/HZSM-5 [39].

When the MDA reaction was carried out over the mm-
Mo/HZSM-5 (H) catalyst at 973 K for 0.5 h, a coke signal ap-
peared at g = 2.003, suggesting the decomposition of methane
and formation of coke (Fig. 3b). Meanwhile, the intensity of
signal A decreased dramatically, indicating a further reduction
of the Mog:r species. Unfortunately, the Mo signal was too
weak to be readily distinguished to determine whether or not it
had the splitting HFS. By increasing the reaction time, the EPR
signal corresponding to Mo T species decreased to an extent
to which it was hardly detectable. At the same time, the signal
of Oy~ species disappeared, and only an extremely prominent
coke signal at g = 2.003 remained. In addition, the signal C did
not appear at all, implying the absence of Mo species associ-
ated with the Bronsted acid sites on the mm-Mo/HZSM-5 (H)
catalyst.

Fig. 4 shows the EPR spectra recorded after the mm-
Mo/HZSM-5(M) catalyst was treated in methane at 973 K.
When the reaction was carried out for 30 min, the signal of
the O>™ species with characteristic g1 = 2.004, go» = 2.012,
and g3 = 2.021, the signal of coke at g = 2.003 and the Mo>*
signals (including C and D) could be observed (Fig. 4a). In the
simple ionic description of adsorbed O, species, the g3 com-
ponents could all be identified as g., [52]. The signal in Fig. 4a
had a higher g, value (2.021) than the g,, value of 2.016 in
Fig. 3a, implying that the O~ species were located on the Mo
species with lower coordination. Howe et al. [39] found that
the Oy~ species formed in the channels of the Mo-mordenite

and Mo/HZSM-5 catalyst had a g tensor with g,, = 2.004,
gyy =2.011, and g,, = 2.021. These results are quite similar to
ours. Thus, it seems quite reasonable to ascribe the detected
O,~ signal on mm-Mo/HZSM-5(M) to the O species asso-
ciated with Mo atoms in a lower coordination environment,
rather than to hexacoordinated Mo atoms located on the in-
ternal surface of the HZSM-5 zeolite. The appearance of the
O, ™ signal with g; =2.004, g» =2.012, and g3 =2.021 indi-
cates that on the mm-Mo/HZSM-5(M) catalyst, the Mo oxide
species could migrate from the external surface into the chan-
nels of the HZSM-5 zeolite. In contrast, two poorly resolved
splitting Mo+t signals, C and D, could be detected on the
spectrum of the mm-Mo/HZSM-5(M) catalyst, indicating that
the Mo species associated with the Bronsted acid sites could
form on the mm-MoO3/HZSM-5 catalyst during reduction in
a methane flow. Xu et al. [27] investigated the EPR spectra
of the MoO3/HZSM-5 catalysts with various Mo loadings and
found that the HFS were related to the dispersion of the Mo
species. The better the Mo species are dispersed, the clearer
the splitting structures [27]. The different HES of signals C
and D in Figs. 2 and 4 reflect that the Mo species on the im-
Mo/HZSM-5(M) catalyst had a better dispersion than those on
the mm-Mo/HZSM-5(M) catalyst. With an increasing in time
on stream from 0.5 to 1 h, and then to 2 h, the O~ signal
vanished but the coke signal increased, and the Mo signal
decreased gradually (Figs. 4b and c).

3.4. Catalytic evaluation of Mo/HZSM-5 catalysts in MDA

The effects of Hy prereduction on the catalytic performance
of MDA over Mo/HZSM-5 catalysts prepared by different
methods were investigated. The depletion rate of methane and
the selectivity of BTX (benzene, toluene, and xylene) are shown
in Fig. 5. The methane conversion rate over the im-Mo/HZSM-
5(M) decreased from 2.4 to 1.2 pmol/(gca S) after the reaction
was run for 24 h. However, on the im-Mo/HZSM-5(H) catalyst,
the depletion rate of methane remained at 1.9 pmol/(gca S) af-
ter 24 h on stream (Fig. 5A). In the same way, the selectivity
of BTX (predominately benzene) over the im-Mo/HZSM-5(H)
was higher and remained at a more stable level than that on
the im-Mo/HZSM-5(M) catalyst (Fig. 5B). Obviously, for the
MoO3/HZSM-5 catalyst prepared by impregnation, pretreat-
ment in hydrogen at 623 K for 6 h could greatly improve
catalytic activity, stability, and selectivity to monocyclic hydro-
carbons.

The methane conversion rate and the BTX selectivity on the
mm-Mo/HZSM-5(M) catalyst were comparable with those on
the im-Mo/HZSM-5(M) catalyst. Methane also could be acti-
vated on the mm-Mo/HZSM-5(H) catalyst pretreated by hydro-
gen at 623 K, but the conversion rate of methane was only ca.
0.5 umol/(gca: s), and the methane conversion scarcely changed
during an 8-h reaction. More importantly, <8% of the methane
molecules activated on the mm-Mo/HZSM-5(H) catalyst could
be transformed into BTX, and carbonaceous deposits were the
main products. Evidently, after pretreatment with hydrogen at
623 K, the mm-MoO3/HZSM-5 catalyst had nearly lost its abil-
ity to catalyze the reaction of MDA.
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Fig. 5. Methane depletion rate (A) and BTX selectivity (B) over Mo/HZSM-5
catalysts prepared by different methods and pre-activated through dif-
ferent procedures: (M) im-Mo/HZSM-5 (M), (®) im-Mo/HZSM-5 (H),
(O) mm-Mo/HZSM-5 (M) catalyst, and (O) mm-Mo/HZSM-5 (H).

3.5. CH4-TPSR results

The CHy4-TPSR profiles of the im-Mo/HZSM-5 (M) cata-
lyst are presented in Fig. 6. At 870 K, the Mo oxide species
began to be reduced by methane, accompanied by the forma-
tion of CO,, CO, H>O, and H,. When the temperature was
increased to 963 K, formation of ethylene and benzene oc-
curred. As pointed out by Solymosi et al. [5-7] and Lunsford
et al. [20,21], the transformation of Mo oxide to active Mo
species and the formation of aromatics are dominant in this
stage (i.e., the induction period of MDA). The TPSR profiles
of the im-Mo/HZSM-5(H) and mm-Mo/HZSM-5(M) catalysts
are similar to that of the im-Mo/HZSM-5(M) catalyst (profiles
not shown here). However, the CH4-TPSR profile of the mm-
Mo/HZSM-5(H) catalyst (Fig. 7) is quite different from those of
the other three catalysts. In the temperature range 870-963 K,
methane consumption was clearly observed, together with Hp,
CO, and CO; formation. Apparently, the Mo oxide species sup-
ported on HZSM-5 zeolite was reduced by methane in this
stage. With further temperature increases, methane conversion
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Fig. 6. TPSR profile of the im-Mo/HZSM-5 (M) catalyst.
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Fig. 7. TPSR profile of the mm-Mo/HZSM-5 (H) catalyst.

and hydrogen formation reached relatively stable values, and
the ethylene became detectable. Unfortunately, the expected
product, benzene, was barely detected, even though the mm-
Mo/HZSM-5(H) catalyst was treated in methane at 973 K for
1 h.

4. Discussion
4.1. Coke formation during the MDA reaction

As illustrated in Fig. 8, the coked im-Mo/HZSM-5(M), im-
Mo/HZSM-5(H), and mm-Mo/HZSM-5(M) catalysts exhibited
three TPO peaks, at 732, 784, and 831 K, respectively. Accord-
ing to the TPO profiles of our serial studies on carbonaceous
deposits on Mo/HZSM-5, Mo/TiO,, and Mo/MCM-22 after the
MDA reactions were run, the carbon species burning at high
temperatures (above 800 K) were mainly those formed on the
Bronsted acid sites of the zeolites, whereas the carbonaceous
deposits burning at lower temperatures were usually located on
the Mo carbide or Mo oxycarbide [28,29,53,54]. The coke ox-
idized in the early stage at 732 K was deposited on the Mo
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Fig. 8. TPO profiles and deconvolution peaks of the coked Mo/HZSM-5 cat-
alysts after running the reaction at 973 K for 1 h: (a) im-Mo/HZSM-5 (M),
(b) im-Mo/HZSM-5 (H), (¢) mm-Mo/HZSM-5 (M), and (d) mm-Mo/HZSM-5
(H).

carbide species locating at the external surface of the HZSM-5
zeolite, whereas the TPO peak at 784 K possibly corresponded
to the coke associated with the Mo species in the HZSM-5
channels. In the initial period of MDA, the Mo oxide species
were reduced and carburized by methane and formed active Mo
species, Mo carbide, or Mo oxycarbide, as generally accepted
[17-21]. The activated methane molecules could readsorb and
anchor on the active Mo species to form coke. At the end of the
induction period, benzene was observed, as illustrated in the
CH4-TPSR profiles of the im-Mo/HZSM-5 catalysts shown in
Fig. 6. At the same time, further dehydrogenation and oligomer-
ization of monocyclic aromatic products also could lead to
the deposition of aromatic-type carbon species on the Bron-
sted acid sites. Thus, the TPO peak at the high temperature
(831 K) appeared. It has been shown that the carbon deposits
associated with the Mo species were reactive and reversible,
but the coke formed on the Bronsted acid sites was inert and ir-
reversible. The latter is a crucial factor for the deactivation of
the Mo/HZSM-5 catalysts [55]. When the im-MoO3/HZSM-5
catalyst was pretreated with hydrogen at 623 K, more carbon
was deposited on the external surface of the Mo species and
less coke was formed on the Bronsted acid sites (see Fig. 8),
suggesting that Hy pretreatment could improve the formation
of reactive carbon and suppress the deposition of inert coke.
On a fresh mm-MoO3/HZSM-5 catalyst, all Mo species
usually exist on the external surface of the HZSM-5 zeo-

lite. However, the coked mm-Mo/HZSM-5(M) exhibited three
TPO peaks, similar to the im-Mo/HZSM-5 catalysts. The de-
posited coke was located on the Mo species inside the HZSM-5
channels, indicating migration of the Mo species into the ze-
olite channels during the treatment with methane. The coked
mm-Mo/HZSM-5(H) catalyst presented a single TPO signal at
732 K, as shown in Fig. 8d, differing from the triple-peak signal
shown by the other catalysts. Unquestionably, the single peak
should be assigned to the carbonaceous deposits associated with
the Mo species locating at the external surface of the HZSM-5
zeolite. No signals appeared corresponding to the coke on the
internal surface of the Mo species, suggesting that the reduc-
tion in hydrogen at 623 K prevented the external-surface Mo
species from diffusing into the channels. As shown in Figs. 5
and 8, on the mm-Mo/HZSM-5(M) catalyst, methane mole-
cules were activated and transformed into benzene, whereas
on the mm-Mo/HZSM-5(H) catalyst, methane molecules were
also activated but were transformed mainly into coke. It is gen-
erally accepted that the activation of methane and formation of
initial C, hydrocarbons occur on the reduced MoO, species,
whereas the production of mono-cyclic aromatics is catalyzed
by the Bronsted acid sites of the HZSM-5 zeolite [4-15]. Infer-
ring from our results, the Mo species locating in the HZSM-5
channels are contiguous with the Bronsted acid sites, which
play very important roles in the formation of aromatics.

4.2. The active Mo species for MDA

EPR results have revealed three kinds of Mo species on the
MoO3/HZSM-5 catalyst prepared by impregnation: the Mog:'
species in distorted octahedral coordination, the Mog:r species
in square pyramidal coordination, and the Mo®" species as-
sociated with the Bronsted acid sites. The former two Mo
species exist mainly on the external surface of the HZSM-5
zeolite and can be easily reduced to Mo’t, whereas the lat-
ter resides primarily inside the channels. Furthermore, during
the MDA reaction at 973 K, two kinds of Mo>* species are
present on the Mo/HZSM-5 catalyst, one derived from the Mog.
species interacting with the HZSM-5 zeolite and the other as-
sociated with the Bronsted acid sites. With progression of the
reaction, a part of the Mo>* species, mainly the Mo species
on the external surface of the HZSM-5 zeolite, is further re-
duced by methane. The quantitative EPR results, obtained by
double-integrating the overall Mo+ signal, are shown in Fig. 9.
Evidently, the amount of the overall Mo>* species is much
greater on im-Mo/HZSM-5(H) than on im-Mo/HZSM-5(M).
'"H MAS NMR results have revealed that the amounts of all
hydroxy groups on im-MoQO3/HZSM-5 remain unchanged after
H; prereduction at 623 K (spectra not shown here): therefore,
further migration and dispersion of the Mo species on the ex-
ternal surface or into the channels of the HZSM-5 zeolite did
not occur during Hy prereduction. As is well known, stable
B-Mo,C species in hexagonally close-packed (hcp) structures
can be attained by temperature-programmed treatment of MoQO3
species from room temperature to 983 K in a methane flow,
whereas metastable «-MoCj_; species in face-centered cubic
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(fce) structure can be formed from MoO3 species through re-
duction in hydrogen flow at 623 K and subsequent carburization
in methane [56-58]. Our previous work has demonstrated that
the Mo species associated with the Bronsted acid sites can be
only partially reduced by CHy4 to form the MoC, O, species and
is still associated with the Bronsted acid sites [27]. Therefore,
the Mo T species recorded from the im-Mo/HZSM-5 catalysts
during the reaction are associated with the HZSM-5 and in
the form of MoC,O,. The MoC,Oy, species is probably in an
hcp structure on im-Mo/HZSM-5(M) because of its reduction
with methane and in an fcc structure on the im-Mo/HZSM-
5(H) because of its pretreatment in hydrogen. Reduction of
the Mo species in an fcc structure is much more difficult than
reduction of those in an hcp structure, causing a far greater
amount of Mo>* species to remain on the im-Mo/HZSM-5(H)
catalyst than on the im-Mo/HZSM-5(M) catalyst. Meanwhile,
higher activity, better selectivity to aromatics, and better sta-
bility were attained over the im-Mo/HZSM-5(H) catalyst, as
shown in Fig. 5. The differences in catalytic performance may
stem from the fact that the MoO, C,, species with an fcc struc-
ture exhibit higher activity and better stability than those with
an hep structure for the reaction of MDA.

On fresh MoO3/HZSM-5 catalyst prepared by mechanical
mixing, the Mo species exist mainly in octahedral coordination,
just as they do in bulk MoO3. Under a reducing atmosphere due
to the presence of methane and high temperature, the MoO3
could disperse well on the surface of zeolite and migrate into
the channels to interact with the Bronsted acid sites, resulting in
the formation of Mo species associated with the Bronsted acid
sites, as well as a change in the coordination environment of the
Mo species. This would lead to the appearance of EPR signal
C in Fig. 4. At the same time, the interaction between the Mo
species remaining on the external surface of the HZSM-5 and
the zeolite is strengthened, producing signal D. Based on the
foregoing discussion, the MoO, C,, species on mm-Mo/HZSM-
5(M) is probably in an hcp structure, and it is not surpris-

ing that mm-Mo/HZSM-5(M) and im-Mo/HZSM-5(M) exhibit
similar catalytic performance. When mm-MoO3/HZSM-5 was
reduced by H; at 623 K and then treated by methane at 973 K,
only a little Mo>* species appeared on mm-Mo/HZSM-5(H)
(Fig. 9). The TPR and TPO results (Table 1 and Fig. 8) re-
veal that pretreatment in hydrogen could suppress the migration
of the Mo species into the HZSM-5 channels. The crystalline
MoO3 existing on the external surface of the zeolite was pos-
sibly transformed to an fcc «-MoCj_, carbide via reduction
in hydrogen at 623 K and then carbonization in methane. On
the other hand, mm-Mo/HZSM-5(H) exhibited very poor per-
formances in MDA (Fig. 5). During the entire 8-h reaction,
the methane depletion rate on mm-Mo/HZSM-5(H) did not
change, indicating that the fcc «-MoC_, species could activate
methane regardless of the significant coke deposition. Unfor-
tunately, the amount of monocyclic aromatics formed on the
mm-Mo/HZSM-5(H) catalyst was rather small because of the
long distance between the Mo carbide species and the Bronsted
acid sites. Consequently, both the active Mo species and the
vicinal Bronsted acid sites are indispensable for the reaction of
methane dehydroaromatization.

5. Conclusions

Thee kinds of Mo species exist on the MoO3/HZSM-5 cata-
lyst prepared by impregnation: the distorted octahedrally coor-
dinated Mog, species, the square pyramidally coordinated Mos,
species, and the Mo species associated with Bronsted acid sites.
The former two Mo species exist mainly on the external sur-
face of the HZSM-5 zeolite, whereas the latter resides primarily
in the channels. The Mo species associated with the HZSM-5
zeolite can be only partially reduced by methane to form the
MoC, O, species, which play crucial roles in the reaction of
methane dehydroaromatization. The Mo species with an fcc
structure are not as easily reduced by methane and are more
efficient in MDA than the Mo species with an hcp structure.
Prereduction of im-MoO3/HZSM-5 with H, at 623 K can lead
to a topotactic transformation of the Mo species from the hcp
structure to the fcc structure, thereby creating a Mo/HZSM-5
catalyst with higher activity for methane conversion, better se-
lectivity to aromatics, and better stability.

On a MoO3/HZSM-5 catalyst prepared by mechanical mix-
ing, the Mo species located on the external surface of the zeolite
can diffuse and migrate into the channels to form Mo species
associated with the Bronsted acid sites under a methane at-
mosphere at high temperature. However, the reduction in hy-
drogen at 623 K will suppress the migration of the Mo species,
resulting in the catalytic inactivity of Mo/HZSM-5 in the MDA
reaction due to the long distance between the Mo active species
and the Bronsted acid sites.
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