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Improving the methane aromatization activity and
anti-carbon deposition on MCM-22 through nano
a-MoO3 modification

Jing Hu,a Chunxue Yang,a Bing Liu,a Xinyu Zhao,a Yin Wang,a Xiaohui Wang,a

Jinglin Liu*a and Jingqi Guan *b

Natural gas is considered to be an important energy and hydrocarbon feedstock. To overcome the

harmful combustion of natural gas and convert it to high-value-added products, the development of

efficient and stable catalysts via methane dehydroaromatization (MDA) is needed. Here, we use nano

a-MoO3 to modify the MCM-22 zeolite for MDA, achieving a 13.3% methane conversion and a 9.1% yield

of aromatics. Compared with commercial MoO3, the a-MoO3 modified MCM-22 possesses more Mo

species in the zeolite pores, showing a higher catalytic activity, more MoCx active sites during MDA,

exhibiting a higher benzene selectivity, and fewer Brønsted acid sites, leading to a strong anti-carbon

deposition ability.

1. Introduction

Methane, the main component of natural gas, shale gas and
combustible ice, has the largest hydrogen/carbon ratio and
has a greater impact on the greenhouse effect than CO2. The
direct conversion of methane into high-value-added carbon-
containing organic compounds and green hydrogen (without
generating additional carbon dioxide) is an important means of
achieving carbon neutrality. The MDA reaction is one of the
most promising routes for the direct conversion of methane to
hydrogen.1,2 Since Wang et al. reported that the Mo/HZSM-5
catalyst showed high selectivity for benzene (490%) at around
700 1C under atmospheric pressure, researchers have focused
on the nature and evolution of active Mo species and the role of
zeolite carriers in MDA.3,4 However, MDA is a thermodynami-
cally restricted process that requires high reaction tempera-
tures (typically between 600 and 800 1C), to achieve a balance of
about 10% methane conversion and up to 80% benzene
selectivity.5 Moreover, the serious phenomenon of polyaro-
matic hydrocarbon coking and carbon deposition occurs,
resulting in rapid deactivation of the catalysts and therefore
limiting the industrial application of MDA. Mo species in the
catalyst interact with methane and are converted to molybde-
num suboxides or carbide during the induction phase of MDA

which are regarded as the Mo active centre, and then ethylene
is generated via C–C bond coupling.6,7 The strong
Brønsted acid sites in the zeolite promote the aromatization
of ethylene and the production of benzene and other aromatic
hydrocarbons.8,9 The distribution of Mo species in the zeolite
channels plays a vital role in the catalytic stability and anti-
carbon activity of catalysts. The traditional preparation proce-
dure for catalysts is usually via the wet impregnation of
molybdenum salt on a ZSM-5 support using ammonium hep-
tamolybdate, (NH4)6Mo7O24�4H2O,10 or via solid-state exchange
from physical mixtures of MoO3 and H-ZSM5 powders,11–13

before calcination in air at 550 1C, leading to well-distributed
molybdenum oxide species in zeolite channels and small
molybdenum oxide aggregates on the zeolite surface. However,
the carbon deposition rate and the decrease in the catalyst
activity remain high in the MDA process.

Various efforts have been devoted to enhancing the Mo
dispersion.14–16 Velebna et al. prepared Mo/ZSM-5 using ammo-
nium molybdate as the precursor through mechanical mixing,
ultrasonic treatment,17 rotary evaporation and microwave treat-
ment and found that the catalyst prepared via the microwave
radiation method showed the optimum Mo dispersion, thus
showing the best catalytic performance. Julian et al.18 proposed
the solvothermal synthesis of the Mo/ZSM-5 catalyst. They
utilized supercritical fluids to increase the Mo dispersion,
further increasing the number of active centers, as confirmed
by XPS, thus showing a higher methane conversion than
catalysts obtained using the impregnation method. In addition,
Julian et al.19 used polyoxomolybdate (POM) anions as the Mo
precursor to prepare MDA catalysts and found that the catalyst
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modified with an Mo6 precursor is a promising MDA catalyst.
Mishra et al.10 prepared alkaline modified Mo/HZMS-5, which
exhibited an excellent catalytic performance due to the addition
of secondary mesoporous pores, promoting the distribution of
Mo species in the pores and the generation of more active Mo
sites. Xu et al.20 prepared a hollow HZSM-5 supported MoO3

catalyst with an enhanced diffusion capacity and an optimized
acid content, greatly improving the propane conversion, aro-
matic selectivity, and catalytic stability. Nam et al.21 confirmed
that NiO modified Mo/HZSM-5 can enhance the dispersion of
MoCx active sites, inhibiting the formation of coke, and
improving the catalytic performance.

The high-silica zeolite MCM-22 is composed of three types of
pores that are larger than those of ZSM-5, including 10-
membered ring (MR) sinusoidal channel (4.1 � 5.1 D), 12-
element rings (12 MR) supercages (7.1 � 18.2 D), and external
pockets (7.1 � 7.0 D). The unique structure and physicochem-
ical properties make it an ideal catalyst for many reactions,
such as alkylation, aromatization and isomerization.22 Here, we
explore a facile method to synthesize a-MoO3 nanoparticles to
modify the zeolite MCM-22 to enhance the MDA activity of the
catalyst. The a-MoO3 was obtained by calcining a mixture of
ammonium molybdate ((NH4)6Mo7O24�7H2O) and oxalic acid,
which was then used to modify the MCM-22 to prepare
Mo/HMCM-22, which exhibits an excellent catalytic perfor-
mance for the MDA reaction.

2. Experimental
2.1 Preparation of MoO3(OA)

Ammonium molybdate (3.0897 g) and oxalic acid (1.5759 g)
were introduced into an agate mortar and ground to a wet state.
Then the mixture was dried at 100 1C, followed by calcination in
a muffle furnace at 500 1C for 2 h. The obtained sample was
denoted as MoO3(OA).

2.2 Preparation of Mo-based MCM-22

H-type MCM-22 zeolite (0.8 g) (Kaite New Material Technology
Co., Tianjin, China) and commercial MoO3 or MoO3(OA)
(0.048 g) were ground thoroughly using a mortar before calci-
nation at 550 1C for 5 h to obtain the product of 6 wt% Mo-
based MCM-22 zeolite, which are denoted by Mo(C)-HMCM-22
and Mo(OA)-HMCM-22, respectively.

2.3 Catalyst characterization

X-Ray diffraction (XRD) characterization was performed using a
Smart Lab X-ray diffractometer using Cu Ka radiation. The
morphology and particle size of the samples were obtained
using an FESEM XL-30 field emission scanning electron
microscope (SEM). Transmission electron microscopy (TEM)
and energy-dispersive spectroscopy (EDS) measurements were
obtained using FEI S/TEM Talos F200S equipment at 200 kV.
The specific surface area of the catalyst was determined via the
N2 adsorption–desorption method at�196 1C using Micromeri-
tics ASAP 2020 apparatus, and the sample was outgassed under

vacuum at 300 1C for 5 h prior to the analysis. The pore size
distributions were determined using non-local density func-
tional theory (NLDFT). The FT-IR spectrum of the catalyst was
obtained using a Shimadzu Lab Tatal spectrophotometer.
Thermally programmed reduction (TPR) analysis was carried
out using an AutoChem 2720 instrument. The acidity of the
catalyst was tested via NH3-TPD using an Auto Chem 2720
instrument. X-Ray photoelectron spectroscopy (XPS) was car-
ried out using an ESCALAB 250Xi analyzer. Thermogravimetric
analysis was analyzed using a Shimadzu DTG-60 instrument.
The infrared (FTIR) spectroscopy of adsorbed pyridine was
conducted to evaluate the acidity of the samples. Samples were
pressed to self-supporting discs (30 mg, diameter 1.3 cm) and
then outgassed in situ under vacuum at 400 1C for 1 h to remove
adsorbed species. Pyridine was adsorbed on the outgassed
samples at 200 1C for 30 min, and then the FTIR spectra were
recorded at 200 1C. UV-vis DRS spectra were recorded using a
Shimadzu UV-3600 spectrometer using BaSO4 as the standard
at room temperature.

2.4 Catalytic tests

The evaluation of the catalyst was carried out using a
continuous-flow fixed-bed reactor. The inner diameter of the
medium quartz reaction tube was 10 mm, the catalyst loading
was 0.5 g, the space velocity was 1500 mL (g h)�1, the CH4 flow
rate was 14.2 mL min�1 and the pressure was 0.1 MPa. The
catalyst was first heated to 700 1C in a N2 atmosphere and
activated at this temperature for 30 min before switching to a
7.5% N2–92.5% CH4 feed gas. The reaction product was ana-
lysed via on-line analysis using a Tianmei SCION gas chroma-
tograph equipped with thermal conductivity detectors (TCD)
and flame ionization detectors (FID). The products were calcu-
lated via the carbon balance analysis method using N2 as an
internal standard.23

The specific calculation formula are as follows:

F inAin
N2
¼ FoutAout

N2

Methane conversion %ð Þ ¼ F inX in
methane � FoutXout

methane

F inX in
methane

Scarbon
product ð%Þ ¼

FoutXout
productN

carbon
product

F inX in
methane � FoutXout

methane

Scoke %ð Þ ¼ 1�
XS

product
carbon

The total gas flow rate, mole fraction and carbon number in
a molecule are denoted as F, X and Ncarbon, respectively.

3. Results and discussion
3.1 Structural analysis

To determine the composition of a-MoO3 and Mo(OA)-HMCM-
22 and their crystal phase structures, the samples were tested
using XRD (Fig. 1). Fig. 1a reveals peaks located at 12.91, 23.41,
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25.91, 27.41 and 39.11, which are assigned to the (020), (110),
(040), (021) and (060) crystal planes, respectively. Compared
with the standard card of orthorhombic-phase MoO3 (JCPDS
No. 05-0508), there are no additional peaks, indicating that the
target product of orthorhombic a-MoO3 obtained by the solid-
phase chemical reaction between oxalic acid and ammonium
molybdate is pure. Fig. 1b shows the XRD patterns of HMCM-
22, Mo(C)-HMCM-22 and Mo(OA)-HMCM-22. The 2y peaks at
7.11, 7.91, 10.01, 25.01 and 26.01 correspond to the (100), (101),
(102), (220) and (310) planes, respectively,24 which belong to the
typical MCM-22 structure. Compared with HMCM-22, the
crystallinity of the Mo-supported catalysts decreases, the crys-
tallinity of the nano-MoO3 modified MCM-22 catalyst (Mo(OA)-
HMCM-22) decreases more significantly than that of the com-
mercial MoO3 modified MCM-22, and the diffraction peaks of
the MoO3 crystals completely disappear in the Mo(OA)-HMCM-
22 catalyst, demonstrating the good dispersion of Mo species.

Fig. 2 shows the SEM images of commercial MoO3 and
MoO3(OA). The MoO3(OA) particles are distributed in the range

of 120–460 nm (Fig. 2b), which are much smaller than com-
mercial MoO3 (0.7–2.1 mm; Fig. 2a). The SEM images of HMCM-
22 and HMCM-22 after the loading of different modified MoO3

are shown in Fig. 2c–e. The catalysts are flake-like crystals with
a regular shape,25,26 denoting that the introduction of Mo
species to the zeolite under calcination does not affect the
morphology of the MCM-22 crystal. EDS analysis was per-
formed to notarize the distribution of Mo species in the catalyst
(Fig. 3), exhibiting that the Si, O, Al and Mo elements are
uniformly distributed in the HMCM-22 zeolite.

FT-IR spectroscopy was carried out to analyze the skeleton
structure of HMCM-22, Mo(C)-HMCM-22 and Mo(OA)-HMCM-
22. As displayed in Fig. 4a, the absorption peak at 1242 cm�1 is
attributed to the asymmetric stretching vibration of the Si(Al)
tetrahedron in the HMCM-22 zeolite. The absorption peak in
the region with a frequency greater than 3000 cm�1 is ascribed
to the stretching vibration peak of the hydroxyl group. The
peaks at 1242 cm�1 and 1098 cm�1 are due to the T–O (T = Si
and Al) asymmetric stretching vibration, and the peak at
804 cm�1 is attributed to the T–O symmetric stretching vibra-
tion. The absorption peak at 451 cm�1 is caused by the bending
vibration of the internal tetrahedron T–O,27 while the peaks at
600 cm�1 and 550 cm�1 are ascribed to the tetrahedral double
ring vibration in the zeolite framework, which are typical
characteristics of microporous zeolites.28 After the loading of

Fig. 1 XRD patterns of (a) MoO3(C), MoO3(OA) and orthorhombic-phase
MoO3, and (b) HMCM-22, Mo(C)-HMCM-22 and Mo(OA)-HMCM-22.

Fig. 2 SEM images of (a) commercial MoO3, (b) MoO3(OA), (c) Mo(C)-
HMCM-22, (d) Mo(OA)-HMCM-22 and (e) HMCM-22.

Fig. 3 TEM images and STEM-EDS elemental maps of Mo(OA)-HMCM-22
(a–f) and Mo(C)-HMCM-22 (g–l).
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Mo species, the peak intensity of each characteristic absorption
peak decreases significantly, and the decreased intensity of
Mo(OA)-HMCM-22 is more significant than that of Mo(C)-
HMCM-22, indicating that more Mo species combine with
–OH in the skeleton, thereby reducing the intensity.

The interaction between the Mo oxide and the HMCM-22
carrier was evaluated using UV-vis DRS spectroscopy (Fig. 4b).
The Mo-oxo species have strong absorption bands in the 200–
400 nm wavelength range, which are attributed to ligand-to-
metal charge transfer (LMCT) from the O (2p) to the Mo (3d)
orbital. It is reported that LMCT bands of 210–250 nm and
280 nm due to Mo species binding to the acid sites (Mo–O–Al)
or Mo-oxo located in tetrahedral coordination environments
(MoO4). In addition, Mo-oxo centers in octahedral environ-
ments (MoO6) or Mo nanoparticles have been observed at
higher wavelengths (300–330 nm). All of these absorption
characteristics confirm the formation of MoOx species in
different coordination environments and with different
symmetries.10 It can be seen from Fig. 4b that the UV-Vis
spectra of both catalysts exhibit absorption bands at 230 nm,
suggesting that most Mo-oxo species are well adsorbed to the
Al–O–Si site of HMCM-22 in an isolated tetrahedral structure
(MoO4).29 In addition, Mo(OA)-HMCM-22 shows the strongest
band at 230 nm, indicating the presence of more MoO4 or Mo
interacting with the acid sites.

Fig. 5 shows the nitrogen adsorption–desorption curves and
pore size distributions of HMCM-22, Mo(C)-HMCM-22 and
Mo(OA)-HMCM-22. All the three materials exhibit type I iso-
therms in the low relative pressure region, which confirms their
microporous nature.30 The adsorption isotherms show a trend
of rapid increase and clear hysteresis rings appear at the
relative pressure of P/P0 4 0.8, which may be caused by
capillary condensation of the mesopores, indicating that the
MCM-22 materials contain a certain amount of mesopores.
Table 1 exhibits that the specific surface areas of HMCM-22,
Mor-HMCM-22 and Mo(OA)-HMCM-22 are 496 cm3 g�1,
357 cm3 g�1 and 308 cm3 g�1, respectively. The pore size of
zeolite that well retained after loading of the Mo species. The
micropore volume of the catalyst supported by Mo species is
reduced significantly, and the decreased degree of Mo(OA)-
HMCM-22 is greater than that of Mo(C)-HMCM-22. Compared
with the HMCM-22 zeolite, the micropore volume of Mo(OA)-
HMCM-22 decreases to 64.2% because the a-MoO3 species
exhibit a higher dispersity in the MCM-22 channels and

combine with Si–OH or Al–OH in the zeolite at high tempera-
ture, resulting in a reduction of the specific surface area and
pore volume.

It has been reported that active MoCx species are more likely
to be immobilized on the framework Al sites. Therefore, the
formation of MoCx species could be deduced by measuring the
number of acid sites. When the anchored MoCx in the zeolite
pores increases, more anchor sites are occupied on the frame-
work Al, leading to a decrease in the acid content.21 In this
study, NH3-TPD was performed to investigate the acidity of the
catalyst. From Fig. 6a, HMCM-22 shows three classics peaks
after the curve is fitted. The high temperature desorption
peak (peak H) of the NH3-TPD profiles corresponds to the
silicon and aluminum bridging hydroxyl Brønsted acid site
(–AlF–O(H)–SiF–), which is attributed to the exchange of Mo
species with Brønsted acid sites in the MCM-22 zeolite. The
low-temperature desorption peak (peak L) is caused by the
combination of NH3 with a weak acid, while the moderate-
temperature desorption peak (peak M) is attributed to the
exchangeable protonic sites binding with NH3. The NH3 con-
sumption by the HMCM-22, Mo(C)-HMCM-22 and Mo(OA)-
HMCM-22 catalysts at various temperatures is summarized in
Table 2. It is shown that the order of total NH3 consumption of
the three catalysts follows the order HMCM-22 (39 mmol g�1) 4
Mo(C)-HMCM-22 (37 mmol g�1) 4 Mo(OA)-HMCM-22 (34 mmol g�1).

Fig. 4 FT-IR spectra (a) and UV-vis DRS spectra (b) of the catalysts.

Fig. 5 N2-adsorption–desorption and pore size distribution (inset) for
(a) HMCM-22, (b) Mo(C)-HMCM-22 and (c) Mo(OA)-HMCM-22.

Table 1 Textural properties of HMCM-22, Mo(C)-HMCM-22 and Mo(OA)-
HMCM-22

Sample SBET
a

Smicropore
b

(m2 g�1)
Sexternal

b

(m2 g�1)
Vmicropore

b

(cm3 g�1)
Vtotal

c

(cm3 g�1)

HMCM-22 496 309 187 0.14 0.85
Mo(C)-HMCM-22 352 233 119 0.11 0.67
Mo(OA)-HMCM-22 345 208 136 0.09 0.65

a Calculated using the BET method. b Calculated using the t-plot
method. c Calculated with the adsorption capacity at P/P0 of 0.98.
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These results show that a-MoO3 is more likely to migrate to the
pores and framework of the zeolite and thus reduce the acidity
of the catalyst. Since excess Brønsted acid sites can exacerbate
the formation of carbon deposits, resulting in a lower catalytic
performance, it can be inferred from the NH3-TPD profiles that
the Mo(OA)-HMCM-22 catalyst has a better methane aromatiza-
tion performance.

The FTIR-pyridine spectra after the desorption of pyridine at
200 1C exhibit many acid sites for HMCM-22 and Mo-modified
HMCM-22 (Table 3). From Fig. 6b, the spectral bands of
1545 cm�1 and 1455 cm�1 are attributed to the Brønsted and
Lewis acid sites, respectively, and the medium band located at
1490 cm�1 is ascribed to the co-contribution of pyridine
adsorbed on the Lewis and Brønsted acid sites.31 The acidity
of the HMCM-22 zeolite modified by Mo species is dramatically
reduced. Moreover, the acidity of the Mo(OA)-HMCM-22 catalyst
decreases to a greater extent than the Mo(C)-HMCM-22 catalyst,
indicating that MoOx sublimes and diffuses to the HMCM-22
zeolite, which is consistent with the NH3-TPD results.

H2-TPR studies were performed to gain a deeper under-
standing of the reduction of Mo species on HMCM-22. The
H2-TPR profile can be divided into three temperature regions.

Region I (200–400 1C) is attributed to the reduction of the
amorphous polymer molybdate. Region II, between 400 and
700 1C, corresponds to the reduction of octahedral MoO3 to
tetrahedral synergistic MoO2, which is regarded as the primary
reduction feature,10 while region III above 700 1C is ascribed to
the complete reduction of MoO2 to metallic Mo species. As can
be seen in Fig. 6c, the reduction characteristics of both catalysts
are different in region II. The reducibility of MoO3 to MoO2 in
the Mo(OA)-HMCM-22 catalyst decreases, which is because the
anchoring mode of the MoO3 species in the HMCM-22 chan-
nels has changed after a-MoO3 modification. The lower redu-
cibility observed in Mo(OA)-HMCM-22 is caused by the strong
combination of MoOx species with the HMCM-22 zeolite. The
NH3-TPD studies confirm that Mo(OA)-HMCM-22 has a lower
Brønsted acid site concentration due to more MoOx species
migrating into the channels of the HMCM-22 zeolite. The
reduction temperature decreases from 503 1C for Mo(C)-
HMCM-22 to 491 1C for Mo(OA)-HMCM-22, indicating that
the interaction of Mo oxo species with the zeolite surface could
be improved for nano a-MoO3-modified HMCM-22.32

Raman spectra were obtained to analyse the chemical bond-
ing of MoOx species in the MCM-22 channels. As shown in
Fig. 6d, the bands located at 344, 484, 527 cm�1 are assigned to
the MCM-22 characteristic framework.26 Mo(OA)-HMCM-22
catalyst has a wider scattering at around 850 cm�1 compared
with the Mo(C)-HMCM-22 catalyst, showing that more poly-
oxomolybdate phases are formed. The occurrence of the
960–975 cm�1 band is ascribed to the existence of hydrated
monomeric supported MoOx species, indicating the v(MoQO)
stretching vibration.33 These results indicate that molybdenum
oxide is well associated with different Al sites within the
MCM-22 zeolite modified with nano a-MoO3.

3.2 MDA testing

The MDA performance on Mo(C)-HMCM-22 and Mo(OA)-
HMCM-22 is shown in Fig. 7 and Table 4, proving the conver-
sion of methane and the yield of aromatics within 480 min. As
displayed in Fig. 7a, both catalysts show a low methane
conversion at an early stage due to methane being activated
to form MoOxCy and MoCx at 700 1C during the induction
period.10,34 A maximum yield of aromatics with the time on
stream is revealed for Mo(OA)-HMCM-22 and Mo(C)-HMCM-22
(Fig. 7b), and is then reduced as the reaction proceeds.35,36

Compared with Mo(C)-HMCM-22, methane conversion is
higher on the Mo(OA)-HMCM-22 with time on stream, demon-
strating its higher catalytic activity. In addition, the conversion

Fig. 6 (a) NH3-TPD profiles of HMCM-22, Mo(C)-HMCM-22 and Mo(OA)-
HMCM-22, and (b) IR spectra of pyridine adsorbed on HMCM-22, Mo(C)-
HMCM-22 and Mo(OA)-HMCM-22; (c) H2-TPR profiles and (d) Raman
spectra of Mo(C)-HMCM-22 and Mo(OA)-HMCM-22.

Table 2 NH3 consumption for HMCM-22, Mo(C)-HMCM-22 and
Mo(OA)-HMCM-22

Sample

Temperature
(1C)

NH3 consumption
(mmol g�1)

Total
(mmol g�1)

Peak
L

Peak
M

Peak
H

Peak
L

Peak
M

Peak
H

HMCM-22 191 278 371 20.8 11.6 6.6 39
Mo(C)-HMCM-22 198 280 367 20.0 10.9 6.1 37
Mo(OA)-HMCM-22 190 274 362 18.4 10.1 5.5 34

Table 3 Quantitative results from pyridine-FTIR of HMCM-22, Mo(C)-
HMCM-22 and Mo(OA)-HMCM-22

Sample
Brønsted acid
(mmol g�1)

Lewis acid
(mmol g�1) Bacid/Lacid

HMCM-22 29.0287 88.5736 0.3277
Mo(C)-HMCM-22 18.0744 77.2283 0.2340
Mo(OA)-HMCM-22 16.0041 71.0388 0.2253
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of methane gradually reduces with the time on stream, which
may be assigned to slow catalyst deactivation due to carbonac-
eous deposition, thus reducing the catalytic activity.38,39 As
shown in Table 4, Mo(OA)-HMCM-22 has its highest aromatics
yield (9.1%) at around 130 min, which is superior to Mo(C)-
HMCM-22 (7.5%). Notably, Mo(OA)-HMCM-22 exhibits a higher
methane conversion (13.3%) than that of Mo(C)-HMCM-22
(11.2%), which may be due to a better distribution of Mo in
the catalyst and the generation of more active Mo sites in the
former.40,41 In addition, Mo(OA)-HMCM-22 shows a higher TOF
value than Mo(C)-HMCM-22 (14.9 h�1 vs. 13.3 h�1) at 130 min.
According to the results of EDS mapping, FT-IR and Raman
spectroscopy, and NH3-TPD, the enhanced activity of the
Mo(OA)-HMCM-22 catalyst is mainly attributed to there being
more Mo species inside the channels of HMCM-22 associated
with Brønsted acid sites, thus moderately reducing the density
of acid centres and enhancing the overall accessibility of the
acid centres.33,42

The selectivity for different products is exhibited in Fig. 7c
and Table 4. The selectivity for benzene over Mo(OA)-HMCM-22
is 61.3%, which is higher than that of the Mo(C)-HMCM-22
catalyst (59.6%). Moreover, the selectivity for coke over
Mo(OA)-MCM-22 after 480 min is slightly lower than that of

Mo(C)-MCM-22 (30.5% vs. 31.9%, respectively). It is demon-
strated that HMCM-22 modified with a-MoO3 has a positive
effect on enhancing the catalytic performance. Since Brønsted
acid centres are conducive to the formation of carbon
deposits,11,43 Mo(OA)-HMCM-22 exhibits small Brønsted acid
sites, leading to good stability in the MDA reaction.

The surface characteristics of post-reaction catalysts change
greatly due to the creation of metal carbides and the deposition
of carbon. In this sense, significant coke deposition as well as
sintering and separation of Mo species from the zeolite struc-
ture are responsible for catalyst deactivation.18,44 From TEM
images obtained (Fig. 8), both samples show distinct carbide
clusters (MoCx) after the reaction, which are formed during the
MDA reaction.

XPS analysis of the fresh and spent catalysts was performed
to elaborate the chemical nature of the Mo species. The
methane atmosphere promotes the stepwise change in the
oxidation state of Mo species, and the Mo oxides are trans-
formed into oxide carbides (MoOxCy) and carbide phases
(MoCx) at 700 1C.44,45 The Mo 3d XPS spectra for the catalysts
exhibit two bands for the fresh catalyst, whereas the XPS
spectra of the post-reaction catalysts can be fitted to four peaks

Fig. 7 (a) Methane conversion, (b) aromatics yield and (c) product
selectivity.

Table 4 MDA catalytic results on different catalysts

Catalyst
Mo contenta

(%)
Reaction time
(min)

Conversion of
CH4 (%) TOF (h�1)

Selectivity (%)
Yield of
aromatics (%)Benzene Toluene Naphthalene Coke

Mo(C)-HMCM-22 5.5 130 11.2 13.3 59.6 3.3 4.1 33.0 7.5
480 8.2 9.5 61.0 3.1 4.0 31.9 5.6

Mo(OA)-HMCM-22 5.8 130 13.3 14.9 61.3 3.1 4.0 31.6 9.1
480 11.5 12.9 62.4 3.2 3.9 30.5 8.0

HMCM-2237 — 150 0.5 — — — — E80 —

a Based on inductively coupled plasma results.

Fig. 8 TEM images of (a) fresh Mo(C)-HMCM-22, (b) used Mo(C)-HMCM-
22, (c) fresh Mo(OA)-HMCM-22, and (d) used Mo(OA)-HMCM-22.
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(Fig. 9a and b). Mo 3d3/2 and Mo 3d5/2 at binding energy values
of 236.6 eV and 233.4 eV, respectively, indicate the presence of
Mo in the hexavalent state, while the binding energy values at
228.9 eV and 231.9 eV are due to the formation of molybdenum
carbide species (Mo2C), which are regarded as the active site
Mo(II) species that benefit methane activation and the dimer-
ization of CHx intermediates during the MDA reaction.1 It is
calculated that 50.9% (Mo(II)) and 49.1% (Mo6+) exist in the
used Mo(OA)-HMCM-22, while 46.4% (Mo(II)) and 53.6% (Mo6+)
exist in the used Mo(C)-HMCM-22. Specifically, the proportion
of Mo2C species in the used Mo(OA)-HMCM-22 is clearly higher
than that in the used Mo(C)-HMCM-22 because of the effective
anchoring of Mo species at Brønsted acid sites in Mo(OA)-
HMCM-22.46 Therefore, Mo(OA)-HMCM-22 shows a better cat-
alytic performance.

Raman analysis was used to gain a deeper insight into the
types and the amount of carbonaceous species on the surface of
Mo(C)-HMCM-22 and Mo(OA)-HMCM-22 after 480 min of reac-
tion. As exhibited in Fig. 9c, the Raman spectra of the catalysts
exhibit two bands. The G-band located at 1596 cm�1 is gener-
ated by the stretching motion of all sp2 atom pairs in the
carbon ring or long chain, which is ascribed to the ordered
graphitic structure. The formation of the D-band (1350 cm�1) is
assigned to the presence of disordered aromatics or structurally
disordered graphitic species.39 The value of ID/IG reflects the
disorder degree of the surface carbon species. The ID/IG value
for Mo(C)-HMCM-22 is 2.88, which is higher than that of
Mo(OA)-HMCM-22 (0.85), showing that Mo(C)-HMCM-22 has
the more disordered nature of surface graphite-like coke.21,47 It
is well known that the coke species are generated through MoCx

and amorphous coke, which lead to deactivation of the catalyst.
Hence, the result indicates that a-MoO3-modified HMCM-22
could inhibit the formation of carbon deposits and thus
improve the catalytic stability.

The principle of catalyst deactivation can be investigated via
thermogravimetric analysis of the used samples (Fig. 9d). The
first weight loss below 220 1C corresponds to the evaporation of
physically and chemically sorbed water. The weight loss above
350 1C is ascribed to the decomposition of metal carbides and
coke deposition.12 The weight loss in this temperature range is
6.6% and 5.0% for Mo(C)-HMCM-22 and Mo(OA)-HMCM-22,
respectively. Therefore, it is inferred that more anti-carbon
deposition is generated in the a-MoO3-modified HMCM-22,
showing a better catalytic stability in the MDA reaction.

4. Conclusions

We have prepared nano a-MoO3-modified HMCM-22 for the
MDA reaction, where Mo species are highly dispersed into the
zeolite, as clarified through various characteristics. Compared
with commercial MoO3, more Mo species can be migrated into
the zeolite pores using nano a-MoO3 modification, thus show-
ing a higher catalytic activity. During the MDA reaction, more
MoCx active sites were generated in Mo(OA)-HMCM-22, thus
exhibiting a higher benzene selectivity. In addition, fewer
Brønsted acid sites present in Mo(OA)-HMCM-22 lead to its
strong anti-carbon deposition ability.
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