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Abstract. The catalytic active-phase of reduced Mo species plays a vital role in non-oxidative methane
dehydroaromatization (MDA) reaction. Pretreatment effect of one of the gases containing N2 , H2 and (90
vol%) CH4 + H2 over 15% Mo-loaded HZSM-5 catalyst has been investigated in the present work. Various
spectroscopic investigations viz., XRD, TPR, TPO, XPS, etc., show that the pretreatment of 15% Mo-HZSM-5
catalyst with (90 vol%) CH4 + H2 gas stream exclusively leads to the formation of MoOx Cy Hz which acts as
precursor moieties for the formation of highly active metastable fcc (α-MoC1−X ) and MoOx Cy phases during
the induction period. Comparatively, H2 and N2 -pretreated catalysts showed major formation of hcp (β-Mo2 C)
species that are found to be a less-active phase in MDA reaction. The active fcc (α-MoC1−X ) phases are immune
to inert coking and assist primary ethylene products formed on carbonized Mo associated Brønsted acid sites
to travel in the zeolite channels which is further aromatized over Brønsted acid sites deep inside the channels.
XPS analysis of the catalyst shows that α-MoC1−x and β-Mo2 C are major catalytic phases that are covered with
graphitic carbon and amorphous carbon present on the surface. The active phases α-MoC1−x and MoOx Cy ,
associated with Brønsted acid sites along with the vacant Brønsted acid sites in catalyst pretreated with (90
vol%) CH4 + H2 mixture are responsible for high activity in methane conversion (∼13%), excellent aromatic
selectivity (38%), and high stability of the catalyst.
Keywords. Molybdenum oxycarbide; dehydroaromatization; Mo2 C; α-MoC1−X .

1. Introduction
There is a continuous increase in the demand for energy
and an ever-increasing dependence on petroleum since
liquid petroleum is the main energy resource for various industries as well as a transportation fuel. Over
86.7 million barrels of petroleum are processed every
day in refineries around the world to meet the demand
for liquid transportation fuels such as gasoline, diesel
and jet fuel. The declining crude oil reserves have
shifted focus towards natural gas as an alternative fuel
source. Methane is a very abundant fuel resource as
its reserves are spread around the world. Researchers
have explored a number of strategies ranging from fundamental science to advanced engineering technology
for conversion of methane to useful chemicals. 1 In

this regard, non-oxidative methane dehydroaromatization (MDA) over Mo/HZSM-5 catalyst is a promising
approach for production of higher hydrocarbons mainly
benzene, toluene, xylene and naphthalene along with
hydrogen. 2 Considerable efforts have been made to
understand the mechanism of methane activation and
active sites formed over Mo-modified catalyst. It is
believed that, Mo2 C species, which are highly dispersed
on the external surface of the HZSM-5, act as active
sites and are responsible for the initial methane activation. 3–7 During the period of calcination at 500–700 ◦ C
in air stream, molybdenum species replaces the Brønsted acid sites with 1:1 stoichiometry and exists in the
channels of the H-ZSM-5 zeolite. 8–11 However, there
is no unanimous agreement about the precise active
molybdenum species in MDA reaction among the sci-
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entific community. Moreover, its location depends on
several factors, viz., method of catalyst preparation and
amount of metal loading as well temperature, duration
and gas phase composition involved in the calcination
process. 12–14 Conversion of externally located molybdenum oxide to molybdenum carbide on the external
zeolite surface and its transformation to MoOxCy inside
the zeolite channels is a widely accepted phenomenon
in MDA reaction. It has also been investigated that the
Mo species in the channels are more effective in the
activation of methane and less susceptible to the formation of carbonaceous deposits. 12–14 When reduced
with methane, MoO3 , not associated with the Brønsted
acid sites are converted to Mo carbide species whereas,
MoCx Oy species which are formed are associated with
the Brønsted acid sites. 12–14 Various attempts have been
made to enhance the activity, aromatic selectivity and
stability of the Mo-HZSM-5 catalyst. 15–31 Addition of
promoters, 15–17 creating secondary mesopores or preparing hierarchical pore structures in microporous catalysts
HZSM-5, 18,19 co-feeding of CO, CO2 , H2 O and H2 for
in situ catalyst-regeneration 20–22 and pretreatment by
different gas streams, (H2 , C2 H4 , C3 H8 , H2 O or CO2 )
are chiefly the studied areas. 23–31 Among these, pretreatment studies are one of the favorite areas in MDA
reaction. Pretreatment of the catalyst with different gas
streams or hydrocarbon/H2 mixture substantially alters
the topotactic nature of the active carbide species as
well the catalyst performance. Periodic pulsing of oxygen into the methane feed 30 and cyclic CH4 -H2 feed
in switch mode ensuring reduced coking behavior 31
are quite recent studies in MDA reaction. Nevertheless, the inherent thermodynamic limitation and rapid
catalyst deactivation are still subject to investigation.
Bouchy et al., 24 have claimed the presence of two
active phases, more active metastable fcc (α-MoC1−x )
and thermodynamically stable hcp (β-Mo2 C) as the
key species involved. Hence, the reactions carried over
the catalyst with chief active phases, metastable fcc
α-MoC1−x , will be an ideal way to overcome these
limitations.
In this work, we report the exclusive formation of
metastable fcc (α-MoC1−x ) over Mo-HZSM-5 zeolite
catalyst by pretreating it with (90 vol%) CH4 + H2 mixture at 550 ◦ C for 4 h. Comparatively, pretreatment with
H2 and N2 was also done to get more insight into the
active species formation. The catalysts were systematically studied and catalytic performances were evaluated
in MDA reaction. The formation of active metastable
α-MoC1−X species and coke deposition on the spent
catalyst were identified by using XRD, TG-DTA, XPS
and TPO methods. Catalyst pretreated with (90 vol%)
CH4 + H2 mixture at 550 ◦ C for 4 h shows higher con-
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version (∼13%) aromatic selectivity (38%) compared
to the catalyst pretreated with H2 and N2 .
2. Experimental
2.1 Catalyst preparation
The Mo-supported catalyst was synthesized by impregnation
of ammoniumheptamolybdenate (AHM) (Rankem) on zeolite (Zeolite-CBV3024E, Surface area = 400 m2 /g). Prior
to impregnation, NH4 -ZSM-5 catalyst was converted to HZSM-5 by calcination in air at 550 ◦ C for 6 h. In a typical
procedure, required amount of AHM was dissolved in the double distilled water and then mixed with activated H-ZSM-5.
The resultant slurry was homogenized under stirring at 80 ◦ C
for 1 h and excess water was removed by Buchi rotary vacuum
evaporator. This catalyst was further dried at 120 ◦ C for 12 h
and then calcined for 4 h at 550 ◦ C. Resulting catalyst was
finely ground, pelletized, broken and sieved to 20–60 mesh
size.

2.2 Catalyst activation by pretreatment
Pretreatment of the activated catalyst was achieved by flushing
different gas streams at the desired temperature and about 4 h.
Thus these are hereafter named as 15% Mo-HZSM-5-C (N2
pretreated catalyst at 300 ◦ C for 4 h), 15% Mo-HZSM-5-B
(H2 pretreated at 350 ◦ C for 4 h) and 15% Mo-HZSM-5-A
(90 vol% CH4 /H2 pretreated at 550 ◦ C for 4 h). The catalytic performance of this pretreated catalyst was evaluated
for MDA reaction in fixed bed reactor at 700 ◦ C, 1 atm. and
GHSV=1200 mL/h.gcat .

2.3 Catalytic evaluation and product analysis
The activity testing of catalyst was carried out in a fixed bed
tubular continuous flow reactor of 6 mm I.D., 8mm O.D. and
450 mm length made of quartz. The catalyst was plugged in
between ceramic wool, above and below the catalyst, SiC
beads were placed to minimize the gas phase reactions. 32 This
reactor was placed in the isothermal region of the electrically
heated tubular furnace. The plug flow conditions of the reactor
were maintained by keeping L/dp>50 and D/dp>10 where L
is catalyst bed length, dp is the diameter of the catalyst particle and D is the diameter of the reactor, respectively. 33 The
feed rates were controlled by mass flow controllers (MKS
Instruments, USA type 246). The reactant gas stream was
passed over the catalyst at a required temperature and the
outlet product mixture was directly sent to Gas Chromatography (GC) connected to Flame Ionization Detector (FID) and
thermal conductivity detector (TCD). Higher hydrocarbons
were detected in the Nucon gas chromatograph with Supel-Q
Plot column (Supelco, 30 m × 0.53 mm) which is connected
to FID. H2 , N2 , CO, CH4 and CO2 gases were detected in the
GC-TCD connected with Carbosieve (2 m × 52 mm) column.
Prior to the gas analysis, gas chromatograph was calibrated
with the standards of known samples and response factors
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for FID and TCD were calculated as described in the literature. 34 The standard mixture of 90% CH4 and 10% N2 as
an internal standard was used for the total gas outlet of the
reactor. Here, 90% stands for vol%, keeping methane partial
Pressure = 0.9 bar while Nitrogen partial Pressure = 0.1bar,
with a total pressure of 1 bar. Methane conversion, selectivity
of hydrocarbons and coke formation was calculated based on
carbon mass balance as reported in detail. 35

2.4 Catalyst characterization
Powder X-ray diffraction (XRD) patterns for phase analysis
and crystallinity verification were recorded using a Rigaku
Miniflex X-ray diffractometer with CuKα radiation (λ =
1.54 Å), operated at 20 mA and 40 kV. Powder diffractograms
were recorded over a range of 2θ values from 5–80◦ at a scanning rate of 4◦ /min. The textural properties of the catalysts
were determined by nitrogen adsorption-desorption analysis
at − 196 ◦ C using an automatic micropore physisorption analyzer (Micrometrics ASAP 2020, USA). Prior to the analysis,
samples were degassed at 250 ◦ C for 12 h under 0.133 Pascal
pressure. The H2 -Temperature programmed reduction (TPR)
measurements were recorded, using the Micrometrics Auto
Chem II 2920 chemisorption analyzer. The calcined samples
(0.1 g) were loaded in a U shaped quartz reactor placed inside
the furnace. Prior to the analysis, the sample was degassed
at 200 ◦ C for 1 h under helium flow (40 mL/min) and cool
down to the room temperature. The furnace temperature was
raised from room temperature to 900 ◦ C at a heating rate of
10 ◦ C/min with a 10% H2 /Ar gas flow of 50 mL/min. H2 consumption was measured using a thermal conductivity detector
(TCD) and the total H2 consumption was obtained from the
integrated peak area of the reduction profiles relative to the
calibration curve.
The NH3 -TPD studies were conducted using Micromeritics Auto Chem II 2920 chemisorption analyzer. The samples
were first degassed for 1 h at 200 ◦ C under the flow of
helium (40 mL/min) to desorb the moisture and impurities
present. Subsequently, at 100 ◦ C, 10 vol% NH3 - He gas
mixture (20 mL/min) was passed into the reactor for 1 h to
ensure complete chemisorption of ammonia. The physisorbed
ammonia present over the sample was removed by flushing the He (50 mL/min) for 1 h. Samples were consequently
heated up to 800 ◦ C with a heating rate of 10 ◦ C/min and
amount of ammonia desorbed was monitored using a TCD
detector. The quantity of NH3 adsorbed was calculated from

the pulse calibration data collected using the same gas
mixture.
Temperature-Programmed Surface Reactions (TPSR) of
methane were carried out in the same tubular flow reactor.
Prior to the reaction catalyst was activated to 300 ◦ C in He
gas flow at the rate of 10 ◦ C/min and for 2 h. The effect of
pretreatment and MDA reactions were evaluated under similar conditions used in the experimental reaction. Product
gases from the reactor were analyzed by HIDEN MAS soft
quadruple mass spectrometer connected to the outlet of the
reactor. Products of reaction m/e of 2(H2 ), 16(CH4 ), 18(H2 O),
27(C2 H4 ), 28(CO), 44(CO2 ), 78(C6 H6 ) and 91(C7 H8 ) were
recorded in the MID mode.
X-ray photon spectroscopy (XPS) for surface characterization of working catalyst was conducted over a SPECS
PHOIBOS HAS 3500 spectrometer equipped with a single
channel detector coupled with MgKα radiation (1253.6 eV).
The spectra were obtained using samples prepared in the
form of pressed wafers mounted on the sample holder. The
charging effect of the sample was corrected by referring to
the Si 2p3/2 peak of SiO2 (103.4 eV) 7,36 and the C1s peak
of contaminant carbon binding energy (BE) = 284.6 eV) 37 ,
respectively.

3. Results and discussion
3.1 Catalytic activity testing of pretreated samples
The pretreatment of the catalyst leads to the formation of different active species which play a key role in
methane dehydroaromatization. 26 Catalysts pretreated
with various gas streams and their resulting activity in
methane dehydroaromatization is listed in Table 1. 15%
Mo-HZSM-5-A shows high conversion (13%), high aromatic selectivity (38%) and less coke deposition (54%)
as compared to 15% Mo-HZSM-5-B and 15% MoHZSM-5-C. Methane conversion falls down to 10.5%
and 5.6% in case of 15% Mo-HZSM-5-B and 15% MoHZSM-5-C respectively.
The latter two catalysts suffer more coke formation
(64% and 69% coke selectivity) which leads to blockage
of zeolite pore opening and hence less aromatic selectivity (29% and 14%). The results show that less coking in
15% Mo-HZSM-5-A is responsible for its high activity.

Table 1. Methane conversion and product selectivity over different pretreated catalyst at 700 ◦ C,
1 atm and GHSV = 1200 mL/h.gcat .
Catalyst

Methane conversion (%)

Selectivity (%)
C2 -C3 Benzene T+X Naphthalene CO Coke

15% Mo-HZSM-5-C
15% Mo-HZSM-5-B
15% Mo-HZSM-5-A

5.6
10.5
13.0

15.0
3.4
7.5

14.0
29
34.5

0.50
2.0
2.5

0.15
0.5
1.0

1.2
1.3
0.5

69
64
54
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Figure 1. Methane conversion and product selectivity with time on stream. (a) 15% Mo-HZSM-5 A catalyst; (b) 15%
Mo-HZSM-5-B (c) 15% Mo-HZSM-C.

3.1a Methane conversion with time on stream: The
effects of catalyst pre-reduction with a different gas
stream on methane conversion with time-on-stream
(TOS) are shown in Figure 1. The methane conversion (∼13%) and benzene selectivity (∼32%) over 15%
Mo-HZSM-5-A catalyst was nearly constant for 15 h as
shown in Figure 1a.
The coke selectivity increased from 50 to 60% and
the C2 -C3 hydrocarbon selectivity increases from 5 to
8% for this catalyst. On the other hand, selectivity to
the other aromatic compounds (Toluene, Xylene and
Naphthalene) was found to be negligible over other two
catalysts, 15%Mo-HZSM-5-B and 15% Mo-HZSM5-C also. The performance of 15% Mo-HZSM-5-B
catalyst (Figure 1(b)) shows lower activity than the 15%
Mo-HZSM-5-A. The conversion of methane on this catalyst decreases from 11.2 to 7% and simultaneously,
benzene selectivity also decreases from 26 to 20%. The
coke selectivity on this catalyst increased from 60 to
69% and C2 -C3 hydrocarbon selectivity from 2 to 9.6%,

possibly due to the increased cracking reaction. The
15% Mo-HZSM-5-C catalyst (Figure 1(c)) shows poor
conversion than the other two catalysts, and after 11 h
of TOS, the catalytic activity was lost. The conversion
rapidly decreases from 6.2 to 1.5%. Benzene selectivity goes to maximum 15% and then drops to 6%. The
selectivity towards C2 -C3 hydrocarbon increases from
10 to 25%. The results are analogues to earlier reported
trends, 38 where the simultaneous ethylene selectivity
increased when the conversion of methane and benzene decreases with time-on-stream. This is attributed
to deactivation of the Brønsted acid sites, which are
responsible for oligomerization or cyclization of reaction intermediates.
3.2 XRD analysis
The XRD patterns of various samples viz., pure ZSM5, Mo impregnated, pretreated and spent catalyst are
illustrated in Figure 2. The diffraction pattern reveals
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Figure 2. XRD patterns : (a) Pure HZSM-5; (b) 15% Mo-HZSM-5; (c) 15% Mo-HZSM-5-A; and spent
catalysts of, (d) 15% Mo-HZSM-5-A after 50 min; (e) 15% Mo-HZSM-5-A after 3 h; (f) 15% Mo-HZSM-5-B
after 3 h; (g) 15% Mo-HZSM-5-C after 3 h.

the formation of MoO3 species (2θ = 27.8, 28.5, 30.3,
35.1, 34.2, 39.1, 49.8 and 53.7◦ ) which are availed from
impregnation of AHM over the ZSM-5 followed by calcination at 550 ◦ C.
The relative crystallinity of Mo-loaded catalyst
decreases to 78% (Table 2) compared to pure ZSM-5,
which manifests that MoO3 species are highly dispersed
on ZSM-5 surface and in its channels. It is noteworthy to mention that AHM ions do not exchange directly
onto HZSM-5 during the impregnation, rather MoO3
species are formed first in aerial atmosphere at 227–
377 ◦ C on the external surface of ZSM-5, and further
diffused into zeolite channels. 39,40 The XRD patterns of
the catalyst pretreated with H2 and N2 are shown in Figures 2f and 2g, respectively. The formation of β-Mo2 C
phase (34.3, 37.9, and 39.4◦ ) after the reaction run of 3 h
is consistent with reports in the literature. 24 The MoO3
species in 15% Mo-HZSM-5-A (Figure 2(a)) are converted to monoclinic MoO2 (2θ = 26.1, 37.1, 49.6,53.7,
60.4, 67.0◦ ) phases with traces of face-centered cubic
(fcc) MoOx Cy Hz (2θ = 43.8, 49.8◦ ). 41,42 During the
carburization in methane stream these phases are converted into α-MoC1-X (36.9, 41.2, 62.5, 74.5◦ ) with
trace amount of MoOx Cy (2θ = 38.4, 45.6, 64.0, 64.4
and 65.6◦ ). 24,43
Earlier reports have claimed that the insertion of
carbon by catalyst pretreating with n-butane/hydrogen
gas mixture at 350 ◦ C for 24 h was necessary for

the synthesis of highly active metastable face-centered
cubic (fcc) structure α-MoC1−X over MoO3 -HZSM5. However, the present study suggests that highly
active metastable face-centered cubic (fcc) structure
α-MoC1−X over MoO3 -HZSM-5 can be achieved by pretreating the catalyst with (90%) CH4 /H2 at 550 ◦ C for
4 h only.
3.3 Crystallinity and BET surface area analysis of
the catalyst
Textural properties of the parental catalyst and 15%
Mo-HZSM-5 catalyst with successive treatments are
summarized in Table 2. The BET surface area of the
15% Mo-HZSM-5 as calcined catalyst decreased, which
may be attributed to the deposition of MoO3 over the
zeolite. The decrease in the external surface area and
micropore area of 15% Mo-HZSM-5 catalyst indicates
the MoO3 has migrated into zeolite channel during the
calcination as discussed in section 3.2. BET surface area
and crystallinity of the catalyst further decreased after
pretreatment with CH4 /H2 , possibly, due to increase in
migration of Mo species into the zeolite channels. After
3 h reaction time, the BET surface area of the different
catalysts further decreases due to coke deposition over
the MoO3 surface and zeolite channel. The external surface area of the spent catalyst is higher than the parental
Mo loaded catalyst. This confirms that the Mo species
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0.84
0.62
0.53
0.68
0.44
0.43

3.4 H2 -temperature programmed reduction of
Mo-HZSM-5

0.125
0.088
0.062
0.050
0.053
0.047

0.135
0.094
0.11
0.15
0.087
0.073

The deconvoluted H2 -TPR profile of 15% Mo-HZSM-5
(Figure S1 in Supplementary Information) have shown
a two-stage reduction of MoO3 to MoO2 followed by its
conversion into pure metallic Mo. 44–47 Consumption of
hydrogen (fitted peaks) over this catalyst was observed
at 518 ◦ C, 620 ◦ C, 678 ◦ C and 758 ◦ C. The observed
trend suggests that there are two kinds of Mo+6 species
located on Mo-HZSM-5 catalyst: (i) Mo located on the
external surface, and (ii) Mo present in the zeolite channels. Mo species present over the surface is easy to be
reduced than the Mo existing in zeolite channels. 13 The
reduction temperature 518 ◦ C is attributed to the conversion of surface deposited MoO3 to MoO2 and hydrogen
consumption peak at 678 ◦ C is assigned to further reduction of MoO2 to Mo. 46,48 The TPR peak at 620 ◦ C
corresponds to reduction of MoO3 present in zeolite
channels to MoO2 and the reduction peak at 758 ◦ C is
ascribed to reduction of Mo4+ species associated with
Brønsted acid sites to MoOx and subsequent reduction
of MoO2 species to metallic Mo respectively. 49,50 However, H2 consumption at 678 ◦ C was only 54% to that of
the corresponding peak at 518 ◦ C, which indicates that
the total amount of Mo4+ species are not reduced into
metallic Mo. Hence, at this stage, simultaneous existence of Mo4+ and metallic Mo species were evident.
The observation matches well with XRD profile in Figure 2.
3.5 NH3 -temperature programmed desorption studies

124.2
78.0
58.0
136.0
132.4
137.0
# spent catalysts after 3 h TOS

1.
2.
3
4.
5.
6.

H-ZSM-5
15% Mo-HZSM-5
15% Mo-HZSM-5-A
15% Mo-HZSM-5-A#
15% Mo-HZSM-5-B#
15% Mo-HZSM-5-C#

100
78.6
54.0
62.0
56.0
56.5

363.5
260.5
200.0
250.0
240.0
232.0

239.1
182.3
142.0
114.0
107.6
95.0

Meso pore
Micro pore
Micro pore
External
BET

Surface Area (m2 /g)
Relative crystallinity (%)
Catalyst
S. No

Table 2.

Crystallinity and BET surface area measurements of the different catalysts.

Pore Volume (cm3 /g)

Total acidity (mmol/gcat )

on the external surface migrated during carburization,
thus, the micropore area was decreased.

The NH3 -TPD profiles of various samples and spent
catalyst with different modes of activation are shown
in Figure 3. The NH3 desorption peak at low temperature (193 ◦ C) corresponds to the weak acidic sites
(Lewis) while desorption peak at high temperature
(392 ◦ C) is attributed to the presence of strong Brønsted
acid sites. 51–54 The Gaussian curve fitted, deconvoluted profile illustrates that pure HZSM-5 (Figure 3a)
is associated with high amount of NH3 adsorbed (0.84
m.mol/gcat ) owing to the presence of strong acidity. Mo
loading and pretreatment leads to shifting in desorption
profile (Figure 3b–3f) towards lower temperature.
This is attributed to a decrease in acidity of MoHZSM-5 (0.62 m.mol/gcat ) and pretreated catalyst (0.53
mmol/gcat ). 15% MoO3, impregnated on HZSM-5
(Figure 3b) shows a new peak at 196–213 ◦ C with
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after pretreatment owes to the transformation of surface
MoO3 to Mo2 C species. 60
These observations are in good agreement with quantitative acidity profile of the spent catalyst (Table 2)
where the total acidity of the 15% Mo-HZSM-5-A (0.68
mmol/gcat ) spent catalyst was higher than the 15% MoHZSM-5-B (0.44 mmol/gcat. ) and 15% Mo-HZSM-5-C
(0.43 mmol/gcat. ) catalyst. Furthermore, the micropore
area and total acidity of spent catalysts together confirm
that coke deposition on the 15% Mo-HZSM-5-A was
less as compared to 15% Mo-HZSM-5-B and 15% MoHZSM-5-C. Hence, the overall TPD studies suggest that
pretreatment of the catalyst with CH4 +H2 mixture leads
to the formation of more number of catalytically active
sites (MoC1−x ), prevents coking, and helps in preserving
high acidity and long catalyst lifetime (>15 h).
3.6 Temperature programmed surface reactions
(TPSR) of MDA

Figure 3. NH3 -TPD profiles of, (a) pure HZSM-5, (b)
15% Mo-HZSM-5, (c) 15% Mo-HZSM-5-A, (d) 15%
Mo-HZSM-5-A after 3 h, (e) 15% Mo-HZSM-5-B after 3 h,
and (f) 15% Mo-HZSM-5-C after 3 h.

medium acid strength. The disappearance of the hightemperature peak after Mo loading owes to a decrease in
strong acidic sites and migration of MoO2 into the zeolite channels and their interaction with OH groups of the
HZSM-5 zeolite. 52,55–59 The deconvoluted TPD profiles
of the 15% Mo-HZSM-5-A (0.53 mmol/gcat ) depicts further decrease in acidity, and desorption temperature of
NH3 was shifted to lower temperatures. This is possibly
due to the migration of Mo species into zeolite channels and the coordination of MoOx with the Brønsted
acid sites, which results in suppression of acid sites during the pretreatment. Interestingly, the NH3 uptake on
the pretreated catalyst after reaction 3 h reaction run had
decreased (Figures 3d–3f). This may be due to the coke
deposition on strong Brønsted acid sites in the catalyst,
which is more for the catalyst pretreated with H2 and
N2 compared to the CH4 + H2 mixture. At the same
time, in 15% Mo-HZSM-5-A (Figure 3d) the acidity of
weak acid sites and medium acid sites was increased.
This is attributed to the formation of catalytically active
sites (most probably MoC1−x ) due to the interaction of
methane stream with the Mo located on the external
surface and the Mo exchanged with Brønsted acid site
in the zeolite channels. It also suggests that all three
types of acid sites have interacted with the feed during
the reaction. Increase in area under the Lewis acid sites

3.6a CH4 -temperature programmed surface reaction
(TPSR) studies on N2 pretreated catalyst: The TPSR of
methane over 15% Mo-HZSM-5-C (Figure 4a), depicts
the reduction of molybdenum species present on the
zeolite surface and in its channels. TPSR profiles of
methane shows that consumptions of methane appeared
to be started at 500 ◦ C and up to 700 ◦ C, formation of
double stage CO2 , CO and H2 O was evident owing to
the two-stage reduction of MoO3. 61
In the first stage, MoO3 is reduced to MoO2 below
700 ◦ C, where, the consumption of methane is low and
in second stage MoO2 is further reduced to Mo2 C as
shown in equations (1–3). 60,62 This can be clearly justified by second stage reduction of MoO2 accompanied
by relatively high consumption of methane and evaluation of H2 and CO as shown in the Figure 4(a). Hence,
the formation of Mo2 C phases is expected to occur during the induction period i.e., after 25 min of TOS where
the formation of benzene takes place. The formation of
β-Mo2 C phases was also observed in the XRD profile of
this catalyst after 3 h TOS. Consumption of methane during the reduction period was higher due to high amount
of methane dissociation on the MoO3 that convert it into
active species. After the completion of induction period
(25 min), methane consumption decreases and the formation of ethylene, benzene and xylene was observed.
This shows that the formation of carburized Mo species
is essential for methane conversion to aromatics.
4MoO3 + CH4 → 4MoO2 + CO2 + 2H2 O,
Hr = −182.25 kJ, G = −398 kJ, 550 ◦ C
MoO3 + H2 → MoO2 + H2 OHr = −91kJ,
G = −103.4 kJ, 550 ◦ C

(1)
(2)
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Figure 4.

TPSR of CH4 over (a) 15% Mo-HZSM-5-C, and (b) 15% Mo-HZSM-5-B.

2MoO2 + 3CH4 → Mo2 C + CO + 5H2 + CO2
+H2 OHr = 623 kJ, 700 ◦ C, G = −70kJ

(3)

3.6b CH4 -TPSR studies on H2 pretreated catalyst:
The TPSR profiles of 15% Mo-HZSM-5-B Figure 4(b)
illustrates that consumption of methane started from
650 ◦ C and there is no observation of two-stage product formation. This shows that during the pretreatment
period with H2 at 350 ◦ C, MoO3 was reduced to form
MoO2. 24,43 As the temperature rises to 700 ◦ C, methane
consumption increases and formation of CO2 , CO, H2
and water is observed. This is due to reduction of
MoO2 species with methane to form molybdenum carbide species. This shows that methane activation takes
place over the Mo2 C sites as reported in literature. 11 The
induction period (38 min) on this catalyst was increased
possibly due to agglomeration of Mo and their migration
into the zeolite channels.
3.6c CH4 - TPSR studies on 90% CH4 /H2 pretreated
catalyst: The TPSR profiles of 15% Mo-HZSM-5A (Figure 5a) shows that hydrogen consumption starts
at 300 ◦ C, increases up to 550 ◦ C and simultaneously
methane consumption is increased with temperature.

The reduction of MoO3 in methane stream is more readily facilitated than in the H2 atmosphere as described in
equations 1 and 2.
Thus, the first stage of evolution of CO2 and H2 O
as well as consumption of hydrogen, corresponds to
reduction of surface deposited MoO3 to MoO2 facilitated by CH4 and H2 mixture. The second stage evolution
of CO2 , H2 O, CO and H2 after 500 ◦ C is due to the
reduction of MoO3 which are located inside the zeolite
channels to MoO2 and MoOx Cy species as described
in eq. 3. Consumption of methane and desorption of
trace amounts of CO reveals the formation of molybdenum hydroxycarbide (MoOx Cy Hz ) phase which was
also detected in XRD analysis (Figure 2c), and NH3 TPD of the pretreated catalyst (Figure 3c), where the
acidity of the Brønsted acid sites are reduced due to
increase in carbonization of Mo exchanged Brønsted
acid sites present in the zeolite channels. The TPSR
profiles of 15% Mo-HZSM-5-A catalyst during the reaction run (Figure 5b) show that consumption of methane
gradually increases up to 625 ◦ C and is accompanied by
simultaneous formation of H2 , H2 O, CO and CO2 and
ethylene with further rise in temperature up to 700 ◦ C.
This is ascribed to the reduction of MoO2 species formed
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Figure 5.

TPSR of CH4 over 15% Mo-HZSM-5-A.

during the pretreatment to form the molybdenum carbide species. Consumption of methane at induction
period (40 min) of the catalyst was higher than the
other catalyst. The methane consumption started immediately after pretreatment and maximum consumption
was reached at (625 ◦ C). On the other hand, in the case
of 15% Mo-HZSM-5-B and 15% Mo-HZSM-5-C the
methane consumption started after reaching the reaction temperature (700 ◦ C). This shows that pretreatment
of catalyst favors formation of highly active catalytic
phase, which can activate the methane at lower temperature. In addition, ethylene formation occurs in three
steps. This suggests that methane is activated on the
three active phases, which are dependent on the location
of their sites. Surface located MoO2 are readily reduced
in the methane stream to form Mo2 C (as we can see
on the catalyst B and C), whereas, the MoO2 located in
the zeolite channels are very hard to reduce. They are
partially reduced to form the MoOx Cy or MoOx Cy Hz .
These sites are highly active and more stable than the
Mo2 C. Hence, we interpret that the first two humps
are due to carbonization of MoO2 located in zeolite
channels. The TPSR profiles of ethylene, hydrogen and
water also follow the same trend. This indicates that
partially carburized Mo species (MoOx Cy /MoOx Cy Hz )
formed during the pretreatment may recombine the
methane fragmented species to form the ethylene. The

intermediate ethylene formation is assisted by Mo associated Brønsted acid sites followed by aromatization on
the Brønsted acid sites. 60 We believe that MoOx Cy or
MoOx Cy Hz ) sites which are facilitated by the pretreatment at 550 ◦ C with 90% CH4 /H2 are responsible for
the formation of ethylene where the free Brønsted sites
are very less as shown in Figure 3(c). Thus, the catalytically inactive [Mo2 O2+
5 ] species in the zeolite channels
are reduced by methane to form the active centres for CH bond activation and initial C-C bond formation along
with an acid site for oligomerization and cyclization.
Hence, benzene is formed later when ethylene aromatizes on vacant Brønsted acid sites, deep inside the
zeolite channels.
3.7 Thermogravimetric analysis (TGA) of the coked
15% Mo-HZSM-5 catalyst
The TG-DTG/DTA profiles of the various catalyst after
3 h run are shown in the Figure 6. The endothermic
weight loss (4–5%) from 70–250 ◦ C is ascribed to moisture desorption and weight gain from 300 to 450 ◦ C
accompanied by endothermal process corresponds to
burning of coke associated with molybdenum oxide.
The increase in weight loss is due to burning of coke
on the Mo2 C to form the MoO3. 62 The catalyst pretreated with CH4 + H2 at 550 ◦ C (Figure 6a) shows
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Figure 6. TG-TGA/DTA profiles of, (a) 15% Mo-HZSM-5-A; (b) 15% Mo-HZSM-5-A after 3 h; (c) 15% Mo-HZSM-5-B
after 3 h; (d) 15% Mo-HZSM-5-C after 3 h.

negligible formation of carbon deposits This is due to
the fact that consumption of methane is accompanied
by reduction of MoO3 species and these temperatures
do not favor the formation of coke. The consumption
of methane and formation of CO2 , CO and H2 O during the pretreatment with CH4 + H2 (as discussed in
TPSR) ensures that MoO3 species forms MoOx Cy. 41
The DTA curve profile of 15% Mo-HZSM-5-A shows
the small variation in peaks with endothermic weight
increase (0.4 mg). This is attributed to the combustion
of chemically associated coke with MoO3 . The DTA
profile of this catalyst shows that the combustion of
Mo2 C to MoO3 is highly endothermic due to several
reaction steps involved and the activation energy of this
step is found to be twice that of the combustion of other
coke. 63,64 The order of formation of coke associated
with Mo2 C is as follows: 15% Mo-HZSM-5-A (0.98 mg)
< 15% Mo-HZSM-5-C (1.04 mg) < 15% Mo-HZSM5-B (1.4 mg). This shows that the catalyst pretreated
with H2 retains a high amount of Mo on the surface
of the catalyst. The exothermic weight loss at high temperature (450–600 ◦ C) is ascribed to burning of aromatic
or polycondensed coke deposited over the surface of the

catalyst during the reaction. Again, the order of the coke
deposition on high temperature follows the same trend:
(15% Mo-HZSM-5-A (0.48 mg) < 15% Mo-HZSM-5C (0.52 mg) < 15% Mo-HZSM-5-B (0.96 mg)). Since
coking forms continuously fashion over molybdenum
carbide as well as on Brønsted acid sites, it leads to
the formation of multilayer coke with varied characteristics. 65 The three exothermic combustion humps at
(436 ◦ C, 468 ◦ C, 506 ◦ C) for 15% Mo-HZSM-5-A after
3 h run can be attributed to combustion of coke deposited
on the molybdenum associated with Brønsted acid site
followed by vacant Brønsted acid sites deep inside
the zeolite channels. In 15% Mo-HZSM-5-B, only two
exothermic peaks (452 ◦ C and 521 ◦ C) were identified.
This signifies the decrease in Brønsted acid sites associated with molybdenum species. The DTA profile peaks
(467 ◦ C and 533 ◦ C) of 15% Mo-HZSM-5-C are shifted
to high temperatures. From TG-DTG profiles of the catalysts, we notice that there are three distinct weight
losses at 760, 800 and 920 ◦ C. The decomposition of the
MoO3 takes places at around 750 ◦ C. 41 The amount of
weight loss (3%) at 760 ◦ C is nearly same as the weight
gained after the combustion of the Mo2 C to form MoO3 .
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Figure 7. TPO profile of, (a) 15% Mo-HZSM-5-A; (b) 15% Mo-HZSM-5-A after 3 h; (c) 15% Mo-HZSM-5-B after 3 h;
(d) 15% Mo-HZSM-5-C after 3 h.

Hence, we can attribute this weight loss to decomposition of MoO3 on the external surface. As discussed in
the section 3.2, four kinds of Mo is deposited on the
HZSM-5. Two kinds of Mo species exist mainly on the
external surface of the HZSM-5 zeolite and third kind of
Mo species is located in the zeolite channels. The small
weight loss (3–4%) at 800 ◦ C is due to square pyramidal
coordinated Mo5+ and the steep change in weight loss
(7%) at 920 ◦ C on TG curve is due to decomposition of
MoO3 in the zeolite channels.
3.8 Temperature programmed oxidation (TPO)
analysis of coked catalyst
TPO profile of the coke formed over various catalysts is shown in Figure 7. Burning of coke deposits
associated with MoOx, preferably Mo2 C and Mo oxycarbides occurs at lower temperature while coke deposited
on vacant acid sites occurs at higher temperatures (>
527 ◦ C). 63–67 The low-temperature combustion peaks
observed at 434, 445 and 460 ◦ C (Figures 7a–7c) are due
to oxidation of external molybdenum carbide and coke

deposited over there in 15% Mo-HZSM-5-A and 15%
Mo-HZSM-5-B. 67 During induction period, externally
located MoO3 are converted to Mo2 C and Mo located
in the channels are partially converted to MoOx Cy and
56
The TPO peak at 487 ◦ C, 511 ◦ C, and
MoOx Cn+
y .
◦
507 C on these two catalysts is due to burning of
coke associated with Mo-exchanged Brønsted acid sites
inside zeolite channels. The methane activated on Mo2 C
or Brønsted acid site-associated molybdenum carbide is
further adsorbed on Mo species to form the coke. 68 Since
pretreatment by CH4 + H2 mixture exclusively forms αMoC1−X and MoOx Cy phases, which are less susceptible
to coking during reaction, we assume that most of the
coke in 15% Mo-HZSM-5-A is formed over these active
sites and it is soft, reactive and reversible in nature. Consequently, coke selectivity for 15% Mo-HZSM-5-A was
also less compared to H2 and N2 pretreated samples as
shown in Figure 1.
The TPO peaks at the high temperature (>560 ◦ C)
are attributed to cokes generated from aromatics on the
Brønsted acid site. Thus, the TPO peak at 543 ◦ C, 568 ◦ C
and 585 ◦ C is due to the polycondensed coke present
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Figure 8. XPS spectra in Mo 3d region (left) and in C 1s region (right) of (a) 15% Mo-HZSM-5; (b) after
3 h (TOS) of catalyst 15% Mo-HZSM-5-A; (c) 15% Mo-HZSM-5-B; (d) 15% Mo-HZSM-C.

over the zeolite channels. 67 Its noteworthy to mention
that coke formed on the Mo species are reactive and
reversible but the coke formed on vacant Brønsted acid
sites are irreversible and inert. 67,68 The corresponding
formation of H2 O peak (Figures 7a–7c) over 15% MoHZSM-5-A and 15% Mo-HZSM-5-B shows that there
are two kinds of aromatics present in the catalyst. The
low-temperature peaks 490 ◦ C and 475 ◦ C are due to
the oxidation of polycondensed aromatics with high
H/C, and the peaks at 557 ◦ C and 530 ◦ C are due to
the oxidation of polycondensed aromatics with hydrogen deficient H/C, respectively.
The fourth kind of coke present on the N2 pretreated
catalyst (Figure 7d) is inert aromatic coke deposited
on the Brønsted acid sites, quite similar to the coke
formed on the pure HZSM-5 at 587 ◦ C with the absence
of water formation. The micropore surface area and
mesopore volumes of the catalyst 15% Mo-HZSM-5B and 15% Mo-HZSM-5-C was less as compared to
15% Mo-HZSM-5-A, due to polyaromatic hydrocarbon
(PAH) coke formed on the zeolite channels as shown in
Table 2. These PAH hard cokes formed on the external
zeolite surface and inside its cavity leads to micropore blockage that results in the decrease in accessibility

to Brønsted acid site and restricts the primary products
formed to aromatize further. 69 The severe pore blocking
at catalyst pore entrance, due to hard cokes of polyaromatics leads to the increased selectivity of C2 -C3
hydrocarbons over 15% Mo-HZSM-5-B and 15% MoHZSM-5-C (Figure 1) which supports very well with
the experimental results. Conclusively, TPO analysis
illustrates that catalytically active α-MoC1− x phase over
15% Mo-HZSM-5-A is more immune to coke formation than β-Mo2 C phase over 15% Mo-HZSM-5-B and
15% Mo-HZSM-5-C. Moreover, most of the coke in
15% Mo-HZSM-5-A formed is soft in nature with lowtemperature burn-off and less aromatic origin which
makes the catalyst highly efficient and stable in MDA
reaction.

3.9 XPS Characterization of coked 15% Mo-HZSM-5
The chemical state of Mo and C in fresh 15% Mo/HZSM-5 and catalyst after various pretreatments followed
by reaction runs are presented in Figure 8. The XPS
peaks of 15% Mo-HZSM-5 catalyst (Figure 8a) in Mo 3d
region exhibits doublet peaks at 232.5 eV (Mo (3d5/2 ))
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and 235.7 eV (Mo (3d3/2 )) which are assigned to the
formation of MoO3 on the surface of the catalyst. 50,70
Presence of such Mo+6 species as orthorhombic
MoO3 is quite obvious, as its formation was also
observed in the XRD characterization (Figure 2b). The
analogous C1s XPS spectra for this catalyst has shown
peaks at 284.6 eV, which is attributed to adventitious
or graphite-like carbon present on the surface as well
as in the zeolite channels of the catalyst. 7,70,71 The
two major doublet peaks at 228.7 (Mo (3d5/2 )) and
232.5 eV (Mo (3d3/2 )) in Mo 3d XPS spectra of 15%
Mo/HZSM-5-B and 15% Mo/HZSM-5-C (Figures 8c
and 8d) catalysts after MDA reaction for 3 h is attributed
to the formation of β-Mo2 C. 3,7,72–74 The analogous C 1s
XPS profile of these two catalysts exhibited peaks at
282.8 eV and 284.6 eV which are attributed to carbidic
carbon and graphitic carbon/coke, respectively. 3,7,70–74
Since during induction period and methane carburization in MDA reaction, Mo species follow the order
(MoO3 → MoO2 → β MO2 C) over zeolite surface
hence, we assign these carbidic/graphitic carbon/cokes
associated with β-Mo2 C deposited on the surface of the
catalyst. This justification is well in agreement with the
β-Mo2 C phase formation evident in XRD profile (Figure
2) of catalysts pretreated with N2 and H2 . Weckhuysen
et al., 7 employed angle-resolved XPS technique and
reported that peak at 284.6 eV corresponds to adventitious or graphitic C and is mainly present in the
zeolite channel. Our investigations suggest that adventitious or graphitic cokes are first formed on the surface
of zeolite, and during the course of reaction they are
profusely formed at the pore entrance of catalyst preventing the primary ethylene products to reach to active
sites and aromatize further. During the course of the
reaction, their concentration increases inside channels,
leading to a continuous drop in benzene selectivity and
increase in coke selectivity, as evident in Figures 1b
and 1c. However, the Mo 3d XPS peak over the 15%
Mo/HZSM-5-A (Figure 8b) is shifted to 225.0 eV, Mo
(3d5/2 ) and 228.2 eV, Mo (3d3/2 ) which are lower than
the Mo2 C peak. This peak shift towards lower binding energy suggests that less molybdenum coordinated
carbon atom is probably present in (α-MoC1−x ). The
α-MoC1−x phases were also observed in the XRD analysis as shown in Figure 2c, hence we suggest that this
peak is due to the formation of α-MoC1−x. 7 The C 1s
peak at 285.6 eV in 15% Mo-HZSM-5-A is due to the
formation of aromatic-aliphatic coke present in the catalyst. 7,36,37,75 The combined comparative findings from
TG/DTA, TPO and XPS conclude that concentration
of inert coke types with high temperature burn-off is
more pronounced in H2 and N2 pretreated catalyst compared to 15% Mo/HZSM-5-A. Crystallinity and BET
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surface area of the 15% Mo-HZSM-5-B and 15% MoHZSM-5-C are lower than the 15% Mo/HZSM-5-A and
the micropore surface area of the catalyst A is higher
than the other two catalysts. This gives the strong evidence that decrease in micropore surface area is due
to the formation of coke deposited inside the zeolite
channels.
4. Conclusions
The effect of pretreatment strongly influences the
methane conversion and product selectivity in nonoxidative MDA reaction. The pretreatment of the MoO3 /
HZSM-5 catalyst with CH4 + H2 at 550 ◦ C for 4 h
leads to the formation of monoclinic MoO2 and partially
carbonized MoOx Hy Cz sites. These sites act as precursors and are prerequisites for the formation of highly
active metastable fcc (α-MoC1−x ) phases co-existing
with MoCx Oy in MDA reaction. Pretreatment of catalyst increases the exchangeability of MoOx species with
Brønsted acid sites. The activation of methane and primary product (ethylene) formation take place on the
α-MoC1−x or MoOx Cy active sites followed by aromatization over Brønsted acid sites. H2 and N2 pretreated
catalysts showed the major formation of hcp β-Mo2 C
species which is found to be a less active phase in MDA
reaction. The catalytically active α-MoC1− x phase over
15% Mo-HZSM-5-A is more immune to coke formation
than β-Mo2 C phase over 15% Mo-HZSM-5-B and 15%
Mo-HZSM-5-C. Molybdenum associated coke formed
on the zeolite surface were burnt-off endothermally at
lower temperature. Molybdenum associated coke with
Brønsted acid sites and coke formed on the vacant Brønsted acid sites are burnt-off at higher temperature due
to their location in the zeolite channels. Hydrogen-poor
coke, which is formed on the Brønsted acid sites, leads to
catalyst deactivation. Catalyst containing α-MoC1−x and
molybdenum oxycarbide species associated with vacant
Brønsted acid sites play a major role in high conversion,
product selectivity and catalyst stability in the MDA
reaction.
Supplementary Information (SI)
Figure S1 as Supplementary Information is available at
www.ias.ac.in/chemsci.
Acknowledgements
The authors would like to thank Prof. S. Maity, Dept. of Chemical Engineering, IIT Hyderabad for the TPD measurement,
and Dr. Dhaka Rajendra, IIT Ropar for the XPS measurements. AKS is thankful to SERB India for NPDF (File No.
PDF/2016/003484) grant.

27 Page 14 of 16

J. Chem. Sci. (2018) 130:27

References
1. Lunsford J H 2000 Catalytic conversion of methane to
more useful chemicals and fuels: A challenge for the 21st
century Catal. Today 63 165
2. Ismagilov Z R, Matus E V and Tsikoza L T 2008
Direct conversion of methane on Mo/ZSM-5 catalysts to
produce benzene and hydrogen: achievements and perspectives Energy Environ. Sci. 1 526
3. Solymosi F, Erdöhelyi A and Szöke A 1995 Dehydrogenation of methane on supported molybdenum oxides.
Formation of benzene from methane Catal. Lett. 32 43
4. Szoke A and Solymosi F 1996 Selective oxidation of
methane to benzene over K2 MoO4 /ZSM-5 catalysts
Appl. Catal. A Gen. 142 361
5. Solymosi F, Szöke A and Cserenyi J 1996 Conversion
of methane to benzene over Mo2 C and Mo2C/ZSM-5
catalysts Catal. Lett. 39 157
6. Wang D, Lunsford J H and Rosynek M P 1996 Catalytic
conversion of methane to benzene over Mo/ZSM-5 Top.
Catal. 3 289
7. Weckhuysen B M, Rosynek M P and Lunsford J H 1998
Characterization of surface carbon formed during the
conversion of methane to benzene over Mo/H-ZSM-5
catalysts Catal. Lett. 52 31
8. Borry R W, Kim Y H, Huffsmith A, Reimer J A and Iglesia E 1999 Structure and Density of Mo and Acid Sites
in Mo-Exchanged H-ZSM5 Catalysts for Nonoxidative
Methane Conversion J. Phys.Chem. B 103 5787
9. Kim Y H, Borry R W and Iglesia E 2000 Genesis of
methane activation sites in Mo-exchanged H-ZSM-5 catalysts Micropor. Mesopor. Mat. 35–36 495
10. Li W, Meitzner G D, Borry R W and Iglesia E 2000
Raman and X-ray absorption studies of Mo species in
Mo/H-ZSM5 catalysts for non-oxidative CH4 reactions
J. Catal. 191 373
11. Ding W, Li S, Meitzner G D and Iglesia E 2001 Methane
conversion to aromatics on Mo/H-ZSM5: Structure of
molybdenum species in working catalysts J. Phys. Chem.
B 105 506
12. Ding W, Meitzner G D and Iglesia E 2002 The effects
of silanation of external acid sites on the structure and
catalytic behavior of Mo/H–ZSM5 J. Catal. 206 14
13. Ma D, Zhang W, Shu Y, Liu X, Xu Y and Bao X 2000
MAS NMR, ESR and TPD studies of Mo/HZSM-5 catalysts: Evidence for the migration of molybdenum species
into the zeolitic channels Catal. Lett. 66 155
14. Mamonov N A, Fadeeva E V, Grigoriev D A, Mikhailov
M N, Kustov L M and Alkhimov S A 2013 Metal/zeolite
catalysts of methane dehydroaromatization Russ. Chem.
Rev. 82 567
15. Liu B S, Zhang Y, Liu J F, Tian M, Zhang, F M and
Au C T 2011 Characteristic and mechanism of methane
dehydroaromatization over Zn-based/HZSM-5 catalysts
under conditions of atmospheric pressure and supersonic
jet expansion J. Phys. Chem. C 115 16954
16. Ma D, Shu Y, Zhang C, Han W, Xiuwen Xu X and Bao Y
2001 Synthesis and characterization of galloaluminosilicate/gallosilicalite (MFI) and their evaluation in methane
dehydro-aromatization J. Mol. Catal. A Chem. 168 139
17. Luzgin M V, Gabrienko A A, Rogov V A, Toktarev A
V, Parmon V N and Stepanov A G 2010 The “alkyl”

18.

19.

20.

21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

and “carbenium” pathways of methane activation on Gamodified zeolite BEA: 13 C solid-state NMR and GC-MS
study of methane aromatization in the presence of higher
alkane J. Phys. Chem. C 114 21555
Chu N, Yang J, Li C, Zhao Q, Yin X, Lu J and Wang J
2009 An unusual hierarchical ZSM-5 microsphere with
good catalytic performance in methane dehydroaromatization. Micropor. Mesopor. Mat. 118 169
Su L, Liu L, Zhuang J, Wang H, Li Y, Shen W and
Bao Y X 2003 Creating mesopores in ZSM-5 zeolite
by alkali treatment: a new way to enhance the catalytic performance of methane dehydroaromatization on
Mo/HZSM-5 catalysts Catal. Lett. 91 155
Garza J M, Gerwien D E, Morris D, Hamilton J R, Marshall L L and Musallam W Y et al. 2015 Process for the
aromatization of a methane-containing gas stream US
20150099914 A1
Iaccino L L, Stavens E L, Sangar N and Patt J J 2007 Production of aromatics frommethane. US 2007/0249880
A1, 2007
Iaccino L L, Stavens E L, Sangar N and Patt J J 2010 Production of aromatics frommethane. US 2010/0305374
A1
Liu S and Dong Q 1998 Unique promotion effect of
CO and CO2 on the catalytic stability for benzene and
naphthalene production from methane on Mo/HZSM-5
catalysts Chem. Commun. 1217
Bouchy C, Schmidt I, Anderson J R, Jacobsen C J
H, Derouane E G and Hamid S B Derouane-Abd
2000 Metastable fcc-MoC(1−x) supported on HZSM5:
Preparation and catalytic performance for the nonoxidative conversion of methane to aromatic compounds
J. Mol. Catal. A Chem. 163 283
Liu S, Ohnishi R and Ichikawa M 2003 Promotional
role of water added to methane feed on catalytic performance in the methane dehydroaromatization reaction
on Mo/HZSM-5 catalyst J. Catal. 220 57
Lacheen H S and Iglesia E 2005 Isothermal activation
of Mo2 O2+
5 -ZSM-5 precursors during methane reactions: effects of reaction products on structural evolution
and catalytic properties Phys. Chem. Chem. Phys. 7
538
Liu J F, Liu Y and Peng L F 2008 Aromatization of
methane by using propane as co-reactant over cobalt
and zinc-impregnated HZSM-5 catalysts J. Mol. Catal.
A Chem. 280 7
Toosi M R, Sabour B, Hamuleh T and Peyrovi M H 2010
Methane dehydroaromatization over Mo and W catalysts
supported on HZSM-5: The effect of preactivation and
use of the CH4 /H2 cycle React. Kinet. Mech. Catal. 101
221
Xu Y, Lu J, Suzuki Y, Ma H and Yamamoto Y
2013 Performance of a binder-free, spherical-shaped
Mo/HZSM-5 catalyst in the non-oxidative CH4 dehydroaromatization in fixed- and fluidized-bed reactors
under periodic CH4 -H2 switch operation Chem. Eng.
Process. 72 90
Kosinov N, Coumans F J A G, Uslamin E, Kapteijn
F and Hensen E J M 2016 Methane dehydroaromatization selective coke combustion by oxygen pulsing
during Mo/ZSM-5-catalyzed methane dehydroaromatization Angew. Chem. Int. Edit. 55 15086

J. Chem. Sci. (2018) 130:27
31. Song Y, Zhang Q, Xu Y, Zhang Y, Matsuoka K and Zhang
Z-G 2017 General coke accumulation and deactivation
behavior of microzeolite-based Mo/HZSM-5 in the nonoxidative methane aromatization under cyclic CH4 -H2
feed switch mode Appl. Catal. A Gen. 530 12
32. Wang D, Lunsford J H and Rosynek M P 1997 Characterization of a Mo/ZSM-5 catalyst for the conversion of
methane to benzene J. Catal. 169 347
33. Ertl G, Knözinger H, Schüth F and Weitkamp J 2008 In
Handbook of Heterogeneous Catalysis Vol. 1 pp. 1–720
34. Miller R L, Ettre L S and Johansen N G 1983 Quantitative analysis of hydrocarbons by structural gasolines and
distillates J. Chromatogr. 264 19
35. Liu S, Wang L, Ohnishi R and Ichikawa M 1999
Bifunctional catalysis of Mo/HZSM-5 in the dehydroaromatization of methane to benzene and naphthalene
XAFS/TG/DTA/ MASS/FTIR characterization and supporting effects J. Catal. 181 175
36. Weckhuysen B M, Wang D, Rosynek M P and Lunsford J
H 1998 Conversion of methane to benzene over transition
metal ion ZSM-5 zeolites J. Catal. 175 347
37. Larachi F, Oudghiri-Hassani H, Iliuta M C, Grandjean B
P A and Mc Breen P H 2002 Ru-Mo/HZSM-5 catalyzed
methane aromatization in membrane reactors Catal. Lett.
84 183
38. Shu Y, Ma D, Xu L, Xu Y and Bao X 2000 Methane
dehydro-aromatization over Mo/MCM-22 catalysts: a
highly selective catalyst for the formation of benzene
Catal. Lett. 70 67
39. Xu Y, Shu Y, Liu S, Huang J and Guo X 1995 Interaction
between ammonium heptamolybdate and NH4 ZSM-5
zeolite: The location of Mo species and the acidity of
Mo/HZSM-5 Catal. Lett. 35 233
40. Xu Y, Liu S, Guo X, Wang L and Xie M 1995 Methane
activation without using oxidants over Mo/HZSM-5 zeolite catalysts Catal. Lett. 30 135
41. Hanif A, Xiao T, York A P E, Sloan J and Green M L H
2002 Study on the structure and formation mechanism
of molybdenum carbides Chem. Mater. 14 1009
42. Bouchy C, Pham-Huu C, Heinrich B, Chaumont C and
Ledoux M J 2000 Microstructure and characterization
of a highly selective catalyst for the isomerization of
alkanes: a molybdenum oxycarbide J. Catal. 190 92
43. Yuan S, Bee S, Hamid D, Li Y, Ying P, Xin Q, Derouane
E G and Li C 2002 Preparation of Mo2 C/HZSM-5 and
its catalytic performance for the conversion of n-butane
into aromatics J. Mol. Catal. A Chem. 184 257
44. Arnoldy P, de Jonge J C M and Moulijn J A
1985 Temperature-programmed reduction of MoO3 , and
MoO2 J. Phys. Chem. 89 4517
45. Corder R L, Llambias F J and Gil A L A 1991
Temperature-programmed reduction and zeta potential
studies of the structure of MoO3 /Al2 O3 , and MoO3 /SiO2
catalysts Effect of the impregnation pH and molybdenum
loading Appl. Appl. Catal. 74 125
46. Regalbuto J R and Ha J 1994 A corrected procedure and
consistent interpretation for temperature programmed
reduction of supported MoO3 Catal. Lett. 29 189
47. Jiang H, Wang L S, Cui W and Xu Y D 1999 Study
on the induction period of methane aromatization over

Page 15 of 16 27

48.

49.

50.
51.

52.

53.

54.
55.

56.

57.

58.

59.
60.

61.
62.

Mo/HZSM-5: Partial reduction of Mo species and formation of carbonaceous deposit Catal. Catal. Lett. 57
95
Bond G C and Tahir S F 1993 Structure and reactivity
of titania-supported oxides. V. Influence of phosphorus
and potassium impurities on the properties of molybdenum oxide supported on titania Appl. Catal. A Gen. 105
281
Williams C C, Ekerdt J G, Jehng J M, Hardcastle F
D and Wachs I E 1991 A Raman and ultravlolet diffuse reflectance spectroscopic investigation of aluminasupported molybdenum oxide J. Phys. Chem. 95 8791
Barath F, Turki M, Keller V and Maire G 1999 Catalytic
activity of reduced MoO3 /α -Al2 O3 for hexanes reforming J. Catal. 185 1
Topsøe N-Y, Pedersen K and Derouane E G 1981 Infrared
and temperature-programmed desorption study of the
acidic properties of ZSM-5 type zeolites J. Catal. 70
41
Shu Y, Ma D, Bao X and Xu Y 2000 Methane
dehydro-aromatization over a Mo/phosphoric rare earthcontaining penta-sil type zeolite in the absence of oxygen
Catal. Lett. 66 161
Hidalgo C V, Itoh H, Hattori T, Niwa M and Murukami
Y 1984 Measurement of the acidity of various zeolites
by temperature-programmed desorption of ammonia J.
Catal. 85 362
Meshram N R, Hegde S G and Kulkarni S B 1986 Active
sites on ZSM-5 zeolites for toluene disproportionation
Zeolites 6 434
Xu Y, Liu W, Wong S-T, Wan L and Guo X 1996 Dehydrogenation and aromatization of methane in the absence
of oxygen on Mo/HZSM-5 catalysts before and after
NH4 OH extraction Catal. Lett. 40 207
Li B, Li S, Li N, Chen H, Zhang W, Bao X and Lin
B 2006 Structure and acidity of Mo/ZSM-5 synthesized
by solid state reaction for methane dehydrogenation and
aromatization Micropor. Mesopor. Mat. 88 244
Ezzamarty A, Catherine E, Cornet D, Hemidy J F, Janin
A, Lavalley J C, Leglise J and Meriaudea P 1989 Characterization and sulfidation of stabilized HY zeolites
containing Ni, Mo and the NiMo association, Mo and the
NiMo Association Stud. Surf. Sci. Catal. 49 pp. 1025–
1034
Balkrishnan I, Rao B S, Hegde S G, Kotasthane A N and
Kulkarni S B and Ratnaswamy P 1982 Catalytic activity
and selectivity in the conversion of methanol to light
olefins J. Mol. Catal. 17 261
Rajgopal S, Marzari J A and Miranda R 1995 Silicaalumina-supported Mo oxide catalysts: Genesis and
demise of Bronsted-Lewis acidity J. Catal. 151 192
Ma D, Shu Y, Bao X and Xu Y 2000 Methane
dehydro-aromatization under nonoxidative conditions
over Mo/HZSM-5 catalysts: EPR study of the Mo species
on/in the HZSM-5 zeolite J. Catal. 189 314
Linsheng W, Longxiang T, Maosong X and Guifen Xu
1993 Dehydrogenation and aromatization of methane
under non oxidizing conditions Catal. Lett. 21 35
Matus E V, Ismagilov I Z, Sukhova O B, Zaikovskii V I,
Tsikoza L T and Ismagilov Z R 2007 Study of methane

27 Page 16 of 16

63.

64.

65.
66.

67.

68.

dehydroaromatization on impregnated Mo/ZSM-5 catalysts and characterization of nanostructured molybdenum phases and carbonaceous deposits Ind. Ind. Eng.
Chem. Res. 46 4063
Ma D, Wang D, Su L, Shu Y, Xu Y and Bao X 2002 Carbonaceous deposition on Mo/HMCM-22 catalysts for
methane aromatization: A TP technique investigation J.
Catal. 208 260
Liu H, Li T, Tian B and Xu Y 2001 Study of the
carbonaceous deposits formed on a Mo/HZSM-5 catalyst in methane dehydro-aromatization by using TG
and temperature-programmed techniques Appl. Catal. A
Gen. 213 103
Ma D, Shu Y, Cheng M, Xu Y and Bao X 2000 On
the induction period of methane aromatization over Mobased catalysts J. Catal. 194 105
Liu H, Su L, Wang H, Shen W, Bao X and Xu Y 2002
The chemical nature of carbonaceous deposits and their
role in methane dehydro-aromatization on Mo/MCM-22
catalysts Appl. Catal. A Gen. 236 263
Xu Y, Wang J, Suzuki Y and Zhang Z-G 2014 Effect
of transition metal additives on the catalytic stability
of Mo/HZSM-5 in the methane dehydroaromatization
under periodic CH4 -H2 switch operation at 1073 K Appl.
Catal. A Gen. 409-410 181
Liu H, Bao X and Xu Y 2006 Methane dehydroaromatization under nonoxidative conditions over Mo/HZSM-5

J. Chem. Sci. (2018) 130:27

69.

70.
71.
72.

73.

74.
75.

catalysts: Identification and preparation of the Mo active
species J. Catal. 239 441
Tempelman C H L and Hensen E J M 2015 Environmental On the deactivation of Mo/HZSM-5 in the methane
dehydroaromatization reaction Appl. Catal. B Environ.
176–177 731
Solymosi F, Cserényi J, Szöke A, Ba’nsa’gi T and Oszko’
A 1997 Aromatization of methane over supported and
unsupported Mo-based catalysts J. Catal. 165 150
Tang S, Chen H, Lin J and Tan K L 2001 Non-oxidative
conversion of methane to aromatics over modified
Mo/HZSM5 catalysts Catal. Commun. 2 31
Wong S-T, Xu Y, Wang L, Liu S, Li G, Xie M and Guo X
1996 Methane and ethane activation without adding oxygen: promotional effect of W in Mo-W/HZSM-5 Catal.
Lett. 38 39
Ledoux M J, Huu C P, Guille J and Dunlopt H 1992 Compared activities of platinum and high specific surface area
Mo2 C and WC catalysts for reforming reactions J. Catal.
134 383
Wagner C D and Taylor J A 1980 Generation of XPS
Auger lines by bremsstrahlung J. Electron. Spectrosc.
20 83
Liu B S, Jiang L, Sun H and Au C T 2007 XPS, XAES,
and TG/DTA characterization of deposited carbon in
methane dehydroaromatization over Ga-Mo/ZSM-5 catalyst Appl. Surf. Sci. 253 5092

