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Direct conversion of methane under nonoxidative conditions
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Abstract

Direct conversion of methane into hydrogen and valuable chemicals under nonoxidative conditions is a process severe
thermodynamically. However, the movement from the present era of fossil fuels into the coming hydrogen energy age makes it an
and important approach compared with the direct conversion of methane under the aid of oxidants. This paper gives a brief ov
the direct conversion of CH4 under nonoxidative conditions. At the same time, our understanding of methane dehydroaromatizat
Mo/HZSM-5 catalysts for the simultaneous formation of hydrogen and light aromatics is discussed in general, while the bifunctio
Mo/HZSM-5 catalysts and the role of carbonaceous deposits formed during the reaction are reviewed in more detail. A perspec
topic from both academic points of view and potential industrial applications is also presented.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Methane is the main component of gaseous/solid fo
fuel resources, such as natural gas, coal-bed gas,
methane hydrates deposited in the earth, and consti
one of the largest organic carbon reserves. Methan
the simplest and smallest hydrocarbon molecule, and
important task confronting catalytic chemists is how
realize direct conversion of methane to versatile fuels
valuable chemicals by building up the desired C–C (or C
bond. This presents an entirely different difficulty from wh
we have become familiar with in petroleum process
in which the main problem is how to effectively an
selectively break the C–C bond. Thermodynamic constra
on the reactions in which all four C–H bonds of CH4 are
totally destroyed, such as CH4 reforming into synthesi
gas or CH4 decomposition into carbon and hydrogen,
much easier to overcome than the reactions in wh
only one or two of the C–H bonds are broken un
either oxidative or nonoxidative conditions. For this reas
only indirect conversions of CH4 via synthesis gas int
higher hydrocarbons or chemicals are currently availa
for commercialization. As for the direct conversion
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s

CH4 into higher hydrocarbons and/or valuable chemic
despite enormous efforts conducted via various approa
such as thermal, homogeneous or heterogeneous cata
photocatalysis, and electrocatalysis, profitable and prac
applications have not yet been developed.

Direct conversion of CH4 with the assistance of oxidan
is thermodynamically more favorable than that under non
idative conditions. Therefore, the direct conversion of C4

under the aid of oxidants has received much more atten
than that under nonoxidative conditions, especially w
considering the production of fuels and valuable chemi
from CH4 in order to solve the “oil crisis.” The study of th
oxidative coupling of methane (OCM) was a well-known e
ample that started in the early 1980s and quickly bloom
from the mid-1980s to the mid-1990s [1]. However, no ca
lysts could reach a C2+ yield higher than 25% and selectivi
to C2+ higher than 80%, which are the main criteria for
dustrial application of the OCM, and the research pas
on the topic was gradually weakened. On the other hand
spite the easy activation and conversion of CH4 into CH3OH
by enzymes such as monooxygenases under ambient te
ature and/or mild conditions in biological domains, the dir
oxidation of CH4 into CH3OH is perhaps a toughest proje
in heterogeneous catalysis, and a comprehensive review
was recently published [2].
eserved.
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With the urge to quest for renewable energy and clea
fuels, it is recognized that we are now moving from a fos
energy age into a hydrogen energy age, and hydrogen en
will inevitably replace fossil fuel energy in the near futu
due to the fact that the burning of hydrogen is pollution fr
The ability to produce H2 will be a major determining facto
in realizing this goal. The cleanest way to produce H2 is
undoubtedly from H2O by using sunlight in combinatio
with a photovoltaic cell via water electrolysis. Howev
attaining this ultimate goal will be difficult, and we nee
a practical way to produce H2 from fossil fuel sources fo
the time being. One of the best ways to bridge the fo
energy age and hydrogen energy age will be the produc
of H2 from CH4, due to its high H/C atomic ratio and
great abundance in reserves. Therefore, the direct conve
of CH4 under nonoxidative conditions into H2 and/or H2
accompanied with basic chemicals is closely related
the effective utilization of CH4-containing resources an
thus to sustainable progress and development of the li
conditions of mankind. It will certainly receive much grea
attention in the 21st century than ever before.

2. Direct conversion of CH4 under nonoxidative
conditions: a brief overview

The direct conversion of CH4 under nonoxidative con
ditions is thermodynamically unfavorable. Nevertheless
an alternative approach, it has still attracted the atten
of many researchers. In homogeneous catalysis, it wa
ported as early as the 1970s that CH4 could be converted
into higher hydrocarbons via the homologation reaction
a superacid medium [3]. Up to now, extensive resea
in this area has been undertaken in this direction [4]
heterogeneous catalysis, various metals have been di
ered that can chemisorb CH4 at moderate temperatures a
that can decompose CH4 to C and H2 at higher temper
atures. Amariglio and co-workers [5] and van Santen
co-workers [6] independently and almost simultaneously
ported a “two-step” process.

Amariglio and co-workers studied the “two-step” proce
on Pt (including EUROPT-1), Ru, and Co in isothermal
periments. In a series of publications, the authors sugge
that C–C bonding could take place between H-defic
CHx formed during the first step of methane chemisorpt
while H2 saturated the alkane precursors in the second
and removed them from the surface [7–11]. In view of
fact that hydrogenation at a temperature lower than tha
CH4 chemisorption is favorable for lessening hydrogeno
sis, Amariglio et al. recently reported a nonoxidative c
version of methane to higher hydrocarbons through a d
temperature two-step reaction on Pt/SiO2 (EUROPT-1) and
Ru/SiO2 catalysts [12]. Indeed, when chemisorption
methane was set at a fixed temperature (usually lower
593 K), the selectivity to heavier alkanes increased w
the lowering of hydrogenation temperature on both c
y

n

-

-

lysts. On the other hand, when the hydrogenation temp
ture was less than 393 K, hydrgenolysis was negligible,
thus the variations of the products can only be attribu
to the changes affected by the adlayer formed during
chemisorption of methane at a certain temperature. It
discovered that the products of C2+ hydrocarbons at ever
hydrogenation temperature displayed a maximum versu
methane chemisorption temperature on both catalysts.

Van Santen and co-workers suggested that CH4 first
dissociated on a precious metal to form carbide and2.
Then, the carbide was hydrogenated by H2 to produce highe
hydrocarbons. C–C bonds were supposed to be cre
during the hydrogenation step. Since the reactivity of
CHx surface intermediates formed from CO and CH4 was
quite similar, the authors suggested that the chain-gro
probability would depend on the metal–carbon bond stren
and that the mechanism of C–C bond formation in the t
step route should be related to that occurring in the Fish
Tropsch reaction [13,14]. Van Santen and co-workers
demonstrated that the homologation of olefins (C2H4, C3H6,
C2H2, etc.) with methane could occur over Ru/SiO2 and
Co/SiO2 catalysts [15].

The two-step route is also feasible over a numbe
oxide- or zeolite-supported transition metal and bimetal
alysts [16–19]. Solymosi and Cserenyi illustrated that ov
Cu-promoted Rh/SiO2 catalyst, the enhanced formation
C2H6 and higher hydrocarbons could be observed in the t
step process [17]. Guczi et al. reported that the chemis
tion of CH4 at 523 K and the subsequent hydrogenat
of the CHx species at 523 K over Co–Pt/NaY and Co–
Pt/Al2O3 performed the best of all the catalysts tested [1
The chemisorbed CHx species had the highest concent
tion, and all CHx species were hydrogenated in the sec
step, giving a selectivity of C2+ close to 84%.

Generally, three forms of carbon, referred to asα ,
Cβ , and Cγ , are formed in the first step, which we
distinguishable by the temperature at which they re
with H2 [13]. The maximum yield of C2+ products on a
Ru/SiO2 catalyst was reported to be in coincidence w
a maximum surface coverage by Cβ [20]. On the other
hand, three distinct forms of carbon (methylidyne C
vinylidene CCH2, and graphitic carbon) were identified b
HREELS after CH4 was adsorbed and activated on Ru(00
and Ru(1120) surfaces [21]. The nature of carbonace
species formed by CH4 adsorption on Pt/SiO2 (EUROPT-1)
was carefully studied after hydrogenation steps of vari
durations by using a temperature-programmed oxida
(TPO) technique [22]. Two groups of surface carbonace
species were characterized by their different reactivi
toward O2, but their responsiveness to H2 at 573 K was
similar. CH4 was the main product of hydrogenation, b
one-half of the reactive carbonaceous species deposite
the catalyst surface formed other alkanes. In the case o
Pt/SiO2 catalyst, mainly C2H6 andn-C5H12 were produced
during the first minute of the reaction. This illustrates t
C–C bonds could form during CH4 adsorption, and the
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authors assumed a surface intermediate of C5 precursor
bonded on dispersed and coordinately unsaturated Pt a

Guczi et al. found that there was a correlation between
hydrogen content of the surface CHx species (the optimum
value of x being around 2) and the chain length of t
hydrocarbons produced in the hydrogenation step in t
mechanistic study of the two-step process [18]. Rece
they reported that the two-step process could be simpl
into a one-step process with a C2+ hydrocarbons productio
higher than that obtained in the two-step process over
Co/NaY bimetallic catalyst. These results could be obtai
if the CH4 was pulsed with H2/He mixture at 523 K [23,24]

Bradford reported the results of the isothermal, nonox
tive, two-step conversion of CH4 to C2+ hydrocarbons ove
supported and unsupported Pt and Ru catalysts at mod
temperatures and elevated pressures [25]. It was shown
an increase in reaction pressure increased the branchin
molecular weight distribution of the product.

Despite all substantial research efforts into nonoxida
two-step or one-step CH4 homologation, its low efficiency
is the main problem to further developing it as a commer
process. However, these studies enhanced our know
in methane catalytic chemistry and stimulated catal
chemists to explore new methane conversion processes

Several researchers suggested the preparation of a m
functional catalyst on the basis of multicomponent cataly
so as to avoid the use of a two-step process. A patent
by Mitchell and Wanyhorne [26] indicated that if CH4 was
passed over M/M′On/M′′O (M is a precious metal, M′ is
a VIB element, and M′′ is an IIA element) multicomponen
catalysts at 977 K for 30 min, C6H6 could be detected i
the product. Furthermore, it was recently reported that
hydrogenative coupling of CH4 without any oxidant could
be carried out over Pt–SO4/ZrO2 catalysts [27]. A stead
conversion of 0.2% (the equilibrium conversion of CH4 into
C2H6 and H2 is estimated to be 0.6%) was observed a
the catalyst was reduced in H2 at 773 K, and could be main
tained for over 360 min.

In order to overcome the thermodynamic limit and
enhance the reactivity for obtaining high yields in dir
conversion of CH4 under nonoxidative conditions, plasm
excitation has also been attempted. The product distribu
is dependent on the method by which plasma excita
is produced. For example, in pulsed corona discharge
atmospheric pressure, C2 hydrocarbons (mainly C2H2) were
obtained with a high selectivity of around 70 to 90%, wh
high selectivity toward C2H6 was attained in a dielectri
barrier discharge reactor. In microwave plasmas, the pro
distribution shifted from C2H6 to C2H4 and finally to C2H2

with an increase in power density [28–31]. By introduc
a proper catalyst into the microwave plasma reactor, C4

could be converted to higher hydrocarbons at atmosph
pressure. In addition, with a CH4 and H2 mixture as the
feed gas, the selectivity to C2H2 was 88% and that to C2H4

was 6% at a CH4 conversion of 76% [32]. Here, again, th
.

e
t
d

e

-

t

t

Fig. 1. Thermodynamics of direct conversion of CH4 under nonoxidative
conditions.

main drawback is the low energy efficiency to drive t
thermodynamically unfavorable reaction.

Thermodynamically, the transformation of CH4 under
nonoxidative conditions is more favorable to aromatics t
to olefins, as shown in Fig. 1. The direct conversion of C4
to aromatics was tested on several catalysts in either a
or a flow reactor [33,34]. In 1993, Wang et al. reported on
dehydroaromatization of methane (MDA) for the format
of aromatics (mainly C6H6) and H2 under a nonoxidizing
condition in a continuous flow reactor on Mo/HZSM-5
catalysts [35]. More-detailed studies on the reaction reve
that the channel structure and acidity of the HZSM-5 zeo
as well as the valence and location of the Mo spec
are crucial factors for the catalytic performance of
Mo/HZSM-5 catalysts.

Since then, many research groups, particularly the gro
of Solymosi, Lunsford, Ichikawa, and Iglesia, have be
interested in this reaction and have made encoura
progress. The most important features and findings of
reaction are as follows:

(a) Mo/HZSM-5 is a bifunctional catalyst;
(b) There is an induction period in the early stage of

reaction in which the MoOx species are reduced by CH4

into Mo2C and/or MoOxCy species;
(c) Heavy carbonaceous deposits are formed during

reaction and lead to severe deactivation of the M/

HZSM-5 catalysts;
(d) Many interactions, such as the interaction between

Mo species and the framework Al, and that betw
the Mo species and the acid sites of the zeolite,
be involved and would impose crucial influence on
catalytic performances;

(e) The molecular shape selectivity posed by the ze
channels will remarkably affect the product distributi
of the reaction.
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Silica–alumina-type zeolites with a two-dimensional str
ture and a pore size near the dynamic diameter of ben
(0.59 nm) are good supports of the Mo-based catalysts
MDA. In addition to Mo, W, and Re are also reported
be active elements for MDA. Two review articles were pu
lished on this reaction, in 1999 and 2001 [36,37]. Read
who are interested in this subject may refer to these two
pers and the references cited. In this paper, we will focus
attention on two fundamental and pivotal aspects of M
over the Mo-modified HZSM-5 catalysts, namely, bifun
tionality and the role of carbonaceous deposits. The ac
sites and reaction mechanism of MDA will be discussed
each of the relevant sections. In addition, some possible
proaches for further improvement of the activity, selectiv
and stability of the Mo/HZSM-5 catalysts will also be con
sidered.

3. The bifunctionality of the Mo/HZSM-5 catalysts

In the early studies of MDA, it was noticed that bo
the Mo species and the Brønsted acid sites are esse
ingredients of an active catalyst, since neither HZSM
nor Mo/NaZSM-5 is active for MDA. Ichikawa and co
workers found that the formation rates of C6H6 on their
3% Mo/HZSM-5 catalysts substantially depended on
SiO2/Al2O3 ratios of the HZSM-5 [38]. The HZSM-5
supports with SiO2/Al2O3 ratios around 40 demonstrate
the maximum activity for MDA. Meanwhile, FT-IR mea
surements of pyridine adsorption revealed that the
Mo/HZSM-5 catalysts having the optimum SiO2/Al2O3
ratio of around 40 showed maximum Brønsted acid
A close relationship, however, only exists between the ac
ity of C2H6 formation in MDA and the Brønsted acidity o
Mo/HZSM-5, and no such relationship exists for the Lew
acidity.

Most researchers prepared the Mo/HZSM-5 catalysts
by the impregnation method, with(NH4)6Mo7O24 as the
starting material of the Mo component. Thus, the Mo spe
in the form of Mo7O24

−6 would locate themselves on th
external zeolite surface during the impregnation stage. W
calcining at 773 K, the Mo-containing ions decompo
into MoO3 crystallites, and some of them migrate into t
zeolite channels and interact with the Brønsted acid s
Depending on the zeolite used and the preparation meth
the optimum Mo loading for MDA ranges from 2 to 6%
NH3-TPD, 1H MAS NMR spectra of Mo/HZSM-5 with
various Mo loadings, and ESR studies confirmed that the
species do migrate into the zeolite channels and interact
and replace the Brønsted acid sites, as both the peak a
the high-temperature peak in the NH3-TPD profiles and the
intensity of the chemical shift at ca 3.9 ppm of the1H MAS
NMR spectra decrease with increasing Mo loading [39].

Solymosi and co-workers [40–42] and Lunsford and
workers [43,44] characterized the Mo/HZSM-5 catalyst by
means of XPS and found that during the initial induction
l

,

f

riod, the original Mo6+ ions in the zeolite were reduced b
CH4 to Mo2C, accompanied by the depositing of carbo
ceous cokes. They suggested that Mo2C provides active site
for C2H4 formation from CH4, while the acidic sites cat
alyze the subsequent conversion to C6H6. The Mo2C species
are probably highly dispersed on the outer surface, and s
of them reside in the channels of the zeolite. To characte
the active structure of the Mo/HZSM-5 catalysts, Ichikawa’s
group carried out Mo K-edge XAFS studies of a calcin
Mo/HZSM-5 sample, and the results suggested that the
oxide species are highly dispersed in the internal channe
the HZSM-5 [38]. Meanwhile, the spectra of Mo/HZSM-5
samples reacted with CH4 at 973 K for 1 and 24 h wer
basically identical to the Mo2C reference spectrum, exce
for a partial contribution from the Mo oxide, given rise b
MoOxCy . These authors claimed that the Mo oxide spec
dispersed in the HZSM-5 framework may migrate onto
external surface of the HZSM-5, be converted by CH4 to
Mo2C, and disperse on the support surface.

Bao and co-workers, using TPSR of CH4, clearly demon-
strated that there is an induction period for the Mo-ba
catalysts in an early stage of MDA [45]. In their study
in situ 1H MAS NMR spectroscopy of proton species ov
Mo/HZSM-5 catalysts during the reactions of CH4, they re-
ported that when the temperature was at or below 873
only a small decrease in the Brønsted acidity could be
served due to the temperature effect [46]. After increas
the temperature to 973 K for 10 min, the color of the ca
lyst changed from blue-white to black, indicating a transf
mation of the Mo component into molybdenum carbide
conjunction with this observation, the intensity of the sig
of Brønsted acid sites at ca. 4.0 ppm dramatically decre
instead of increasing. This is evidence proving that the
species keep in contact with the framework Al through t
oxygen bridges. It seems that only the oxo bonds of the
species will be reduced and transformed into an oxycar
form.

The ratio of the Mo species located on the external
face to those in the channels is difficult to determine d
nitely when the catalysts are prepared by impregnation. I
sia and co-workers prepared the Mo/HZSM-5 catalysts us
ing solid-state reaction method and studied the location
change of the Mo species during the preparation proce
greater detail [47]. They found that the MoOx species mi-
grated onto the external surface first at ca. 623 K. Then
temperatures between 773 and 973 K, the MoOx species mi-
grated into the zeolite channels via surface movement
gas-phase transport, exchanged at the acid sites, and re
to form H2O. In order to avoid obvious sublimation, the
authors developed a procedure with which the sublima
of MoOx species was found to be negligible [48]. Based
the amount of H2O evolved during the exchange process a
the number of residual OH groups detected by isotopic e
libration with D2 and subsequently with H2, they inferred
that each Mo atom replaced one H+ during the exchange
With this stoichiometric measurement, in combination w
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the requirement for charge compensation, Iglesia and
workers suggested that the exchanged species consis
ditetrahedral structure of(Mo2O5)

2+, which interacts with
two cationic exchangeable sites. The(Mo2O5)

2+ species
would be reduced by CH4 in the initial stage of the reac
tion and be carbonized to form small MoCx clusters, with
the concurrent regeneration of the bridging OH groups
were initially replaced by Mo oxo dimmers during the e
change. The reduction and carbonization of the(Mo2O5)

2+
and the regeneration of the Brønsted acid sites were
firmed by monitoring the formation of H2O and the isotopic
exchange of D2 with OH groups in HZSM-5 before and a
ter the reaction with CH4 at different intervals of time. In
this way, the catalytically inactive Mo oxo species are
tivated during their contact with CH4. Thus, two sites re
quired for the conversion of CH4 to aromatics are formed
MoCx for C–H bond activation and initial C–C bond fo
mation, and acid sites for oligomerization and cyclizat
of C2+ hydrocarbons to form stable aromatics. The ne
edge X-ray absorption technique was used by Iglesia
co-workers to characterize the Mo species on Mo/HZSM-
5 samples treated under various conditions. They estim
that MoCx clusters are ca. 0.6 nm in diameter and contain
10 Mo atoms. MoCx clusters of this size are likely to resid
in the zeolite channels.

In their recent study on the bifunctionality of Mo/

HZSM-5 catalysts, Xu, Bao, and co-workers [49] inve
gated the effect of the Mo/[H+] ratio per unit cell on the
catalytic performance of Mo/HZSM-5 catalysts with differ-
ent SiO2/Al2O3 ratios and Mo loadings. It is interesting
note that the exchange between the Mo species and the
sted acid sites was negligible when the parent HZSM-5 h
SiO2/Al2O3 ratio as high as 250 (see Fig. 2). In other wor
the driving force behind the migration of the Mo spec
into the zeolite channels strongly depends on the Brøn
acid sites. On the other hand, the optimum Mo/[H+] ratio
per unit cell of the active precursors in the Mo/HZSM-5

Fig. 2. Variation of the Brønsted acid sites per unit cell of HZSM-5 and
Mo/HZSM-5 catalysts with the increase of SiO2/Al2O3 ratios estimated
from 1H MAS NMR spectra.
a

-

-

Fig. 3. Dependences of methane conversion and aromatics yield o
Mo/[H+] ratios. The Mo/[H+] ratios were adjusted through (i) 6 wt%
Mo/HZSM-5 catalysts prepared using HZSM-5 with different SiO2/Al2O3
ratios and (ii) Mo/HZSM-5 catalysts with different Mo loadings but usin
HZSM-5 with a fixed SiO2/Al2O3 ratio of 55.

catalysts for MDA, estimated by1H MAS NMR and XRF,
was found to be around 1 when the Mo/[H+] ratio per unit
cell was adjusted by altering either the SiO2/Al2O3 ratio
or the Mo loading, as shown in Fig. 3. This implies th
a synergetic effect between the Mo species and the B
sted acid sites probably features the bifunctionality of
Mo/HZSM-5 catalyst. Only with this Mo/[H+] ratio per
unit cell can the Mo species cooperate with the Brøn
acid sites harmoniously to first activate the CH4 and then
transform the intermediates into aromatics.

4. Carbonaceous deposits: characterization and their
roles in MDA

Heavy carbonaceous deposits are formed during M
which present a major obstacle for a better understan
of the reaction and process development. Lunsford
co-workers [50] identified three different types of surfa
carbon species on a used Mo/HZSM-5 catalyst by using
XPS. The authors denoted them as species A, B, an
Species A, characterized by a C1s binding energy (BE
284.6 eV, can be attributed to graphiticlike carbon an
mainly present in the zeolite channels. Species B, wi
C1s BE of 282.7 eV, comes from the carbidiclike carbon
Mo2C and mainly locates on the outer surface of the zeo
Species C, with a C1s BE of 283.2 eV, is a hydrogen-p
sp type or pregraphitic type of carbon. Species C is
mainly present on the outer surface of the zeolite, and
amount increases with increasing time on stream. The
type carbon (species C) gradually covers both the ze
surface and the Mo2C phase during MDA and is responsib
for the deactivation of the Mo/HZSM-5 catalyst.
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The chemical nature of the carbonaceous deposits
characterized on Mo/HZSM-5 and Mo/MCM-22 cata-
lysts by temperature-programmed surface reaction (TP
of CH4, temperature-programmed hydrogenation (TP
temperature-programmed reaction of CO2 (TPCO2), tempe-
rature-programmed oxidation (TPO), and thermal-gravi
tric analysis (TGA) [51–53]. There are at least three d
ferent kinds of cokes: carbidic carbon in molybdenum c
bide, molybdenum-associated coke, and aromatic-type
on acid sites. The TPO profiles of the coked 6% Mo/HZSM-
5 catalyst after TPSR of CH4 show two temperature peak
one is at about 776 K and the other at about 865 K. Note
it is difficult to separate the burning-off peak of the carbi
carbon in molybdenum carbide with the burning-off pe
of the molybdenum-associated coke in TPO experime
but the authors do observe some weight increments du
the transformation of molybdenum carbides into molyb
num oxides in the TGA course of coked Mo/HZSM-5 cat-
alysts. The succeeding TPH experiments of the coked
Mo/HZSM-5 catalyst after TPSR of CH4 only resulted in
the diminishing of the area of the high-temperature peak
had no effect on the area of the low-temperature peak
the other hand, the TPO profiles of the coked catalyst,
ter succeeding TPCO2 experiments, exhibited obvious r
duction in the areas of both the high- and low-tempera
peaks, particularly in the latter. The results suggest tha2
might only react with the coke, which is burned off at hi
temperatures in the TPO experiment, while CO2 can elimi-
nate the carbonaceous deposits, which are burned off at
low and high temperatures. Either the procedure of TPH
lowed by TPCO2 or the procedure of TPCO2 followed by
TPH, could only partially reduce the amount of coke o
coked 6% Mo/HZSM-5 catalyst [51].

Xu, Bao, and co-workers [54] also studied the eff
of contact time on the catalytic performance of MDA
a 6% Mo/MCM-22 catalyst. The CH4 conversion sharply
increased when the contact time was less than 0.5 s g ml−1

and then changed less rapidly with the contact time. T
means that the MDA is severely inhibited by the product
intermediates. Since the yields of the products, such as2+,
C6H6, and C10H8, passed through the origin and display
an increasing trend, whereas the yield of the carbonac
deposits decreased with the contact time in the rang
< 1.5 s g ml−1, the implication is that the carbonaceo
deposits are the initial products. C2+, C6H6, and C10H8 are
the primary products formed in parallel and/or in success
with each other and/or are formed through the same rea
intermediate, i.e., the active carbon species, CHx (x � 2).

Therefore, the carbonaceous deposits created in M
are in various forms and play different roles. First, Mo2C
and/or MoOxCy , which are possibly active species for CH4
activation, are formed during the induction period. Seco
the formation of the active intermediates, the CHx species,
follows the activation of CH4 on Mo2C and/or MoOxCy .
The last one to be formed is coke, which leads to
deactivation of the catalyst. It is understandable that th
s

are some similarities between the carbonaceous sp
formed in MDA and those formed in the first step
the two-step process, since both reactions are carried
under nonoxidative conditions, and Mo2C does show som
precious-metal-like properties.

In spite of the fact that the reaction is thermodynamic
unfavorable under pressurized conditions and that 10%2
added to the feed totally suppresses the activity of the 2
Mo/HZSM-5 catalyst [43], Ichikawa and co-workers fou
that an increase in CH4 pressure and the addition of
small amounts of CO and CO2 (less than 3%) to the CH4
feed enhanced catalyst stability in the reaction [55–57].
increasing the CH4 pressure, the formation rates of C6H6
and hydrocarbons could be moderately increased. This
of pressure relationship may be connected to a suffic
supply of H2 from CH4 and a suitable concentration
surface carbon species CHx for the formation of aromatic
products. Furthermore, the authors claimed that the add
of CO and CO2 to the CH4 feed (less than 3%) led to
remarkable increase in the stability of the catalyst. By us
a13CO and CH4 mixture as the feed to conduct the reactio
the authors suggested that CO dissociated on the Mo sit
form the active carbon species CHx . The dissociated oxyge
species [O] from CO might react with the surface in
carbon species to regenerate CO, resulting in the suppre
of coke formation on the catalyst. This type of effect
catalyst stability, due to the addition of CO and CO2, can
be extended to the Co–Mo/HZSM-5, Fe–Mo/HZSM-5, and
Re/HZSM-5 catalysts [58,59].

Another effective way of enhancing the activity and
creasing the stability of the Mo/HZSM-5 catalysts is to ad
just the Brønsted acid sites and their distribution on/in
parent zeolites. Recently, it was reported that treatmen
the parent zeolite by steam dealumination, dealuminatio
acid solutions, or silanization with large-size Si-contain
molecules could all greatly depress the rate of coke
mation and improve the durability of Mo/HZSM-5 and
Mo/MCM-22 catalysts. Lin and co-workers [60,61] demo
strated that significant improvements could be realized
a Mo catalyst supported on predealuminated HZSM-5
steam treatment). The C6H6 yield increased by 32% whil
the selectivity to coke dramatically dropped, from 20 to 8
when compared with the Mo/unpretreated HZSM-5 cata
lysts. Yu et al. [62] discovered that even a simple pretr
ment of the parent HZSM-5 with N2 at 773 K for 2 h could
remarkably diminish the concentration of the Brønsted a
sites, thus markedly increasing the selectivity to C6H6 and
the durability of the catalyst during MDA. These resu
imply that although the Brønsted acid sites are neces
excess Brønsted acid sites are detrimental for the reac
since severe coke formation will occur on them.

Iglesia and co-workers [63] claimed that selective s
nation of external acid sites on HZSM-5 by using lar
organosilane molecules could decrease the content of
sites as well as the number of MoOx species retained a
the external surface, which was regarded as a key fa
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for coke formation during MDA. On samples prepared
ing silica-modified HZSM-5, acid sites, MoOx precursors
and active MoCx species formed during the CH4 reaction at
950 K were found to predominately reside within the zeo
channels, where spatial constraints could inhibit the bim
cular chain-growth pathways. Consequently, the forma
rate of hydrocarbons on a 4% Mo/silica-modified HZSM-5
increased by about 30% in comparison with that on a
Mo/HZSM-5.

5. Perspective: challenges and opportunities

Zeolite catalysts modified with TMI are becoming
new kind of catalyst system in heterogeneous catalysis,
ing to the continual development of new zeolite mater
and the new demand for green chemistry. The MDA
action on Mo/HZSM-5 catalysts is also a typical exam
ple involving TMI-modified zeolite catalysts. Consequen
more-detailed, fundamental knowledge of the TMI-modifi
zeolite catalysts, particularly Mo/HZSM-5 catalysts, is nec
essary for solving many of the problems we are facing.
TMI species may reside in different locations and in vari
forms in a TMI-modified zeolite catalyst. They might e
ist as isolated ions in framework positions (isomorphou
substituted) or in cationic forms in exchangeable sites o
binuclear and oligonuclear complex in extraframework
sitions, as oxide in nanoparticles< 2 nm in size, or as larg
oxide particles in a wide distribution located at the surf
of the zeolite crystals [64]. Having control over the dis
bution of the TMI species on/in the zeolite and over th
particle size is certainly an important way to influence
catalyst’s activity and selectivity. In addition, the controll
activation of the C–H bond of methane and the formatio
the C–C bond have been extremely important and com
topics in transition metal chemistry and methane chemi
as well as in homogeneous and heterogeneous catalys
fact, transition metal centers play crucial roles in the rec
development of promising catalytic systems for C–H a
vation reactions in homogeneous catalysis, and conside
mechanistic insight has been gained. Labinger and Be
recently reviewed this topic in a publication [65]. Therefo
it may be appropriate to utilize to the increasing knowle
in the fields of transition metal chemistry and homogene
catalysis gained at the molecular level when attemptin
understand the nature and mechanism of the MDA reac
over the Mo/HZSM-5 catalysts.

Second, more definite experimental information is nee
to understand the nature of the MDA reaction and its me
nisms at the molecular level. Solymosi et al. [66,67] stud
the formation and reaction of CH3, CH2, and C2H5 species
to gain more insight into the reaction mechanism by e
ploying their corresponding halogenated hydrocarbons
a Mo2C/Mo(111) surface. The results demonstrated
the main products of the initially adsorbed CH3 generated
from CH3I on Mo2C were H2, CH4, and C2H4, while the
n

e

coupling of CH3 to C2H6 was not observed. Meanwhil
the CH2 species introduced from CH2I2 were easily self-
hydrogenated to CH4 and dimerized into C2H4. TPD mea-
surements confirmed that coupling of the CH2 species to
C2H4 species was a more favorable step on Mo2C than on
precious metals such as Rh(111) and Pt(111). There
it was suggested that Mo2C is the active component fo
methane activation and dimerization to C2H4, and aroma-
tization occurred, catalyzed by protonic acid sites, thro
the oligomerization/cyclization reactions of C2H4. However,
Mériaudeau and co-workers [68–70] challenged this bifu
tional description of the reaction mechanism and sugge
a monofunctional mechanism, with C2H2 formed from CH4
on highly dispersed Mo2C as the primary product. More
over, C6H6 was also formed from C2H2 over Mo2C. These
authors claimed that based on their results of the reac
of CH4, C2H2, and C2H4 over acidic HZSM-5, nonacidi
Mo2C/SiO2 and Mo2C/HZSM-5 catalysts, and H+ ions al-
most completely removed after the induction period follo
ing CH4 reaction at 623 K, the H+ sites are not a pre
requisite for C2H2 or C2H4 aromatization. On the othe
hand, Derouane-Abd Hamid and co-workers [71,72]
ticed that two molybdenum carbide phases existed:β-Mo2C
in a hexagonally close-pack structure, andα-MoC1−x in a
face-centered cubic structure. The authors showed tha
α-MoC1−x species was more effective than theβ-Mo2C
species for MDA, demonstrating a higher activity, selec
ity, and stability. Unfortunately, most of the research tea
prepared their Mo/HZSM-5 catalysts with aβ-Mo2C phase
during the reaction. The work of Livelpool’s group was
cently repeated in our group. Figures 4A and 4B illustr
that the catalytic performances of MDA over the cata
prepared by reduction of MoO3/HZSM-5 with only H2 at
about 623 K for 6 h are similar to that from those pretrea
with a mixture of H2/n-C4H10 at 623 K for 24 h.

Third, Iglesia et al. [73] pointed out that there are t
bifunctional pathways: concerted bifunctional pathways
sequential bifunctional pathways. In general, concerted
functional pathways require sites to coexist within mo
cular distances, which is often the case in homogen
and enzymatic catalysis. In heterogeneous catalysis,
ever, concerted interaction may be prevented by the fi
and inappropriate location of the sites in question, but ra
transfer of intermediates via surface or gas-phase diffu
leads to kinetic coupling between distant sites and, t
to a sequential bifunctional pathway. For example, the
quential bifunctional pathways are well accepted for de
droaromatization of light alkanes (LHDA) on Zn- and/
Ga-modified HZSM-5 catalysts. However, a concrete
scription of the sequential bifunctional pathway is still
for debate. It is generally accepted that the Ga species
part in all dehydrogenation reactions, such as the dehy
genation of propane into propene and the transformatio
alkenes into dienes and finally into aromatics, as involve
the propane aromatization process [74]. In contrast, Igl
et al. simultaneously measured the rates of C–H activa
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Fig. 4. A comparison of the catalytic performances of 6% Mo/HZSM-5
catalysts pretreated with different modes: (A) methane conversion, (B
yields of BTX and naphthalene.�, Pretreated with CH4; ©, pretreated with
H2; �, pretreated with H2/n-C4H10.

recombinative hydrogen desorption, and propane dehy
genation by using isotopic redistribution and chemical c
version data obtained from C3H8/C3D8 and D2/C3H8 mix-
tures. The authors pointed out that the activation of the C
bond in propane predominantly occurs on the Brønsted
sites, and the Zn and/or Ga cations play a role in the rec
bination of hydrogen adatoms formed during the C–H a
vation [73].

Due to the similarities between the MDA and the LHD
(both processes use HZSM-5 as the support, a certain
is necessary (Zn or Ga for LHDA and Mo, W, or Re f
MDA), both reactions regard olefin as their intermedi
product, and the activation and dehydrogenation of alk
concerned is the rate-determining step), the MDA can
regarded as an extension of the LHDA. Until now, t
general description of the MDA reaction on Mo/HZSM-5
catalysts has followed the sequential bifunctional pathw
and has been quite similar to those of the LHDA. Metha
is first activated and dehydrogenated into CHx , which
will oligmerize into C2 species on Mo2C and/or MoOxCy

species on the external surface and/or in the zeolite chan
then it oligomerizes further and cyclizes into aromatics
the Brønsted acid sites. Lin and co-workers carried o
comparative FT-IR study on the interaction of CH4 with
silica, alumina, and HZSM-5 [75]. The results demonstra
that OH groups played a very important role in C4
adsorption. When an interaction between the OH gro
and CH4 took place, the band shift of the OH grou
varied and the strength of the interaction decrease
accordance with the order of their acidities (Si–OH–Al>

Al–OH > Si–OH). The authors considered the possibi
that CH4 is activated by interacting with a proton to form
intermediate CH5+, which would be decomposed to CH3

+,
leading to a heterolytic cleavage of a C–H bond of CH4.
Therefore, the MDA reaction may require dehydrogena
and chain-growth steps that occur on Brønsted acid s
aided by hydrogen desorption sites provided by Mox

species.
Fourth, coupling the MDA reaction with other reactio

and/or techniques is perhaps the most plausible wa
make methane conversion under nonoxidative condit
a commercially applicable process. As mentioned ab
dehydrogenative coupling of methane, particularly with
mixture of CH4 and H2 under the assistance of plasm
has already made great progress. Recently, Heintze
Magureanu reported the conversion of CH4 to aromatics
in pulsed microwave plasma at atmospheric pressure in
presence of a heterogeneous catalyst [76]. The CH4 con-
version could reach 60–70% if average input powers w
higher than 200 W. The main product under the experim
tal conditions was C2 hydrocarbons. Since the aromati
could be observed only after initial carbon formation, the
thors suggested that the solid carbon could catalyze met
aromatization. Studies to couple the MDA reaction with
membrane separation technique are already under wa
several research groups. Based on thermodynamic cal
tions, it was estimated that if half of the H2 produced during
MDA at 973 K could be removed, the corresponding C4
conversion would increase from about 10 to 66% [77]. Ho
ever, preliminary reports on this approach are not very
timistic. In one case, the H2 transport rates were too lo
to match the hydrogen formation rate in the MDA rea
tion [77]. In another case, it was reported that if the reac
was carried out in a membrane catalytic reactor, becau
the continuous withdrawal of the coproduced H2, catalyst
deactivation was more pronounced than in a fixed-bed r
tor [78].

We mentioned in Section 4 that adjusting the Brøns
acid sites and their distribution is an effective way to enha
the activity and increase the stability of the Mo/HZSM-5
catalysts. In reference to other catalytic reactions involv
acid sites, there is still room left to fine-tune both the a
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Fig. 5. Durabilities of various 6% Mo/HZSM-5 catalysts before the yield o
benzene dropped to 4.6%. STAI-t means that the 6% Mo/HZSM-5 catalysts
were treated with steam for different times (in h).

amount and acid strength distribution of the Brønsted
sites, so that they can be made to better match the a
species, such as in the case of MoCx species for MDA. For
example, the driving force for the Mo species to move i
the HSZM-5 zeolite channels and the interaction betw
the Mo species and the Brønsted acid sites are al
exponentially related to the number of Brønsted acid s
per unit cell [49]. Therefore, the effect of dealumination
HZSM-5 zeolites may be compensated for at the expen
the driving force of Mo species moving into the chann
We recently studied the effect of dealumination of
Mo/HZSM-5 catalysts by steam treatment on the catal
performances of MDA. The results illustrated in Fig. 5 sh
that it is also an efficient procedure for enhancing the acti
and stability of Mo/HZSM-5 catalysts.

6. Concluding remarks

As we mentioned above, hydrogen energy will inevita
replace fossil fuel energy in the near future. Therefore,
direct conversion of CH4 under nonoxidative conditions ha
an intrinsic merit for production of H2 and/or for H2 pro-
duction accompanied by basic chemicals. The developm
of methane dehydroaromatization is a potentially impor
process for hydrogen production, accompanied by aro
ics. Considerable effort has been devoted developing a
and selective catalysts and understanding the bifunction
of Mo/HZSM-5 catalysts and the nature of carbonace
deposits formed during the reaction. However, neither
active and selective catalysts nor a thorough underst
ing of the mechanism of the reaction has been achieve
any case, our understanding of the direct conversion of4
under nonoxidative conditions, particularly methane de
droaromatization, has increased a great deal. Ongoin
search in this area, in conjunction with the advancemen
heterogeneous and homogeneous catalysis, transition
chemistry, chemical engineering, and materials science,
t

f

t

-

-

l

certainly enhance our knowledge of direct activation
conversion of methane and lead to the development o
efficient, clean, profitable, and applicable process.
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