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Abstract

The conversion of methane to aromatics, mainly benzene, has been studied. Zeolite type catalysts, ZSM-5, MCM-22,
containing molybdenum were used. The reaction was carried out at 973–1073 K and atmospheric pressure. Aromatics were
formed after an induction period during which molybdenum carbide was formed. Induction period was followed by analyzing
infrared (IR) band of the acidic OH. Zeolite plays an important role for increasing Mo dispersion. Comparison between
ZSM-5 and MCM-22 showed that Mo/MCM-22 was twice more active than Mo/ZSM-5. This was attributed to more open
topoly of MCM-22 which facilitated the migration of Mo ions towards exchangeable positions thus favoring Mo dispersion,
and also reduced diffusion limitation of the aromatic products. Analysis of the products at high space velocity showed that
acetylene was formed as primary product along with possibly ethylene. Acetylene was converted into aromatics (benzene,
naphthalene) as the space velocity decreased. IR analysis in the OH stretching vibrations showed that H+ ions, in H-ZSM-5,
are progressively exchanged during the calcination of Mo/HZSM-5, and almost completely removed after the induction period
following CH4 reaction at 823 K. At high temperature in O2 molybdenum species, possibly MoO2

+ (Mo2O5)2+, migrate in
the zeolite framework and replace H+. These species were further converted into Mo2C by reaction with methane, residual
carbon species (coke) poisoning the residual zeolite protons. The reaction of CH4, C2H2 and C2H4 over acidic H-ZSM-5,
H+ poisoned Mo2C/H-ZSM-5 and non-acidic Mo2C/SiO2 was studied. It resulted that H+ sites are not prerequisite for
aromatization of C2H2 or C2H4. It was concluded that the principal route for the aromatization of CH4 is the formation of
C2H2 over Mo2C which again over the molybdenum carbide forms benzene. The bifunctional mechanism apparently was
less important. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The direct catalytic conversion of methane into
aromatics and hydrogen is an interesting route for up-
grading natural gas. Recently, it has been shown that
supported molybdenum, preferentially Mo supported
on H-ZSM-5, are active and selective for benzene
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formation from methane [1–4]. It was clearly estab-
lished that at high temperature under CH4 molybde-
num in Mo/HZSM-5 was reduced and formed Mo2C
species [5] and further during the activation process of
Mo/HZSM-5 molybdenum species migrated towards
exchangeable sites in the zeolite framework [5,6]. It is
generally reported that the activation of methane oc-
curs on molybdenum active species forming ethylene
as primary product C2H4 being converted into benzene
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over H+ acid sites of the zeolite [1–6]. In a very
recent work it was shown by contrast that acetylene
was the primary product of the reaction of methane
over Mo/HZSM-5 [7], and the authors concluded that
a possible route for the formation of benzene is the
production of C2H2 on Mo sites, acetylene generating
at high temperature benzene and naphthalene.

The aim of this work was to provide an inte-
grated understanding on the nature of active sites
operating during the aromatization of methane over
Mo/H-ZSM-5 catalyst. The role of the zeolite will be
examined by comparing H-ZSM-5 and H-MCM-22
having different topology. The role of protons in the
zeolite, in which protons apparently improved the cat-
alytic performances, will be examined, and a reaction
mechanism proposed.

2. Experimental

2.1. Catalysts

H-ZSM-5 zeolite (Si/Al = 26 batch 1381 from Süd
Chemie Germany) was impregnated with an aqueous
solution of ammonium heptamolybdate. The sample
was dried and then calcined in air at 773 K. The Mo
loading was adjusted to 4 wt.%. In addition a series
of Mo/H-ZSM-5 catalysts were prepared by the same
procedure but using H-ZSM-5 zeolites with different
Si/Al ratio synthesized in the laboratory. Mo loading
was also 4 wt.%.

H-MCM-22 was synthesized as described in [8].
The structure of MCM-22 contains two independent
channel systems, 10-MR sinusoidal channels and
12-MR cages linked by 10-MR channels. The topol-
ogy of MCM-22 is more open than that of ZSM-5.
The same procedure used for Mo/HZSM-5 was ap-
plied to prepare the catalyst Mo/H-MCM-22 with
4 wt.% Mo. 4 wt.% Mo/SiO2 was also prepared by
incipient wetness impregnation of SiO2 (W.G. Grace,
surface area= 250 m2/g).

2.2. Reaction

Methane reaction was performed in a flow microre-
actor at atmospheric pressure on 300 mg of the cata-
lyst. Non-diluted CH4 at atmospheric pressure flows
through the catalyst bed, WHSV was in the range

1.2–0.7 h−1. The reaction temperature was 923 K. CH4
and H2 were analyzed with a catharometer chromato-
graph equipped with a silica gel column. The prod-
ucts, ethylene, benzene, naphthalene, toluene, were
analyzed on flame ionization chromatograph equipped
with a bentone and an unibed column.

CH4 conversion is low and could not be deter-
mined with accuracy from CH4 peak. Therefore CH4
which has reacted was calculated from the measured
H2 pressure and from the sum of hydrogen contained
in the hydrocarbons. It is implied that carbon species
(coke) which may have deposited on the catalyst sur-
face was free from hydrogen. The amount of coke de-
posited on the surface was derived from the difference
between carbon corresponding to reacted CH4 and
carbon corresponding to the hydrocarbons formed.

3. Results and discussion

When CH4 was reacted at 923 K on the oxidized
Mo/HZSM-5 sample large amount of H2 evolved at
the initial stage of the reaction. During this period al-
most no hydrocarbon was formed. Fig. 1 represents
the conversion of methane, derived from H2 and hy-
drocarbons, with time on stream (TOS). The selectiv-
ities of the reaction to coke, benzene, naphthalene and
ethylene are given in Fig. 2. Analysis of these two fig-
ures clearly indicates that at the early stage of the re-
action while a significant amount of CH4 has reacted,
negligible amounts of benzene, naphthalene and ethy-
lene were observed.

The major products were H2 and coke in agree-
ment with previous published works [3,4]. During the
initial period of the reaction, 0.5–1 h, the selectivity
for benzene, naphthalene, ethylene increased until a
plateau was reached, see Fig. 2. With increasing TOS
CH4 conversion decreased gradually and simultane-
ously the selectivity for coke. From these results it
is concluded in agreement with the statements made
in [4] that during the induction period MoO3 or/and
(MoO2)n+ suboxides supported on the zeolite react
with CH4 to form molybdenum carbide species and
H2. It has already been established that supported
molybdenum reacts with methane to form Mo2C [9].
XPS results have confirmed the formation of Mo2C
upon reaction of CH4 with Mo/HZSM-5 at high tem-
perature [4]. The formation C–C bond, first step of
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Fig. 1. Conversion of CH4 at 923 K, WHSV= 0.7 h−1, atmospheric pressure with TOS on Mo/HZSM-5.

the formation of C2 hydrocarbons and aromatics is
probably associated with the generation of Mo2C
species. One could suggest that on Mo2C active sites,
the decomposition of CH4 resulted in the formation
of carbidic surface carbon more or less hydrogenated.

Fig. 2. Reaction of CH4 on Mo/HZSM-5 at 923 K, WHSV= 0.7 h−1. Product selectivity with TOS: (�) coke; (�) benzene; (�)
naphthalene; (�) ethylene.

At high temperatures, as used in the aromatization,
surface coverage by hydrogen is low, CH2 and prefer-
ably CH hydrogenated carbidic fragments are present.
C–C bonds will be formed upon surface migration of
the partially hydrogenated carbidic carbons.
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Na-ZSM-5 (Si/Al = 26) was obtained by reex-
change of H-ZSM-5 with Na+ solution. The solid was
then loaded with 4 wt.% Mo. The rate of benzene for-
mation over the catalyst Mo/Na ZSM-5 was less than
one-tenth of that found on Mo/HZSM-5. It was sug-
gested that the aromatization of methane obeyed a
bifunctional mechanism, ethylene formed on the Mo
sites will form benzene through carbenium ion mech-
anism catalyzed by the zeolite protons [1,3,6]. More
recently the bifunctional mechanism for the aromati-
zation of methane has again been suggested [10]. The
authors have observed that the rate of benzene forma-
tion from the reaction of CH4 on Mo/HZSM-5 cat-
alysts decreased as the Si/Al increased (the support
acidity decreasing as Si/Al increased). They also pro-
posed that methane activated on Mo2C formed C2H4,
ethylene being converted into benzene on the ZSM-5
acid sites. The rates of benzene formation from the re-
action of CH4 on a series of Mo/H-ZSM-5 where the
Si/Al ratio increased are given in Table 1.

The results listed in Table 1, showing a strong de-
pendence of the rate of benzene formation on Si/Al
ratio are in agreement with previous works [1,3,6].

Fig. 3. Reaction of CH4 on zeolite supported Mo(Si/Al = 15): rate of benzene formation at 923 K, WHSV= 0.7 h−1. (�) Mo/HZSM-5;
(�) Mo/HMCM-22.

Table 1
Reaction of CH4 on Mo/HZSM-5: effect of Si/Al ratio on the rate
(R) of benzene production (TR = 923 K, WHSV= 0.7 h−1, CH4

atmospheric pressure)

Si/Al 15 26 50 130
Mo (wt.%) 4 4 4 4
R (�mol g−1 h−1) 168 125 80 48

However, we could suggest a different interpreta-
tion for this effect. Indeed, during the activation of
Mo/HZSM-5, Mo species migrated within the zeolite
lattice and exchanged with H+ [4–6]. We suggest
that, since higher the Si/Al ratio, lesser the number of
exchangeable H+, the increase of Si/Al renders less
probable the stabilization of atomically dispersed Mo
species. In other words, the dispersion of the active Mo
species will decrease as Si/Al increases. CH4 being
activated on these Mo species the aromatization activ-
ity will decrease. This point will be discussed further.

The catalytic performances of Mo/HZSM-5
(Si/Al = 15) and Mo/HMCM-22(Si/Al = 15) were
compared. Fig. 3 shows the rate of benzene formation
from CH4 at 923 K. After the induction period, the
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rates reached a semi plateau. The rates for benzene
production are 168 and 328�mol g−1 h−1 and the se-
lectivity towards benzene are 40 and 80%, respectively
for Mo/HZSM-5 and Mo/HMCM-22. It appears that
the use of HMCM-22 as support for molybdenum re-
sulted in catalyst more active and more selective for the
conversion of methane into benzene as compared with
Mo/HZSM-5. The higher selectivity to benzene with
Mo/HMCM-22 was due to less coke deposition on
the catalyst. After 20 h on stream, on Mo/HMCM-22,
CH4 at 923 K was almost exclusively converted into
benzene (80%) naphthalene (10%) and coke (10%).
Apparently, H-MCM-22 is a more appropriate support
for the aromatization of methane on Mo based cat-
alysts. At 923 K with WHSV= 0.7 h−1 the yield of
aromatics(benzene+ naphthalene) was respectively
1.5 and 3.8% for Mo/HZSM-5 and Mo/HMCM-22
(thermodynamic 4.6%). Two factors govern the effi-
ciency of the molybdenum based catalysts, the dis-
persion of Mo species and the diffusion of the bulky
aromatic molecules produced within the zeolite pores.

Within Mo/HMCM-22, in the 12-MR surface half
cavities, the diffusion of benzene and naphthalene

Fig. 4. IR spectra in the OH region: (a) 4 wt.% Mo/HMCM-22 impregnated with Mo; (b) sample a calcined in O2 at 873 K; (c) sample b
after activation at 923 K in CH4.

is less constrained than in ZSM-5 pores. Similarly,
the coke precursor aromatic intermediates could
also escape more readily. The better efficiency of
Mo/HMCM-22 is thus attributed to its more open
topology allowing a better dispersion of the molybde-
num species and a more rapid diffusion of the reaction
products.

3.1. Role of the zeolite in the aromatization of
methane

In the previous section it was suggested that the
role of the zeolite is to provide cation exchange sites
where cationic molybdenum species atomically dis-
persed were stabilized. The migration of Mo species
was indirectly studied by infrared (IR) spectroscopy.
H-MCM-22 sample showed in the OH stretching
vibration two IR bands at 3750 cm−1 attributed to
terminal Si–OH non-acidic groups and at 3622 cm−1

due to bridge Si–OH (Al) acidic groups. The inten-
sity of this IR band is increasing when the Al content
increases. The effects of impregnation, calcination in
oxygen at 873 K and reaction with CH4 at 923 K are
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shown in Fig. 4. The impregnation of the solid with
Mo heptamolybdate has little effect on the exchange-
able OH groups as long as the calcination temperature
is less than 473 K. At 873 K in oxygen, molybdenum
suboxides (MoO2)+ and (Mo2O5)2+, migrated in the
zeolite framework and exchanged with H+. It resulted
a strong decrease of the 3622 cm−1 IR band intensity
as shown in Fig. 4. Further reaction with CH4 at 923 K
resulted to an additional decrease of the 3622 cm−1

IR band intensity, due probably to the deposition of
carbonaceous residues. From these results, it is con-
cluded that indeed the cationic sites of the zeolite
serve as site anchors for molybdenum which forms
upon reaction with CH4 highly dispersed molybde-
num carbide. The very high mobility of suboxide
molybdenum species and the anchoring on cationic
sites was reinforced by the following experiments.
4 wt.% MoO3/SiO2 was mechanically mixed with
equal amount of H-H-ZSM-5. H-ZSM-5+ Mo/SiO2
composite solid was outgassed at 473 K and its IR
spectrum recorded. IR bands at 3750 and 3622 cm−1

were observed. Upon calcination at 873 K in oxygen,
non-IR band at 3622 cm−1 existed. This indicates that
Mo suboxide species had migrated from the SiO2
surface to the zeolite and have exchanged with H+
of the zeolite. The reaction of CH4 at 923 K over
H-ZSM-5, Mo/SiO2 and H-ZSM-5+ Mo/SiO2 com-
posite was studied. The conversion and the rate of
benzene formation are given in Table 2.

The higher activity of the composite catalyst is due
to the increase of the Mo dispersion in the compos-
ite solid, this increase being caused by the migration
of Mo into the zeolite framework where it was stabi-
lized and atomically dispersed. Since the IR results on
Mo/HMCM-22 and on Mo/SiO2 + HMCM-22 have
shown that protonic acidity on these two catalysts has
almost disappeared, it is difficult to consider that the
aromatization of methane proceeds through a bifunc-
tional reaction.

Table 2
Reaction of CH4 on Mo catalysts (TR = 923 K, WHSV= 0.7 h−1,
rate of benzene formation (R))

Catalyst H-ZSM-5 Mo/SiO2 Mo/SiO2 +
HZSM-5

Conversion (%) 0.7 1.2 3.5
R (benzene)

(�mol g−1 h−1)
0 40 94

3.2. Reaction intermediate—reaction mechanism
for the aromatization of methane on Mo/HZSM-5

It is generally suggested that the most likely in-
termediate from the reaction of CH4 on supported
molybdenum is C2H4 [1–6]. C2H4 could result via
a carbene-type intermediate or via carbidic surface
species, the methane being dehydrogenated over
Mo2C. It was suggested that the formed ethylene
undergoes oligomerization and cyclization reactions
catalyzed on acid sites of the zeolite. The reaction of
methane over Mo/HZSM-5 has been reinvestigated
using GC–MS to analyze the products. CH4 reac-
tion was carried out at 1023 K at different flow rates.
In addition to ethylene, benzene and naphthalene,
acetylene was for the first time detected in the reac-
tion products [7]. Fig. 5 shows the relative pressures
of C2H2, C2H4 and benzene versus the flow rate.
The interesting point is that the acetylene pressure

Fig. 5. Reaction of CH4 over Mo/HZSM-5 at 1023 K. Product
distribution versus flow rate.
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Table 3
Rate of C6H6 formation from CH4, C2H4, C2H2 (TR = 923 K,
WHSV = 0.07 h−1, R (�mol g−1 h−1))

Catalyst/feed CH4 C2H4 C2H2

H-ZSM-5 0 25 193
Mo/SiO2 47 50 68
Mo/HZSM-5 131 97 144

increases as the contact time decreases, the reverse
being observed for ethylene and benzene. These re-
sults suggest that C2H2 acts probably as the primary
product for benzene formation. It is well accepted that
acetylene readily forms benzene at high temperature
this reaction being catalyzed by metals.

The effect of proton acid sites and Mo2C sites on
the formation of benzene was further studied by us-
ing HZSM-5, Mo/SiO2 and Mo/HZSM-5 catalysts for
the reaction of CH4, C2H4 and C2H2. The catalysts
were activated in oxygen and in CH4 at 923 K until the
steady state was reached. The catalysts were purged
with H2 and then either C2H4/H2/N2 or C2H2/H2/N2
mixture (6/30/724 Torr) was allowed on these solids.
Table 3 lists the rates of benzene production.

Not surprisingly methane, ethylene, and acety-
lene showed different reactivity. Over non-promoted
H-ZSM-5 the conversion of methane was very low
and almost negligible amount of benzene was formed.
The interesting point was that benzene was formed
eight times more rapidly with acetylene feed than
with ethylene. These results reinforce our suggestions
that over Mo/HZSM-5, C2H2 formed from the reac-
tion of CH4 will be the main source of aromatics if
some residual protons participate to the aromatization
reaction. It has been shown that the conversion of
acetylene to aromatics proceeds more easily than that
of ethylene over H-ZSM-5 catalyst [11]. The reac-
tion intermediate responsible for the oligomerization
and cyclization is of considerably greater reactivity
from acetylene than that involved in ethylene con-
version. The oligomerization of acetylene proceeds
via vinyl cation intermediate CH2=CH+ while the
chain growth from the ethylene involves less reactive
primary ethylcarbenium intermediate CH3–CH2

+ in
Bronsted acid catalyzed reactions. The formation of
hexadiene cation CH2=CH–CH=CH–CH=CH+ from
acetylene favors the production of benzene via its ther-

modynamic favorable cyclization at high temperature.
Over Mo/SiO2 catalyst which does not possess proton
acidity the rate of benzene formation does not change
much with the feed (see Table 3) although C2H2 was
again the most reactive. The reactions occurring in-
volves the formation of acetylene obviously on molyb-
denum carbide (Mo2C) dehydrogenating sites. The
polymerization of acetylene to polyenes and hexadi-
ene, most certainly involves reaction at Mo2C. Acety-
lene polymerization to polyenes is well known using
Ziegler–Natta catalysts [12] and certain types of Lewis
acid solids [13]. Over Mo/HZSM-5 the relative rates
of benzene formation were higher than those mea-
sured on Mo/SiO2 catalyst. The increased efficiency
of Mo/HZSM-5 support compared to Mo/SiO2 is as-
cribed to HZSM-5 support which increases the disper-
sion of molybdenum species. At the same molybde-
num content Mo2C exposed surface will be higher on
HZSM-5. The conversion of CH4 over Mo/HZSM-5
will be higher on Mo/SiO2 in agreement with our
results. The use of acid support HZSM-5 for Mo2C
instead of SiO2 renders the aromatization of C2H4
as well as C2H2 faster. Although in this section we
have pointed out that the activation treatments at
high temperature in oxygen and in methane removed
and/or poisoned almost all the protonic acid sites of
the zeolite the observed the increase of benzene rate
over Mo/HZSM-5 implies that very few H+ may be
enough to catalyze the formation of polyenes from
acetylene.

4. Conclusion

Mo loaded medium pore zeolites are active and
selective for the conversion of methane to aromatics.
At reaction temperature higher than 923 K the ma-
jor product is benzene followed by naphthalene on
4 wt.% Mo loaded zeolites. The yields of aromatics
formed on Mo/HZSM-5 and Mo/HMCM-22 were,
respectively, 2 and 3.4% at 923 K. The higher effi-
ciency of HMCM-22 support corresponds to a better
dispersion of molybdenum and to a faster diffusion
of molecules. The initial product of the methane re-
action is acetylene and possibly ethylene. They are
formed by dehydrogenation of CH4 on molybdenum
carbide Mo2C. Mo2C being generated from the reac-
tion of MoO3 or other Mo suboxides with CH4. The
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activity of the composite catalysts Mo/support is con-
siderably dependent on the dispersion of Mo2C, the
highest dispersion producing the most active solid.
The reaction mechanism for the production of aromat-
ics proceeds either via a monofunctional mechanism
where acetylene, the primary product, is oligomer-
ized on Mo2C into polyene such as hexadiene and
cyclized thermally into aromatics, or/and acetylene
(ethylene to a less extent) is forming higher-molecular
weight polyenes via a vinyl cation intermediate
on Bronsted acid sites. This latter reaction is ex-
tremely fast and requires a limited number of protonic
sites.
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