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Methane aromatization over Mo/H-ZSM-5: on the reaction pathway
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Rates of benzene formation on Mo/HZSM-5, H-ZSM-5 and Mo/SiO, were measured with different reactants: methane, mixture of
CyH4/H2/N, and mixture of CyHo/H2/N,. Since the rate of benzene formation starting from CyHa/H2/No is higher on Mo/H-ZSM-5
compared to H-ZSM-5 it is concluded that the aromatization of methane on Mo/H-ZSM-5 is not going via ethylene which is aromatized

over acid sites. Another reaction pathway is proposed.
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1. Introduction

The aromatization of methane has been deeply investi-
gated since Xu et al. [1,2] have reported that molybdenum-
loaded H-ZSM-5 are active catalysts for this reaction at
high temperatures (600-800 °C).

Lunsford et al. [3] have shown that under thermal treat-
ment at high temperatures under air or oxygen, the molyb-
denum salt is decomposed and Mo ions migrated in the
zeolite channels and are exchanged with the protons of the
zeolite.

The migration of molybdenum has been confirmed re-
cently by Iglesia et al. [4], who have shown that every
proton removed from an exchangeable position is replaced
by one Mo ion.

It results that the high-temperature calcined catalyst has
less protons than the starting material.

Lunsford et a. [3] have also shown that under methane
molybdenum is transformed into Mo,C which was idendi-
fied as the active phase for methane activation.

However, the exact nature of the active phase — coke
modified Mo,C [3] or M0,C-M0O; [5] — is till matter
of discussions. As indicated above, it is nevertheless well
established that the catalyst in its active state contains only
a small number of protons as compared to the number of
protons of the starting H-ZSM-5 [3].

The mechanism of the reaction has been debated: it is
generally proposed that methane is activated over molybde-
num carbide species where it forms ethylene as the primary
product.

Ethylene is then converted into benzene over the zeolite
support through acid-catalyzed oligomerization and cycliza-
tion reactions [2—6]. Thus the zeolite-supported molybde-
num catalysts operate like a true bifunctional catalyst.

However, recently, we have shown that the reaction of
methane over Mo/H-ZSM-5 resulted in the production of
acetylene which was considered as the primary product and
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that the formation of benzene did not proceed necessarily
through acid type reaction [7].

The aim of this note is to further demonstrate that over
Mo/H-ZSM-5 catalyst, it is highly questionable that ben-
zene was formed through the aromatization of ethylene over
protonic sites following the classical acid reaction mecha-
nisms.

2. Materials and results

H-ZSM-5 zeolite (SI/Al = 26, batch 1381 from Sud
Chemie, Germany) was loaded with 4 wt% Mo (wet-
ness impregnation with ammonium heptamolybdate from
Aldrich). The sample was dried at 120 °C overnight.

300 mg of the sample were loaded in a microflow reac-
tor and treated under air overnight at 650 °C. Reactant and
products were analyzed on line with two chromatographs
equipped with a Bentone column (for the analysis of aro-
matics) and with a Unibed column (for the analysis of light
hydrocarbons).

For comparison, H-ZSM-5 support and 4 wt% Mo/SiO,
(Degussa, wetness impregnated) were studied in the same
experimental conditions.

Three sets of reaction were carried over the same sample
loaded in the reactor:

(i) CH4 was reacted with the air-activated sample and the
rate of formation of benzene measured with time on
stream. When the rate has reached a pseudo steady
state, the reactor was flushed with N, for 20 min.

(ii) A mixture of CyH4/H2/N, (partia pressures 6/30/

724 Torr) was then reacted over the previous sample.

The rate of benzene formation with time on stream

was determined — when the steady state was reached,

the reactor was again flushed with nitrogen for 20 min.
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Figure 1. Change in the rate of benzene formation on 4 wt% Mo/H-ZSM-5

with time on stream for different reactants: (1) CH,4, atmospheric pressure;

(2) CoH4 + Ha + N2 (6/30/724 Torr); (*3) CH4, atmospheric pressure;

(4) CoH2 +Ho+ Ny (6/30/724 Torr); and (*5) CH4, atmospheric pressure.
T = 650°C, catalyst weight 300 mg, tota flow rate 2 I/h.

(iii) Methane was again reacted as in (i) and the rate of
benzene formation measured and the reactor was again
flushed with nitrogen for 20 min.

(iv) A mixture of CyH2/H,/N, (partial pressures 6/30/
724 Torr) was reacted over the catalyst and the for-
mation of benzene followed until the steady state was
reached. Again the reactor was flushed with nitrogen
for 20 min.

(v) Methane was again reacted, asin (i) and (iii).

The experimental points obtained in (iii) and (v), com-
pared to (i), indicated the extent of deactivation of the cat-
alyst.

Results are summarized in figure 1 for 4 wt% Mo/
H-ZSM-5, figure 2 for H-ZSM-5 and figure 3 for 4 wt%/
SiO;.

For 4 wt% Mo/H-ZSM-5, the maximum rate for benzene
formation from methane was 131 zmol h—1 g~ at 50 min.

When C; was replaced by the ethylene-containing
mixture the maximum rate for benzene formation was
100 gmol h—1g~t.

At this stage, the catalyst was dightly deactivated since
the rate of benzene formation starting from methane was
equal to 110 ymol h—tg~* (see *3 in figure).

The rate of benzene formation starting from acetylene
mixture is at the steady state equal to 144 molh—1g—1.
Again the last experimental point indicated that the catalyst
has lost part of its activity since the rate measured (using
methane) is now 100 mol h—tg~! (point *5 in figure 1).

These results indicated that the Mo/H-ZSM-5 catalyst
deactivated during the reactions but not too much. The fact
that the different reactants produced benzene with compa-
rable rates indicated that ethylene as postulated by [1-6] or
acetylene as postulated by us [7] are possible intermediates.

Comparison between Mo/H-ZSM-5 and H-ZSM-5 is
interesting and indicated that the rate of benzene for-
mation starting from the C,Ha/H2/N, mixture is much
smaller on the support H-ZSM-5 than on Mo/H-ZSM-5
(25 pmol h—*g~—1 compared to 100 gmol h—1g=1).
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Figure 2. Change in the rate of benzene formation on H-ZSM-5 with time

on stream with different reactants. (1) CyH4/H2/N, (6/30/724 Torr) and

(2) CoH2/H,/N, (6/30/724 Torr). T = 650 °C, catalyst weight 300 mg,
total flow rate 2 I/h.
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Figure 3. Change in the rate of benzene formation over 4 wt% Mo/SiO;:

(1) CHy4, atmospheric pressure; (2) CyHa/H2/No (6/30/724 Torr);

(*3) CH4, atmospheric pressure; (4) CyHa/H2/N» (6/30/724 Torr); and

(*5) CHg, atmospheric pressure. 7' = 650°C, catalyst weight 500 mg,
total flow rate 2 I/h.

Knowing that the number of remaining protons on
Mo/H-ZSM-5 is smaller than on the support ([3,4] and our
unpublished results) it can be concluded that if C,Hy4 isthe
true intermediate, it is not, as proposed in the literature,
aromatized through a pure acid type reaction.

Comparison between Mo/H-ZSM-5 and Mo/SIO, indi-
catesthat, as reported in the literature, SO, support is much
less efficient than H-ZSM-5 for methane aromatization. In-
terestingly, it is observed that Mo/SiO, is much more ac-
tive than H-ZSM-5 for benzene formation when the feed is
CoHa/H2/N>.

This result indicates that Mo species (carbidic or oxycar-
bidic Mo?) could be the active species for aromatization of
ethylene or that they areinvolved in the ethylene aromatiza-
tion. Results of figures 1 and 3 indicated that Mo/H-ZSM-5
is twice more active than Mo/SiO, for ethylene aromatiza-
tion; this could be due to a better dispersion of Mo species
over H-ZSM-5 support.
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Indeed, one can postulate that Mo,C/SIO, could have
protons and thus C,H, aromatization could occur via a
bifunctional mechanism (oligomerization, cyclization over
protonic sites, hydrogen removal over Mo;C).

The important point is that the presence of protons is
not the only condition for ethylene aromatization as it was
indicated [4].

Concerning the transformation of acetylene into ben-
zene, it is observed that the three solids (Mo/HZSM-5,
HZSM-5 and Mo/SIO;) are active, the zeolite-based cat-
alysts having the highest activity.

Should acetylene be the intermediate, its transformation
into benzene would not be restricted by the number of pro-
tons.

To summarize, we have shown that the reaction mecha-
nism of methane aromatization is not as simple as described
in the literature: the key intermediates are probably acety-
lene or ethylene.

Should ethylene be the intermediate its transformation
into benzene would not occur as proposed on the protons
of the zeolite, but molybdenum entities would catalyze its
aromatization.
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