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Abstract MFI type inorganic carrier was used in two
different cationic forms, hydrogen and calcium respec-
tively. MFI-supported molybdenum and rhenium catalysts
were prepared. The activities of the catalysts were com-
pared for the aromatization reaction of methane. Higher
activity values were attained with the catalysts supported
on HZSM-5. Aromatics were also observed with the cata-
lysts supported on CaZSM-5, despite their deficiency in
acid sites. Highly dispersed rhenium is expected to be
formed with the use of the inorganic carrier in calcium
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form. On the other hand, lower reaction rates were ob-
served with rhenium supported on CaZSM-5, in spite of the
improved dispersion of the active rhenium species on this
catalyst. This was interpreted in terms of the critical role of
the acid sites in the conversion of methane to aromatics,
compared to the improved dispersion of the active metal.

Keywords Molybdenum - Rhenium - MFI - Acidity -
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1 Introduction

Conversion of methane into useful chemicals has been and
still is a subject of worldwide renewed efforts. Several
routes have been explored over the previous two decades.
In addition to methane conversion into syngas which is of
real industrial significance, more ambitious routes such as
direct conversion into oxygenates [1-4], methanation of
olefins [5], oxidative coupling of methane [6-9] and
conversion of methane into benzene and hydrogen were
explored [10-28].

The latest developments were concerned with the latter
reaction carried out in the presence of various transition
metal oxide-loaded inorganic carriers. Mainly molybde-
num- and rhenium-based active components deposited over
HZSM-5 were thoroughly investigated [22-28].

In the case of molybdenum-based catalysts, the activa-
tion procedure was scrutinized and it was generally agreed
that whatever the nature of the precursor, molybdenum was
converted, in the presence of methane, under the reaction
conditions, into molybdenum carbide [12, 13, 24]. It was
generally accepted that the reaction proceeded via the
formation of C,H, or C,H,4 over the molybdenum carbide
species. Further cyclization and aromatization of acetylene
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or ethylene would occur over the acid sites [10, 29, 30]. If
it is assumed that dimolybdenum carbide is the active
precursor for methane conversion into a C, primary com-
pound (ethylene or acetylene), one might speculate, in
agreement with Lunsford et al. [13], Iglesia et al. [31] and
our recent study [32] that, methane decomposition into
carbon and hydrogen would convert the overactive dimo-
lybdenum carbide into the truly active carbide capable of
generating C—C bonds upon interaction with methane.

Rhenium as the active transtion metal ion was first
studied by Ichikawa et al. [25, 26]. They found that the
aromatization of methane on the Re/HZSM-5 catalysts
proceeds at rates of product formation comparable to the
reference data on Mo/HZSM-5, which has been thought to
be a unique catalyst for the aromatization reaction of
methane. In contrast to the molybdenum carbide as the
active species for the aromatization of methane to benzene
and naphthalene, the metallic rhenium on HZSM-5 was
proposed as the active species.

In an effort to see the possible effect of the acidity of the
inorganic carrier, calcium and hydrogen forms of MFI were
used as support for rhenium and molybdenum catalysts.
The activities of the catalysts were compared for the aro-
matization of methane.

2 Experimental

An HZSM-5 sample with a Si/Al ratio of 28, a gift from
Sud-Chemie (Germany), was used in the experiments.
About 5 g of HZSM-5 was ion-exchanged with 250 mL of
saturated Ca(NOj), solution. After ion-exchange with
Ca’*, the zeolite was separated by centrifugation and
thoroughly washed with deionized water. These treatments
were repeated for three times to assure full ion-exchange.
The resulting zeolite in calcium form had only a few
residual acid sites as apparent from the results of the pyr-
idine adsorption study (weak IR band at about 1547 cmfl)
carried out using infrared spectroscopy (Fig. 1).

Wet impregnation method was used to prepare the cat-
alysts. For HZSM-5-supported molybdenum catalyst,
ammonium molybdate ((NH4);MoO,, Touzart & Mati-
gnon) was dissolved in a minimum volume of water and
the zeolite was added to the solution so as to achieve a
nominal molybdenum content of 4% by weight. Chemical
analysis confirmed the molybdenum content to be 3.85%.
The slurry was subsequently dried at 80 °C. CaZSM-5-
supported molybdenum catalyst was prepared in a similar
manner and the molybdenum content of the sample was
confirmed by chemical analysis as 3.9%.

Similarly, MFI-supported rhenium catalysts were pre-
pared with two different cationic forms of ZSM-5 zeolite
(Ca and H). Ammonium perrhenate (NH4ReO,, Aldrich
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99+%) was used as the rhenium salt. Ammonium perrhe-
nate was dissolved in a minimum volume of water, and
either HZSM-5 (Si/Al = 28, Sud Chemie, Germany) or
CaZSM-5, prepared from HZSM-5 as described above, was
added to the solution so as to achieve a nominal rhenium
content of 4% by weight. The slurry was subsequently
dried at 80 °C. Chemical analyses confirmed the rhenium
contents to be 3.95 and 3.90%, for HZSM-5 and CaZSM-5,
respectively.

In experiments with MFI-supported molybdenum cata-
lysts, a 200 mg sample of the dry powder was placed in a U
shaped quartz reactor with 14 mm inner diameter. The
catalyst was first activated in dry air at 650 °C and then
purged by argon flow (Air Liquide UP) at the same tem-
perature, for 30 min. The catalyst was then subjected
overnight to a 730:30 H,:CH, mixture (total atmospheric
pressure) at 700 °C, to achieve carburization of the sup-
ported/exchanged Mo species.

In experiments with MFI-supported rhenium catalysts, a
200 mg sample of the dry powder was placed in a U shaped
quartz reactor with 14 mm inner diameter and was first
activated by dry air at 500 °C and then cooled to 200 °C
under argon atmosphere. At 200 °C, H, was flown over the
catalyst bed for 0.5 h to reduce the rhenium precursor to
metallic rhenium. The catalyst bed was then heated to
300 °C and kept at that temperature for 3 h under H, flow.
After treatment with H, flow, the bed was subsequently
heated to 700 ° C under H, atmosphere.

The activated catalysts were reacted with a 44:716
CH,4:Ar mixture under a flow rate of 20 L/h at 700 °C.
Products were analyzed in line using three gas chromato-
graphs, two of them equipped with F.I. Detectors and
columns packed with unibeads 35 to analyze aliphatics and
with bentone to analyze aromatics. The third chromato-
graph, equipped with a thermal conductivity cell detector
and a column packed with carbosieve S, was devoted to the
analysis of CO, CO,, and mainly H,.

CH, conversion to hydrocarbon products (Xcp, o uc)
was calculated from the partial pressures of the hydrocar-
bons formed based on the measured GC responses, reaction
stoichiometries, and the differential reactor assumption, as
PcH, o 1 /Peny intet.

Selectivity to any hydrocarbon product was defined as
the ratio of the CH,4 converted to that product to the total
CH, converted to hydrocarbon products.

3 Results and Discussion

For the aromatization reaction of methane under non-oxi-
dative conditions, CaZSM-5-supported molybdenum and
rhenium catalysts showed much lower activity values
compared to the ones obtained with HZSM-5-supported
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Fig. 1 Pyridine adsorption study on CaZSM-5 by infrared spectros-
copy. Absorbance versus wavenumber in cm™'

molybdenum and rhenium catalysts, as can be seen from
Figs. 2 and 3. Calcium form of the inorganic carrier, which
was determined to be deficient in acid sites, was specifi-
cally chosen so as to investigate the effect of the acidity of
the inorganic carrier. Acid sites of the inorganic support are
accepted [13, 29, 30, 33, 34] to be functional for the
cyclization and aromatization of ethylene/acetylene,
formed on Mo,C via C—C bond activation, according to the
bifuntional mechanism. Yet, it is worthwhile to point out
that although the catalyst samples in calcium form were
much less active, they still could function in this study, to

Conversion to hydrocarbons (%)

Time (minute)

Fig. 2 Variation of the conversion to hydrocarbons with time on
stream for (<) HZSM-5-supported molybdenum catalyst; (A)
CaZSM-5-supported molybdenum catalyst

form benzene and naphthalene as seen in Fig. 4 and
Table 1. Since the zeolite carrier was in the calcium form,
there was practically no available acid site left to carry out
the cyclization and aromatization of C,’s to benzene and
naphthalene. The performance of the catalysts supported on
CaZSM-5 confirms the claim of Ha et al. that aromatics
could form thermally via the cyclization of polyene, such
as hexadiene [33].

It is also interesting to note that higher initial activity
values were attained with MFI-supported rhenium samples
(Figs. 2 and 3). On the other hand, all samples deactivated
in a similar manner irrespective of the active metal.
Metallic rhenium species, formed during the activation of
the catalyst with H,, seem to be the active site for the
aromatization of methane, as suggested by Ichikawa et al.
[25, 26].

In Figs. 4 and 5, the selectivities versus time on stream
for CaZSM-5 and HZSM-5-supported molybdenum cata-
lysts are shown, respectively. As can be seen from the
figures, higher ethylene selectivities were observed at very
early times on stream. After an abrupt decrease, ethylene
selectivities started increasing gradually. On the other
hand, the periods of time on stream needed to achieve the
maximum conversion values were 6 and 12 min for
HZSM-5-and CaZSM-5-supported molybdenum catalysts,
respectively. This may be an indication of the role of
acidity in converting Mo,C into the active molybdenum
carbide species [13, 31, 32], which was almost totally
absent in the case of the CaZSM-5 support. By contrast, no
difference was observed between the values of time on

Conversiorto hydrocarbons(%)
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Fig. 3 Variation of the conversion to hydrocarbons with time on

stream for ((J) HZSM-5-supported rhenium catalyst; (O) CaZSM-5-
supported rhenium catalyst
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Fig. 4 Variation of the selectivity (%) with time on stream for
CaZSM-5-supported molybdenum catalyst; (M) Benzene (A) Toluene
(o) Naphthalene (=) Ethylene

stream required to reach the maximum conversion in the
case of rhenium catalysts supported on HZSM-5 and
CaZSM-5, for which the active sites are rhenium metal
particles.

In Ca-exchanged ZSM-5, calcium is expected to be
attached to the zeolite at exchange sites in the probable
form of Zeolite—O—Ca—OH. Upon introducing ammonium
perrhenate, rhenium is expected to be ion exchanged and
attached to the framework according to the reaction given
below, resulting in highly dispersed metal precursors:

Ze — O — Ca — OH + NH4ReO4 —
Ze — O — Ca — ReO4 + NH,OH

The set of data concerning the selectivities is at variance
with most published data in that the selectivity to naph-

Table 1 The selectivity values with time on stream for CaZSM-5-
supported rhenium catalyst

Selectivity %
for naphthalene

Time Selectivity % Selectivity % Selectivity %
(min) for ethylene for benzene for acetylene

1 4.5 95.4 0 0
6 11.4 88.2 0.5 0
12 14.8 84.7 0.4 0
18 18.9 81.0 0 0
24 232 76.8 0 0
30 26.2 73.8 0 0
40 342 65.8 0 0
50 38.4 61.6 0 0
60 49.5 50.5 0 0
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Fig. 5 Variation of the selectivity (%) with time on stream for

HZSM-5-supported molybdenum catalyst; (M) Benzene (A) Toluene
() Naphthalene (-) Ethylene

thalene is higher than that to benzene, initially in the case
of CaZSM-5 supported molybdenum and HZSM-5 sup-
ported rhenium as seen in Figs. 4 and 6. It is common
knowledge that the lower aliphatics and benzene are the
kinetically favoured products whereas naphthalene and
higher polynuclear aromatics are the thermodynamically
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Fig. 6 Variation of the selectivity (%) with time on stream for
HZSM-5-supported rhenium catalyst; (M) Benzene (A) Toluene (o)
Naphthalene (-) Ethylene (x) Acetylene
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favoured ones. It is also admitted that the selectivity to
naphthalene is primarily governed in the case of porous
catalysts by the space limitation to the formation of this
bulky molecule and or by the diffusion limitations to its
escape once formed. This is why it was generally observed
that naphthalene selectivity grew as a sequential product
then receded because of decreasing effective pore diameter
or decrease of available space needed to the formation of
this bulky molecule due to increasing deposit of carbona-
ceous materials at the active sites or at the pore entrance.

Table 1 shows the selectivity values with time on stream
for CaZSM-5-supported rhenium catalyst. The zero selec-
tivity to naphthalene in the case of CaZSM-5 supported
rhenium is an illustration of the above. As explained ear-
lier, the anchoring of the perrhenate precursor to the zeolite
internal exchange sites (see equation) makes it very prob-
able that upon the mild reduction conditions used here most
if not all rhenium particles are located at the internal
cavities. The restricted available space by the very pres-
ence of metallic thenium may not permit the formation of
naphthalene. (Note that not even toluene, whose escape
from the pores should not be of a problem was observed).
By contrast, the impregnation of the HZSM-5 zeolite by
the ammonium perrhenate and further activation may not
provide for a similar anchoring of the rhenium precursor
inside the internal porosity. Rather an external deposit
should be obtained leading most probably to a preferential
location of the rhenium particles at the external surface,
providing space for naphthalene formation and easy
escape, resulting in the observed high selectivity to this
product (Fig. 6).

Similarly, the impregnation of CaZSM-5 by the
ammonium molybdate precursor may barely lead, as is the
case for HZSM-5, to the exchange of MoOx dimers, rather
to the deposit of molybdenum species layers at the external
surface. It is therefore expected that the selectivity to
naphthalene should be quite higher than when Mo species
are located at exchange sites. The selectivity values
obtained for molybdenum catalysts supported on CaZSM-5
and HZSM-5, are reported in Figs. 4 and 5, respectively.
The initial selectivity to naphthalene is indeed higher on
CaZSM-5 than on HZSM-5 supported molybdenum. The
fact that only the initial selectivity to benzene is higher
than that to naphthalene in the case of the latter catalyst
may be indicative in a preferential surface formation of the
active molybdenum carbide species in spite of the initial
internal location of the molybdenum precursor presumably
due to the severe reduction procedure.

It is well known that the highly dispersed metal pre-
cursors favour highly dispersed metal particles, hence it is
reasonable to expect that rhenium attached to the frame-
work may result in higher dispersion. Although rhenium is
expected to be highly dispersed in CaZSM-5, the limited

acid function results in lower conversion values. The
reaction seems to proceed according to the bifunctional
mechanism in which H* acid sites of the inorganic carrier
convert C,’s into benzene more easily and hence improve
the catalytic performance. This result is in line with the
report of Ha et al. [33] pointing to the possibility of acid
site catalyzed cyclization and aromatization of ethylene/
acetylene proceeding faster than the possible thermally
occurring cylization reactions.

4 Conclusion

HZSM-5-supported molybdenum and rhenium catalysts are
more active for the aromatization of methane compared to
those supported on CaZSM-5. As evident from the for-
mation of aromatics, the reaction also proceeds, but to a
lower extent on CaMFI-supported molybdenum and rhe-
nium catalysts, which were shown to have only residual
acidity. Although highly dispersed rhenium is expected to
form over CaZSM-5, lower conversion values obtained
with CaZSM-5-supported rhenium catalyst in this study
underline the importance of acid sites on the formation of
aromatics, in line with the commonly accepted bifunctional
mechanism.
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