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Abstract

The aromatization of methane was investigated over Mo, C supported on several HZSM-5 zeolites with different morphologies and Si/Al ratios.
X-ray diffraction, elemental analyses, X-ray photoelectron spectroscopy, 27TAl NMR spectroscopy, nitrogen adsorption, and scanning electron
microscopy were used to characterize the supports. Support morphology was observed to play a crucial role in this reaction, which was studied
under conditions in which actual rates could be compared. Although rates did not vary linearly either with the total number of the acid sites or
with the external surface area, turnover frequencies of the surface acid sites, calculated using the Si/Al ratios determined from XPS measurements,

were observed to vary linearly with the external surface area.
© 2006 Published by Elsevier Inc.
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1. Introduction

Conversion of methane into useful chemicals has been and
still is a subject of renewed efforts worldwide. 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 ben-
zene and hydrogen, have been explored [10-29].

The latest developments were concerned with the latter
reaction carried out in the presence of various transition-
metal oxide-loaded inorganic carriers. Mainly molybdenum-
and rhenium-based active components deposited over HZSM-5
were thoroughly investigated [22-29].
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In the case of molybdenum-based catalysts, the activation
procedure was scrutinized, and whatever the nature of the pre-
cursor, molybdenum was converted, in the presence of methane,
under the reaction conditions, into molybdenum carbide [12,13,
24]. Quite recently, Derouane and colleagues showed that it is
possible to synthesize bulk or supported metastable fcc molyb-
denum carbide with a formula MoC;_,. HZSM-5-supported
fcc carbide exhibited higher activity and stability and selectiv-
ity to benzene in the dehydrocyclization of methane than the
hexagonal 8-Mo,C [30-32].

As far as the reaction was concerned, it proceeded via the
formation of CoH, (or CaHy4) over the molybdenum carbide
species, acting both as dehydrogenating and coupling functions
to create the first C—C bond, and further cyclization and aroma-
tization occurring on the support acid sites. In addition to ben-
zene, a number of aromatics, including xylene, divinylbenzene,
and naphthalene, were produced after successive alkylation of
benzene by the C, intermediate. Higher aromatics and carbon
issued from the simple decomposition of methane to its ele-
ments escaped direct analysis, although a number of studies
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have been aimed at probing their nature, mode of formation,
and identifying their location [33,34].

Although the effect of Mo loading on the activity of
HZSM-5-supported catalysts has been studied in detail, com-
paratively fewer studies have been concerned with the effect of
the number of the acid sites [21,28]. Even fewer studies have
been devoted to the influence of the support morphology de-
spite its obvious influence on the growth and location of the
molybdenum carbide and on the growth and location of the
coke precursors in this reaction, in which diffusion of the prod-
ucts likely determines the selectivity among the products and
the stability of the catalyst.

The aim of this study is to investigate the effect of support
morphology on the activity of HZSM-5-supported molybde-
num catalyst. We have used three HZSM-5 zeolite samples that
differ in their morphology and aluminum content. The sup-
ports were characterized by X-ray diffraction (XRD), induc-
tively coupled plasma (ICP), X-ray photoelectron spectroscopy
(XPS), 27 Al NMR spectroscopy, nitrogen adsorption, and scan-
ning electron microscopy (SEM) analyses.

2. Experimental

The first sample was synthesized from the following synthe-
sis mixture composition:

100 SiO;:Alx03:10 TPABr:120 NH4OH:5000 H;O,

according to the procedure described by Sand et al. [35] at a
pH of 11.8. Crystallization was extended for 6 days (144 h) at
177 °C. The Si/Al ratio of the synthesized sample was 54.

The second support sample was synthesized according to the
method of Argauer et al. [36], using the following oxide com-
position:

40 Si0;:Alx03:11.7 Nap0:3.5 (TPA),0:1480 H,O.

Aluminum sulfate [Al>(SO4)3-18H,0, Aldrich], tetrapropyl-
ammonium bromide (TPABr, Aldrich), silica (SiO;, Grace),
and demineralized water were the chemicals used in the syn-
thesis. A 10-g sample of Al»(SO4)3-18H,0 was dissolved in
120 ml of water, and 16 g of TPABr was dissolved in 100 ml of
water. These two solutions were combined together. Then 36 g
of SiO, was dissolved at about 60 °C in the caustic solution
prepared by adding 14 g of NaOH to 180 ml of water. The mix-
ture of aluminum and template solutions was poured into the
silica solution under agitation. The measured pH of the new so-
lution was 11.45. The pH of the solution was adjusted with 50%
concentrated H>SO4 solution until gel formation occurred. The
measured pH of the gel was 10.6. The synthesis mixture was
then left to crystallize for 24 h at 170 °C in a Teflon container
placed in an autoclave. After synthesis, the ZSM-5 sample was
washed until the pH of the washing water was about 7. The
washed sample was dried at 100 °C overnight and calcined first
under a Nj flow at 500 °C for 24 h and then under O, at 500 °C
for 24 h to remove the organic template. The Si/Al ratio of the
synthesized sample was 14.

The third sample was supplied by Sud-Chemie AG Miinchen
under reference 1.01 H-MFI granulate SN 130 H/99. This sam-
ple had a Si/Al ratio of 28.

The wet-impregnation method was used to load the supports
with molybdenum. Ammonium molybdate [(NH4)>MoQO4 from
Touzart & Matignon] was dissolved in a minimum volume of
deionized water, and the zeolite was added to the solution so
as to achieve a nominal molybdenum content of 4% by weight.
The slurry was subsequently dried at 110 °C. Chemical analy-
ses confirmed the actual molybdenum contents to be 3.9% by
weight for all three zeolites.

Chemical analyses were performed using inductively cou-
pled plasma spectroscopy (AES-ICP Spectroflame-ICP mod-
el D). XRD measurements were carried out using a Bruker D
5005 diffractometer and CuK,, radiation. The 26 angles were
scanned stepwise (0.020°) from 3° to 50°. 27 Al NMR spectra of
the samples were obtained on a Bruker DSX 400 equipped with
a magic-angle spinning probe head operating at room temper-
ature. XPS measurements were performed on a VG Scientific
ESCALAB 200 R spectrometer. SEM was done on a Hitachi
S 800. Finally, nitrogen adsorption experiments were carried
out at —196°C on a Micrometrics ASAP 2010 system. Sam-
ples were evacuated at 300 °C before the adsorption measure-
ments.

A 300-mg sample of the dry catalyst powder was placed in
a U-shaped quartz reactor (14 mm i.d.), activated in dry air at
650 °C, and then purged by argon flow (Air Liquide UP) at the
same temperature for 30 min.

For precarburization in the presence of CH4 and Hj, a gas
mixture with a CH4:H) ratio of 0.42:10.2 (both in L/h~!) was
flown over the catalyst bed for 5 h at 700 °C. After the pre-
carburization step, the catalyst bed was purged with argon at
the same temperature for 30 min. In the reactions, 0.42 L/h of
methane was diluted with argon to obtain a total flow rate of
13 L/h, resulting in a methane partial pressure of 3.28 kPa in
the CHy/argon mixture.

Products were analyzed in line using three gas chromato-
graphs, two of them equipped with flame ionization detectors
and columns packed with unibeads 35 to analyze aliphatics and
with bentone to analyze aromatics. The third chromatograph,
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».

The rate of CH4 conversion to hydrocarbons (benzene, naph-
thalene, and ethylene) in mol CHy4 /(s mol Mo) was calculated
from the following equation:

rHC = FcHy,inlet X cHy to HC(1/1Mo), (D

where Fch, inler 1s the total inlet molar flow rate of CHy in
mol/s, XcH, 1 Hc is the CH4 conversion to hydrocarbon prod-
ucts (namely benzene, naphthalene, and ethylene), and nyo
is the number of moles of molybdenum atoms present on
the catalyst sample. CH4 conversion to hydrocarbon products
(XcH, 1o HC) Was calculated from the partial pressures of the
hydrocarbons formed based on the measured GC responses, re-
action stoichiometries, and the differential reactor assumption,
as PcH, to HC/ PcHy,inlet-
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Table 1

Characterization results of the catalyst supports

SI/Al  Si/Alext®  next®  Smicre®  rmaxd rmax/ Sext
(m*/g) next (m*/g)

14 16.7 5.42 400 0.553 0.100 32

28 34.4 2.71 430 0.652 0.240 83

54 54 1.74 350 0.052 0.030 10

@ Si/Al ratio in the external layers.

b Number of acid sites per unit cell in the external layers.

¢ Micropore surface area by Nj adsorption.

4 Maximum rate of hydrocarbon formation (x 1073 mol CH4 /(s mol Mo)).
¢ External surface area calculated using z-plot method.

3. Results and discussion

XRD measurements confirmed the ZSM-5 structure for the
support samples and showed that all were highly crystalline.
The framework Si/Al ratios of the support samples calculated
from the chemical analyses and XPS results are given in Ta-
ble 1. Absence of extra-framework aluminum species in the
samples was confirmed by 2 Al NMR analyses.

XPS results indicated that the external layers of two of the
support samples were depleted in aluminium compared with
the bulk. Except for the sample with the lowest aluminum con-
tent, the Si/Al ratios of the other two samples were significantly
higher than the overall Si/Al ratio, in line with the general ob-
servation that nucleation involves aluminum-rich moieties with
respect to the nutrient solution. The number of acid sites per
unit cell in the external layers for each of these samples was
calculated based on the XPS results; the values are listed in Ta-
ble 1.

Surface areas of the samples determined from the N ad-
sorption results are also given in Table 1. In agreement with
literature reports, micropore area values were within the range
of 350450 m?/g. The external surface area values determined
by the ¢-plot method, on the other hand, covered a wide range,
10-83 m?/g.

Typical scanning electron micrographs for the samples are
shown in Figs. 1-3. Sample 1, with the lowest aluminum con-
tent (Si/Al = 54) exhibited well-defined crystals of the cof-
fin shape with an average length of 35-45 um, a width of
12-15 pum, and a thickness of 8§ um, as shown in Fig. 1. Quite
often these crystal were twinned. Sample 2, from Sud-Chemie
(Si/Al = 28), exhibited a very uniform morphology composed
mainly of very small individual crystals that agglomerate into
small ensembles, leaving small open spaces and larger voids,
with a 2-3 micron diameter, giving the picture of an eroded
sponge, as shown in Fig. 2. These arrangements of the submi-
cron agglomerates well account for the observed high external
surface area and high mesopore volume.

The micrograph of sample 3, the richest in aluminum
(Si/Al = 14), is quite different. The large agglomerates vary
in diameter from 0.5 micron to about 7 microns (Fig. 3). These
cauliflower-like larger particles are made up of much smaller
lamellar-type crystals in the 0.1-0.3 um size range. There is
nothing like the large voids in the 2-3 um range encountered in
the case of the previous sample. Such morphology is in agree-
ment with the measured external (or mesoporous) volume or

Fig. 1. SEM picture of the ZSM-5 sample with a Si/Al ratio of 54 or sample 1.

Fig. 3. SEM picture of the ZSM-5 sample with a Si/Al ratio of 14 or sample 3.

surface area of this sample, which was observed to be lower
with respect to the sample from Sud Chemie (sample 2), but
higher than that of the highest silica sample (sample 1).

These three solids were loaded with molybdenum and tested
as catalyst supports in the aromatization of methane under
the conditions specified in the previous section. The rates of
methane conversion into hydrocarbons varied with time on
stream in a generally similar manner, as shown in Fig. 4. An
initial increase in activity was observed in all cases followed
by a maximum, which was rather sharp for two of the samples.
An almost symmetric decline of the rate was then followed by
a slower but continuous deactivation. The maximum rates are
also reported in Table 1.

We compared the maximum rates in an effort to relate them
to the number of aluminum atoms per unit cell in the external
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Fig. 4. Variation of the rate of hydrocarbon formation with time on stream
for the catalysts supported on ZSM-5 of (M) Si/Al = 14; (A) Si/Al = 28;
(@) Si/Al = 54.
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Fig. 5. Variation of the maximum rate of hydrocarbon formation, rmax, with the
number of acid sites per unit cell in the external layers, next, for the catalysts
supported on ZSM-5 of (H) Si/Al = 14; (A) Si/Al = 28; (@) Si/Al = 54.

layers. The plot shown in Fig. 5 is far from the linear variation
expected for a reaction having acidity as the rate-determining
function. The activity was shown not to vary with the molybde-
num content beyond a value of 3.5-4%.

In a further attempt to relate the activity to the morphological
data of these catalysts, the maximum rates were plotted against
the external surface areas. The results are shown in Fig. 6. Here
an increase of the rate was observed with increasing external
surface, although there was no linear relationship between the
two.

Finally, the rate could well be a function of both the external
acid site density and the available external surface, obeying a
relation of the form

R = knSext,

where n is the number of acid sites per unit cell in the external
layers and Sex is the external surface area.

The result of this attempt to relate the rate to both the ex-
ternal surface area and the acid site density is shown in Fig. 7,

0.7

0.6 1

0.5 1

0.4 1

Fmax

(x10"° mol CH,/(s.mol Mo))

0.3

0.2 1

0.1 1

0 20 40 60 80 100
Sext (M?/g)

Fig. 6. Variation of the maximum rate of hydrocarbon formation, rmax, with
the external surface area, Sext, for the catalysts supported on ZSM-5 of
(M) Si/Al = 14; (A) Si/Al = 28; (@) Si/Al = 54.
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Fig. 7. Variation of the ratio of maximum rate of hydrocarbon formation
to the number of acid sites per unit cell in the external layers (rmax/"ext)
with the external surface area, Sext, for the catalysts supported on ZSM-5 of
(M) Si/Al = 14; (A) Si/Al = 28; (@) Si/Al = 54.

where r/n is plotted against Sex;. A very decent linear rela-
tionship was obtained, confirming the major effect of the exter-
nal surface area for this reaction. Clearly, most of the reaction
proceeds within the external layers, if not exclusively at the
external surfaces. This is not unexpected at these high space
velocities and high temperatures. Transport phenomena very of-
ten determine the efficiency of the catalyst even in the case of
molecules as small as methane and water, as in methane steam
reforming [37,38].

4. Conclusion

The aromatization of methane was carried out over molyb-
denum carbide supported on three HZSM-5 samples with dif-
fering aluminum contents and morphologies. These samples,
two of which were synthesized in the course of this work, were
characterized based on their morphologies, structures, and sur-
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face compositions. The rates of conversion of methane into
hydrocarbons appeared to not vary simply with the number
of acid sites, as is usually expected. Rather, they depended on
this variable together with the accessible external surface area,
clearly indicating that transport phenomena were determining
the overall rate. A high external surface area appeared to be a
prerequisite for efficient catalysts, as implied from the linear
relationship observed between the turnover frequency and the
external surface area.
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