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Abstract—Nonoxidative methane conversion into aromatic hydrocarbons over ZSM-5-type high-silica zeo-
lites modified with nanosized powders of molybdenum (4.0 wt %) and silver (0.1—0.5 wt %) is reported. The
acidic properties of the catalysts have been investigated by temperature-programmed ammonia desorption.
The microstructure and composition of the Ag—Mo/ZSM-5 catalytic systems have been studied by high-res-
olution transmission electron microscopy and energy-dispersive X-ray spectroscopy. The doping of the Mo-
containing zeolite with silver enhances its activity and stability in nonoxidative methane conversion into aro-

matic hydrocarbons.
DOI: 10.1134/S0023158411030190

Natural and associated gases are important poten-
tial hydrocarbon stocks for the synthesis of various
valuable chemicals, including products that are cur-
rently obtained from petroleum. In order to establish
the scientific foundations of this synthesis, it is neces-
sary to profoundly investigate and develop the conver-
sion routes of methane, the most abundant and most
stable component of these stocks. Of particular inter-
est is the one-step catalytic synthesis of aromatic com-
pounds from methane under nonoxidative conditions
over ZSM-type high-silica zeolites modified with transi-
tion metal ions. The most comprehensively studied zeo-
lite systems are those containing Mo and W [1—3]. A sig-
nificant drawback of these catalysts is their rapid deacti-
vation under the severe conditions of the process. The
stable service life of Mo- and W-containing pentasils is
extended in various ways, including the introduction of
various metals: Y, Cu, Zr, La, Pt, and Fe [4—7].

Here, we report the effect of silver on the acidic and
catalytic properties of the Mo/ZSM-5 system in the
nonoxidative conversion of methane into aromatic
hydrocarbons. Using high-resolution transmission
electron microscopy (HRTEM) and energy-dispersive
X-ray (EDX) spectroscopy, we studied the nature and
distribution of active sites and the structure of carbon-
containing deposits forming on the surface of Ag—
Mo/ZSM-5 catalysts at different on-stream times.

EXPERIMENTAL

Catalysts were prepared by dry mixing of a ZSM-5-
type zeolite (SiO, : Al,O; = 50 mol/mol) with Mo and

Ag nanopowders. The zeolite was obtained by hydro-
thermal crystallization using carbamide as the struc-
ture-forming agent [8]. The Mo and Ag nanopowders
were produced by electric blasting of a wire in argon
[9]. The Mo/ZSM-5 catalyst, prepared by the
mechanical mixing of the zeolite and Mo nanopowder
in a KM-1 vibratory ball mill, was calcined at 540°C
for 6 h. The Mo content of the catalyst was 4.0 wt %.
Ag—Mo/ZSM-5 samples were obtained by adding Ag
nanopowder to the (4.0% Mo)/ZSM-5 catalyst. The
silver content of the catalytic system was varied
between 0.05 and 2.0 wt %. The Ag—Mo/ZSM-5 cat-
alysts prepared by mechanical mixing were not cal-
cined.

The nonoxidative conversion of methane (99.9%)
was carried out in a flow reactor at 700—750°C, GHSV =
1000 h~!, and atmospheric pressure. The products of
the reaction were analyzed by gas chromatography.
Catalyst testing in methane dehydroaromatization is
detailed in our earlier work [10].

The acidic properties of the catalysts were studied
by temperature-programmed desorption of ammonia,
which enabled us to determine the acid site strength
distribution and concentration.

HRTEM images were obtained on a JEM 2010
microscope (JEOL) with a lattice resolution of
0.14 nm at an accelerating voltage of 200 kV. The spec-
imens to be examined by HRTEM were prepared on a
holey carbon support secured on a copper grid. The
high-resolution images of periodic structures were
analyzed using the Fourier method.
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Fig. 1. Methane conversion as a function of the catalyst
on-stream time: (/) initial (4.0% Mo)/ZSM-5; (2—6) the
same catalyst containing (2) 0.05, (3) 0.1, (4) 0.5, (5) 1.0,
and (6) 2.0% Ag nanopowder (750°C, GHSV = 1000 hh.

Local elemental analyses were carried out by EDX
spectroscopy on an EDAX spectrometer (EDAX Co.)
equipped with a Si(Li) detector with an energy resolu-
tion of 130 eV or higher.

RESULTS AND DISCUSSION

Figure 1 shows how the methane conversion at
750°C depends on the Ag nanopowder content of the
(4.0% Mo)/ZSM-5 catalyst and on the on-stream
time. The most active and most stable catalyst is
(4.0% Mo)/ZSM-5 containing 0.1% Ag: the methane
conversion remains fairly high over a long testing time
and exceeds 20% after 380-min-long operation. As the
on-stream time is further increased, the activity of this
catalyst gradually declines, and after 720 min the
methane conversion is 7.4%. As the Ag nanopowder
content of the (4.0% Mo)/ZSM-5 catalyst is raised
from 0.5 to 2.0%, the activity and stability of the cata-
lyst decrease. The methane conversion over
(2.0% Ag—4.0% Mo)/ZSM-5 after 380 min is 7.3%,
three times lower than is observed for the catalyst con-
taining 0.1% Ag. It is likely that, as the silver concen-
tration in the catalytic system is increased, the degree
of dispersion of silver changes because of particle
agglomeration during the reaction. This leads to the
blocking of active Mo,C surface sites and zeolite chan-
nels, in which the molybdenum oxide-like clusters
and intrinsic acid sites of the zeolite are located [11].
The HRTEM and EDX data presented below confirm
the presence of Ag in molybdenum carbide particles
and Ag as micron-sized aggregates.

As the temperature is lowered to 700°C, the stable
service life of the catalyst lengthens markedly and the
methane conversion remains rather high. Over the ini-
tial 380 min of the reaction, the activity of the (0.1%
Ag—4.0% Mo)/ZSM-5 catalyst at 700°C is somewhat
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lower than at 750°C, but thereafter it is higher over a
long time: the methane conversion after 720 min is
14.9% at 700°C and only 7.4% at 750°C. The catalyst
is fairly active after 2040-min-long (34-h) operation as
well, ensuring 12.6% conversion.

Table 1 lists the percentages of the main products of
methane conversion on Mo/ZSM-5 catalysts with dif-
ferent Ag nanopowder contents. Clearly, the ethane
and ethylene concentrations gradually increase during
the reaction, but the total yield of these hydrocarbons
does not exceed 0.8%.

Analysis of the liquid products of methane conver-
sion demonstrated that the highest benzene yield is
attained with the (0.1% Ag—4.0% Mo)/ZSM-5 cata-
lyst. During the reaction, the benzene concentration
gradually decreases and the benzene : naphthalene
ratio varies in a wide range. For all of the bimetallic
zeolite-supported catalysts, the naphthalene yield is
much higher than the benzene yield. The largest
amount of naphthalene forms over the (0.1% Ag—
4.0% Mo)/ZSM-5 catalyst, with the benzene : naph-
thalene ratio changing from 0.56 to 0.38 throughout
the on-stream time. Thus, the introduction of silver
nanopowder into the Mo-containing zeolite does not
change the qualitative composition of the methane
conversion products, but alters the component ratios
in the gas and liquid phases, which depend on the Ag
content of the catalyst.

Thus, our study demonstrated that the introduc-
tion of 0.05-0.1% Ag nanopowder into the
(4.0% Mo)/ZSM-5 catalyst markedly enhances its
activity and time-on-stream stability in methane con-
version into aromatic hydrocarbons.

In view of the bifunctional action of the catalysts,
which is due to the involvement of both Mo-contain-
ing active sites and intrinsic Brgnsted acid sites of the
zeolite, it is interesting to consider the acidic proper-
ties of the high-silica zeolite used in catalyst prepara-
tion and those of its molybdenum- and silver-modi-
fied forms. Our data characterizing the acidic proper-
ties of the catalysts are presented in Table 2.

The Mo nanopowder introduced into zeolite
ZSM-5 reduces the strength and concentration of its
acid sites: the total acid site concentration decreases
from 940 to 632 umol/g, and the concentration of
high-temperature sites, which are conventionally
viewed as Brensted acid sites, decreases from 416 to
204 pmol/g. These changes in the acidic properties of
the zeolite are due to the fact that, during the calcina-
tion of the catalyst as a part of its preparation proce-
dure, the Brgnsted acid sites interact with Mo species
to yield Al,(Mo00Q,);, an inactive phase. The addition of
0.1 Ag nanopowder to the (4.0% Mo)/ZSM-5 catalyst
does not exert any significant effect on the strength
and concentration of its acid sites. This is likely due to
the fact that, after the addition of Ag, the catalyst was
not calcined and, as a consequence, the dopant did
not interact with the zeolite matrix or Mo species. This
assumption is proved by electron microscopy data.
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Table 1. Effect of the Ag nanopowder content of the (4.0% Mo)/ZSM-5 catalyst on the yields of methane conversion prod-

ucts (750°C)
On-stream time, min
Ag, wt %
20 60 100 140 180 220 260 300 340 380
C,Hg yield, %

- 0.04 0.07 0.09 0.11 0.12 0.13 0.13 0.13 0.14 0.11
0.05 0.04 0.07 0.10 0.13 0.13 0.13 0.13 0.14 0.16 0.18
0.1 0.01 0.05 0.10 0.15 0.16 0.16 0.16 0.18 0.20 0.17
0.5 0.04 0.06 0.06 0.07 0.11 0.12 0.14 0.14 0.14 0.09
1.0 0.06 0.06 0.06 0.10 0.11 0.12 0.15 0.12 0.11 0.09
2.0 0.03 0.06 0.06 0.09 0.11 0.09 0.08 0.06 0.04 0.03

C,H,yield, %

- 0.07 0.13 0.18 0.21 0.23 0.29 0.34 0.40 0.49 0.55
0.05 0.04 0.11 0.12 0.13 0.17 0.19 0.23 0.26 0.27 0.31
0.1 0.01 0.04 0.05 0.06 0.06 0.07 0.10 0.14 0.15 0.18
0.5 0.09 0.14 0.19 0.22 0.30 0.36 0.42 0.45 0.59 0.71
1.0 0.19 0.16 0.23 0.30 0.36 0.43 0.51 0.59 0.67 0.72
2.0 0.18 0.19 0.31 0.38 0.50 0.63 0.67 0.68 0.71 0.76

Cy¢Hg vield, %

- 5.56 5.71 4.98 4.89 4.45 4.24 3.89 3.20 2.70 2.36
0.05 4.79 5.89 6.25 5.91 5.44 5.22 5.02 4.68 4.31 4.12
0.1 4.83 5.99 6.33 6.31 5.98 5.89 5.54 5.36 4.95 4.24
0.5 5.63 5.79 5.01 4.76 3.99 3.43 3.33 2.85 2.55 1.42
1.0 5.58 5.61 4.69 4.10 3.50 3.09 2.56 2.23 1.73 1.22
2.0 5.37 5.07 4.22 3.87 2.90 2.38 1.93 1.62 1.10 1.00

C,oHjg vield, %

- 8.20 7.68 6.81 6.20 5.97 4.66 2.98 2.49 1.82 1.54
0.05 6.52 7.03 7.46 7.66 7.78 7.87 8.02 8.24 8.11 7.88
0.1 9.53 10.63 11.63 11.70 11.76 11.78 11.68 11.66 11.58 11.22
0.5 9.06 8.25 7.86 7.19 6.89 6.33 5.59 4.43 2.96 2.14
1.0 8.54 8.00 6.83 5.99 5.84 5.30 5.16 3.85 2.49 1.34
2.0 7.96 7.84 6.64 5.13 5.06 4.87 4.19 3.75 1.14 0.98

Electron microscopic examinations showed that
the fresh (0.1% Ag—4.0% Mo)/ZSM-5 sample is
dominated by zeolite particles and contains silver par-
ticles as micron-sized aggregates (Fig. 2a). The
arrangement of the zeolite and silver particles indi-
cates no topochemical interactions between them. No
separate particles of molybdenum compounds were
observed in the sample. Only in a few cases does the
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zeolite surface have higher contrast particles assign-
able to a molybdenum compound according to EDX
data. At the same time, the EDX spectra from zeolite
areas containing no particles show the Mo signal, sug-
gesting that the zeolite contains oxidized molecular
molybdenum species (Fig. 2c).

For the (0.1% Ag—4.0% Mo)/ZSM-5 sample that
has been on stream for 10 min in methane dehydroar-
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Fig. 2. (a) HRTEM image of zeolite and silver particles of the fresh (0.1% Ag—4.0% Mo)/ZSM-5 catalyst. (b, ¢) EDX spectra of

(b) silver and (c) zeolite particles in this catalyst.

omatization at 750°C, the supported component is
typically dispersed on the zeolite surface in the form of
molybdenum carbide (Fig. 3a). The size of the molyb-
denum carbide particles is 5—10 nm, but aggregation
into agglomerates up to 50 nm in size is typical of the
primary crystallites. The molybdenum carbide particle
surface shows only thin graphene islands, which are
mostly not thicker than two carbon monolayers (Fig. 3b).

The sample that has been on stream for 380 min in
methane dehydroaromatization has many three-
dimensional particles of Mo,C in close contact with
zeolite crystallites (Figs. 4, 5). The molybdenum car-
bide particles (5—50 nm) are faceted into an elongated
or planer shape. The HRTEM image of the crystal lat-
tice and the two-dimensional Fourier pattern illustrat-
ing the identification of molybdenum carbide based
on its reflections are presented in Fig. 4b.

No individual silver particles were observed in the
catalyst after the reaction. However, according to
EDX data, silver is present in the molybdenum carbide
particles located on the zeolite surface. Figure 5b
shows the EDX spectrum indicating that the Ag : Mo
atomic ratio in the Mo,C particle is 6 : 94. A variety of

Table 2. Acidic properties of catalysts

binary compounds between Ag and Mo are known
from the literature [12]. Apparently, the formation of
the mixed compound (containing oxidized forms of
the metals) takes place in the gas phase upon the
380-min-long heat treatment of the catalyst at 750°C
during the reaction, as was observed earlier for cata-
lysts containing Ni nanopowder [13]. The detection of
silver in the surface Mo,C particles is evidence that
molybdenum carbide is doped with silver; according
to EDX data, the composition of solid solution is
(Agy06M0y 04),C. A comparison between the atomic
ratio Ag : Mo = 6 : 94 and the total Ag and Mo con-
tents of the catalyst indicates that part of the molybde-
num is not incorporated in surface carbide particles of
the Ag—Mo—C type. As in the case of the initial cata-
lyst Mo/ZSM-5, the EDX spectrum recorded for the
zeolite area containing no three-dimensional Mo,C
particles shows a signal from Mo (Fig. 5c). This is
explained by the fact that a considerable part of the
molybdenum is located in zeolite channels, existing in
the form of oxide-like clusters, whose nature was stud-
ied by HRTEM and EPR spectroscopy in our earlier
work [14]. At the same time, note that there is no sig-

Taxs °C Concentration, pmol/g
Catalyst
T Ty G Cn ¢
ZSM-5 190 420 524 416 940
4.0% Mo/ZSM-5 175 410 428 204 632
0.1% Ag—4.0% Mo/ZSM-5 175 410 420 200 620

Note: Tjand 77 are the temperature maxima of the low- and high-temperature peaks; Cy, Cyj, and C are the concentrations of the low- and
high-temperature acid sites and the total acid site concentration, respectively.

KINETICS AND CATALYSIS VWl. 52 No.3 2011
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Fig. 3. HRTEM images of the (0.1% Ag—4.0% Mo)/ZSM-5 catalyst that has been on stream for 10 min in methane dehydroar-
omatization: (a) zeolite crystals with supported molybdenum carbide particles, (b) aggregated primary crystallites of molybde-
num carbide with graphene layers on their surface (shown by arrows).

Fig. 4. (a) HRTEM image of the (0.1% Ag—4.0% Mo)/ZSM-5 catalyst that has been on stream for 380 min in methane dehy-
droaromatization; (b) graphite-like layers on the Mo,C surface. The inset shows the Fourier pattern with reflections from Mo,C
(djp0 = 0.26 nm, dygp = 0.24 nm, d;y; = 0.23 nm) and the corresponding area of the image.

nal from Ag in these spectra and, therefore, the clus-
ters contain no silver.

In the (0.1% Ag—4.0% Mo)/ZSM-5 sample after the
reaction, there is a graphite-like carbon layer 2—4 nm in
thickness on the surface of Mo,C particles (Fig. 4b).
Graphite-like islands also form on the zeolite surface,
but these are not thicker than 1 nm (Fig. 5a). Thus, the
zeolite surface and, therefore, the zeolite channels are
coked much less strongly in the course of methane
conversion than the surface of silver-doped molybde-
num carbide. The carbon filaments present in the
(Ni—Mo)/ZSM-5 catalyst after thermal treatment

KINETICS AND CATALYSIS Vol. 52

No. 3 2011

with methane [13] were not detected in (0.1% Ag—
4.0% Mo)/ZSM-5.

The molybdenum carbide particles in the samples
that have worked in methane dehydroaromatization
over different periods of time have practically the same
morphology. The only difference is that the primary
particles coarsen to some extent (Figs. 6a, 6b). Carbon
deposits up to ten graphene monolayers in thickness
can be seen on the particle surfaces (Fig. 6¢).

At the same time, part of the active component,
Mo, is located in the zeolite channels in the form of
clusters (~1 nm) [11]. Fig. 6d shows a large molybde-
num carbide particle on the zeolite surface (object 1)
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Fig. 5. (a) HRTEM image of the (0.1% Ag—4.0% Mo)/ZSM-5 catalyst that has been on stream for 380 min in methane dehy-
droaromatization, showing Mo,C particles of different sizes (the circles indicate the areas analyzed by EDX spectroscopy). (b, ¢)
EDX spectra of a Mo,C particle (1) and a zeolite area without visible Mo,C particles (2), respectively.

(®)

©) T

Intensity, arb. units Intensity, arb. units

77 4 Sik MoL 477 Sik

68.8 424

60.2 371

51.6 318

43.0 265

34.4 212

25.8 159

17.2 106

8.6 53
0 1 1 0 Ael, |
1.20 1.68 2.16 2.64 3.12 3.60 1.20 1.68 2.16 2.64 3.12 3.60

Energy, keV Energy, keV

Fig. 6. (a—d) HRTEM images of the (0.1% Ag—4.0% Mo)/ZSM-5 catalyst that has been on stream for 2040 min in methane
dehydroaromatization: (a, b) zeolite crystals with supported molybdenum carbide particles at different magnifications; (c) carbon
deposit on the molybdenum carbide surface; (d) molybdenum carbide particle on the zeolite surface (1) and Mo clusters in the
zeolite bulk (2). (e, f) EDX spectra of the zeolite areas circled in Fig. 6d: (e) 1 and (f) 2.
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and an area with small particles (clusters) in the zeolite
bulk (object 2). The presence of Mo in the zeolite bulk
is confirmed by EDX spectra taken from these objects
(Figs. 6e, 6f). Note that the EDX spectra of the (0.1%
Ag—4.0% Mo)/ZSM-5 sample that has been on
stream for 2040 min indicate no Ag traces both in the
surface particles and in the clusters in the zeolite bulk.
For the catalyst that has been on stream for 380 min,
we found that silver is incorporated in the large molyb-
denum carbide particles located on the zeolite surface.
Therefore, the long operation of the catalyst in meth-
ane dehydroaromatization removes silver from the
molybdenum carbide particles.

Thus, the doping of the Mo/ZSM-5 catalyst with
silver enhances its activity and extends its stable ser-
vice life in methane dehydroaromatizaion. The high-
est activity and stability are shown by the Mo/ZSM-5
catalyst containing 0.1% Ag nanopowder. The longer
stable service life of the silver-containing Mo/ZSM-5
catalyst is due to the decrease in the coking rate, which
is particularly pronounced at lower reaction tempera-
tures. Unlike the Ni- and Mo-containing zeolite [13],
the Ag-containing catalyst yields no filamentous car-
bon, which might block zeolite pores at long on-
stream times. It is likely due to this fact that the
Mo/ZSM-5 system containing a small amount of sil-
ver shows a more stable performance.
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