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INTRODUCTION

Catalysts of a new generation based on pentasil-type
zeolites (ZSM-5) have found extensive use in oil and
gas-condensate processing [1–7]. After the discovery of
the nonoxidative dehydroaromatization reaction of
methane in 1993 [8], they became promising for the
conversion of oil gas and natural gas into valuable
chemical products. It is well known that methane dehy-
droaromatization over Mo/ZSM-5 occurs with the
highest conversion and selectivity at high temperatures
of 

 

700–800°ë

 

 [9–13], which are favorable for intense
coking and result in rapid catalyst deactivation. There-
fore, one of the most important problems is to increase
the catalyst service time between regenerations. For
this purpose, the mechanism of catalyst deactivation
and the nature of condensation products formed on the
outer surface and in zeolite channels, as well as at Mo-
containing sites, should be studied. In this work, we
studied Mo/ZSM-5 zeolites deactivated in the course of
methane dehydroaromatization under various reaction
conditions using thermal analysis.

EXPERIMENTAL

The catalysts were prepared by mechanically mix-
ing ZSM-5 zeolite and 

 

åÓé

 

3

 

 or nanosized molybde-
num powder in a KM-1 vibration ball mill (Germany)
for 4 h followed by calcination at 

 

540°ë

 

 for 6 h. The
pentasils with 

 

SiO

 

2

 

/Al

 

2

 

O

 

3

 

 (

 

M

 

)

 

 equal to 30, 40, and 80
were synthesized at the Boreskov Institute of Catalysis,
Siberian Division, Russian Academy of Sciences
(~100% degree of crystallinity). The molybdenum nan-
opowder was prepared by the electric explosion of a
conductor in an argon atmosphere at the Institute of

Strength Physics and Materials Science, Siberian Divi-
sion, Russian Academy of Sciences (average particle
size of 70 nm) [14]. The molybdenum content of the
catalysts was 4.0 wt %.

The nonoxidative conversion of methane (99.9%
purity) was performed in a flow system at 

 

750°ë

 

, feed-
ing space velocities (

 

V

 

0

 

) of 250–1500 h

 

–1

 

, and atmo-
spheric pressure. The catalyst volume in a quartz reac-
tor was 1 cm

 

3

 

, and the catalyst particle size was 0.5–
1.0 mm. Before the beginning of an experiment, the
catalyst was heated to 

 

750°ë

 

 in a flow of helium and
kept at this temperature for 20 min. To prevent the con-
densation or strong adsorption of high-boiling hydro-
carbons formed in the course of reaction, the reactor
outlet tube and the six-way sampling valve were ther-
mostated at a temperature above 

 

200°ë

 

. The reaction
products (

 

H

 

2

 

, ethane, ethylene, benzene, toluene, naph-
thalene, and 

 

ë

 

11

 

–ë

 

12

 

 hydrocarbons) were analyzed by
gas chromatography.

The formation and nature of coke deposits were
studied by thermal analysis on a C derivatograph
(MOM, Hungary) over the range 

 

20–800°ë

 

. A sample
(400–500 mg), in a platinum crucible, was heated in air
at a rate of 10 K/min (sensitivity of 100 mg).

RESULTS AND DISCUSSION

The results given in Table 1 indicate that a catalyst
with 

 

M

 

 = 40 containing 4.0% Mo nanopowder was
characterized by a development period, the duration of
which increased with 

 

V

 

0

 

. A maximum conversion (

 

X

 

)
and the highest yield of aromatic hydrocarbons (

 

Y

 

ar

 

)
were achieved on a catalyst at 

 

V

 

0

 

 = 500 h

 

–1

 

 after 60 min.
They were equal to 16.1 and 12.9%, respectively, at a
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Abstract

 

—It was found that the nonoxidative dehydroaromatization of methane occurs over Mo-containing
pentasil-type zeolites with various framework compositions at 750

 

°

 

C. This reaction is accompanied by catalyst
deactivation because of coke formation. The effects of the space velocity of methane and the composition of
the zeolite matrix on the amount and properties of the resulting condensation products were studied. It was
found that the lowest amount of coke with a relatively low degree of polycondensation was formed on zeolite
with SiO

 

2

 

/Al

 

2

 

O

 

3

 

 = 40 containing Mo nanoparticles.
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Table 1.  

 

Effect of the space velocity of methane supply on the conversion and the yields of methane conversion products on
the 4.0% Mo (nanopowder)/

 

M

 

 = 40 catalyst (

 

T

 

 = 750

 

°

 

C) 

 

t

 

, min

 

V

 

0

 

, h

 

–1

 

X

 

, %
Product yields, mol %

 

Y

 

ar

 

,
mol %

 

S

 

ar

 

, %

 

H

 

2

 

C

 

2

 

H

 

4

 

C

 

2

 

H

 

6

 

C

 

6

 

H

 

6

 

C

 

7

 

H

 

8

 

C

 

10

 

H

 

8

 

C

 

11

 

–C

 

12

 

10 500 15.1 2.86 0.12 0.01 5.67 0.16 6.25 0.01 12.1 80.1

1000 12.0 2.17 0.16 0.03 4.51 0.19 4.87 0.11 9.7 80.8

1500 10.9 2.08 0.20 0.03 3.80 0.11 4.59 0.12 8.6 78.9

60 500 16.1 2.98 0.15 0.05 6.47 0.18 6.22 0.02 12.9 80.1

1000 12.6 2.30 0.21 0.10 5.43 0.37 4.02 0.12 9.9 78.6

1500 11.2 2.01 0.23 0.13 4.97 0.28 3.35 0.19 8.8 78.6

90 500 15.6 2.93 0.22 0.09 6.68 0.21 5.48 0.04 12.4 79.5

1000 13.2 2.37 0.24 0.14 5.96 0.42 3.94 0.13 10.4 78.8

1500 11.4 2.08 0.27 0.15 5.37 0.32 3.01 0.19 8.9 78.1

120 500 14.6 2.74 0.24 0.10 6.65 0.23 4.61 0.03 11.5 78.8

1000 13.5 2.48 0.28 0.16 6.42 0.50 3.55 0.12 10.6 78.5

1500 10.6 1.90 0.33 0.17 5.19 0.34 2.57 0.08 8.2 77.4

180 500 13.9 2.58 0.27 0.12 6.24 0.26 4.39 0.02 10.9 78.4

1000 12.6 2.29 0.33 0.18 6.00 0.54 3.13 0.10 9.8 77.8

1500 7.6 1.29 0.48 0.18 3.89 0.35 1.37 0.05 5.7 75.0

240 500 13.0 2.38 0.30 0.13 6.13 0.33 3.71 0.01 10.2 78.5

1000 10.5 1.76 0.41 0.19 5.64 0.50 1.91 0.08 8.1 77.1

1500 4.8 0.72 0.59 0.20 2.33 0.19 0.75 0.03 3.3 68.8

300 500 12.0 2.15 0.33 0.16 6.01 0.31 3.05 0.01 9.4 78.3

1000 8.4 1.42 0.54 0.22 4.23 0.41 1.53 0.07 6.2 73.8

1500 3.4 0.42 0.74 0.22 1.45 0.11 0.43 0.01 2.0 58.8

360 500 11.3 2.01 0.37 0.17 5.93 0.30 2.55 – 8.8 77.9

1000 6.6 1.07 0.61 0.23 2.89 0.30 1.45 0.05 4.7 71.2

1500 2.7 0.28 0.82 0.24 0.92 0.06 0.42 0.01 1.4 51.9

420 500 10.7 1.90 0.45 0.19 5.80 0.28 2.12 – 8.2 76.6

1000 4.7 0.55 0.84 0.25 2.16 0.16 0.70 0.03 3.1 66.0

1500 2.3 0.16 0.97 0.26 0.56 0.04 0.27 – 0.9 39.1

 

Note:

 

t

 

 is the time of catalyst operation; 

 

V

 

0

 

 is the space velocity; 

 

X

 

 is the conversion; 

 

Y

 

ar

 

 is the yield of aromatic hydrocarbons; and 

 

S

 

ar

 

 is
the selectivity of formation of aromatic hydrocarbons.
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selectivity of formation of aromatic hydrocarbons (

 

S

 

ar

 

)
higher than 80%. After a certain time, 

 

X

 

 and 

 

Y

 

ar

 

decreased rapidly at all of the methane space velocities.
In this case, the greater 

 

V

 

0

 

, the more dramatic decrease
in the catalytic activity. A similar behavior was
observed for 

 

S

 

ar

 

: at space velocities of 500, 1000, and
1500 h

 

–1

 

, the selectivity decreased by 3.5, 14.8, and
39.8%, respectively.

Catalyst deactivation in the course of methane dehy-
droaromatization resulted from coke formation, as sup-
ported by X-ray photoelectron spectroscopy and NMR
spectroscopy [10, 11, 13]. In the cited publications, it
was found that coke was formed as two species on the
surface of catalysts. One of these species blocked acid
sites in zeolite channels, and the other blocked partially
reduced molybdenum clusters; it was mainly localized
at the outer zeolite surface. In the course of dehydroar-

omatization, the fraction of the latter coke species rap-
idly increased.

Figure 1 shows the thermoanalytical curves of a
zeolite sample with 

 

M

 

 = 40 after treatment with meth-
ane at 

 

750°ë

 

 (420 min) at 

 

V

 

0

 

 of 500, 1000, and 1500 h

 

–1

 

.
The endothermic peak at 

 

110°ë

 

 and the corresponding
DTG peak were due to the removal of water. The
intense exotherm and the DTG peaks observed at 

 

380–
400°ë

 

 correspond to carbon burning. A comparative
analysis demonstrated that the temperatures of coke
removal from the surface increased with 

 

V

 

0

 

. Thus, at

 

V

 

0

 

 = 500 h

 

–1

 

, a peak in the DTG curve occurred at

 

525°ë

 

 and an exothermic peak in DTA occurred at

 

500°ë

 

. At 1000 and 1500 h

 

–1

 

, the DTG peak and the
exotherm occurred at 545 and 515 and at 555 and

 

530°ë

 

, respectively. Moreover, the amount of coke
increased with 

 

V

 

0

 

 and more condensed coke was
formed. This is evidenced by an increase in a shoulder
and a shift of this shoulder toward higher temperatures
(690 and 

 

745°ë

 

 at 1000 and 1500 h

 

–1

 

, respectively).
Table 2 summarizes data that indicate changes in the
weight of a catalyst after methane dehydroaromatiza-
tion at various 

 

V

 

0

 

 as compared with the weight of a pure
sample (after coke elimination at 

 

800°ë

 

). At tempera-
tures lower than that of carbon burning—to 380, 420,
and 460

 

°

 

C at 

 

V

 

0

 

 = 500, 1000, and 1500 h

 

–1

 

, respec-
tively—an increase in the weights of samples was
observed (DTG curves in Fig. 1, Table 2). This increase
was likely due to the addition of oxygen and the forma-
tion of oxidized coke species on the catalyst surface.
The hydrophobicity of samples increases with coke
concentration; therefore, the amount of water removed
from catalysts decreases.

Thus, at short contact times (i.e., great 

 

V

 

0

 

), the car-
bonization of a sample occurred much more rapidly and
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T
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Fig. 1.

 

 Thermoanalytical curves of the 4.0% Mo (nanopow-
der)/

 

M

 

 = 40 treated with methane at 

 

V

 

0

 

 = (

 

1

 

) 500, (

 

2

 

) 1000,

and (

 

3

 

) 1500 h

 

–1

 

. 

 

T = 750°ë.

Table 2.  Changes in the weight of the 4.0% Mo (nanopow-
der)/M = 40 catalyst after the dehydroaromatization of meth-
ane at various feeding space velocities

V0, h–1
Weight change, %

water oxygen coke

500 –3.00(110°C) +0.03(350°C) –3.55(525°C)

1000 –1.90(110°C) +0.33(370°C) –5.13(545°C)

1500 –1.30(110°C) +0.33(440°C) –5.85(555°C)

Note: The corresponding temperatures of peaks in the DTG curves
are given in parentheses.

0 100 200 300 400 500 600 700
T, °C

DTG

DTA

1

2
1

2

Fig. 2. Thermoanalytical curves of (1) 6.0% åÓé3/å = 40
and (2) 4.0% Mo (nanopowder)/M = 40 catalysts after
methane treatment (120 min) at T = 750°ë.
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less homogeneous and more condensed coke was
formed; this coke blocked the active centers of the cat-
alyst. Because of this, a more rapid loss of activity
occurred. In this context, it is preferable to perform the
process of methane dehydroaromatization at the rela-
tively low space velocities of 500–750 h–1.

To find the effect of initial Mo-containing sub-
stances on the rate of deactivation of modified penta-
sils, we performed a thermal study of samples with M =
40 containing molybdenum trioxide (åÓé3) and
molybdenum nanopowder after the dehydroaromatiza-
tion of methane at 750°ë and V0 = 500–1500 h–1 for
120 min (Fig. 2).

The coke formed in the course of methane conver-
sion on zeolites modified with molybdenum nanopow-
der and åÓé3 differed only slightly in its nature, as
evidenced by closely spaced peaks that correspond to
coke burning in DTA curves. However, the amounts of
oxygen added and, correspondingly, the peak positions
in DTG curves were different (Table 3). The amount of
coke formed on a catalyst containing åÓé3 was greater
than the amount formed on a sample with added molyb-
denum nanopowder in the same time interval by a fac-
tor of more than 1.5.

A comparison of Mo-containing pentasils with var-
ious M carbonized in the course of methane conversion
demonstrated that two forms of coke were formed on a
catalyst with the molar ratio SiO2/Al2O3 = 80, with the
more condensed species being predominant. The DTG
curve exhibited a low-temperature shoulder at 420–
460°ë (Fig. 3), and a carbon-burning maximum corre-
sponded to 555°ë. The DTA curve exhibited a doubled
broad peak and two exothermic maximums at 450 and
560°ë. The coke formed on molybdenum nanopowder–
containing zeolites with M = 30 and 40 was of the same
nature, and its burning occurred in a single step with
maximums at 485°ë in the DTA curves. Their exother-
mic maximums in DTA curves are very similar, at 480
and 475°ë, respectively. A shift of peak maximums to
the low-temperature region, as compared with the
above samples, was likely due to the formation of less
condensed coke in the course of methane conversion at
the low space velocities of 250 and 500 h–1.

On the catalyst with M = 40, the amount of coke was
the lowest and it burned at a lower temperature than that
on the surface of the sample with M = 80 (Table 4). The
low rate of coke formation on pentasil with M = 40, as
compared with other catalysts, was responsible for its
more stable operation. As in the previous cases, the
addition of oxygen was observed in the temperature
ranges 300–420 and 290–425°ë on catalysts with M =
80 and 40, respectively. In the catalyst with M = 30, this
type of interaction was not detected in the thermal-anal-
ysis curve.

Thus, based on this study, we can conclude that the
lowest amount of coke was formed on pentasil with
M = 40 containing 4.0% molybdenum nanopowder at
V0 = 500 h–1 and 750°ë. Under these conditions, a max-
imum conversion and the highest yield of aromatic
hydrocarbons were reached on this catalyst. The coke
formed on this catalyst was characterized by a rela-
tively low degree of polycondensation, and it was
almost completely removed in the course of oxidative

Table 3.  Changes in the weight of pentasils with M = 40 containing MoO3 and molybdenum nanopowder after the dehydroar-
omatization of methane

Catalyst
Weight change, %

water oxygen coke

6.0% MoO3/M = 40 –1.00(110°C) +0.05(320°C) –3.05(520°C)

4.0% Mo (nanopowder)/M = 40 –3.50(110°C) +0.10(450°C) –1.86(525°C)

Note: The catalysts operated for 30 min at each particular space velocity of 500, 750, 1000, and 1500 h–1 (total time of 120 min). The
corresponding temperatures of peaks in the DTG curves are given in parentheses.
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T, °C
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3

Fig. 3. Thermograms of zeolites with M = (1) 30, (2) 40, and
(3) 80 containing 4.0% molybdenum nanopowder after
120 min of operation at T = 750°ë.
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regeneration at temperatures that did not cause the deg-
radation of the zeolite crystal structure.
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Table 4.  Changes in the weight of pentasils with various M
containing 4.0% molybdenum nanopowder after the dehy-
droaromatization of methane

M
Weight change, %

water oxygen coke

80 –2.13(110°C) +0.31(390°C) –3.15(460 and 555°C)

40 –2.22(110°C) +0.23(400°C) –2.00(485°C)

30 –4.35(125°C) – –2.75(485°C)

Note: The catalysts operated for 30 min at each particular space
velocity of 250, 500, 1000, and 1500 h–1 (total time of
120 min). The corresponding temperatures of peaks in the
DTG curves are given in parentheses.


