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Abstract—The nonoxidative conversion of methane into aromatic hydrocarbons on high-silica zeolites
ZSM-5 containing nanosized powders of molybdenum (4.0 wt %) and nickel (0.1—2.0 wt %) was studied.
Data on the acid characteristics of the catalysts and the nature and amount of coke deposits formed on the
surface of the catalysts were obtained using the thermal desorption of ammonia and thermal analysis. The
microstructure and composition of Ni—Mo/ZSM-5 catalysts were studied by high-resolution transmission
electron microscopy and energy-dispersive X-ray analysis. The formation of various chemical species in the
samples was detected: oxide-like clusters of Mo within zeolite channels (~1 nm), molybdenum carbide par-
ticles (5—30 nm) on the outer surface of the zeolite, and Ni—Mo alloy particles with different compositions
(under reaction conditions, carbon filaments grew on these particles). It was found that, as the Ni content
was increased from 0.1 to 2.0 wt %, the rate of deactivation of the catalytic system increased because of block-
ing pores in the zeolite structure by filamentous carbon up to the formation of condensed coke deposits.

DOI: 10.1134/50023158409050140

INTRODUCTION

Methane dehydroaromatization under nonoxida-
tive conditions on zeolite catalysts modified with tran-
sition metal ions is a promising process for the efficient
utilization of natural gas and casing-head gas. A disad-
vantage of this process, which occurs at high tempera-
tures (700—800°C), is rapid catalyst deactivation
because of intense coke formation. To increase the
time of stable catalyst operation in methane dehy-
droaromatization, the catalysts are modified with var-
ious metals (Y, Cu, Zr, La, Pt, and Fe) [1—4]. In this
work, we studied the modifying effect of nickel on the
catalytic properties of molybdenum-containing zeo-
lite ZSM-5 in the methane dehydroaromatization
reaction. The formation of coke on the surface of Ni—
Mo/ZSM-5 catalysts in the course of the reaction was
studied and its structure and concentration were
determined using thermal analysis and high-resolu-
tion transmission electron microscopy (HP TEM).

EXPERIMENTAL

Catalysts were prepared by mechanically mixing
zeolite ZSM-5 with the molar ratio SiO,/Al,0; = 40
and the nanosized powders of Mo and Ni in a KM-1
vibratory ball mill (Germany) for 4 h. Thereafter, the
resulting mixtures were calcined at 540°C for 6 h. The
nanopowders of Mo and Ni were prepared by the

method of electrical explosion of wires in an atmo-
sphere of argon [5]. The concentration of Mo in the
zeolite was 4.0 wt %, and the concentration of Ni in
the 4.0% Mo/ZSM-5 catalytic system was varied from
0.1t0 2.0 wt %.

The nonoxidative conversion of methane (99.9%
purity) was performed in a flow setup at 750°C and
atmospheric pressure. A catalyst sample (1.0 cm?) was
placed in a quartz tube reactor 12 mm in diameter.
Before the onset of reaction, the catalyst was heated to
750°C in a flow of helium and kept for 20 min at this
temperature; thereafter, methane was supplied at a
space velocity of 1000 h—'. The reaction products were
determined by gas chromatography. The acid charac-
teristics of the samples were studied by the tempera-
ture-programmed desorption (TPD) of ammonia,
which allowed us to determine the strength distribu-
tion and concentration of acid sites.

The formation and nature of coke deposits were
studied by thermal analysis on a Derivatograph C
(MOM, Hungary) over the temperature range of 20—
800°C. A sample (400—500 mg), in a platinum cruci-
ble, was heated in air at a rate of 10 K/min (the sensi-
tivity was 100 mg).

HRTEM images were obtained on a JEM-2010
electron microscope (JEOL, Japan) with a lattice res-
olution of 0.14 nm at an accelerating voltage of 200 kV.
The high-resolution images of regular structures were
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Fig. 1. Dependence of the conversion of methane on the
time of methane dehydroaromatization on Mo/ZSM-5
with various nickel nanopowder contents: (/) initial 4.0%
Mo/ZSM-5 and (2) 0.1, (3) 0.25, (4) 0.5, (5) 1.0, or (6)
2.0% Ni (T =750°C; W= 1000 h_l).

analyzed using the Fourier method. Energy-dispersive
X-ray analysis (EDX) on an EDAX spectrometer
(EDAX Co.) equipped with a Si(Li) detector with an
energy resolution of no worse than 130 eV was used to
perform the local elemental analysis of the samples.
The samples for HRTEM were prepared on perforated
carbon substrates fixed on copper gauzes.

RESULTS AND DISCUSSION

Figure 1 illustrates the effects of the concentration
of the nanosized Ni powder and the reaction time of
methane dehydroaromatization (t) on the methane
conversion and the stability of catalysts.

It can be seen that the addition of 0.1% Ni resulted
in a considerable increase in the time of stable catalyst
operation: after T = 700 min, the conversion of meth-
ane was 8.6%, whereas the initial sample completely
lost its activity in this time. The 4.0% Mo/ZSM-5 cat-
alyst containing 0.1% Ni continued to exhibit activity
after T = 1020 min: the conversion was 3.6%.

The catalyst containing 0.5% Ni was found less
active and stable that the sample of 0.1% Ni—4.0%
Mo/ZSM-5, although it was more stable than the par-
ent Mo/ZSM-5 catalyst. After the addition of 1.0 and
2.0% Ni nanopowder, the activity and stability of the
4.0% Mo/ZSM-5 catalyst dramatically decreased. On
the sample of 2.0% Ni—4.0% Mo/ZSM-5, the maxi-
mum methane conversion was 6.6% after t = 180 min.
This catalyst almost did not exhibit catalytic activity in
the first minutes of operation (the conversion was as
low as 0.2—0.3%), and it was characterized by the
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longest induction period. It is likely that this behavior
of the samples containing a relatively large amount of
nickel oxide was due to the fact that a considerable
portion of this oxide was reduced to nickel metal
(which is characterized by high activity in coke forma-
tion) under the action of a reducing atmosphere. It is
well known that nickel metal particles catalyze the
growth of carbon filaments [6], which interlaced and
curled to form numerous coils capable of deactivating
the catalyst upon accumulation in a large amount.

The analysis of the composition of gaseous prod-
ucts formed upon methane conversion on the Ni—
Mo-containing zeolites demonstrated that the yields
of ethane and ethylene gradually increased in the
course of reaction (Table 1). The amount of ethane
formed on the samples containing Ni nanopowder was
comparable to the amount formed on the sample with
no nickel, whereas the amount of ethylene formed on
the Ni-containing catalysts was much smaller; this was
especially noticeable with increasing t. Thus, after T =
500 min, the yield of ethylene on the sample of 4.0%
Mo/ZSM-5 was 0.83%, which is two times greater than
that on the catalyst containing 0.1% Ni nanopowder.

On the catalysts with low Ni contents, as well as on
the sample of 4.0% Mo/ZSM-5, benzene and naph-
thalene were formed in greater and smaller amounts,
respectively, in the course of the entire experiment.
The benzene/naphthalene ratio varied over a wide
range in the course of reaction; however, in the major-
ity of cases, it was close to 2. The yield of naphthalene
was higher than the yield of benzene only on the sam-
ple of 1.0% Ni—4.0% Mo/ZSM-5 in the first 100 min
of reaction; however, the fraction of benzene in the
products then became greater than the amount of
naphthalene as t increased. On a less active sample of
2.0% Ni—4.0% Mo/ZSM-5, the yield of benzene was
much greater than the yield of naphthalene at all t.

Thus, note that the further addition of 0.1—0.5% of
Ni nanopowder to the Mo-containing zeolite ZSM-5
was effective, and it allowed us to considerably
increase the time of stable catalyst operation. It is
likely that the role of nickel in the zeolite was related
to the following functions: first, it regulated the degree
of reduction of MoQj; in accordance with the reaction
NiZ*4+ Mo% ~— Ni**+ Mo’* and thereby prevented
the formation of a low-activity phase of Al,(M0O,)s;
second, it decreased the rate of formation of coke
because of an enhanced hydrogenating capacity.

With consideration for a bifunctional mechanism
of methane dehydroaromatization due to the partici-
pation of both Mo-containing active centers and the
Bronsted acid sites of ZSM-5 [7, 8], it was of interest
to study the effect of Ni nanopowder additives on the
acid properties of both the unmodified and Mo-con-
taining zeolites. From data given in Table 2, it follows
that an increase in the concentration of nickel intro-
duced into the parent zeolite from 0.1 to 0.5% did not
result in a considerable change in the strength of acid
sites, although a decrease in the concentrations of
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Table 1. Effect of the concentration of nickel nanopowder in the 4.0% Mo/ZSM-5 catalyst on the yields of methane conversion

products
Time of stream, min
Ni, wt %
20 60 100 140 180 220 260 300 340 380 420 460 500
Yield of CyHg, %
— 0.02 | 0.04 | 0.09 | 009 | 0.13 | 0.14 | 0.16 | 0.15 | 0.15 | 0.15 | 0.15 | 0.16 —
0.1 0.04 | 0.08 | 0.12 | 0.12 | 0.12 | 0.12 | 0.16 | 0.17 | 0.17 | 0.18 | 0.19 | 0.19 | 0.20
0.25 0.03 | 0.06 | 0.08 | 0.09 | 0.11 0.13 | 0.13 | 0.13 | 0.13 | 0.11 0.11 0.11 0.16
0.5 0.03 | 0.05 | 0.10 | O0.11 | 0.13 | 0.14 | 0.14 | 0.14 | 0.14 | 0.14 | 0.15 | 0.17 | 0.17
1.0 0.11r | 0.11 | 0.11 | 0.11 | 0.09 | 0.09 | 0.09 | 0.09 | 0.10 - — - —
2.0 0.02 | 0.02 | 0.02 | 0.03 | 0.03 | 0.08 | 0.10 | 0.09 | 0.09 — - — -
Yield of C,Hy, %
— 0.15 | 0.24 | 0.26 | 0.30 | 0.32 | 0.37 | 043 | 0.44 | 0.54 | 0.61 | 0.73 | 0.80 | 0.83
0.1 0.15 | 0.22 | 0.23 | 0.26 | 0.29 | 0.31 0.30 | 0.32 | 0.35 | 0.37 | 0.39 | 040 | 041
0.2 0.16 | 0.23 | 026 | 0.27 | 0.27 | 0.32 | 0.32 | 0.34 | 0.36 | 0.36 | 0.40 | 042 | 0.45
0.5 0.15 | 023 | 0.24 | 0.25 | 0.29 | 0.30 | 0.32 | 0.36 | 0.39 | 0.40 | 0.44 | 047 | 0.50
1.0 0.12 | 0.23 | 0.32 | 0.38 | 0.47 | 0.57 | 0.61 0.67 | 0.67 — - — -
2.0 - — 0.13 | 0.22 | 036 | 040 | 0.52 | 0.54 | 0.57 — - — -
Yield of C4Hg, %
— 6.05 | 6.31 | 6.50 | 6.24 | 6.20 | 599 | 573 | 538 | 479 | 3.48 | 2.30 | 1.82 | 0.92
0.1 6.28 | 7.18 | 7.05 | 6.96 | 697 | 6.63 | 6.13 | 583 | 542 | 489 | 454 | 4.17 | 4.13
0.2 429 | 528 | 544 | 547 | 549 | 547 | 545 | 544 | 540 | 537 | 5.15 | 4.17 | 3.83
0.5 445 | 5.08 | 548 | 551 | 5.60 | 564 | 535 | 5.13 | 506 | 455 | 454 | 437 | 4.12
1.0 322 | 3.83 | 408 | 2.84 | 2.53 1.99 1.77 1.53 1.39 — — — -
2.0 0.10 | 0.23 1.47 | 348 | 3.70 | 3.17 | 294 | 2.21 1.68 — — — —
Yield of C,yHg, %
— 342 | 3.70 | 3.60 | 3.41 3.26 | 299 | 2.56 | 2.32 | 2.07 1.89 | 0.91 — —
0.1 302 | 334 | 335 | 3.34 | 3.26 | 3.28 | 3.44 | 3.38 | 3.40 | 3.78 | 3.58 | 3.38 | 3.16
0.25 308 | 2.86 | 291 | 299 | 2.78 | 2.83 | 2.80 | 2.80 | 2.80 | 2.71 | 2.49 | 2.48 | 2.30
0.5 323 | 275 | 2.68 | 2.69 | 2.73 | 2.71 | 2.65 | 2.64 | 2.59 | 2.86 | 2.74 | 2.72 | 2.65
1.0 4.47 | 393 | 3.57 | 2.73 | 2.28 1.89 1.45 1.20 | 0.88 - — — -
2.0 - — 0.06 | 0.93 1.31 1.41 1.31 1.21 | 0.92 - — - —

weak and strong sites was observed. As a result, the
total concentration of acid sites decreased from 924 to
830 umol/g. The thermal desorption spectra of zeo-
lites containing 1.0 and 2.0% Ni (not given in this
paper) exhibited a third peak with maximum temper-
atures of 470 and 500°C, respectively, in the region of
high temperatures. In this case, the total concentra-
tion of acid sites continued to decrease. Based on these
results, we can conclude that, under the catalyst prep-
aration conditions, new active centers were formed
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with the participation of Ni and these centers exhib-
ited an enhanced strength.

After the introduction of Mo into the zeolite, the
strength and concentration of both types of acid sites
decreased; this fact suggests the interaction of the
Bronsted acid sites of the zeolite with Mo species on
calcination in the course of catalyst preparation and,
probably, the formation of an Al,(Mo00Q,); phase. The
addition of nickel nanopowder to the 4.0% Mo/ZSM-
5 catalyst resulted in a change in its acid characteris-
tics, which was especially pronounced at a higher
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Table 2. Acid properties of the catalysts

VOSMERIKOV et al.

T max Of species, °C Concentration, pmol/g
Catalyst
T Ty Ty G Ci Cin C
ZSM-5 210 430 — 569 370 — 939
0.1% Ni/ZSM-5 210 430 — 562 362 — 924
0.5% Ni/ZSM-5 210 425 — 515 315 — 830
1.0% Ni/ZSM-5 210 415 470 492 248 60 800
2.0% Ni/ZSM-5 205 410 500 478 232 79 789
4.0%Mo/ZSM-5 200 380 — 510 304 — 814
(0.1% Ni—4.0% Mo)/ZSM-5 200 380 — 486 259 — 745
(0.5% Ni—4.0% Mo)/ZSM-5 200 375 — 444 155 — 599
(1.0% Ni—4.0% Mo)/ZSM-5 200 370 420 410 103 80 493
Note: Ty, Ty, and Tyyp are the peak temperatures for species I, 11, and 111, respectively; Cy, Cyy, Cypp, and C are the concentrations of acid
sites in species I, 11, and I1I and the total concentration, respectively.
Table 3. Changes in the weights of Ni—Mo-containing zeolites after methane dehydroaromatization
Weight changes, %
Catalyst
water oxygen coke

(0.1% Ni—4.0% Mo)/ZSM-5
(0.25% Ni—4.0% Mo)/ZSM-5
(0.5% Ni—4.0% Mo)/ZSM-5

~3.15 (120°C)
~3.13 (120°C)
—3.22(120°C)

+0.05 (320°C)
+0.05 (320°C)
+0.04 (325°C)

~8.70 (558°C)
~11.17 (575°C)
—14.00 (585°C)

Note: Weight changes relative to the weight of pure (after coke burning up to 1000°C) catalysts are given. The corresponding peak tempera-

tures in DTG curves are given in parentheses.

nickel content. Thus, the TD spectra of a sample of
(1.0% Ni—4.0% Mo)/ZSM-5 exhibited the appear-
ance of the third peak with a high energy of ammonia
retention, and the concentration of acid sites of the
high-temperature form was somewhat higher than that
inthe 1.0% Ni/ZSM-5 catalyst. This suggests the pos-
sible interaction of molybdenum and nickel with the
formation of nickel-molybdenum compounds with
various stoichiometric compositions; for example, this
is characteristic of aluminum—nickel—molybdenum
systems [9].

To reveal the effect of the concentration of Ni nan-
opowder in the 4.0% Mo/ZSM-5 catalyst on the char-
acter of carbon deposits formed in the course of meth-
ane dehydroaromatization, we studied the carbonized
samples using thermal analysis.

The samples based on the 4.0% Mo/ZSM-5 cata-
lyst with various nickel concentrations (0.1, 0.25, and
0.5 wt %) were treated with methane under the follow-
ing identical conditions: reaction temperature,
750°C; CH, supply space velocity, 1000 h~!; and t =
500 min. From the results of thermal analysis

(Table 3), it follows that the amounts of water and
added oxygen were the same within the limits of exper-
imental error, whereas the amount of coke consider-
ably increased with increasing nickel nanopowder
concentration.

As the concentration of nickel in the catalyst was
increased from 0.1 to 0.5%, the maximum tempera-
ture of coke burning increased from 558 to 585°C, and
the amount of coke increased by a factor of 1.6. The
DTG curve for the catalyst containing 0.25% Ni
exhibited a weak manifestation of a high-temperature
shoulder, which increased and became clearly pro-
nounced in the DTG and DTA curves at 650 and
660°C, respectively, for the (0.5% Ni—4.0%
Mo)/ZSM-5 catalyst (Fig. 2). It is likely that the for-
mation of a new coke species was due to the addition
of nickel nanopowder to the Mo-containing zeolite;
the higher the nanopowder content of the sample, the
more clearly pronounced the high-temperature spe-
cies. The electron-microscopic studies demonstrated
that oxide MoQO; particles of a two-dimensional mor-
phology of size 10—50 nm were formed in the initial
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Fig. 2. Thermoanalytical profiles of the 4.0% Mo/ZSM-5
catalyst containing (/) 0.1, (2) 0.25, or (3) 0.5% Ni after
treatment with methane (500 min) at 7= 750°C.

samples of (Ni—4.0% Mo)/ZSM-5 (after calcination
at 550°C) containing from 0.1 to 2.0% Ni (Fig. 3a).
Note that, in the samples prepared by mixing Mo and
Ni nanopowders with the zeolite, the supported com-
ponent was dispersed incompletely. A portion of parti-
cles remained in a coarsely dispersed (to 50 nm in size)
state (Fig. 3b).

In the samples after reaction, the particles of Ni
and Mo compounds were detected, which were funda-
mentally different in morphology, composition, and
arrangement in ZSM-5. First, note that Mo,C carbide
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particles (of size 5—30 nm) weakly modified with 2—
4 at % nickel occurred on the surface of zeolite crystals
in all of the test samples of (Ni—Mo)/ZSM-5 (Fig. 4,
spectrum /). However, even after the operation of the
most stable (0.1% Ni—4.0% Mo)/ZSM-5 catalyst for
10 min, these particles were coated with a graphite-
like carbon layer to 5 nm in thickness; that is, they rap-
idly deactivated (Fig. 5).

Oxidized Mo-containing clusters (Mo>*) of size
~1 nm were observed in zeolite channels. The nature
of these clusters, as well as surface molybdenum car-
bide particles, was analyzed in detail using TEM and
EPR spectroscopy [10, 11]. The EDX analysis of zeo-
lite regions with Mo clusters did not detect Ni as a
constituent of them.

The TEM images show that carbon filaments from
10 to 50 nm in diameter (Fig. 7a) appeared in the
(0.1% Ni—4.0% Mo)/ZSM-5 catalyst even after oper-
ation for 10 min. After T = 500 min, the amount of fil-
amentous carbon considerably increased (Fig. 7b).
Carbon in filaments had a tubular or conical structure
of graphite-lake layers; metal particles occurred at the
ends of growing filaments and within inner cavities
(Fig. 8).

The mechanism of carbon filament formation on
iron-family metals and their alloys with other metals
was considered in detail in a number of publications
[6, 11—13]. It was found that a metal or alloy particle
interacts with a hydrocarbon to catalyze the growth of
carbon through the formation of metastable carbides
at the active site of the particle surface. Carbide degra-
dation affords a metal and carbon atoms, which diffuse
to the backside of the particle where a graphite-like
phase is formed. According to this mechanism, the

Fig. 3. HRTEM images of the (0.1% Ni—4.0% Mo)/ZSM-5 catalyst before reaction (after calcination at 550°C): (a) two-dimen-
sional oxide particles and (b) coarsely dispersed MoO5 and NiO particles.

KINETICS AND CATALYSIS Vol. 50  No.5 2009
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Fig. 4. EDX spectra of molybdenum compound particles:
(/) molybdenum carbide particle weakly modified with
nickel on the zeolite surface with the atomic ratio Mi/Mo =
4/96 (la, a magnified fragment of the spectrum with the
NiL line); (2, 3) Ni—Mo alloy particles with different com-
positions at the end of carbon filaments (Ni/Mo = 20/80
and 50/50, respectively); (4) nickel particle within the chan-
nel of a carbon filament (Ni/Mo = 95/5).

front surface of a metal or alloy particle retains its cat-
alytic activity for a long time in spite of the buildup of
carbon.

An increase in the concentration of nickel in the
zeolite did not change the nature of carbon products of
the methane aromatization reaction: carbon filaments
of the same morphology were formed in the catalysts
containing 0.25 and 2.0% Ni. However, in this case,
the amount of filamentous-morphology carbon and
the sizes of filaments considerably increased. Figure 9
shows carbon filaments to 100 nm in diameter, which
were observed in a large amount in the (2.0% Ni—
4.0% Mo)/ZSM-5 catalyst after T = 340 nm. It can be
seen that, in the deactivated catalyst, active compo-
nent particles were blocked in the inner cavities of car-
bon filaments.

According to EDX data, the averaged composition
of metal particles at the ends of carbon filaments cor-
responds to Ni—Mo alloys of different compositions.
Thus, in particles of size 10 nm, the Ni/Mo atomic

VOSMERIKOV et al.

Fig. 5. Image of a Mo,C particle on the surface of the
(0.1% Ni—4.0% Mo)/ZSM-5 catalyst after 10-min meth-
ane dehydroaromatization reaction.

ratio is 50/50, whereas it is 20/80 in coarser particles
(=30 nm) (Fig. 4, spectra 2, 3). Small metal inclusions
within tubular filaments torn from the backside of a
particle contained mainly Ni and only an insignificant
amount of Mo (Fig. 4, spectrum 4). This suggests the
inhomogeneous composition of the Ni—Mo alloy in
an active particle with a shift of Mo toward the surface
active for interaction with methane and a shift of Mo
toward the back particle surface on which the growth
of carbon occurs.

Thus, in the (Ni—Mo)/ZSM-5 catalysts, particles
of different nature are formed: molybdenum clusters
(of size ~1 nm) within zeolite channels, molybdenum
carbide particles (5—30 nm) on the outer zeolite sur-
face, and Ni—Mo alloy particles, on which carbon fil-
aments grew under reaction conditions. The sizes of
Mo and Ni nanoparticles were to 50 nm, although
smaller particles were also detected in the catalyst.
Molybdenum (VI) oxide has a comparatively low
melting temperature (795°C); because of this, an ele-
vated pressure of its vapor is generated at the stage of
sample calcination in catalyst preparation. The con-
densation of MoOj vapor results in the penetration of
Mo into the inner channels of the zeolite and the for-
mation of disperse two-dimensional particles distrib-
uted over the zeolite surface. It is very likely that clus-
ters within ZSM-5 channels are formed in the course
of reaction with methane at 750°C. In addition, in the
interaction of molybdenum with nickel particles on
the zeolite surface, molybdenum carbide particles
weakly modified with nickel (less than 5 at % Ni) and
Ni—Mo alloy particles of different compositions, on
which the growth of filamentous carbon occurred, can
be formed.

KINETICS AND CATALYSIS VWl. 50 No.5 2009
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Fig. 6. Micrograph of inner Mo clusters in the zeolite and
a surface particle of Mo,C.

Previously, it was found that clusters within chan-
nels are responsible for the stable operation of
Mo/ZSM-5 catalysts in methane aromatization [10,
11]. In this case, molybdenum clusters activate meth-
ane and the steps of conversion of intermediate prod-
ucts into benzene occur at the Brgnsted acid sites of
the zeolite either within channels or on the outer zeo-
lite surface. With the participation of molybdenum
clusters in the reaction, coke formation is insignifi-
cant, and it does not affect channels. Only highly dis-
persed graphite-like islands are formed on the outer
surface of the zeolite after a long time of catalyst oper-
ation. Analogous clusters are observed in (Ni—
Mo)/ZSM-5 catalysts (Ni, from 0.1 to 2.0%; Mo,
4.0%); nevertheless, nickel is not a component of

(a) e
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these clusters. Therefore, it is believed that these clus-
ters play the same role as in Mo/ZSM-5 catalysts. The
observed carbonization of Ni—Mo carbide particles
(of size 5—30 nm) on the zeolite surface even at the
onset of reaction in the most stable of the catalysts—
(0.1% Ni—4.0% Mo)/ZSM-5—excludes the possibil-
ity of increasing the stability of this catalyst.

At the same time, Ni—Mo alloy particles arranged
at the ends of carbon filaments do not deactivate for a
long time, which is even longer than the time of stable
operation of Mo clusters within the zeolite. This is due
to the fact that the reaction with methane occurs on
the active frontal part of a particle, which is not cov-
ered with carbon, and the growth of a carbon filament
occurs on its backside. Moreover, these particles are
removed from the zeolite surface, which is also prone
to coking. It should be taken into account that both Ni
and Mo are the constituents of Ni—Mo alloy particles;
this explains changes in the yields of the resulting
products because of different functional roles of these
metals in methane dehydroaromatization. The forma-
tion of metastable carbides (demonstrated in [6, 12,
13] for the mechanism of growth of carbon filaments)
on the active sites of the Ni—Mo alloy particle surface,
which are arranged at the ends of filaments, is consis-
tent with a viewpoint on the carbide nature of methane
activation sites in Mo-containing catalysts for meth-
ane aromatization.

Note that only a small addition of Ni (0.1%)
afforded a stable catalyst, whereas the stability of the
(0.25% Ni—4.0% Mo)/ZSM-5 catalyst was found
lower. As follows from TEM and DTA data, the con-
centration of the formed coke increased as the nickel
content of the zeolite was increased. There are pub-
lished data indicating that the weight of filamentous
carbon formed on Ni-containing catalysts can be

Fig. 7. Micrographs of carbon filaments in the (0.1% Ni—4.0% Mo)/ZSM-5 catalyst after (a) 10- or (b) 500-min methane dehy-

droaromatization reaction.

KINETICS AND CATALYSIS Vol. 50  No.5 2009
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Fig. 8. Micrographs of the structures of carbon filaments in the samples of (Ni—Mo)/ZSM-5 catalysts after reaction: (a, b) metal
particles are arranged at the ends and in the inner cavities of filaments, respectively (shown by arrows); (c) conical and (d) tubular

structures of carbon filaments.

higher than the weight of the zeolite by factors of hun-
dreds and thousands [6, 12, 13]. It is likely that a nickel
content higher than a found optimum value (0.1 wt %)

Ni—4.0%

Fig. 9. Carbon filaments in the (2.0%
Mo)/ZSM-5 catalyst after 340-min reaction.

is responsible for the deactivation of this catalytic sys-
tem because of pore blocking in the zeolite structure
by filamentous carbon up to the formation of con-
densed coke deposits.

Thus, we can conclude that the Mo-containing
zeolite ZSM-5 with the addition of 0.1% Ni nanopo-
wder is superior to other samples in not only catalytic
activity but also stability. It exhibits advantages in the
course of regeneration because a smaller amount of
coke characterized by a lower degree of polycondensa-
tion is formed on this zeolite, and the less severe con-
ditions of oxidative thermal treatment are required for
the removal of this coke.
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