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TPO (temperature-programmed oxidation), TPSR (temperature-
programmed surface reaction), and TPH (temperature-
programmed hydrogenation) techniques are used to investigate
carbonaceous deposition on Mo/HMCM-22 catalysts for methane
aromatization. Different carbonaceous species and their amounts
are distinguished. There are at least three kinds of cokes: carbidic
carbon in molybdenum carbide, molybdenum-associated coke, and
aromatic-type cokes on acid sites. It is suggested that the aromatic-
type cokes on Brgnsted acid sites are responsible for catalyst de-
activation. Catalytic activity can be restored after temperature-
programmed hydrogenation. @ 2002 Elsevier Science (USA)

INTRODUCTION

Microporous materials, especially zeolites, are used fre-
quently as supports for metal and metal oxide catalysts (1),
but these materials can also be more than just the supports
needed for high dispersion (1-3). The channel structure and
the acidity or basicity of these materials can play a role
in the activation of reactant or the transformation of in-
termediates, resulting in a bifunctional catalyst. Mo-based
zeolite catalysts are highly efficient catalysts for methane
aromatization (4-11). The molybdenum species is the ac-
tive center for methane activation, whereas surface acid
sites, especially Brgnsted acid sites, are responsible for the
aromatization of the intermediates. During the reaction,
carbonaceous deposition occurs, which has been reported
as responsible for the short lifetimes of these catalysts.
Three kinds of carbonaceous deposits have been distin-
guished by angle-resolved XPS by Lunsford and cowork-
ers (12), who suggested that a sp-type coke on the external
surface of the zeolite gradually covers Mo centers and the
zeolite surface and is responsible for the deactivation of the
catalysts.

Recently it has been reported that Mo/HMCM-22
are highly selective catalysts for benzene formation
(10, 11), with a higher yield toward benzene compared
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with Mo/HZSM-5 catalyst. A synergistic effect between
the molybdenum species and the zeolite of this sort of
catalyst has been shown to exist (13). It is generally ac-
cepted that temperature-programming methods, especially
temperature-programming oxidation (TPO), are sensitive
techniques for the investigation of coke deposition on
catalysts (14-19). The type, location, and amount of car-
bonaceous deposits can be determined. In this paper, TP
techniques are used to elucidate the carbonaceous depo-
sition process on Mo/HMCM-22 catalysts during methane
aromatization. The different types of coke that are gene-
rated on different sites, molybdenum and zeolite, and the
effect of coke on catalytic performance are also clarified.

EXPERIMENTAL

Catalysts

MCM-22 zeolite (Si/Al=15) was synthesized according
to the procedures described in Ref. (20), using hexame-
thyleneimine (HMI) as the directing agent. Mo/HMCM-22
catalysts containing 2-10% Mo were prepared by
impregnating 10 g of HMCM-22 powder with 20 ml of aque-
ous solution containing the desired amount of ammonium
heptamolybdate (AHM). After drying at room tempera-
ture for 12 h, further drying at 373 K for 8 h, and calcina-
tion in air at 773 K for 4 h, the samples were crushed and
sieved to 20-60 mesh granules. These Mo/HMCM-22 cata-
lysts with different Mo loading are denoted xMo/HMCM-
22, where x is the nominal Mo content in weight percent.
The actual molybdenum contents, which are determined
by elemental analysis, are sometimes used (13), and this
is noted where relevant. The preparation of 6% Mo/TiO,
catalysts was carried out using a similar procedure, and the
catalysts are denoted as 6Mo/TiO5.

Reaction and TP Experiments

The reaction was carried outin a 6.2-mm i.d. quartz tubu-
lar fixed-bed reactor. The products were analyzed by an on-
line gas chromatograph (Shimadzu GC-9A) equipped with
a flame ionization detector and a OV-101 6201 column,
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and a thermal conductivity detector and a HayeSep-D
column (9).

The temperature-programming apparatus was described
in our previous paper (11). Gas flows were controlled by
mass flow controllers (Jian Zhong, D08-4A/ZM). Three
four-port valves and a six-port valve were used to smoothly
switch the gas entering the reactor between four kinds
of gases. Reaction products and desorption products were
analyzed by an online quadruple mass spectrometer (Balz-
ers, QMS 200) equipped with a computer interface.

The reactor was charged with 150 mg of catalyst. For
TPSR, the catalyst was first heated under a He stream
(30 ml/min) to 873 K (10 K/min) and kept at this temper-
ature for 40 min to remove adsorbed water. After cooling
to room temperature (RT), the sample was flushed with
methane (99.99%, 3.75 ml/min) for 1 h. Then, TPSR was
initiated from 293 to 973 K at a heating rate of 5 K/min
and kept at 973 K for 1.3 h, at which point the reaction
reached a relatively stable stage. Product gases leaving the
reactor were analyzed by the mass spectrometer through
a capillary. During the temperature ramp, m /e intensities
at 2 (Hy), 15, 16 (CHy), 18 (H,0), 28 (CO), 44 (COy,),
and 78 (C¢Hg) were measured as a function of tempera-
ture. TPO was performed after the catalyst had been used
for different times on stream (using a fresh sample each
time). After the reaction the catalyst was quickly cooled
in the reaction atmosphere and then flushed with a 10%
O,/He mixture (20 ml/min) at RT for 1 h. The temperature
was raised from 303 to 1023 K at a rate of 8 K/min dur-
ing which the m/e intensities for 44 (CO,), 28 (CO), and 18
(H,0O) were recorded. The CO,, CO signals were calibrated
by burning different weights of Cu(CO3) - Cu(OH),. CO,
contributes a fragment to the signal at m/e =28, and this
was subtracted from the total intensity at m/e =28 to get
the amount of CO. Also, since CO and CO; showed sim-
ilar curve shapes, the amount of CO was added to that of
CO; to simplify the analysis, which was performed in terms
of carbon oxides. In some TPO experiments, the deacti-
vated sample was temperature-programmed hydrogenated
in pure H, (15 ml/min) from 293 to 1095 K at a heating rate
of 5 K/min and further hydrogenated at 1095 K for 30 min
to remove specific kinds of carbonaceous deposit.

All gases used were UHV grade.

Deconvolution

TPO results were simulated using a kinetics expression
similar to Querini and Fung [17].

0C /3t +VOC/0g = Ap-e "/RT . Cit (1= X:)" - PG,

where Cjg is the initial concentration of coke, A; is the pre-
exponential factor, E,; is the activation energy, n; is the
reaction order of coke, Po, is the partial pressure of oxy-
gen, m; is the oxygen reaction order [which is taken as 1
following Querini and Fung (17)], and V is the flow rate.
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Different types of coke species, denoted by subscript i, were
assumed and the fit of simulated TPO peaks to experimen-
tal results was used to determine the number of these types
and their kinetic parameters. The reactor equations were
integrated numerically using the upwind scheme algorithm
for solving partial differential equations (21).

RESULTS AND DISCUSSION

TPO Profiles of the Various Catalysts

Catalytic activities of the catalysts used in this study are
listed in Table 1. No benzene formation was observed on
HMCM-22 and 6Mo/TiO; catalysts. This is due to the ab-
sence of molybdenum and Brgnsted acidity, respectively.
Dissociated methane on both these catalysts are mainly
transformed into coke. 6Mo/TiO; had a longer lifetime for
the activation of methane. All the Mo/HMCM-22 catalysts
have methane aromatization activity, with 6Mo/HMCM-
22 giving the highest benzene yields. The benzene yields
of these catalysts show a volcano-shaped curve, indicating
the bifunctional nature of these catalysts. During impreg-
nation and calcination of the catalyst, molybdenum mi-
grates into the zeolitic channel of HMCM-22 and reacts
with the Brgnsted acid sites to form a monomer or dimer
species (8, 9), with a stoichiometry that was reported as one
molybdenum atom to one Brgnsted acid site. Thus, with
more molybdenum species, there will be fewer remaining
Brgnsted acid sites, and the best benzene yield results when
these two sites have an optimal balance (13). There is an
insufficient number of molybdenum species (the center for
methane acitivation) in 2Mo/HMCM-22 and an insufficient
number of Brgnsted acid sites (the center for intermediate
aromatization) in 10Mo/HMCM-22 for good aromatization
activity, and they are poor catalysts for methane aromatiza-
tion. A suitable ratio and synergy of molybdenum species
and Brgnsted acidity in 6Mo/HMCM-22 is responsible for
its outstanding catalytic performances.

TABLE 1

Catalytic Performance of Various Catalysts

Selectivity of main products (%)

Catalyst CCH4 ( %) C6 H@ C10H8 Coke
6Mo/TiOf 1.8 — — ~100
HMCM-22¢ 0.5 — — ~80
2Mo/HMCM-22¢ 6.4 57.5 7.3 279
6Mo/HMCM-22¢ 10.4 71.0 5.1 17.9
10Mo/HMCM-22¢ 6.2 60.3 33 29.2
6Mo/HMCM-22? 8.5 74.7 4.7 14.1
6Mo/HMCM-22¢ 9.9 72.6 4.6 18.2

Note. The reaction was conducted at 973 K and SV = 1500 ml/g - h.
@ data taken after 150-min reaction.

b After 6-h reaction.

¢ After 6-reaction and a TPH treatment.
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FIG.1. TPO profiles of different catalysts. The catalysts first un-

derwent methane aromatization for 3 h (973 K; methane flow rate,
3.75 ml/min), then were quenched to RT in a methane atmosphere. After
flushing with a 10% O,/He mixture (20 ml/min) at RT for 1 h, the TPO
experiment was begun from 303 to 1023 K at a heating rate of 8 K/min.

The TPO profiles of various catalysts after 3 h on stream
are shown in Fig. 1. After a 3-h reaction there is almost no
coke on HMCM-22. The TPO profile of 6Mo/HMCM-22
consists of a sharp peak at 743 K and a broad shoulder on
the high-temperature side. A similar double-peak feature
from molybdenum-loaded ZSM-5 catalysts had been re-
ported by Ichikawa and coworkers (22), and verified by
other workers (23). Ichikawa and coworkers attributed
the high-temperature peak (higher than 773 K) to irre-
versible or inert coke, whereas a more reactive coke (lower
than 673 K) is probably associated with Mo,C. The high-
temperature peak can be suppressed by the addition of
small amounts of CO or CO; to the methane feed, which
results in better stability as compared with using pure
methane as the feed gas (22). These kinds of TPO peaks
are typical of a bifunctional catalyst, especially of zeolite-
supported metal catalysts, as has been reported by Sachtler
and coworkers (14), with the first peak being due to coke
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oxidation catalyzed by the metal and the broad peak be-
ing due to thermally initiated coke oxidation of coked acid
sites. XPS and EXAFS experiments under working condi-
tions have proved that molybdenum carbide is formed dur-
ing the reaction process (5-7, 11, 24, 25). Two additional
carbon species, other than carbidic-like C, have been ob-
served by angle-resolved XPS (12), with the former being
attributed to adventitious or graphitic-like C in the zeo-
lite channel system and the latter to a pregraphitic type of
carbon. Based on these reports, we have assigned the low-
temperature peak in the present work to coke associated
with molybdenum, and the high-temperature peak to car-
bonaceous deposits on acid sites, mostly Brgnsted acid sites
in the zeolite channels. If this hypothesis is correct, catalysts
without strong acid sites will not give the peak related to
the Brgnsted acid sites. The absence of a high-temperature
peak in the TPO profile of 6Mo/TiO, (which does not
have strong Brgnsted acid sites) supports this assignment
that the high-temperature peak is associated with Brgnsted
acidity. Since there are no Brgnsted sites in 6Mo/TiO;, no
benzene formation or acid-related aromatization would be
observed, and no acid-associated carbonaceous deposition
would be observed. The origin of the low-temperature peak
is discussed in the following section in detail. The relatively
large amounts of carbonaceous deposit (with C/Mo > 3) in
the first peak is due to a special feature of molybdenum
(as compared with other metal, such as Co), namely, it can
continuously dissociate methane even when multiple layers
of coke cover its surface (11).

It has been reported that methane activation occurs on
the molybdenum species, while the transformation of inter-
mediates occurs on the acid sites (5-9, 26), with the com-
monly proposed intermediate being ethene (4,5). Here, it is
pointed out that only a very small amount of ethene was de-
tected besides the vast amount of carbonaceous deposits,
in TPSR experiments following the formation of molyb-
denum carbide. Thus, it is hard to draw an unambiguous
conclusion at present as to which species is the intermedi-
ate in this reaction because the current results indicate that
gas-phase ethene is not responsible for the production of
aromatics. Meriaudeau et al. [27] had made a similar sug-
gestion on the basis of a higher activity on Mo/H-zeolite
as compared to H-zeolite for ethene or acetylene conver-
sion to benzene and questioned the correctness of those
simplified intermediates [ethane (4, 5) or acetylene (28)]
suggested previously. In the methane conversion, the ini-
tial C—H bond rupture forms adsorbed CH, species (which
account for the carbonaceous depositions) on the metal sur-
face, and coupling and conversion to intermediates or pro-
ducts of higher molecular weight take place on adjacent
sites. A possibility is that the intermediate is not desorbed
into the gas phase but is an adsorbed species (C,H,) which
stays on the catalyst surface, i.e., a living coke (surface-
active carbon species) (22) or a carbon pool exists (29).
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FIG.2. The TPO profile of 6Mo/HMCM-22 after 3 h time on stream
(upper), and a simulated TPO profile showing the deconvolution of the
peaks.

However, the identification of this species needs advanced
spectroscopic techniques, such as pulse-quench NMR spec-
troscopy (30, 31), which can detect in situ carbonaceous
deposition in high-temperature catalytic reactions.

The TPO profiles of 2Mo/HMCM-22 and 10Mo/HMCM-
22 give quite different pictures: the former has a broad
peak centered at 837 K while the latter has a sharp peak at
735 K. Nevertheless, these superficially complicated TPO
spectra are in good agreement with the bifunctional nature
of these Mo/zeolite catalysts, which can be explained as
follow. 2Mo, 6Mo, and 10Mo/HMCM-22 catalysts are in an
ascending sequence in molybdenum content but a descend-
ing sequence in the number of Brgnsted acid sites (3.0, 1.1,
and 0.7 per u.c.) due to the occupation of Brgnsted sites by
molybdenum (13). By assigning the high-temperature TPO
peak to carbonaceous deposits on acid sites and the low-
temperature peak to those associated with molybdenum,
it can be seen that 2Mo/HMCM-22, which has the lowest
molybdenum content and the highest number of Brgnsted
acid sites, will have a large peak in the high-temperature
(related to acid sites) region, whereas 10Mo/HMCM-22
will have the reverse spectrum (a large peak in the low-
temperature region related to molybdenum). At the same
time, the double-peak structure can be clearly resolved
with a catalyst that possesses both a moderate molybde-
num content and a moderate number of Brgnsted sites, e.g.,
6Mo/HMCM-22. Actually, it may be noted that the TPO
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profiles of 2Mo/HMCM-22 and 10M/HMCM-22 are asym-
metric; the former has alow-temperature part and the latter
has a high-temperature shoulder. This indicates that both
catalysts have at least two kinds of carbonaceous deposits
(on molybdenum and on acid sites), while which kind of car-
bonaceous deposit is the dominant one in TPO profiles is
governed by the molybdenum content and the balance be-
tween molybdenum and Brgnsted acid sites. Interestingly,
one can also note that there is no linear dependence of the
low- or high-temperature peak on the molybdenum con-
tent or the number of Brgnsted acid sites, indicating the
complex nature of the mechanism of coke formation.

At the same time, it is also worthwhile to point out that
the catalyst with the best catalytic performance (methane
conversion, benzene yield, and lifetime) is not the one
with the lowest coke content. In fact, it has the highest
coke content (the total coke contents of 2Mo, 6Mo, and
10Mo/HMCM-22 are 3.85, 4.62, and 1.95 mmol/g, respec-
tively). This fact implies that not all cokes are responsible
for deactivation of the catalysts.

The TPO spectra were deconvoluted by a reaction
scheme similar to that used by Querini and Fung (17),
but without a pseudo-steady-state assumption. The results
are shown in Fig. 2 and Table 2. Due to the overlap of
the oxidation peak of acid-related coke with that of the
molybdenum-associated one, it is difficult to extract the
exact high-temperature band shape from the TPO experi-
ment alone. In the present case, a shape similar to that of
the oxidation peak of coke on HZSM-5 (15) is used to de-
convolute the high-temperature peak. A satisfactory fit can
be achieved only when at least three peaks are used, with
the high-temperature peak being composed of two peaks.
The peak indices i in Table 2 refer to the corresponding
peaks marked in Fig. 2. Peak i = 1 is the above-mentioned
low-temperature peak while the next two peaks, i = 2 and
i =3, are in the region of the high-temperature peak asso-
ciated with Brgnsted acid sites. Peak 1 has an activation en-
ergy of 292 kJ/mol while the other two have values around
100 kJ/mol. The similar values of the kinetic parameters
of these latter two peaks suggest that they are probably
from carbonaceous deposits that are identical in nature, i.e.,
the latter two peaks are due to aromatic coke on different
kinds of acid sites. By 27 Al MAS NMR experiment, it is

TABLE 2

Parameters Estimated from the TPO Profiles of 6Mo/HMCM-22
after 3 h time on Stream Using Eq. [1]¢

1 E,; (kJ/mol) Cio (mmol/g) n;

1 292.1 1.92 1.30
90.1 1.29 0.98

3 101.2 1.41 1.00

¢ A; has no statistical significance.
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apparently that there are at least two 4-coordinated Al
peaks for MCM-22 zeolite, different from that of HZSM-5,
which just has one band (32). These two aluminum peaks
are attributed to two sets of framework tetrahedral sites, dif-
ferentiated by their location in small and large atom rings,
by different pores systems (32), or by different T sites (33,
34). At the same time, different kinds of Brgnsted acid sites
have been shown to exist by IR (35) and benzene-TPD (15),
among other methods. Therefore, it is reasonable to assume
that the carbonaceous species will deposit on these two dif-
ferent Brgnsted acid sites, thus leading to the two aromatic
coke peaks. Meanwhile, in addition to the fact that there
is only one kind of aromatic peak, at around 1600 cm™! in
UV-Raman spectrum of deactivated 6Mo/MCM-22 catalyst
(34), the variation of the two aromatic cokes with respect to
time on stream (see Fig. 5; they seems to be almost identi-
cal) seems not to support the view that there are indeed two
forms of aromatic coke. However, the absence of the other
aromtic-type peak in the UV-Raman experiment may also
result from the relatively poor resolution of the UV-Raman
instrument. This problem is open for further investigation.
Probably, the application of a spectroscopic method such as
13C-enriched ?C MAS NMR experiments (31) may provide
an answer. The relatively larger coke reaction order of peak
1 (larger than 1) suggests that a distribution of different
coke types exists or that the structure of the coke changes
during the heating (19). We believe the first possibility is
more reasonable since we cannot distinguish carbidic car-
bon from coke closely associated with molybdenum carbide
in the present case; this is further discussed in the following
section. The activation energy of the low-temperature peak
is about two times higher than the high-temperature peaks.
A possible explanation is that the combustion of the coke of
the low-temperature peak is composed of several reaction
steps (such asisinitiated by carbidic carbon in MoC,, where
the combustion of carbidic carbon is autocatalytic) and the
much higher activation energy measured is not an intrinsic
activation energy but an apparent activation energy. The
preexponential factors have no statistical significance and
are not discussed. C;g is an important bit of information ob-
tained. It gives the number of different coke species in the
catalysts and is used in the following section.

TPO Profiles of 6Mo/HMCM-22 Catalysts after Different
Times on Stream

6Mo/HMCM-22 is the best catalyst for this reaction,
so the following investigation focuses on 6Mo/HMCM-
22. A TPSR experiment of 6Mo/HMCM-22 under condi-
tions identical to the catalytic reaction, which is different
from our former study (11) (where the temperature was in-
creased smoothly from 293 to 1095 K), is presented in Fig. 3.
As shown in Fig. 3, when the temperature is near 900 K, a
reaction between molybdenum species and methane oc-
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FIG. 3. TPSR profiles of 6Mo/HMCM-22 after a procedure similar
to the catalytic reaction. Before the TPSR the catalyst was dried in He
flow (30 ml/min) at 873 K for 40 min. After cooling to RT, the catalyst
was swept by methane (99.99%, 3.75 ml/min) at the same temperature for
1 h. Then the temperature was raised from 293 to 973 K at a heating rate
of 5 K/min and kept at 973 K for 1.3 h. Benzene formation was observed
about 15 min after the temperature reached 973 K.

curred, with the formation of CO,, CO, H,O, and H,. This
stopped about 15 min after reaching 973 K. At the same
time, benzene formation is observed. The formation rate
of benzene increased with time on stream, together with a
relatively constant H, formation, and does not reach a sta-
ble value in this experimental range. This stage in methane
aromatization is the so-called induction period of this
reaction.

TPO profiles of 6Mo/HMCM-22 catalysts with different
times on stream are shown in Fig. 4. The lines of those after
10- and 20-min reaction are enlarged and placed in the
upper left corner of the figure. The TPO of 6Mo/HMCM-
22 after 20 min time on stream presents a picture simi-
lar to that after 3 h: there is a low temperature peak at 694 K
due to a carbonaceous deposit associated with molyb-
denum species and a high-temperature peak associated
with Brdnsted sites which is a shoulder of the former.
Similar behavior has been observed in the water-formation
curve, indicating the existence of hydrogen in both the
molybdenum-associated and the aromatic carbonaceous
depositions. Here we cannot attribute the low-temperature
peak to carbidic carbon in Mo,C, because after 6 h time
on stream, Cggpeak/M0o>>1 and is far different from
the stoichiometry of Mo,C. However, EXAFS, XPS,
and XANES experiments (5-7, 24, 25) have shown that
molybdenum carbide is formed after the induction period.
TPO of the catalyst after 10 min time on stream shows
a dramatic change: there are also two oxidation peaks,
but the peak temperatures are totally different. The high-
temperature peak (694 K) has a peak center identical to the
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FIG. 4. TPO profiles (in 20 ml/min 10% O,/He mixture; heating rate,
8 K/min) of 6Mo/HMCM-22 catalysts with different times on stream
(3.75 ml/min methane flow). (upper left corner) The spectra after 10 and
20 min, enlarged. In enlargement, a distinct CO, peak at about 550 K can
be observed in the profile from 6Mo/HMCM-22 after the 10-min reaction.

low-temperature peak (molybdenum associated) in the
TPO profiles of the catalysts after a 20-min reaction,
whereas the other peak, which is not seen in the other TPO
profiles, appeared at around 550 K. It should be noted from
Fig. 3 that benzene formation had occurred beginning at
about 15 min after the temperature reached 973 K; conse-
quently some undesorbed aromatic (C,H,) could be left in
the zeolite channels. However, aromatic-type coke should
not be present in the TPO spectra before 15 min time on
stream. In fact, we did not observe this kind of coke in the
TPO of the catalyst after a 10-min reaction (there is no peak
with temperature higher than 694 K), strongly supporting
our assignment of the high-temperature peak: an aromatic-
type acid-related carbonaceous deposit. On the other hand,
a new peak at 550 K, which was not observed in other
TPO profiles, appeared. This is just the carbidic carbon in
molybdenum carbide (12). It is interesting to note that a
water-formation peak beginning from 520 K also appeared
in the TPO experiment of a catalyst after a 10-min reaction.
This fact reveals the existence of hydrogen in the molyb-
denum carbide. Oyama and coworkers (41) carried out a

265

TPD in He of a M0, C/A1,03 catalyst and found that some
methane was produced at 723 K, and the authors stated that
it may have been due to dissolved hydrogen or chemisorbed
hydrogen. We believe that a similar property of molybde-
num carbide accounts for the present observation.

Our previous work (9) shows that during the impregna-
tion and calcination process of Mo/zeolite catalyst part of
the molybdenum will diffuse into the lattice channel of zeo-
lite and anchor on the Brgnsted aluminum, whereas the oth-
ers remain on the external surface as molybdenum clusters;
this has been confirmed by ESR experiment. Thus, the ox-
idation peaks of two kinds of molybdenum carbide should
be observed in the TPO of a catalyst after a 10-min reaction:
one is from isolated Mo ions and the other is from molybde-
num particles at the external surface of the zeolite. We be-
lieve the external molybdenum carbide particles have prop-
erties similar to the bulk molybdenum carbide. It is clear
from Ref. (36) that the oxidation peak of bulk molybdenum
carbide is at 725 K, very similar to the peak temperature of
the high-temperature band in TPO of the catalyst after a
10-min reaction. Thus, it is reasonable to conclude that the
oxidation peak of an external molybdenum carbide parti-
cle (around 725 K) will overlap with that of molybdenum-
associated coke (around 700 K). The relatively large acti-
vation energy of the oxidation peak at around 710 K may
result from the fact that it is the combustion processes of
different kinds of carbonaceous species. After a longer time
on stream, molybdenum carbide (both of isolated Mo ions
and external Mo particles) would be covered by coke on its
surface, and the carbidic carbon may not be directly exposed
to oxygen. So although it is easily burnt off when there is
no coke covering, after molybdenum carbide is fully cov-
ered by coke its oxidation peak will be buried in that of the
coke covering its surface (molybdenum-associated coke).
Thus only one peak below 800 K can be observed in a TPO
profile. The calculated carbon content in 6Mo/HMCM-22
when all its molybdenum oxide is transformed to molybde-
num carbide would be 1.88 x 10~* mol/g (calculated from
the actual molybdenum content from elemental analysis),
while all the coke (carbidic and molybdenum associated)
in the catalyst after a 10-min reaction is 3.03 x 10~ mol/g,
indicating that not all the molybdenum oxide has changed
to molybdenum carbide at this time. For the catalyst af-
ter 30 min time on stream, the carbon of both the carbidic
and molybdenum-associated peaks is 2.0 x 10~* mol/g. The
carbon amount quickly increased and is 1.15 x 1073 mol/g
after a 1-h reaction, where we believe a multilayered car-
bonaceous deposit must have formed on the molybdenum
carbide surface. The peak temperature of the molybdenum-
associated coke gradually increases with times on stream
(from 694 to 758 K), indicating that the particle size of
this kind of coke grows bigger with time on stream (17).
A recent publication has also reported a three-peak struc-
ture in the TPO profiles of Mo/HZSM-5 catalysts (36), and
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FIG. 5. Variation of the different kinds of cokes with different times
on stream. ), Molybdenum-associated coke; B and A, low-temperature
and high-temperature aromatic-type cokes, respectively.

a relatively similar assignment was made to (i) carbidic
carbon in MoCyx, (ii) carbonaceous species within zeolite
channels near Mo species, and (iii) carbon deposits distant
from these Mo species. However, the authors did not indi-
cate which kind of coke is deposited on acid sites; thus it is
aromatic in nature.

The variation in the amount of different cokes with dif-
ferent times on stream is shown in Fig. 5. A similar trend
is shown by the three kinds of coke: they all increased with
time on stream and a comparatively sharp increase occurs
between 30 min and 1 h, implying that the coke deposition in
this period is unique. However, we cannot deduce the kind
of coke responsible for catalyst deactivation from this fig-
ure. The increase in carbonaceous deposits is in accordance
with the decrease of the BET surface areas of the catalyst
with time on stream, i.e., after a 6-h reaction, the surface
area of the catalyst decreased from around 400 to about
300 m?/g. It is the result of channel blockage originating
from the growing of the coke deposits (37). As determined
from knowledge of the channel system of MCM-22 (38),
the most likely location of channel blockage is the bot-
tleneck of the 12-MR system—10-ring windows between
the 12-ring supercages. Since molybdenum is located in the
12-MR system of MCM-22, (13) mainly in the supercages
and not in the 10-ring window connecting the supercages,
it is unlikely that a molybdenum-related coke would con-
tribute much to the blockage of the 12-MR system. Nev-
ertheless, the products (benzene, naphthalene, and other
bulk aromatics) formed in the supercages (12 ring) have to
pass the relatively smaller 10-ring window in their migra-
tion in and diffusion out of the channels, possibly leaving an
aromatic-type coke on the acid sites of these windows with
a significant role in the jamming of the zeolite channels.
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As determined from the above discussion, there are at
least three kinds of carbonaceous deposits on the catalysts:
carbidic carbons (in isolated Mo ions or in external Mo
particles), molybdenum-associated coke, and (possibly two
kinds of) aromatic-type cokes on acid sites. While there
is no benzene formation, the aromatic-type coke deposi-
tion associated with Brgnsted acid sites does not occur, and
carbidic carbon dominates the TPO spectrum. With longer
reactions, coking on the acid sites occurs, and at the same
time, molybdenum carbide gets covered with carbonaceous
deposits which mask the carbidic carbon peak in TPO pro-
files. The longer the reaction time, the thicker the layer on
the molybdenum carbide (cf. the increase in the area of the
peak around 700 K in Fig. 4 with time on stream). However,
a continual methane consumption is still observed, which
has been reported in our previous paper as a special fea-
ture that molybdenum/molybdenum carbide catalysts pos-
sess (11). One of the reasons for deactivation of the catalyst
is believed to be channel blockage by aromatic-type coke
on Brgnsted acid sites, which makes diffusion and migration
of molecules difficult.

TP Hydrogenation and Subsequent TPO

After 6 Mo/HMCM-22 underwent a methane aromatiza-
tion reaction for 3 h, the catalyst was cooled quickly to room
temperature in a methane flow. It was flushed by hydrogen
at RT for 1 h; then a TPH experiment was begun, with heat-
ing from 293 to 1095 K at a heating rate of 5 K/min and keep-
ing it at 1095 K for 30 min. Figure 6 shows the CHy4, C,Ha,

TPH
CH4 1095 K
snawnrex GOH4
C6H6 (magnified)
i)
P ,c" i S SO
A s e e
i 3 i i i
400 600 800 1000 1095

Temperature (K)

FIG. 6. TPH profiles of 6Mo/HMCM-22 after 3 h time on stream.
After methane aromatization (973 K; methane flow rate, 3.75 ml/min)
for 3 h, the catalyst was quickly cooled to RT and flushed with pure H,
(15 ml/min) at RT for 1 h. The temperature was then raised from 293 to
1095 K at a heating rate of 5 K/min and kept at 1095 K for 30 min. The
amount of benzene is extremely small, and the curve has been magnified
many times.
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and benzene responses obtained during TPH. Most of the
cokes are transformed into methane during TPH, starting
atabout 700 K and with a peak maximum at 1047 K. A small
amount of ethene formation is observed at relatively higher
temperatures, but the peak maximum was not obtained be-
cause of the cessation of the temperature increase. Mean-
while, a trace amount of benzene formation was observed.
This benzene may be due to its strong adsorption during the
reaction or hydrogenation of CH, deposited on the catalyst
surface, as reported on other catalysts (39). Direct desorp-
tion in He after reaction was performed to rule out the first
possibility. Although there was some benzene desorption,
it was different from the line shape observed in TPH; but
admittedly there are experimental difficulties with the mass
spectrometer because of such low signal intensity. The dif-
ferences in the peak centers and shapes of methane and
ethene formation during temperature-programmed hydro-
genation suggest that they are from two different mecha-
nisms and may be from two different kinds of cokes. The
TPH features of 6Mo/HMCM-22 catalysts with different
times on stream are similar, with increasing peak intensity
of methane and ethene with reaction time.

Figure 7 shows the TPO profiles of 6Mo/HMCM-22,
2Mo/HMCM-22, and 10Mo/HMCM-22 after different re-
action times and a consequent TPH (this kind of TPO
is termed HTPO). After hydrogenation, only 20% coke
remained on 6Mo/HMCM-22 (after a 30-min reaction)
as compared with the nonhydrogenated case. Both the
molybdenum-associated and aromatic-type cokes were
much decreased, whereas a new peak appeared at about
570 K. It is interesting to note that this peak also appears in
the HTPO of 6Mo/HMCM-22 after longer reaction times
and the HTPO of 10Mo/HMCM-22. In the latter case, the
peak areais larger (by two times) than that of 6Mo/HMCM-
22, whereas no peak was seen in the HTPO spectra of the
low-molybdenum-content catalyst (2Mo/HMCM-22, which
contains 1.1% molybdenum according to elemental analy-
sis). This peak maximum is similar to the first peak dur-
ing TPO of 6Mo/HMCM-22 after 10 min time on stream
(see Fig. 4) and it does not appear in the TPO profile of
6Mo/HMCM-22 catalysts after a 30-min reaction. These
observations suggest that this peak is directly related to
molybdenum and, in fact, is from the carbidic carbon in
molybdenum carbide. Although molybdenum carbide is
covered by molybdenum-associated coke after 30 min time
on stream, the carbonaceous deposits on its surface will be
removed after hydrogenation, leading to the appearance
of the carbidic carbon peak in HTPO experiments, again
affirming our assumption of the carbidic carbon peak. For
these HTPO experiments, the formation of water presents
a broad band ranging from 400 to about 1000 K. This broad
band may result from the overlap of the oxidation of hy-
drogen in the carbonaceous depositions and that of the
hydrogen chemisorbed during just-finished hydrogenation
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(there may have been different kinds of chemisorbed hy-
drogen), since it is suggested the molybdenum carbide is
novel-metal-alike; thus is easy to absorb hydrogen. The
HTPO profile of 2Mo/HMCM-22 after a 3-h reaction is
interesting in that more than half of the cokes remained on
the surface of the catalyst after hydrogenation. It is not dif-
ficult to explain: since molybdenum preferentially occupies
the strongest acid sites of the zeolite, as has been verified
by our NH3-TPD (10) and pyridine-IR experiments (13),
2Mo/HMCM-22 catalyst will have the strongest acidity with
respect to the other two catalysts. The stronger the acid-
ity of the acid site is, the tighter the aromatic coke bonds
to them. Thus, it makes hydrogenation of the aromatic
carbonaceous depositions of the 2Mo/HMCM-22 cata-
lyst more difficult compared with those of the other two
catalysts. TPO and HTPO of 6Mo/HMCM-22 after a 6-h re-
action are also shown in Fig. 7 (upper right corner). Besides
the appearance of a tiny peak assigned to carbidic carbon at
573 K due to the removal of some molybdenum-associated
coke (about 60% is removed in TPH), a sharp decrease in
aromatic-type coke (about 90% is removed) is observed.
Table 1 shows that after this kind of TPH, the activity of
this catalyst is nearly fully restored. Some loss is probably
due to the sublimation of molybdenum during these treat-
ments. Therefore, the aromatic-type coke is suggested to be
the key factor that leads to catalyst deactivation, since most
of this kind of coke had been cleaned off and activity re-
generated after TPH treatment. This is in good agreement
with the large increase in catalyst stability with the addition
of a small amount of CO to the reactant (pure methane)
(21, 40). Under such situations, the irreversible coke (high-
temperature peak) is greatly suppressed while the amount
of Mo, C-related coke is almost unchanged, which proves
that these irreversible cokes are responsible for the short
lifetime of the catalysts (22). On the other hand, it is less
possible that molybdenum-associated coke is the species
responsible for deactivation because, as mentioned several
times, the formation of multilayered carbonaceous deposits
on the molybdenum carbide surface does not hinder the
activation of methane (11, 41), and the multilayered coke
on the Mo center still exists after TPH and the restoration
of catalyst activity. The mechanism for the deactivation of
catalyst by aromatic-type coke has two aspects: site occu-
pation and channel blockage. As shown by in situ proton
NMR spectroscopy (42), the Brgnsted acid site will react
with the aromatics that stay on the zeolite surface (in TPO
experiments, this is also a kind of carbonaceous deposits),
leading to the disappearance of the 3.7 ppm peak in 'H
NMR spectra. If the charged species (such as CXHyH“)
can transform or leave the catalyst surface quickly and thus
release the Brgnsted proton, then the Brgnsted proton will
have the possibility of taking part in the transformation of
new species, constituting a catalytic cycle. However when
these carbonaceous species do not leave the Brgnsted site,
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FIG.7. TPO profiles of various catalysts before (thick line) and after (this line) TPH treatment (HTPO). The four curves are drawn to different
scales. The hours of time on stream have been marked with a vertical line. For HTPO, the used catalysts first underwent a TPH treatment (with
experimental conditions identical to that in Fig. 6), then were quenched in a H, flow to RT and swept by a pure He flow at the same temperature for
5 min. After further sweeping by a 10% O,/He mixture (20 ml/min) at RT for 1 h, the HTPO experiments were begun from 303 to 1023 K with a heating
rate of 8 K/min. The thin solid lines are the water production curves in HTPO experiments.



CARBON DEPOSITION DURING METHANE AROMATIZATION

the Brgnsted proton associated with them is unavailable for
the transformation of new intermediates. Also, with further
reaction, these irreversible cokes age and their sizes grow
bigger, resulting in channel blockage and hence a decrease
in the BET surface area of the catalysts, as discussed in the
previous sections. Both these factors eventually lead to the
deactivation of catalysts.

In summary, the types and amounts of carbonaceous de-
posits on the catalysts for methane aromatization is gov-
erned by the presence of different catalyst components and
the relative amounts of these components. A totally dif-
ferent TPO profile can be seen when the ratio between the
molybdenum species and the Brgnsted acid sites is changed
over a large range. The catalyst with the highest coke con-
tent is not the one with the worst catalytic performances. At
least three kinds of carbonaceous deposits were observed
in the oxidation of used 6Mo/HMCM-22 catalysts. They are
carbidic carbon in molybdenum carbide (both from internal
Moion and external Mo particles), molybdenum-associated
coke, and (possibly) two aromatic-type cokes on acid sites.
With time on stream, molybdenum carbide gets covered
by molybdenum-associated coke, and the easily burned-off
carbidic carbon is no longer visible in the TPO profiles.
The content of molybdenum-associated coke grows bigger
with reaction and reached C/Mo =9 after a 6-h reaction. A
comparison of TPO and HTPO profiles of 6 Mo/HMCM-22
after 6 h time on stream suggests that most of the aromatic-
type cokes and part of the molybdenum-associated coke
can be transformed into methane or ethene in TPH exper-
iments. The activity of hydrogenated catalyst is nearly fully
restored, which suggests that the aromatic-type cokes may
be responsible for the deactivation of the catalyst.
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