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Abstract

TEOS as the exotic silicon source was used to modify HZSM-5 zeolite by chemical vapor deposition (CVD) in a vapor phase flow
system. Mo/HZSM-5 catalysts prepared by using silicon-modified zeolite showed higher activity and stability than those prepared by using
non-modified HZSM-5 zeolite in methane dehydro-aromatization (MDA) under non-oxidative conditions. The effect of silanation on the acid
sites and the interaction between the Mo species and the acid sites have been studied by using FT-IR, NH3-TPD and1H MAS NMR. The exotic
silicon species not only selectively covered and eliminated almost all of the Brönsted acid sites on the external surface of HZSM-5 zeolite,
but also affected the internal Brönsted acid sites, which are close to the channel openings. This results in an obvious decrease in the number
of Brönsted acid sites per unit cell. In the MDA reaction, the Brönsted acid sites provided active sites not only for the polymerization and
aromatization of the active intermedia, but also for the formation of carbonaceous deposits, which is a crucial factor leading to the deactivation
of Mo/HZSM-5 catalyst. Only a small fraction of Brönsted acid sites, ca. 0.6 per unit cell, was required to accomplish the aromatization, and the
superfluous free Brönsted acid sites would cause severe carbonaceous deposits under non-oxidative condition at a temperature as high as 973 K.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

A good catalytic performance is achieved over Mo-modified
HZSM-5 catalyst in the direct conversion of methane into
aromatics such as benzene and toluene under non-oxidative
conditions[1–5]. This reaction has received considerable
attention since 1993. Many transition metals and different
zeolites have been tested in an attempt to find a better cata-
lyst [6–14]. However, up to now, the Mo/HZSM-5 catalyst
is the best one among the tested catalysts at 973 K with the
space velocity of methane around 1500 ml/g h[15].

It is generally accepted that the Mo oxide species are
well dispersed on/in the HZSM-5 zeolite after calcination,
and are reduced by methane in the initial period to form
molybdenum carbide species, which are responsible for
methane activation and the formation of C2Hy species (y <

4) [1,16,17]. Moreover, the outstanding selectivity to ben-
zene on Mo/HZSM-5 catalyst in this reaction is due to the
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unique channel structure of HZSM-5 with pore windows of
0.53 nm× 0.56 nm, close to the kinetic diameter of benzene.
The zeolite channels play crucial roles in restraining the
side reactions and controlling the product distribution[14].

The effect of the Brönsted acid sites of HZSM-5 zeo-
lite on the catalytic performance of Mo/HZSM-5 catalyst
has been well investigated. Ichikawa and coworkers reported
that the catalytic performance of 3% Mo/HZSM-5 catalysts
prepared using HZSM-5 zeolites with different SiO2/Al2O3
ratios in MDA depended substantially on the Brönsted acid-
ity of HZSM-5 zeolite, but had no any relationship with the
Lewis acidity [18]. The Brönsted acid sites also play key
role in the formation of carbonaceous deposits[19–23].

The location of Mo carbide species now has been speci-
fied. Iglesia and coworkers suggested that most of the MoCx

species should be resided in the channels[24–29]. This opin-
ion has been further demonstrated with1H MAS NMR mea-
surements on the Mo/HZSM-5 catalysts prepared by impreg-
nation by Bao and coworkers[30]. Especially, as pointed
out by Iglesia and coworkers that Mo species anchored on
the external Brönsted acid sites were fully accessible to
all molecules and had no protection against secondary re-
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actions because of its catalytic behaviors of non-shape se-
lective manners. Therefore, the appropriate pretreatment of
HZSM-5 zeolite to selectively cover a part of the external
surface is of importance to obtain a significant improve-
ment in the selectivity to one-ring aromatics and an effec-
tive decrease in the formation of carbonaceous deposits on
the Mo/HZSM-5 catalysts. Iglesia and coworkers reported
that selective silanation of external acid sites with chemical
liquid deposition on HZSM-5 by using large organosilane
molecules could decrease the content of acid sites as well
as the number of MoOx species retained at the external sur-
face, which was regarded as a key factor for coke forma-
tion during MDA. The formation rate of hydrocarbons on a
4% Mo/silica-modified HZSM-5 increased by about 30% in
comparison with that on a 4Mo/HZSM-5[31].

Silanation is one of the methods widely used to modify
the OH groups on the external surface of zeolite. Many pro-
cedures of silanation on zeolite surface were suggested such
as chemical vapor deposition (CVD) in a static vacuum sys-
tem or in a vapor phase flow system and chemical liquid de-
position (CLD). The deposition agents used as silicon source
were usually bulky and silicon-containing compounds such
as SiCl4, tetramethoxysilane (TMOS) and tetraethoxysilane
(TEOS), with corresponding kinetic molecular diameters of
0.71, 0.89 and 0.96 nm, respectively[32–35]. In the present
work, the effect of silanation in HZSM-5 zeolite with TEOS
by CVD on the catalytic performances of the Mo/HZSM-5
catalyst in the reaction of MDA was evaluated, and different
techniques were applied to characterize the physical struc-
ture and chemical nature of the Mo-based silicon-modified
HZSM-5 catalyst.

2. Experimental

2.1. Silanation method

The HZSM-5 zeolite with a SiO2/Al2O3 ratio of 50 was
supplied by Nankai University (Tianjin, China). The chemi-
cal vapor deposition (CVD) of tetraethoxysilane (TEOS) was
carried out in a quartz tube. First, the original HZSM-5 was
calcined at 773 K for 2 h to remove the water adsorbed on the
zeolite. After the sample was cooled to 298 K, a stream of
helium saturated with Si(OC2H5)4 was switched to the tube.
The silanation procedure was lasted for 8 h. The sample was
subsequently calcined in air at 773 K for 8 h in order to de-
compose the organosilane precursors. To obtain appropriate
level of SiO2 deposition, the deposition–calcination cycles
were repeated three times. The silicon-modified HZSM-5
zeolite is denoted as HZSM-5(Si), while the original zeolite
is denoted as HZSM-5(O).

2.2. Catalyst preparation

The Mo/HZSM-5 catalysts with a Mo loading of 6 wt.%
were prepared by impregnation method. In brief, HZSM-5

powders were impregnated with aqueous solutions contain-
ing a given amount of ammonia heptamolybdate (AHM),
and then were dried at room temperature for 12 h. After
further dried at 393 K for 2 h, the samples were calcined
in air at 773 K for 6 h. The catalysts prepared by using
HZSM-5(O) or HZSM-5(Si) as parent zeolites are denoted
as 6Mo/HZSM-5(O) and 6Mo/HZSM-5(Si), respectively.

2.3. Catalytic evaluation

Catalyst evaluation was carried out in a fixed-bed reactor
at 973 K and atmospheric pressure. Briefly, ca. 0.5 g of the
catalyst was charged into a 10.0 mm i.d. quartz tubular reac-
tor. Catalytic reactions were usually performed at 973 K at a
space velocity of 1500 ml/gcath. On-line analysis of the ef-
fluent was performed with a Varian Star CP-3800 gas chro-
matograph using the Varian Star 5.5 data handling software.
An amount of 10% N2 was added to the methane feed as
an internal standard. The methane conversion, selectivity of
products and coke formation could be evaluated according
to the carbon mass balance.

2.4. Catalyst characterization

Surface areas and micropore volumes of the samples
were measured with the BET method on a Micromeritics
ASAP-2000 instrument, based on adsorption isotherms at
77 K, and using 0.162 nm2 for the cross-sectional area of
the nitrogen molecules.

FT-IR spectra were recorded at room temperature on a
Fourier transform infrared spectrometer (Nicolet Impact
410. The samples were diluted with KBr (ca. 1 wt.% of the
samples used) and pressed into wafers.

X-ray diffraction (XRD) patterns were obtained in air on
a Rigaku 200B diffractometer using Cu K� radiation (λ
= 1.5418 Å) at room temperature, with instrumental settings
of 40 kV and 50 mA. The relative crystallinities of the sam-
ples were calculated based on the intensity of the peaks of
angle 2θ = 22–25◦ in the XRD pattern[36].

X-ray Fluorescence spectroscopy (XRF) experiments
were performed on a Philips MagiX X-ray Fluorescence
spectrometer.

1H MAS NMR experiments were carried out at
400.1 MHz on a Bruker DRX-400 spectrometer with BBI
MAS probe and using 4 mm ZrO2 rotors. Prior to the ex-
periments, the samples were first dehydrated at 673 K for
20 h on a homemade apparatus for removing the water
adsorbed, and then were put into the NMR rotors for mea-
surement without exposing to air. Each sample was spun at
8 kHz and 200 scans were accumulated for each spectrum.
The chemical shifts were referenced to a saturated aqueous
solution of 4,4-dimethyl-4-silapentane sulfonate sodium
(DSS). The number of Brönsted acid sites per unit cell in
the parent zeolite was calculated from the corresponding
unit cell composition. The number of Brönsted acid sites
per unit cell of the Mo/HZSM-5 catalysts after calcinations
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was estimated by comparing the peak areas of the1H MAS
NMR spectra with the corresponding parent zeolite.

The temperature-programmed desorption of ammonia
(NH3-TPD) was performed to determine the acidity of dif-
ferent samples. The sample (0.2 g) was first flushed with He
at 873 K for 30 min, then cooled to 423 K and saturated with
NH3. After NH3 exposure, the sample was He-purged until
equilibrium, and then heated from 423 to 923 K at a heating
rate of 10 K/min. A Quantachrome CHEMBET-3000 in-
strument was employed to monitor the amount of ammonia
in the effluent.

2.5. Characterization of carbonaceous deposits: TGA and
TPO

TGA profiles were recorded on a Perkin-Elmer TG 1700
instrument. The used catalyst of ca. 0.02 g was heated in an
air stream (30 ml/min) from 313 to 1023 K at a heating rate
of 10 K/min.

The temperature-programmed oxidation (TPO) study was
carried out in a U-shaped quartz tubular micro-flow reactor.
The used catalyst of 0.1 g was heated in a He stream to
remove the adsorbed water and flushed with the mixture
stream of 10% O2/He (30 ml/min) at room temperature for
1 h. Then, TPO was conducted from room temperature to
1073 K in a mixture stream at a heating rate of 20 K/min. The
products were detected and analyzed by a Balzers QMS-200
on-line multi-channel quadruple mass spectrometer. During
the temperature ramp, the evolved species were monitored at
m/e = 28(CO), 32(O2) and 44(CO2), respectively. The data
from TGA and TPO were calculated and analyzed in the
same methods as described in our previous paper[21,37].
Briefly, data atm/e = 28 originally recorded was corrected
by subtracting the contribution from the CO2 signal to get the
data of CO. Then the data of CO multiplied by its respective
response parameter was added to that of CO2 to get the data
of total carbon oxides.

3. Results and discussion

3.1. IR, BET, XRF and XRD results

The effects of silanation on the framework structure of
HZSM-5 zeolite and the corresponding Mo/HZSM-5 cat-
alyst were characterized by infrared spectroscopy and the
IR absorbance spectra are illustrated inFig. 1. The absorp-
tion bands at 1226, 1100, 795, 547, 453 cm−1 are con-
sidered as the characteristic signals for framework vibra-
tion of HZSM-5 zeolite. Especially, the band at 1226 cm−1

is sensitive to the ratio of framework Si/Al and the de-
crease of framework Al species can lead to a shift of this
signal to a higher frequency, as reported in[38]. Accord-
ing to the IR spectra recorded from the HZSM-5(O) ze-
olite and the 6Mo/HZSM-5(O) catalyst, the fundamental

Fig. 1. FT-IR spectra of silicon-modified and unmodified HZSM-5 zeolites,
as well as their 6 wt.% Mo/HZSM-5 catalysts.

framework structure and bulk Si/Al ratio of the zeolite are
hardly affected by the loading of Mo species. On the other
hand, all the structure-sensitive bands in the spectrum of
the HZSM-5(Si) and 6Mo/HZSM-5(Si) samples are simi-
lar to those of HZSM-5(O), suggesting that the exotic sili-
con species did not severely destroy the basic structure of
HZSM-5.

The surface areas and micropore volumes of the samples
are listed inTable 1. The silanation in HZSM-5 zeolite led to
a decrease in both the BET surface areas and micropore vol-
umes. O’Connor and coworkers investigated the acidity of
HZSM-5 zeolite modified with silanation by CVD or CLD
of TEOS[32]. The authors claimed that the total acidity of
the sample treated by CVD decreased significantly based
on their pyridine-TPD measurements. Meanwhile, the diffu-
sional properties of the silicon-modified HZSM-5 were quite
different from those of non-modified zeolite. They consid-
ered this phenomenon as a result of the replacement of par-
tial acid sites located near the openings by the exotic silicon
species to narrow or block the pores. A decrease in BET
surface area and in micropore volume of HZSM-5 zeolite
shows that the blockage of zeolite channels occurred in the
process of silicon modification. It is not surprising that the
introduction of Mo species on HZSM-5 zeolite could also
result in a slight blockage of zeolite channels, owing to the
migration of Mo species into the channels of zeolite.

The XRD patterns of HZSM-5(Si) was similar to that
of HZSM-5(O). There were only peaks characteristic for
HZSM-5 and no any new characteristic signals appeared in
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Table 1
Numerical results of BET, XRF and XRD measurements

Sample Surface areaa

(m2/g)
Micropore
volumea (cc/g)

Mo containingb

(wt.%)
Mo/Si in
bulkb

Si/Al in
bulkb

Relative
crystallinityc (%)

HZSM-5 (o) 342 0.17 – – 23.4 100
Mo/HZSM-5 (o) 281 0.15 5.68 0.04 23.1 82
HZSM-5 (s) 312 0.16 – – 23.3 88
Mo/HZSM-5 (s) 255 0.14 5.46 0.04 23.2 81

a Based on the date of BET measurement.
b Based on the XRF results.
c Based on the XRD data.

the pattern of the HZSM-5(Si) zeolite, revealing that the ex-
otic silicon species were well dispersed on the surface of
HZSM-5. At the same time, the signals corresponding to
Mo species could not be observed in the patterns of these
two 6Mo/HZSM-5 catalysts, indicating that the molybde-
num species were highly dispersed. Moreover, the relative
crystallinity of the HZSM-5(Si) zeolite decreased to 88%
of that of the HZSM-5(O) sample. Obviously, the introduc-
tion of the exotic silicon species on HZSM-5 could cause a
partial destruction of the zeolite framework structure.

3.2. NH3-TPD and 1H MAS NMR results

The NH3-TPD profiles of HZSM-5 zeolites and
6Mo/HZSM-5 catalysts are shown inFig. 2. By deconvolut-
ing, the original spectrum of HZSM-5(O) sample exhibited
three different peaks at about 556, 659 and 759 K, respec-
tively (in Fig. 2(a)). It is generally accepted that, the peak at
low temperature (556 K) is associated with the physisorbed
ammonia[39], while the one at 759 K has been attributed
to the ammonia adsorbed on the strong acid sites[40–42].
The adscription of the peak at moderate temperature in the
NH3-TPD profiles is still uncertain. It is assigned to the
desorbed ammonia on extra-framework Al[43] or Si–OH
[44]. It is also possible to attribute it to the ammonia ad-
sorbed on the medium acid sites, which are created by
the interaction between Mo species and the Brönsted acid
sites. The peak areas, which corresponding to the amounts
of various acid sites, can be estimated and the results are
listed in Table 2. As expected the loading of 6 wt.% Mo
species led to a decrease in the total amount of desorbed
ammonia. Both the areas of the high and low temperature
peaks in the NH3-TPD profile of 6Mo/HZSM-5 decreases
to ca. 70% of those of the HZSM-5 samples, indicating that

Table 2
Peak temperatures and areas of NH3-TPD profiles

Sample Peak temperature (K) Peak area (a.u.)

T1 T2 T3 A1 A2 A3

HZSM-5 (o) 556 659 759 518 159 510
Mo/HZSM-5 (o) 550 629 757 361 372 371
HZSM-5 (s) 544 624 735 256 125 248
Mo/HZSM-5 (s) 550 626 745 259 139 173

a number of strong (mainly Brönsted acid sites) and weak
acid sites on the catalyst are covered by the Mo species. On
the other hand, the peak area at the moderate temperature
increased evidently after the loading of Mo species, and
the peak temperature shifted from 659 to 629 K. Probably,
the increase was related with the interaction between Mo
species and the acid sites of HZSM-5 zeolite.

The effect of silanation on the acidity of HZSM-5 zeolite
was rather evident. All three peaks in the NH3-TPD profile
of HZSM-5(Si) are smaller than the corresponding peaks in
the profile of HZSM-5(O) as demonstrated inFig. 2(c). The

Fig. 2. NH3-TPD profiles of silicon-modified and unmodified HZSM-5
zeolites, as well as their 6 wt.% Mo/HZSM-5 catalysts.
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Fig. 3. 1H spin-echo MAS NMR spectra of silicon-modified and unmodified HZSM-5 zeolites, as well as their 6 wt.% Mo/HZSM-5 catalysts: (a) for
HZSM-5 (o); (b) for Mo/HZSM-5 (o); (c) for HZSM-5 (s); (d) for Mo/HZSM-5 (s).

amount of physisorbed ammonia on HZSM-5(Si) decreased
to 49% of that on HZSM-5(O) sample, and the ammonia ad-
sorbed on strong acidic hydroxyl groups decreased to 48%.
At the same time, the area at moderate temperature had a
slight reduction from 159 to 125. The results give evidence
that more than half of the strong acid sites of the HZSM-5(O)
zeolite were covered by the exotic silicon species. In ad-
dition, the introduction of Mo species on the HZSM-5(Si)
resulted in a further decrease in the strong acid sites from
48% to 34%.

In order to obtain more information about the effect of the
exotic silicon species on the acid sites of the HZSM-5 zeolite
and Mo/HZSM-5 catalyst,1H MAS NMR was performed.
The1H MAS NMR spectra of HZSM-5 zeolites before and
after silicon modification as well as their Mo-containing
catalysts are shown inFig. 3.

As previously reported[45–50], the typical 1H MAS
NMR spectrum of dehydrated HZSM-5 zeolite without
any modification after deconvolution usually exhibited five
characteristic resonance peaks. The high-field signal with a
chemical shift of 1.7 ppm is due to external Si–OH groups,
the peak atδ = 2.4 ppm is attributed to the extra-framework
Al–OH as described in[47,48]. The other two low-field
peaks atδ =3.8 and 6.0 ppm are attributed to Brönsted
acid sites, the former is associated with the bridging OH
groups in the form of≡Al–OH–Si≡, and the latter is at-
tributed to the Brönsted acid sites affected by additional
electrostatic interaction of the oxygen atoms in the zeolite
framework[45–50]. In addition, the peak with a chemical

shift of 4.7 ppm is associated with trace water molecules
located in the zeolite cages[51]. The variation in the num-
ber of different kinds of hydroxyl groups per unit cell on
the HZSM-5 zeolite before and after silanation and the
corresponding 6Mo/HZSM-5 catalysts are listed inTable 3.
By comparing theFig. 3(b) with (a), it is obvious that the
introduction of Mo species caused a significant decrease in
the total1H signals intensity. The change in the number of
Brönsted acid sites was the most evident, decreasing from
3.70 to 1.12 per u.c. At the same time, the intensities of the
signals atδ = 1.7 and 2.4 ppm also displayed a significant
reduction. These results give evidence that the introduction
of Mo species will affect all kinds of hydroxyl groups on
the surface of HZSM-5 zeolite. Moreover, the signals atδ

= 3.8 and 6.0 ppm in the1H MAS NMR spectrum of the
HZSM-5(Si) zeolite were much weaker than those in the
spectrum of the HZSM-5(O) one.

Both of the NH3-TPD and1H MAS NMR results indicate
that more than half of the proton acidity was passivated
during the procedure of silanation, revealing that the exotic
silicon species not only can cover on the Brönsted acid sites
located on the external surface of the HZSM-5 zeolite and
passivate these acid site, but also can replace a number of
acid sites located at the openings of channels to result in
a significant decrease of proton acid sites, as suggested in
[32].

The effect of silanation on the terminal Si–OH groups
of HZSM-5 zeolite was also obvious, and the amount of
this kind of hydroxyls decreased from 0.49 to 0.23 per unit
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Table 3
Numerical results of1H MAS NMR experiments on HZSM-5 zeolite and Mo/HZSM-5 catalysts

Sample Number of hydroxyls per unit cell Number of B acid
site per u.c.a

B2 (6.0) Water (4.7) B1 (3.8) Al–OH (2.3) Si–OH (1.7)

HZSM-5 (o) 1.78 1.68 1.92 0.45 0.49 3.70
Mo/HZSM-5 (o) 0.49 0.21 0.63 0.20 0.07 1.12
HZSM-5 (s) 0.84 0.35 0.59 0.58 0.23 1.43
Mo/HZSM-5 (s) 0.30 0.14 0.31 0.24 0.05 0.61

a The number of Brönsted acid sites per unit cell= B1 + B2.

cell. Evidently, the exotic silicon species not only deposited
on Brönsted acid sites, but also covered a part of Si–OH
groups of HZSM-5. On the other hand, the signal with a
chemical shift of 2.4 ppm increased significantly in the1H
MAS NMR spectrum of HZSM-5(Si) zeolite, compared with
HZSM-5(O) sample. The result of1H MAS NMR indicates
that, a portion of framework Al species on HZSM-5 zeo-
lite was extracted to form extra-framework Al during the
processes of chemical vapor deposition and the succeed-
ing calcination. The loading of Mo species on HZSM-5(Si)
caused a further reduction in the number of proton acid
sites, from 1.43 to 0.61 per unit cell. Obviously, the Brön-
sted acid sites eliminated by Mo species (0.82 per unit cell)
were in the channels of HZSM-5(Si) zeolite, since the Brön-
sted acid sites located on the external surface had been cov-
ered by the exotic silicon species before the introduction of
the Mo species. However, the decrement of Brönsted acid
sites was much larger when the Mo species was introduced
on HZSM-5(O) zeolite. It is suggested that there is much
more Mo species associated with Brönsted acid sites on
Mo/HZSM-5(O) than on Mo/HZSM-5(Si). However, in the
latter case the Mo species are mainly located in the channels
of HZSM-5 zeolite, while in the former case the Mo species
are resided on the external surface and in the channels.

3.3. Effect of silanation on the catalytic behavior of the
Mo/HZSM-5 catalyst in MDA

The catalytic performance of the MDA on the 6Mo/
HZSM-5(Si) catalyst at 973 K and 1500 ml/gcath was much
better than that on the 6Mo/HZSM-5(O) catalyst, and the
results are shown inFig. 4. As illustrated, the rate of
methane conversion over 6Mo/HZSM-5(O) decreased from
2.7 to 0.8�mol/gcats after running the reaction for 24 h.
However, on the 6Mo/HZSM-5(Si) catalyst, the depletion
rate of methane maintained at 1.4�mol/gcats after 24 h on
stream. The semi-logarithmic plot of the rate of methane
conversion on these two catalysts are shown inFig. 5(A).
The first-order deactivation rate constant, based on the
data of methane depletion, was prominently smaller on the
6Mo/HZSM-5(Si) catalyst (0.43× 10−5 s−1) than on the
6Mo/HZSM-5(O) catalyst (1.1× 10−5 s−1). In the same
way, the formation of one-ring hydrocarbon (including ben-
zene, toluene and xylene) over the 6Mo/HZSM-5(Si) was
much more stable than on the on the 6Mo/HZSM-5(O)

catalyst. On the 6Mo/HZSM-5(Si) catalyst, the BTX (dom-
inatingly benzene) formation rate decreased from the high-
est point (1.6�mol/gcats) to 1.2�mol/gcats after 24 h on
stream with a deactivation rate constant of 0.35× 10−5 s−1.

Fig. 4. Catalytic performances of the Mo/HZSM-5 (o) and
Mo/HZSM-5(Si) catalysts: (�) for methane conversion; (�) for BTX
formation; (�) for coke formation; (�) for naphthalene formation; (�)
for ethylene formation.
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Fig. 5. Rates of methane conversion and BTX formation over Mo/HZSM-5
catalysts prepared using the silicon-modified zeolite and unmodified
HZSM-5 zeolites. (the values ofkd are calculated from the slope of
semilogarithmic plot).

However, the deactivation rate constant increased to 1.2×
10−5 s−1 on the 6Mo/HZSM-5(O) as shown inFig. 5(B).

As indicated in1H MAS NMR experiments, the number
of Brönsted acid sites per unit cell is about 1.12 was retained
on the 6Mo/HZSM-5(O) catalyst, and the number of Brön-
sted acid sites per unit cell was 0.61 on the 6Mo/HZSM-5(Si)
catalyst. However, the latter catalyst exhibited a higher sta-
bility in the reaction of MDA than the former one, and the
formation of carbonaceous deposits was suppressed over the
6Mo/HZSM-5(Si) catalyst, which, as indicated, with less
Brönsted acid sites. This implies that the number of Brön-
sted acid sites per unit cell needed in the oligmerization,
cyclization and aromatization of the active intermediates is
quite small. If there were too many Brönsted acid sites in
the channels, the formation rate of carbonaceous deposits
will be accelerated as reported in our previous work[37].

Therefore the catalyst will be deactivated very quickly. The
exotic silicon species not only eliminated the external Brön-
sted acid sites to suppress the non-shape selective reactions,
but also covered some excess Brönsted acid sites located on
the mouths of the zeolite channels. Profiting from the sili-
con modification, the 6Mo/HZSM-5(Si) catalyst exhibited a
higher selectivity to one-ring aromatics and a better stability
in the reaction of MDA than the Mo/HZSM-5(O)catalyst.

Furthermore, the results of catalytic evaluation indicated
that more naphthalene, but less ethylene, formed over the
6Mo/HZSM-5(Si) than on the 6Mo/HZSM-5(O) catalyst.
This results imply that the formation of naphthalene and
benzene need the same active sites and, perhaps, through the
same reaction pathway.

3.4. Characterization of the coke formed during the
reaction

Fig. 6(A) and (B)shows the TPO profiles (after correc-
tion) of the used 6Mo/HZSM-5 catalysts after running the
reaction for 10 and 24 h, respectively. The profiles of total
carbon oxides were deconvoluted, and the peak tempera-
tures as well as the corresponding amounts of the carbona-
ceous deposits species burnt-off at different temperature are
listed in Table 4. It is evident that the profiles of both the
coked 6Mo/HZSM-5(O) and 6Mo/HZSM-5(Si) catalyst af-
ter running the reaction for 10 h show two peaks at the
peak temperatures of 741 and 816 K (seeFig. 6(A)). The
amount of the coke formed on the 6Mo/HZSM-5(Si) was
much less than on the 6Mo/HZSM-5(O) catalyst, especially
the coke burnt at high temperature. The amount of this kind
of coke was 19.3 mg/gcat. On the 6Mo/HZSM-5(O) cata-
lyst, but only 6.1 mg/gcat. On the Mo/HZSM-5(Si) catalyst.
With the increase in time on stream, the carbon species de-
posited increased, either on the 6Mo/HZSM-5(O) catalyst
or on the 6Mo/HZSM-5(Si). However, the increase of the
coke on the 6Mo/HZSM-5(Si) was not as so obviously as
on the 6Mo/HZSM-5(O). After 24 h on stream the amount
of the coke formed on the 6Mo/HZSM-5(O) catalyst was
about as three times as that on the 6Mo/HZSM-5(Si) cat-
alyst. The formation of coke burnt at a high temperature
was obviously prevented on the 6Mo/HZSM-5(Si) catalyst
as shown inFig. 6.

The carbonaceous deposits burnt at high temperature were
mainly formed on the Brönsted acid sites and were respon-
sible for the gradual deactivation of the catalyst. While the
coke burnt at a low temperature was primarily deposited
on the Mo species. The deactivation of Mo/HZSM-5 cat-
alyst is basically independent of the latter kind of carbon
species[21,23]. The amount of Brönsted acid sites remained
on the surface of 6Mo/HZSM-5(Si) is much less than that
on 6Mo/HZSM-5(O), as demonstrated by NH3-TPD and1H
MAS NMR experiments. Therefore, the formation of coke
deposited on proton acid sites was dramatically suppressed.
At the same time, both the conversion of methane and for-
mation of one-ring aromatics were improved and stabilized
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Fig. 6. TPO profiles and the deconvolution results of the used Mo/HZSM-5 catalysts: (a) for Mo/HZSM-5 (o) catalyst; (b) for Mo/HZSM-5 (s) catalyst,
after the reaction run for (A) 10 h; (B) 24 h.

Table 4
Peak temperatures of the TPO profiles and the amount of coke formed on the used Mo/HZSM-5 (o) and Mo/HZSM-5(Si) catalysts after a 10 h reaction
or a 24 h reaction

Sample Peak temperature, K The amount of coke, mg/gcat

Low temperature High temperature Low temperature High temperature Totala

Mo/HZSM-5 (o) (10 h) 741 816 15.4 19.3 34.7
Mo/HZSM-5 (s) (10 h) 741 818 12.2 6.1 18.3
Mo/HZSM-5 (o) (24 h) 780 851 27.4 49.7 77.1
Mo/HZSM-5 (s) (24 h) 776 852 15.2 11.7 26.9

a Measured by TGA experiments.

on the 6Mo/HZSM-5(Si) catalyst. All the results give evi-
dence that too many Brönsted acid sites left are undesirable
for the MDA reaction.

4. Conclusions

The exotic silicon species not only could cover the Brön-
sted acid sites on the external surface of HZSM-5 zeolite, but
also could replace a part of the Brönsted acid sites located
near the openings. The silanation of HZSM-5 zeolite signif-
icantly improves the activity and stability of Mo/HZSM-5
catalyst for methane conversion and aromatics formation, as
well as suppresses the deposition of carbonaceous species
on the surface of the catalyst. The Brönsted acid sites not
only provide active sites for the polymerization and aromati-
zation of the active intermediates, but also play an important
role in the formation of carbonaceous deposits. The number
of Brönsted acid sites needed in the reaction of MDA is less
than 0.6 per unit cell, and a larger number of Brönsted acid
sites on the external surface and in the channels of HZSM-5
are undesirable.
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