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Abstract

MFI-type gallosilicalite and galloaluminosilicate were synthesized by hydro-thermal method. For all the as-synthesized
Ga-containing samples,71Ga MAS NMR spectra confirmed that the Ga3+ cations are located in the zeolite framework.
As for the case in galloaluminosilicate, Ga3+ and Al3+ cations can enter the zeolitic site at the same time, but there is a
competition between the two cations to incorporate into the zeolite framework. Quantitative MAS NMR results suggest that
the incorporation of the Ga3+ cations is seriously inhibited by that of the Al3+ cations if they existed together, while the reversed
process is not observed. The catalytic performances of non-oxidative aromatization of methane on these zeolite catalysts,
with or without loading of MoO3, have been investigated. The results show that zeolites containing framework Ga species,
which are excellent catalysts for propane aromatization, are poor catalyst supports for methane dehydro-aromatization. The
catalytic performance of the molybdenum-loaded H-gallosilicate (MFI) catalysts present an activity for methane activation and
subsequent aromatization, however, it is not as good as that of the Mo-loaded H-galloaluminosilicate (MFI) catalysts. Bearing
this in mind, it was suggested that zeolitic acidity that originated from the heteroatom substitution is essential for catalyzing
methane aromatization. The weaker acidity of framework GaO4

− tetrahedral species as compared to framework AlO4
−

tetrahedral species is suggested to be responsible for the inferior activity for methane aromatization reaction. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Heteroatom-substituted zeolites, especially those
with MFI structure have been received increasing
interest recently. It has been shown that different cat-
alytic properties are presented with the introduction
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of different heteroatoms, e.g. titanium-silicate is ef-
ficient for hydroxylation of aromatics [1], whereas
Fe-zeolites is a good catalyst for redox reaction [2].
Gallosilicate has been used for the aromatization of
light paraffin, with the benefit of being more stable
in reaction as compared with a Ga-ion-exchanged
HZSM-5 catalyst [3]. The incorporation of gallium
into the framework of HZSM-5 to produce galloalu-
minosilicate has been investigated by various authors
through the application of XRD, IR, and27Si MAS
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NMR, etc. [4–6].71Ga MAS NMR, however, is the
direct method to examine whether the gallium has
entered the zeolitic framework, though it is difficult
to record a good spectrum due to the lower sensi-
tivity and quadrupolar nature of71Ga nuclei [7]. In
this work, various gallosilicalite and galloaluminosil-
icate zeolites were synthesized and the framework
structure of these zeolites are carefully analyzed by
27Al and 71Ga MAS NMR, particularly, the feature
of the co-incorporation of gallium and aluminum into
the zeolitic framework has been emphasized. At the
same time, the dehydro-aromatization of methane, the
homologous compounds of light paraffin, has been
tested on those gallosilicalite and galloaluminosilicate
zeolites with or without loading molybdenum. Along
this line, the requirements for methane activation and
its succeeding aromatization are discussed.

2. Experimental

2.1. Synthesis of Ga-containing zeolites

The gallosilicalite and galloaluminosilicate (MFI)
with different Si/Al and Si/Ga ratios were synthesized
by the hydrothermal crystallization from gels (pH
about 11), consisting of SiO2, Ga2O3, Al2(SO4)3 and
TPA-Br. For example, galloaluminosilicates (MFI)
with Si/Al = 25 and Si/Ga= 25 were synthesized as
follows. Ga2O3 was dissolved in 4 ml of 98% H2SO4
diluted in 15 ml H2O, 2.8 g Al2(SO4)3·18H2O and
1 g TPA-Br were then added. SiO2 was dissolved in
30 ml 10 wt.% NaOH, then 2 g TPA-Br was added
into the mixture of 34 ml saturated NaCl solution
and 15 ml 10 wt.% NaOH. The former two solutions
were added into the third one under vigorous stirring
for 30 min. Then, the pH value of the solution was
adjusted to about 10 by 10 wt.% NaOH. The result-
ing gel was introduced into a Teflon-lined autoclave
and statically heated at 433 K for about 80 h. The
solid product was recovered after filtering, washing,
and succeeding drying at 393 K. After calcination
at 823 K for 8 h to remove the organic templates,
the zeolites was ion-exchanged with 1 M NH4NO3
solution (358 K, 4 h) for five times. The ammonium
exchanged zeolite was calcined at 773 K for 3 h to get
the H-formed zeolite. Similar to this process, HZSM-5
(Si/Al = 25), H-gallosilicalite (MFI, Si/Ga= 25), and

Table 1
Zeolites synthesized and used in this work

Type Zeolite Gel Frameworka

Si/Al Si/Ga Si/Al Si/Ga

HZSM-5 HZSM-5 25 – 27.7 –
MFI-2 H-gallosilicalite – 25 – 26.5
MFI-3 H-galloaluminosilicates 25 50 26.7
MFI-4 H-galloaluminosilicates 25 25 26.9 79.5
MFI-5 H-galloaluminosilicates 50 25 53.4 44.7

a Determined by MAS NMR experiments.

H-galloaluminosilicates (MFI, Si/Al= 25, Si/Ga=
50; Si/Al = 25, Si/Ga= 25; Si/Al = 50, Si/Ga= 25)
were synthesized, and they are denoted in Table 1,
respectively. The framework Si/Al and Si/Ga ratios
are determined by NMR experiments which will be
illustrated in the following sections. If not specially
pointing out, the Si/Al and Si/Ga ratios used in the
manuscript refer to those in the original synthesis gel.

2.2. Preparation of MoO3 modified HZSM-5 and
Ga-containing zeolites

MoO3 modified HZSM-5 and Ga-containing zeo-
lites were prepared by physical-mixing method, and
the nominal content of MoO3 was 3% in all cata-
lysts. The H-formed zeolite was mixed with a desired
amount of MoO3 and ground at room temperature for
no less than 30 min, then it was calcined at 773 K for
4 h. The samples were pressed into tablets, crushed
and sieved into appropriate grains.

2.3. Characterization

XRD patterns were measured by a Shimadzu
XD-3A diffractometer using Cu Ka radiation, operat-
ing at 30 kV, 20 mA, and with a scan speed of 4◦/min.

FT-IR was recorded at room temperature on a Nico-
let Compact 410 spectrometer using the conventional
KBr disk technique. Self-supporting wafers were pre-
pared with a zeolite:KBr= 1:200 under a pressure of
90 kgf/cm2.

All the NMR spectra were obtained at 9.4 T on
a Bruker DRX-400 spectrometer using 4 mm ZrO2
rotors. 27Al MAS NMR spectra were recorded at
104.3 MHz using a 0.75ms (π /12) pulse with a 2 s
recycle delay and 400 scans. The sample was spun
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at 8 kHz. In the case of the71Ga MAS NMR, a 2ms
(π /12) pulse, 3 s repetition time and MAS rate of
10 kHz were used; 7000 scans were accumulated, 1%
aqueous Al(H2O)63+ and Ga(NO3)3 solution [7] were
used as references of chemical shifts, respectively.
29Si MAS NMR spectra were recorded at 79.5 MHz
using a 1.6ms (π /4) pulse with a 4 s recycle delay
and 2000 scans. Chemical shifts were referenced to
4,4-dimethyl-4-silapentane sulfonate sodium (DSS).

2.4. Catalytic evaluation

The reactions were performed in a quartz tubular
fixed-bed reactor. Usually, 1 g catalyst and FW of
1500 ml/g h were used. Before the introduction of
methane, the catalyst was activated in air at 973 K for
30 min and purged with helium at the same tempera-
ture for 10 min. The products were analyzed by on-line
gas chromatography (Shimadzu GC-8A) equipped
with a thermal conductive detector using a Porapak-Q
column. The conversion of methane and selectivity of
the products were calculated based on carbon number
balance, and coke formation was ignored.

3. Results and discussion

3.1. Characterization of the as-synthesized zeolites
by XRD and FT-IR

The XRD patterns of the as-synthesized zeolites
show that all of them have the MFI structure, which is
similar to the pattern of HZSM-5, as shown in Fig. 1.
No peaks belonging to Ga2O3 could be resolved
in the XRD spectra, indicating that Ga2O3 was not
isolated from the crystallites, but was incorporated
into the crystallites or at least into the precursors of
the crystallites [8]. IR spectra recorded from the Ga
containing zeolites show the same bands as those
recorded on HZSM-5, as shown in Fig. 2. It is, there-
fore, evident that all the Ga-containing zeolites were
of the MFI type. The absorption bands at 1220 and
1100 cm−1 correspond to TO4 asymmetric stretching
vibration, while those at 880, 550, and 450 cm−1

correspond to TO4 symmetric stretching, double-ring
and bending vibrations, respectively. With the in-
crease of the Ga/Si ratio the absorption bands at 1200
and 1100 cm−1 shift towards higher wave numbers,

Fig. 1. XRD patterns of catalyst, catalyst precursor and references
(gallosilicalite, MFI-2, Si/Ga= 25).

which seems to indicate the incorporation of gallium
into the framework of the zeolite.

3.2. Characterization of the as-synthesized zeolites
by 71Ga and27Al MAS NMR

71Ga MAS NMR is the powerful tool in the
identification of whether gallium has entered zeo-
lite framework [7]. 71Ga MAS NMR spectra of the
as-synthesized zeolites are shown in Fig. 3. For all
the Ga-containing samples, only a peak centered at
about 150 ppm could be resolved. Resonance at this
region has been reported for gallosilicalite structures,
especially for MFI-type gallosilicalite [7,9]. This
peak was attributed to tetrahedral coordinated frame-
work gallium. Since the samples were fully hydrated
in air for more than three months before the NMR
measurements, it is possible to make a quantitative
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Fig. 2. IR spectra of various zeolites: (a) galloaluminosilicate
(MFI-3, Si/Ga = 50, Si/Al = 25); (b) galloaluminosilicate
(MFI-4, Si/Ga= 25, Si/Al = 25); (c) galloaluminosilicate (MFI-5,
Si/Ga= 25, Si/Al = 50); (d) gallosilicalite (MFI-2, Si/Ga= 25).

analysis of the amount of gallium entering the frame-
work of the zeolite by71Ga MAS NMR spectra [7].
By comparing the71Ga MAS NMR spectra of MFI-2
with that of MFI-4, it is interesting to notice that the
amount of gallium entering the zeolite framework was
different, despite the fact that the same Si/Ga ratios
were used in the synthesize process. The intensity of
the tetrahedral framework gallium resonance in the
71Ga MAS NMR spectra of the MFI-4 sample was
only about 40% of that of the MFI-2 sample. This
strongly suggests that there is a competition between
the aluminum and the gallium in incorporating into
the framework during the synthesis of the zeolites. On
the other hand, all the27Al MAS NMR spectra of the
samples with the same Si/Al ratio exhibited almost
the same intensity for the framework aluminum reso-
nance (51 ppm) in the spectra, indicating that similar

Fig. 3. 71Ga MAS NMR spectra of different zeolites: (a) gal-
losilicalite (MFI-2, Si/Ga= 25), (b) galloaluminosilicate (MFI-5,
Si/Ga = 25, Si/Al = 50), (c) galloaluminosilicate (MFI-4,
Si/Ga= 25, Si/Al = 25).

amount of aluminum had entered into the zeolite lat-
tice (see Fig. 4). The framework Si/Al and Si/Ga ratio
of these samples are listed in Table 1. The framework
Si/Al ratio of HZSM-5 is resulted from deconvolution
of its 29Si MAS NMR spectra, and framework Si/Ga
ratio of H-gallosilicalite is from deconvolution of its
29Si MAS NMR spectra. However, due to the overlap
of chemical shifts of Si(1Al) and Si(1Ga) in29Si MAS
NMR, one cannot get the exact framework Si/Al and
Si/Ga ratios from the29Si MAS NMR spectra [10,11].
On the other hand, the framework Si/Al ratios of
H-galloaluminosilicate is obtained by comparison of
corresponding peak intensity of tetrahedral aluminum
(51 ppm) species in27Al MAS NMR with that of
HZSM-5, and normalized according to27Al spectra.
A similar case holds for the calculation of framework
Si/Ga ratios. As shown in Table 1, for MFI-2, MFI-5,
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Fig. 4. 27Al MAS NMR spectra of different zeolites: (a) alu-
minosilicate (HZSM-5, Si/Al = 25); (b) galloaluminosilicate
(MFI-3, Si/Ga= 50, Si/Al = 25); (c) galloaluminosilicate (MFI-4,
Si/Ga= 25, Si/Al = 25).

and MFI-4, although with identical Si/Ga ratio in
the original gel, they have different framework Si/Ga
ratios after crystallization. The higher the aluminum
contents in the gel, the higher the framework Si/Ga
ratio. At the same time, a reverse effect of the pres-
ence of Ga in gel on the incorporation of Al is not
observed. Therefore, it is suggested that in the case
of galloaluminosilicate, both Al and Ga can enter
the zeolitic site. However, the addition of aluminum
in the zeolite synthesis hinders the incorporation of
gallium into the zeolite framework, whereas a con-
troversial effect was not concluded, i.e. the presence
of gallium in the zeolite synthesis does not hinder
the incorporation of aluminum into the zeolite frame-
work. One may expect that probably the larger size of
gallium as compared with that of aluminum may be
responsible for this. It is reported that in the case of

[Fe, Al]-zeolite [12], there is a competition between
Fe and Al species for the occupation of tetrahedral
framework position. Interestingly, it is Fe rather than
Al species that are favored in the competition despite
the fact that the size of the Fe cations is larger than
that of the Al cations. Therefore, it is necessary to
conduct further investigation in order to understand
what is the crucial factor for in this kind of com-
petition during the preparation of two components
heteroatom-containing zeolite system.

Non-framework Ga, if there is any, will show a
band at about 0 ppm in the71Ga MAS NMR spectra,
which is analogous to the extra-framework aluminum
resonated at 0 ppm in27Al MAS NMR. However, no
such kind of band could be detected in the present
71Ga MAS NMR spectra. This cannot be due to the
absence of extra-framework gallium, but rather to the
presence of large quadrupolar constant that gallium
possesses, which will make them invisible to NMR.
When the content of tetrahedral framework Ga in-
creases, the corresponding chemical shift in the71Ga
MAS NMR spectra will shift to a higher value (from
147 ppm for MFI-4 sample to 157 ppm for MFI-2
sample). Similar to27Al MAS NMR spectra, the
relation of the chemical shifts of Ga with the mean
zeolite T–O–T∗ bond angle [9,13] can be expressed
in the following equation:

δ(71Ga) = −1.42θ + 369.06

Therefore, with the increase of the amount of gal-
lium incorporated into the zeolite framework, the
chemical shift will move to higher values, implying
that the mean (Si–O–Ga) bond angleθ decreases.

When the zeolite was mixed and ground with 3%
MoO3 for at least 0.5 h, sharp peaks attributed to
MoO3 was clearly resolved in their XRD patterns.
Meanwhile, those peaks ascribed to characteristic
MFI structured zeolites are also observed. If the sam-
ples were calcined at 773 K for 4 h, the patterns corre-
sponding to MoO3 disappeared. It appears that the Mo
species migrated easily and dispersed on the MFI-type
zeolites [14–16]. When MoO3 was ground with the
zeolite, most of the MoO3 particles resided at the
external surface of the zeolite in a three-dimensional
mode. If the sample was calcined at 773 K, part of the
MoO3 would migrate into the zeolite channels and
highly dispersed there and, therefore, no MoO3 phase
could be detected in the XRD patterns [17].
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Table 2
Catalytic performance on various zeolite catalystsa

Reaction time (min) Methane conversion (%) Selectivity (%)

C2
+ C2

2− CO CO2

MFI-2 5 0.71 63.20 36.80
60 0.33 5.18 93.30 1.51

180 0.15 5.80 36.90 57.30

MFI-3 5 2.17 86.07 13.93
65 0.36 9.60 90.40

180 0.20 1.70 48.0 50.30

MFI-4 5 2.02 63.40 26.40
55 0.44 6.72 92.40 0.88

180 0.23 6.02 42.50 50.48

MFI-5 5 1.88 73.30 26.70
55 0.47 100

180 0.21 35.70 64.30

a Reaction conditions:T = 973 K; SV= 1500 ml/g h.

3.3. Catalyst evaluation

The aromatization of the homologous compounds of
methane, such as butane, propane [18–22], and ethane
[23], etc. has been extensively investigated and com-
mercialized [24] on gallium or zinc modified HZSM-5
and/or MFI-structured zeolites. Since there are some
similarities between the dehydro-aromatization of
light paraffins (C2–C4) and the dehydro-aromatization
of methane, it is reasonable to consider the latter as
an extension of the former.

Methane dehydro-aromatization was performed
over the Ga-containing zeolites and the results are
shown in Table 2. All of the zeolites exhibit similar
behaviors. The highest methane conversion was<2%
at the beginning of the reaction. The main products
were CO and CO2. This is probably resulted from the
reaction of adsorbed oxygen species with methane
[15,16]. With the increase of reaction time, the selec-
tivity of C2H4 increased gradually at the expense of
the CO2, whereas the selectivity of CO passed a maxi-
mum. After running the reaction for more than 50 min,
methane conversion was greatly suppressed (<0.5%).
At the same time, no detectable benzene formation
was observed during all the reaction processes.

It has been generally accepted that in the process of
propane aromatization, Ga oxide alone or that incor-
porated into the zeolite framework plays an important
role both in the cleavage of the propane C–H bond

and the succeeding hydrogen desorption [18–22].
Some authors pointed out that it is the cooperation of
Ga and Bronsted acid sites that leads to the activation
of propane [21]. In the present case, we could not
observe any apparent consumption of methane in the
reaction. This implies that neither Ga nor the combi-
nation of Ga and the Bronsted acid sites can efficiently
activate methane. This is conceivable since compared
with other paraffins, methane possesses the highest
bonding strength of the C–H bond, and is the most
stable molecule in the paraffin groups. Therefore, the
catalysts that have the ability to activate propane may
not be a suitable one for methane activation.

After the introduction of the second component,
i.e. molybdenum oxide, the catalytic performance
was greatly enhanced. Fig. 5 shows the conversion
of methane and the selectivity towards benzene on
the Ga-containing zeolites modified with molybde-
num oxide. The 3% MoO3/HMFI-4 catalyst shows
good activity (about 5%) and benzene selectivity
(80%). After running for about 3 h, the conversion of
methane remained at 3.7%, whereas the benzene se-
lectivity was 76% and ethene selectivity was 15.2%.
With the increase of the Ga content in the frame-
work, the conversion of methane and the selectivity
of benzene decreased sharply. When the Si/Ga ratio
was kept at 25 and the aluminum content was grad-
ually increased, a reverse catalytic behavior was ob-
served (not shown). On the 3% MoO3/MFI-2 catalyst
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Fig. 5. Catalytic performance of different molybdenum loaded
catalysts: (a) 3% MoO3/HMFI-3; (b) 3% MoO3/HMFI-4; (c) 3%
MoO3/HMFI-2.

(Si/Ga= 25, without aluminum), a poor performance
was resulted (Fig. 5d). However, we still could ob-
serve the formation of benzene, though it was very
small in quantity, as compared with those obtained
on the catalysts containing aluminum.

The present results show that both gallosilicalite and
galloaluminosilicate (MFI) zeolites, which are good
catalysts for propane aromatization [25], have little ac-
tivity in methane dehydro-aromatization. On the other
hand, the introduction of the Mo species plays a key
role in the initial activation of methane. Molybdenum
supported either on gallosilicalite or galloaluminosili-
cate exhibited rather good catalytic performances. It is
generally accepted that the acid strength sequence un-
dergoes the following order for heteroatom-substituted

silicates [26]:

[Al]-ZSM-5 > [Ga]-ZSM-5

> [Fe]-ZSM-5� silicalite

The weak strength of acid sites of the gallosili-
calite, in comparison with that of aluminosilicate
(MFI) or galloaluminosilicate (MFI), may be respon-
sible for the observed poor activity of its methane
dehydro-aromatization. This implies that the acid
sites of gallosilicalite (MFI) is too weak to accom-
plish successfully the transformation of the primary
products of this reaction to the final product, namely
benzene, when in combination with the Mo species
[27–29]. Ga3+ cations, although compatible with
Al3+ cations in the framework, do not play the same
role as the Al3+ cations in the framework for methane
dehydro-aromatization. Therefore, it appears that the
activation and aromatization of methane need stronger
acid sites as compared with those of its homologous
compounds.

4. Conclusions

The H-gallosilicalites and H-galloaluminosilicates
with various Si/Al and Si/Ga ratios, respectively, have
been synthesized by the hydrothermal method. By
using71Ga and27Al MAS NMR, it is confirmed that
Ga3+ cations are incorporated into the zeolite frame-
work and that the presence of Al3+ cations in the
parent gel will inhibit the incorporation of the Ga3+
cations into the zeolite framework. On the other hand,
the presence of Ga3+ cations does not have obvious
effect on the incorporation of the Al cations into the
zeolite framework. Both of the H-galloaluminosilicate
and H-gallosilicalite zeolites show little activ-
ity for methane dehydro-aromatization. The in-
troduction of the second component MoO3 is a
crucial factor for methane dehydro-aromatization.
Due to the different strength of acid sites of
the H-gallosilicalite, H-galloaluminosilicate and
H-aluminosilicate (MFI), the corresponding supported
Mo catalysts show their catalytic performances ac-
cording to the following sequence: Mo/HZSM-5 >

Mo/H-galloaluminosilicate> Mo/H-gallosilicalite. It
appears that the aromatization of methane and its other
homologous compounds have the different routes.
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