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Abstract Composites of Ga,0O5; clusters and zeolite
ZSM-5 were evaluated for the transformation of methanol
to hydrocarbons. Comparison of the activity with ZSM-5
showed that the Ga,Oj clusters are responsible for the
enhanced selectivity to aromatics via contact synergy, thus
showing the importance of non framework gallium species
for this reaction. TEM analysis of fresh and spent catalysts
allowed the identification of the formation of carbonaceous
products at the Ga,Os/zeolite interface region, and this
interface is also the probable location of the catalyst active
sites.
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1 Introduction

Zeolites are known to convert methanol to a wide range of
hydrocarbons, including gasoline [1], olefins [2] and aro-
matics [3]. However, one of the major targets remaining is
to maximise the selectivity to aromatic products using
simple and highly reproducible catalyst preparation routes.
Ga/ZSM-5 is a widely used catalyst to convert methanol to
hydrocarbons, especially aromatic products, and it is typi-
cally prepared using gallium nitrate precursors dissolved
and impregnated onto ZSM-5 [4]. However, despite the
apparent simplicity, the impregnation of a zeolite with
metal precursors is a complex process that can lead to the
formation of metal or oxide nanoparticles, either inside or
outside the zeolite pores [5, 6], and can generate frame-
work or non framework gallium species [7]. However,
during the synthesis most attention has focused on the
reduction of Ga,O; clusters [8] to generate Ga,O species,
which in turn can migrate into the zeolite channels leading
to cationic gallium species like: Ga’t, GaH' or GaH,1 [9,
10]. This has led to catalysts capable of producing
enhanced selectivity to aromatics in the methanol to
hydrocarbons process [11-13]. In contrast, in the current
work we wanted to specifically focus on the activity of
extra framework species, like Ga,O; on the external sur-
face of the zeolite crystals, as to date this has received
limited attention for the methanol to aromatics reaction
[14]. Our aim is to consider the effect of competition
between the basic sites of the metal oxide with the acid
sites of the zeolite, as the former are postulated as
responsible for dehydrogenation [15], and the latter for
dehydration [1]. Our approach was to investigate the effect
of Ga,0O3 clusters supported on ZSM-5, by investigating
catalysts prepared by impregnation from Ga solutions and
from physical mixtures of Ga,O; and ZSM-5.
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2 Experimental
2.1 Catalyst Preparation

NH4-ZSM-5 (Zeolyst SiO,/Al,O3 mol ratio 30:1) was
calcined at 550 °C in static air for 4 h (temperature ramp
20 °C/min) in order to obtain H-ZSM-5. The zeolite pre-
cursor (2 g) was physically mixed with $-Ga,05 (Aldrich,
2 g) by grinding with a mortar and pestle for 2 min (final
gallium content = 37 wt%).

Ga(NOs); - xH,O (Aldrich, 1.508 g, assay 18.73 wt%)
was dissolved in deionised water (25 mL) and mixed with
untreated NH4-ZSM-5 (Zeolyst, Si0,:Al,053 = 30; 4 g).
The resulting slurry was heated slowly to 80 °C and
evaporated to dryness. The catalyst was dried at 110 °C for
16 h, and calcined at 550 °C for 4 h in static air (temper-
ature ramp 20 °C min~"). The calculated Ga metal loading
is 7.09 wt%.

2.2 Catalytic Tests and Characterization
of the Products

All the catalysts were tested in pelleted form, obtained by
pressing the solids twice at 2 tons cm™> for 1 min. The
pellets were then ground and sieved, collecting the fraction
with particle diameters between 850 and 600 pm. Catalytic
tests for the methanol to aromatics reaction were carried
out using a glass reactor (i.d. = 9 mm) at 450 °C under Ar
flow (60 mL min~") with a methanol feed of 320 pL h™"
over 0.125 g of catalyst for up to 12 h time on stream. Prior
to the start of the reaction, all catalysts were pre-treated in
air at 500 °C for 1 h. The reaction mixture was analysed
via gas chromatography using a Varian CP-3800 Gas
Chromatograph and a Varian CP-SIL8CB wide bore cap-
illary column (60 m, 0.53 mm i.d., 1.5 pm film thickness)
and Ar as carrier gas. Quantification of the hydrocarbons
was carried out using a flame ionization detector (FID),
while H, was quantified using a thermal conductivity
detector (TCD). With our chromatographic method, it was
possible to identify a ratio ethylene/ethane of ca. 18 and
propene to propane of ca. 2. For the other classes of
compounds, it was not possible to resolve alkanes to the
corresponding alkenes with the analytical method. All the
catalytic tests were carried out at a constant WHSV of
1.4 h™" for comparative purposes.

2.3 Characterization Methods

X-ray powder diffraction patterns were acquired using an
X’Pert PanAlytical diffractometer with a CuK, source
operating at 40 kV and 40 mA. Analysis of the patterns
was carried out using X’ Pert HighScore Plus software. Unit
cell parameters were determined using Rietveld refinement
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as a full-pattern fit algorithm for the catalyst, and the
agreement of fit between experimental and simulated
XRPD patterns was evaluated via the y~ test. Initial atomic
coordinate values to perform the fitting were obtained
using crystallographic information files (CIF) available at
the Database of Zeolite Structures (IZA-SC) for ZSM-5
and the Inorganic Crystal Structure Database (ICSD-
WWW) for Ga,0s;. The experimental errors for the unit
cell lengths a, b, and ¢ obtained from the Rietveld refine-
ment were da = 0.010 A, db=0.010A and dc =
0.008 A, thus leading to an experimental error of the unit
cell volume of 6V = 0.16 %.

Crystallinity was calculated from the XRPD patterns
using a constant background intensity algorithm [16] and
ZSM-5 as a calibration standard. In our case, imposing
ZSM-5 as a 100 % crystalline phase, the corresponding
crystallinity values for Ga,03/ZSM-5 and WI-ZSM-5 were
99.7 and 99.5 % respectively.

Crystallite size was determined using the Scherrer
equation [17] using the (011) reflection at 7.92° 20
assuming spherical particles shapes and a K factor of 0.89.

Samples were prepared for transmission electron
microscopy analysis by dry dispersing the catalyst powders
onto a lacey-carbon film supported on a 300-mesh Cu TEM
grid. Bright-field (BF) imaging and selected-area diffrac-
tion patterns were acquired using a JEOL 2000FX TEM
operating at 200 keV with a LaBg filament.

Thermal gravimetric analysis (TGA) was performed
using a Setaram Labsys TG-DTA/DSC 1600 instrument.
The sample was heated from 30 to 700 °C in air at a rate of
10 °C min~", supported in an Al,O5 crucible. Combustion
of carbonaceous product for samples after reaction occur-
red at ca. 500 °C and these were referenced with samples
before reaction, where weight loss from adsorbed water
only was detected.

3 Results and Discussion

To evaluate the effect of Ga,O;3 systematically, physical
mixtures of Ga,0O; and ZSM-5 were prepared, and their
catalytic activity at 400 °C was compared with H-ZSM-5
(Tables 1, 2, 3). For all catalysts the conversion is always
ca. 100 % as it is our aim to optimise the yield of aromatic
products at complete conversion, therefore focusing on the
selectivity. However, while ZSM-5 is only capable of ca.
25 % selectivity to aromatics within the total C¢—C;( frac-
tion, the physical mixture of Ga,O3/ZSM-5 produced ca.
40 % aromatics under the same conditions. Control tests,
using Ga,Oj3 only, did not display any catalytic activity,
thus confirming the existence of a synergistic effect
between Ga,0; crystallites and ZSM-5. The impregnation
method also has an important influence on catalyst activity,
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Table 1 Methanol conversion over H-ZSM-5 (Si0,:Al,O3 = 30:1)
Time (min) Selectivity (wt%) Total
aromatics
C, Cs Cy Cs Cot CsHe C;Hg CsHio CoH» CioHi4
34 14.3 28.8 20.6 54 0.5 1.4 6.2 4.3 0.9 0 12.8
65 13.9 27.7 19.7 3.8 0.5 1.5 6.7 14.3 0.6 0 23.2
98 13.8 28.3 21.5 5.2 0.5 14 6.4 13.8 4.1 0 25.8
129 15.9 27.1 20.0 5.7 04 1.5 6.4 14.0 4.8 0 26.9
162 15.8 27.7 20.4 4.8 04 1.6 6.6 13.3 4.8 0 26.4
193 14.3 26.6 19.5 5.7 0.4 1.6 6.8 14.6 4.7 0 27.9
274 13.9 26.0 18.1 5.7 0.4 1.7 7.0 15.2 53 0 29.2
Table 2 Methanol conversion over ;-Ga,03/H-ZSM-5 (Si0,:Al,05; = 30:1)
Time (min) Selectivity (wt%) Total
aromatics
C Cs Cy Cs Cot CsHs C;Hg CsHio CoH 2z CioHi4
33 13.5 24.5 11.9 4.4 2.1 0.5 24 14.4 20.9 5.5 43.6
65 14.4 24.8 13.6 5.2 2.6 0.5 1.8 13.4 18.7 5.0 39.5
96 14.5 24.8 13.2 5.0 2.4 0.5 1.8 13.6 18.7 54 40.1
133 14.9 25.8 13.5 5.1 2.5 0.5 1.8 13.2 17.6 5.1 38.1
164 14.5 24.8 12.8 5.0 24 0.5 1.8 13.6 19.2 54 40.5
202 14.8 25.7 14.1 54 2.7 0.5 2.0 12.4 17.4 4.9 37.2
Table 3 Methanol conversion over impregnated Ga/H-ZSM-5
Time (min) Selectivity (wt%) Total
aromatics
C, Cs Cqy Cs Cot CeHe C;Hg CsHio CoH 2z CioHi4
34 13.9 17.2 10.9 14 0 5.0 13.8 17.2 7.9 0 51.2
65 13.4 16.6 11.7 1.8 0 3.9 11.5 15.6 7.0 0 51.1
98 17.2 18.1 13.9 2.5 0 3.5 11.7 17.1 8.1 0 44.6
129 14.1 19.1 13.7 2.6 0 33 11.0 16.7 7.1 0.2 42.1
162 14.6 18.6 13.1 2.5 0 33 10.8 16.5 8.0 0.3 433
193 14.2 16.9 11.6 2.2 0 35 11.3 17.9 9.0 0.3 44.4
274 14.6 17.9 12.3 24 0 33 10.8 17.0 8.3 0.4 41.2

as Ga/ZSM-5 prepared by wet impregnation (WI) has a
greater selectivity to aromatics of about 50 %.

A more detailed analysis of the data, considering the
classes of compounds identified, also show a different
product distribution within the aromatic products. In fact
while ZSM-5 is capable of forming a significant amount of
toluene (C;Hg), (ca. 6 %, Table 1), the physical mixture of
Ga,03/ZSM-5 showed decreased toluene selectivity to ca.
2 %. However, the physical mixture increased, by almost
four times, the CoH;, fraction (ethyl methyl benzene iso-
mers, Table 2) as well as promoting the formation of
CioH14 (durene) isomers. This trend can be explained
assuming a dehydrogenation reaction pathway triggered by
Ga,05 clusters [18]. It should be highlighted that durene is

a compound that is often found in the methanol to hydro-
carbons process and its formation is usually ascribed to
alkylation of lower molecular weight aromatics with
methanol [19], and it is also one of the components that
contributes to coke formation [20]. In our case, when ZSM-
5 only was used, no durene was detected, and TGA
determination of the carbon content for this material was in
the range of 0.2 %. In contrast, in the case of Ga,O3/ZSM-
5 the amount of durene was ca. 5 % and the amount of
coke was in the range of 5 % wt. This correlates well with
the accepted models of durene and coke formation [21].
In addition, whilst coke formation decreased the selec-
tivity to aromatics with time on stream, the conversion of
methanol was always in the range of 100 %. It is also
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interesting to note how for the Ga/ZSM-5 zeolite prepared
by impregnation (Table 3) an intermediate product distri-
bution, between that of ZSM-5 alone and Ga,03/ZSM-5,
was evident with the exception of an enhanced selectivity
to benzene up to ca. 5 %.

However, because methanol conversion was always
100 % and the aromatics are not primary reaction products,
the catalytic tests do not fully probe differences in selec-
tivity as a function of contact time. In view of this, control
tests reducing the catalyst mass by a factor of 2, did not
lead to any detectable change in conversion or product
distribution. In contrast, increasing the flow rate by a factor
of 2 decreased the relative selectivity to aromatics by about
20 %. A large increase of contact time, achieved by
decreasing the flow from 88 to 8.8 mL min~', also only
increased the relative aromatics selectivity by ca. 30 %
when both ZSM-5 and GA/ZSM-5 were used. In all the
experiments altering contact time over a wide range always
produced 100 % conversion, but selectivity to aromatics
only varied to a relatively low extent.

In order to study possible modifications of the zeolite
structure induced by physical mixing of Ga,O3, XRD was
used (Fig. 1). -Ga,O3 was clearly detected [22], and
preliminary examination of the patterns shows that the
zeolite framework appears to be unaltered by Ga0O3
addition. In particular, the peaks at 20 = 45° and 45.6°,
corresponding to the lattice planes (0 10 0) and (10 0 0)
respectively, confirm that the MFI framework of the zeolite
remains unmodified [23]. A more detailed examination of
the XRD patterns, by determining the lattice parameters of
ZSM-5 upon physically mixing with Ga,0;, (Table 4),
revealed a contraction of the ZSM-5 unit cell volume of ca.
0.5 %, which is significant when compared to the experi-
mental error of 0.16 %. This would suggest that even when
heterogeneously mixed, crystals of -Ga,Oz; and ZSM-5
could interact at a more intimate level, and are not com-
pletely independent clusters. Control tests on freshly pre-
pared physical mixtures showed a similar effect, therefore
the observed phenomenon is not due to aging of the
catalyst.

In contrast, the XRD pattern of the Ga/ZSM-5 catalyst
prepared by WI is very similar to that of ZSM-5 (Fig. 1),
and the lattice parameters are, within experimental error,
identical. Finally, no reflections associated with Ga,O3
were detected. This is due to a Ga,Os cluster size below the
detection limit of the XRD method and this was confirmed
by TEM (this will be discussed subsequently). It should be
noted that with our preparation method for the impregnated
sample, we cannot completely rule out the existence of a
degree of ion exchange of Ga** with the zeolite. However,
even if this should take place, it should be considered as a
minor effect and the catalyst we prepared is mainly formed
by Ga,Oj; clusters supported on ZSM-5. In fact, to obtain a
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Fig. 1 XRPD patterns of: a ZSM-5, b physical mixture of Ga,O5 and
ZSM-5 and ¢ Ga/ZSM-5 obtained via wet impregnation; the circles
identify reflections due to -Ga,03

Table 4 Lattice parameters for the zeolite ZSM-5 in ZSM-5 pre-
cursor, Ga,03/ZSM-5 obtained from physical mixture and Ga/ZSM-5
obtained by wet impregnation

Sample Structural parameters (A) \" (1&)3 Crystallite
size (nm)
a b c
ZSM-5 20.105 19.944 13.415 5,379 61
Ga,03/ZSM-5  20.090 19.898 13385 5,351 50
Ga/ZSM-5 20.120 19936 13411 5,379 61

significant level of ion exchange saturated precursor solu-
tions have to be used, and the ion exchange repeated under
reflux several times [5, 24], which was not the case in our
preparation.

Generally, changes in selectivity due to the structure of
the zeolite could also arise by a decrease in the diameter of
the zeolite channel cross section by the presence of small
clusters of metal oxides within the channels [25]. Clearly
this cannot occur in materials prepared by physical grind-
ing, because the crystallite size, in the range of a few pm, is
several orders of magnitude larger than the channels,
indicating that the interaction between Ga,O; and the acid
centres of the zeolite must occur on the external surface of
the zeolite crystal.

This aspect was investigated further by preparing
physical mixtures comprising Ga,Oz and zeolite H-f.
Control tests using Ga,Os/H-f showed that the presence of
Ga,0; still enhances the selectivity to aromatics from ca.
18 to 30 % (Tables 5, 6), although a higher amount of
dimethylether (DME) was also detected. This enables the
effect of the zeolite structure to be investigated, because
zeolite ZSM-5 is a pentasil phase consisting of two
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Table 5 Methanol conversion over H-f (SiO,:Al,0; = 38:1)

Time (min) Selectivity (wt%) Total
aromatics

C, Cs Cqy Cs Cot+ CsHe C;Hg CsHio CoH CioHi4 CiiHie

34 10.0 18.1 38.1 10.9 4.5 0.0 0.6 0.9 23 9.6 5.0 18.4

120 10.0 20.7 37.7 11.7 6.2 0.1 0.8 0.9 1.0 5.0 6.0 13.7

151 9.5 20.3 37.0 11.8 6.5 0.1 0.8 0.8 0.8 3.7 8.8 15.0

188 9.8 21.2 37.5 12.0 7.0 0.1 1.0 0.8 0.7 2.3 7.7 12.5

232 9.9 21.7 38.0 12.4 7.5 0.1 0.7 0.8 0.6 1.6 6.8 10.5

266 9.8 214 373 12.2 7.6 0.1 0.8 0.8 0.6 1.3 8.0 11.6

323 10.3 21.6 38.1 12.7 8.0 0.1 0.8 0.8 0.6 1.1 6.1 94

Table 6 Methanol conversion over f;-Ga,Os/H-f (Si0,:Al,03 = 38:1) physical mixture

Time (min) Selectivity (wt%) Total
aromatics

G, (&} Cy Cs Cot+ CesHe C;Hg CsHio CoH 2 CioHi4 CiiHie DME

32 24.5 18.7 21.0 44 0.8 0.0 0.7 0.9 1.3 52 223 0.0 304

68 19.8 18.9 24.8 6.4 2.3 0.0 14 14 2.2 12.0 9.8 1.0 26.8

101 20.5 21.2 22.7 6.7 34 0.1 1.5 14 0.9 32 12.9 5.5 20.0

159 18.3 18.2 21.2 7.2 34 0.1 14 1.2 0.8 3.8 10.1 14.3 17.4

190 12.8 13.6 12.2 5.6 2.7 0.1 0.8 1.0 0.6 1.4 12.2 36.9 16.1

235 9.7 10.2 11.3 4.6 2.1 0.1 0.4 0.7 0.4 0.9 12.7 46.7 15.4

301 7.6 7.5 43 3.8 1.2 0.1 0.3 0.6 0.3 0.6 9.2 64.5 11.0

perpendicular intersecting channel systems having cross
sections of 5.4 x 5.6and 5.1 x 5.4 A [26], and rings made
of 10 T-atoms units, while zeolite-f has rings of 12
T-atoms with a size of 6.8 A. This affects the selectivity to
aromatics, regardless of the different acidic nature of the
zeolite used, as zeolite-f§ is capable of promoting the for-
mation of alkenes, such as isobutene [27], which could be
involved in the dehydrogenation process leading to aro-
matics [18]. This suggests that in this case formation of
aromatics was the result of a dehydrogenation reaction of
the alkenes, induced by Ga,Oj3 clusters.

The reducing effect of Ga,0Oj3 is certainly not unprece-
dented, and at present, the preparation and use of physical
mixtures of Ga,O; and ZSM-5 has found application for
other reactions, such as the conversion of NO, to N, [28].
For this reaction, the physical mixture was also more active
than the additional effect of the two individual compo-
nents, Ga,O3; and ZSM-5, and using a mixture with Na-
ZSM-5 suppressed activity, suggesting a cooperative effect
involving the zeolite acid sites.

This same type of effect could help to explain the
reactivity we observe in the present study. In the case of
methanol to hydrocarbon conversion the acid sites of the
zeolite are known to be responsible for the initial dehy-
dration of methanol to DME and then to aromatics [1].
Hence, the activity of the Ga/ZSM-5 catalysts, either a

physical mixture of Ga,Oz and ZSM-5 or an impregnated
catalyst comprising Ga,Oj3 crystals at the edge of ZSM-5,
would be the result of a contact synergy [11, 29] between
the basic Lewis centres of Ga,0O3 and the Brgnsted acid
sites of the zeolite, an effect previously reported for mix-
tures of MnMoO, and MoO; for the oxidation of C4
hydrocarbons [30]. Conversely, conventional impregnation
and calcination processes would lead to the formation of
segregated ff-Ga,O5 particles on the external surface of the
zeolite crystals, and no direct shape selectivity control over
the final product distribution should be possible [31]
Therefore, in order to explain the enhanced formation of
aromatics, we should consider the importance of removal
of hydrogen from the reaction sites by Ga,O5 [13, 32]. In
fact, independently from the overall reaction mechanism
considered for the aromatization process, aromatics are
mainly formed by dehydrocyclization reactions of alkenes
[33], and the metal oxide would assist this process by
promoting the removal of hydrogen as H, [34] enhancing
selectivity. A similar effect has been observed in the de-
hydro-oligomerization of methane to aromatics over Mo/
ZSM-5 catalyst [35]. Our data support this process for all
the physical mixtures tested, since there is very little CH,
(<1 %) and the C,—Cs hydrocarbons identified are all
essentially alkenes. Therefore, in order to obtain aromatic
products, H, must be formed [34]. This was confirmed by

@ Springer



1054

J. A. Lopez-Sanchez et al.

Table 7 Concentration of H, in the exit stream for physical mixtures
of (a) f-Ga,03/H-ZSM-5 and (b) f-Ga,Os/H-f

193 223 253 294

Time (min) 32 60 91 127 158

H, conc/vol.%* 19 19 19 19 19 19 19 18 19
H, conc/vol.%® 0.9 2.0 28 3.6 37 41 42 41 42

analyzing the reactor effluents and an accurate quantifica-
tion of the H, content for physically mixed Ga,O3/ZSM-5
was carried out for the first time (Table 7). H, was in the
range 1.5-1.9 %, whilst for gallium H-f zeolite, H, for-
mation was up to 4 %. It should also be noted that no CO
or CO, were detected at any stage of the reaction, and a
carbon mass balance >90 % was measured. This is also
similar to the aromatization of propene in the Cyclar pro-
cess [36], which is also catalyzed by Ga/ZSM-5 above
600 °C.

Fig. 2 Representative BF-TEM micrographs of Ga/ZSM-5 prepared
via wet impregnation (WI-01); a, b micrographs of the sample before
reaction and b, d after reaction. The red circles highlight some of
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Transmission electron microscopy was carried out for
the samples prepared by WI before and after reaction, with
the aim of obtaining information on morphology and coke
deposition. In BF TEM images (Fig. 2), the Ga,0; clusters
display darker contrast against the lighter ZSM-5 support
due to their higher average atomic number. Electron
microscopy analysis of the fresh Ga/ZSM-5 catalyst pre-
pared by wet impregnation shows that the Ga,0O; particles
are not very well dispersed (highlighted with cyan in
Fig. 2a) and the majority of the sample has Ga,O3
agglomerates with relatively uncovered ZSM-5 support.
Only a small fraction of the ZSM-5 support could be found
in this sample that had highly dispersed Ga,O; clusters
over the surface (Fig. 2b, highlighted in red). However, we
consider the real breakthrough in understanding the cata-
lyst behaviour was obtained by analyzing the samples by
TEM after reaction (Fig. 2c, d). After reaction the Ga/
ZSM-5 sample prepared by WI displays a much improved

20 nm

dispersed Ga,Oj5 clusters on ZSM-5 surface. The red arrows point to
the coke layers on the Ga,03/ZSM-5 interface; the green arrows point
to coke-free ZSM-5 surface that is remote from Ga,O; particles
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Ga,0; dispersion on the ZSM-5 surface compared with the
fresh catalyst, which indicates an increase in the contact
surface area between the Ga,O5 clusters and ZSM-5. The
Ga,0; clusters are not homogenously distributed on the
ZSM-5 surface, but often form network structures that are
embedded in deposits of coke (Fig. 2¢c, d). Coke is pref-
erentially deposited on the dispersed Ga,O; particles to a
thickness of 1-5 nm (highlighted by red arrows), whilst the
ZSM-5 surface remote from the Ga,0; is again relatively
carbon free (indicated by green arrows in Fig. 2¢). Coke
deposition most likely inhibits large molecules from
reaching/leaving the Ga,03/ZSM-5 interface region,
thereby leading to the changes in the selectivity and
activity of the catalyst we observe.

The Ga,03s/zeolite interface region is the probable
location of the catalyst active sites for the methanol to
aromatics reaction. When this interface is covered by coke
(ca. 5 % wt.) the catalyst show a decrease of aromatic
selectivity from 50 to 40 % and increased methane for-
mation, up to 5 %, suggesting cracking of coke products
[37] or methylation reactions [3].

It should be stressed that also coke is a consequence of
dehydrogenation reactions [38], and in our case this is
predominantly found at the edge of Ga,O; crystals rather
than the zeolite function. This experimental evidence can
be considered a further proof of the mechanism of action of
Ga,0; clusters we proposed. As Ga,0Os5 displays enhanced
dehydrogenation properties, therefore leading to aromatics
via reaction outside the pore channels, this in turn can also
enhance the presence of coke outside the zeolite function.

There is in fact, a correlation between loss of selectivity
to aromatics and coke formation on the catalyst and this is
also accompanied by a corresponding increase of light
hydrocarbons, such as propene, which are known to be
precursors for forming aromatics [6, 39]. Therefore it fol-
lows that the greater the extent that the gallium oxide
zeolite interfacial active sites are blocked, aromatic for-
mation is inhibited, and the products shift towards light
hydrocarbons. For example, in the case of propene there
was an increase from 8 to 12 %. In view of these effects, it
is likely that the enhanced aromatization obtained by non
framework species, like the catalysts used in this study, is
due to enhanced removal of hydrogen from the reaction site
thus promoting the formation of aromatic products.

Finally the deposition of coke on the catalyst during
reaction is not ideal, but inevitable during the methanol to
aromatics reaction. Hence it is important to probe catalyst
regeneration. Studies carried out in flowing air showed that
he WI catalyst could be treated at 550 °C (12 h, air flow
60 mL min~") to oxidise carbonaceous deposits. After the
thermal treatment it was possible to recover fully the initial
activity and product selectivity observed for the fresh cata-
lyst. Furthermore, it was possible to repeat the regeneration

process for a number of cycles without observing any loss of
catalyst performance.

4 Conclusions

It has been observed that Ga,Oj; crystallites were able to
enhance the selectivity to aromatics from methanol, par-
ticularly for the C¢—Cg products. In particular, physical
mixtures of Ga,O; and ZSM-5 indicate that it is the inter-
face on the external surface of the zeolite crystal which
controls selectivity. Despite the existence of efficient gal-
lium based catalysts for the methanol to aromatics reaction
[40, 41], we consider these results to be important for cat-
alyst design. In fact, they show that as well as the major role
associated with shape selective catalysis typical of zeolitic
materials, it is possible to drive enhanced selectivity to
aromatics by introducing chemical species, like Ga,O3
nanoparticles, outside of the zeolite channels, thus provid-
ing an additional tunable parameter for the design of zeo-
lite-based catalysts with the desired characteristics.
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