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a b s t r a c t

Carbon-templated mesoporous ZSM-5 zeolites were synthesized directly avoiding a drying process. Car-
bon nanoparticles were simply mixed into synthesis precursor of ZSM-5 and hydrothermally treated by
microwave irradiation. The amount of mesopores formed inside the ZSM-5 single crystals was controlla-
ble by adjusting the amount of carbon used. For comparison, mesoporous ZSM-5 zeolites have also been
synthesized under hydrothermal conditions. The influence of microwave irradiation on mesoporous ZSM-
5 materials was thoroughly investigated by using nitrogen adsorption/desorption studies and 27Al MAS
NMR. The nature of acid sites both in the micropores (internal) and on the surface of mesopores (external)
was investigated by in situ FTIR spectroscopy using pyridine (Py) and 20 ,60-di-tert-butylpyridine (DTBPy)
as a probe molecules. Mesoporous ZSM-5 prepared by microwave synthesis showed higher catalytic
activity in the bulky molecular reaction of 20,40-dimethoxyacetophenone (20 ,40-DMAP) with 4-methoxy-
benzaldehyde as a model reaction in comparison with the results obtained over hydrothermally prepared
ZSM-5. The further catalytic behavior has been studied in condensation reaction and cracking of substi-
tuted benzene.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction mesoporous zeolites with the co-presence of zeolitic template
Zeolites (crystalline microporous aluminosilicates) are the most
important heterogeneous acid catalysts in oil refinery, petrochem-
istry and fine chemical synthesis due to the strong acidity, shape
selectivity and high hydrothermal stability [1–4]. Small pore size
(<1 nm) limits further catalytic applications of zeolites particularly
in transformations of bulky substrates. From that reason, different
synthesis approaches have been investigated to increase the acces-
sibility of bulky molecules to the active sites of zeolite materials
[5–8]. Particularly, mesoporous zeolites have been attracted a great
interest in the catalytic applications due to the diffusional allevia-
tion of reactants molecules and high thermal stability. Several
strategies are available to prepare hierarchical mesoporous and
microporous materials [9–12], but still some challenges have to
be fulfilled for the commercial requirements such as cost, facile
preparation and control of the location of the active sites. In order
to access the internal pores, the mesopores could be created within
the zeolite crystals by post-synthesis treatments such as dealumi-
nation, desilication and other chemical treatments [12,13]. Dual
templating methods have also been applied for the synthesis of
ll rights reserved.
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and hard templates such as carbon and polymer or organic surfac-
tants as supramolecular soft-templates [14,15].

There are numerous reports on the synthesis of mesoporous
zeolites by carbon templating method which is relatively facile
and inexpensive. The mesoporous zeolites were prepared by
nucleating the zeolite crystals around the carbon particles [16].
Mesoporous carbon CMK-3 was used as a precursor for the prepa-
ration of mesoporous ZSM-5 zeolite [17] and carbon aerogel for the
synthesis of ZSM-5 crystals with bimodal pore structure of uniform
mesoporous channels [18,19]. Jacobsen et al. found that by using
excess of a zeolite gel, it was possible to grow zeolite around the
carbon particles to obtain large single crystals [16]. The uniform
carbon particles created mesopores after removal of carbon by cal-
cination. Therefore, the resulted mesopores in the zeolite crystals
were indeed induced by the carbon templating. Under an excessive
amount of carbon particles, zeolite crystals nucleated restrictedly
in mesopore system of carbon particles, whereas low amount let
the zeolite crystals grow over the carbon particles. Usually, drying
process is adopted in carbon templating method for removing
water from synthesis precursor before hydrothermal treatment
[17,18].

Recently, microwave-assisted heating has been considered as a
useful method in the hydrothermal synthesis of various types of
nanoporous materials including zeolites, mesoporous silica and
their composites [20,21]. Microwave-irradiated heating not only
provides distinct advantages over the conventional synthesis such
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Fig. 1. XRD patterns of mesoporous ZSM-5 synthesized by microwave (a) MW-0,
(b) MW-10, (c) MW-20, (d) MW-30, (e) MW-40.
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as rapid heating, homogeneous nucleation, supersaturation by the
rapid dissolution of precipitated gels and a shorter crystallization
time but also is efficient for mesopore generation by desilication
[22–25]. Most recently, we encapsulated metal oxide nanoparticles
into the carbon-templated mesoporous MFI zeolites directly during
microwave synthesis [26]. The carbon particles were considered
not only as a hard template but also as a good microwave absorber
[27,28]. In this way, the general evaporation process before ther-
mal treatment of the synthesis precursor was skipped.

In the present study, we report on the synthesis of mesoporous
ZSM-5 zeolite crystals directly from the normal synthesis gel of
ZSM-5 under efficient and controlled microwave heating varying
the amount of carbon added as secondary template. For compari-
son, mesoporous ZSM-5 zeolites were also synthesized from the
same reaction gel under conventional hydrothermal conditions.
The mesoporosity of the materials was controlled by varying the
amount of carbon in the synthesis gel. The influence of the micro-
wave irradiation on the physicochemical properties of mesoporous
ZSM-5 has been thoroughly investigated by combining nitrogen
adsorption/desorption measurements, 27Al MAS NMR and in situ
FTIR spectroscopy. Specially, in the FTIR, the internal and external
acid sites were discriminated by using Py and DTBPy as probe mol-
ecules. The catalytic behavior of mesoporous ZSM-5 zeolites was
investigated in the reaction of 20,40-dimethoxyacetophenone
(20,40-DMAP) with 4-methoxybenzaldehyde in the absence of any
solvent. The catalytic behavior has been studied in condensation
reaction and cracking of substituted benzene. The catalytic activity
was compared with standard ZSM-5 zeolite.
2. Experimental

2.1. Synthesis of materials

The chemicals used for the preparation of materials were tetra-
ethyl orthosilicate (TEOS) (Aldrich, 98%), aluminum nitrate (Al-
drich, 98%), tetra-n-propylammonium hydroxide (TPAOH) (TCI,
25%) as a template for ZSM-5 and Carbon Black Pearls 2000 (Cabot
Corporation) as a hard template. The molar composition of the
mixture was 1.0:34.6:53.4:982 = Al:Si:TPAOH:H2O. In a typical
synthesis, aluminum nitrate was dissolved in distilled water. TEOS
was mixed with ethanol and added to the above solution. After
stirring the reaction mixture for 90 min, aqueous solution of
TPAOH was added. The whole mixture was further vigorously stir-
red for 2 h, and appropriate amount of carbon ranging from 0 to
40 wt.% related to C/Si source (corresponding sample denoted as
MW-0, to MW-40) was added and allowed to stir for another 5 h.
The resulted mixture was subjected to microwave digestion
(MARS-5, CEM Products) system. The microwave condition was
set at 80 �C for 30 min and 165 �C for 1 h with an operating power
of 600 W at 170 psi. In the case of hydrothermal synthesis, the mix-
ture was transferred to Teflon-coated autoclave and heated at
170 �C for 6 days under static condition (sample signed as HT-0
to HT-40). The prepared solid was filtered off, washed out with dis-
tilled water and dried at ambient temperature. The carbon and or-
ganic templates were then removed by stepwise calcination in air
flow at 550 �C for 10 h. The calcined ZSM-5 was ion-exchanged
with 100 ml/g of 0.5 M NH4NO3 solution four times at room tem-
perature under agitation for 5 h. The solid material was filtered
off, washed out with deionized water and dried at 100 �C for 6 h.
The NH4-form zeolite was calcined at 550 �C to get H form.
Fig. 2. N2 adsorption/desorption isotherms of mesoporous ZSM-5 synthesized by
(A) microwave (a) MW-0, (b) MW-10, (c) MW-20, (d) MW-30, (e) MW-40; (B)
hydrothermal (a) HT-0, (b) HT-10, (c) HT-20, (d) HT-30, (e) HT-40.
2.2. Characterization

The powder X-ray diffraction (XRD) patterns were obtained on a
Rigaku diffractometer using Cu Ka radiation (k = 0.154 nm). The
powder patterns were recorded in the 2h range of 0.7–3� at the rate
of 1.0�/min (40 kV and 20 mA) and in the 2h range of 5–60� at the
rate of 3.0�/min (30 kV, 15 mA). Nitrogen adsorption/desorption
studies were conducted on a Micromeritics ASAP 2020 surface area
and pore size analyzer at �196 �C. The surface areas were calcu-
lated using BET method, and the pore parameters were determined
from desorption branches by BJH methods. Scanning electron



Table 1
Physicochemical properties of mesoporous ZSM-5 synthesized by microwave.

Catalysts BET surface area (m2/g) Micropore area (m2/g) Mesopore area (m2/g) Micropore volume (cm3/g) Mesopore volume (cm3/g)

MW-0 352 249 92 0.13 0.06
MW-10 339 183 197 0.06 0.24
MW-20 340 122 154 0.09 0.29
MW-30 336 135 217 0.07 0.49
MW-40 398 78 383 0.04 0.82
HT-0 358 259 88 0.13 0.06
HT-10 359 249 104 0.13 0.07
HT-20 367 266 102 0.14 0.15
HT-30 361 250 111 0.13 0.14
HT-40 328 216 112 0.11 0.12

Fig. 3. Pore size distribution of mesoporous ZSM-5 materials (A) microwave (a)
MW-0, (b) MW-10, (c) MW-20, (d) MW-30, (e) MW-40; (B) hydrothermal (a) HT-0,
(b) HT-10, (c) HT-20, (d) HT-30, (e) HT-40.
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microscopy images were obtained with Hitachi S-4200 at 15–
20 kV. Transmission electron microscopy images were taken using
a Philips CM 200 at 200 kV. 27Al MAS NMR spectra were recorded
on 400 MHz solid state Avance II Bruker NMR with spinning rate of
13 kHz and delay time of 1 s. Adsorption of Py proceeded at 150 �C
at partial pressure of 1000 Pa for 30 min, followed by desorption at
150 �C for 20 min. All spectra were recorded with a resolution of
2 cm�1 by collecting 128 scans for a single spectrum and were
recalculated on wafer thickness of 10 mg/cm2. From the integral
intensities of individual adsorption bands at 1545 cm�1 (Brønsted
acid sites) and at 1450 cm�1 (Lewis acid sites) and using extinction
coefficients (eB = 1.67 ± 0.1 cm/lmol, eL = 2.22 ± 0.1 cm/lmol),
concentration of Brønsted and Lewis acid sites was determined.
The adsorption of DTBPy proceeded at 150 �C by equilibrating the
catalyst wafer with the probe vapor pressure for 15 min followed
by 1-h degassing at the same temperature and by collection of
the spectrum at room temperature. For the determination of con-
centration of Lewis and Brønsted acid sites, extinction coefficients
for pyridine were used.

2.3. Catalytic reaction

Twenty millimoles of 20,40-DMAP, 20 mmol of 4-methoxybenz-
aldehyde and 100 mg of the catalyst (activated at 150 �C under
vacuum) were charged into the reaction vessel. The reaction mix-
ture was stirred at 140 �C for 24 h under inert atmosphere. Prod-
ucts were analyzed by gas chromatography (Agilent 5890 N
equipped with HP-5 column).

Condensation reactions of acetophenone were performed in the
liquid phase under batch conditions. In a typical reaction, catalysts
(100 mg) were activated for 2 h at 100 �C and added to acetophe-
none (40 mmol), and the resulting suspension was magnetically
stirred at 160 �C.

Catalytic cracking of 1,3,5-triisopropylbenzene was carried out
in the fixed bed reactor. The catalytic testing was performed
according to the following standard conditions: the mass of the
catalyst was 0.2 g, reaction temperature was 673 K, 0.2 mL of
1,3,5-triisopropylbenzene was injected per 1 h into the catalyst
bed with nitrogen carrier gas at a flow rate of 200 mL/min.
3. Results and discussion

3.1. Crystallinity of MFI type crystals

In general, the XRD patterns of carbon-templated zeolites pro-
vide a lower intensity than conventional ZSM-5 (without carbon),
which could be explained in terms of a lower density of mesopor-
ous in zeolite crystals [29]. The XRD patterns (Fig. 1) of all zeolites
synthesized by conventional hydrothermal (not shown) and micro-
wave methods revealed MFI structure after the combustion of car-
bon template. However, the intensity of the peaks was slightly
reduced by increasing carbon amounts in the synthesis precursor.
The carbon particles could interfere to reduce the intensity of the
peaks due to the mesopore voids formed in the ZSM-5 crystals after
the removal of carbon. It was due to the formation of disordered
mesopores within the single zeolite crystals which may cause the
formation of defects.

3.2. Dependence of textural properties on carbon content

Fig. 2 provides nitrogen adsorption and desorption isotherms of
carbon-templated zeolites synthesized by both microwave and
conventional hydrothermal methods. Microwave-synthesized zeo-
lites showed the hysteresis loops appearing from relative pressure
of P/P0 = 0.6 (Fig. 2A) confirming the presence of mesopores in the
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ZSM-5 crystals. The hydrothermally synthesized zeolites showed
the hysteresis loops from relative pressure of P/P0 = 0.8 (Fig. 2B)
being higher than as for microwave-synthesized zeolites and pre-
dict the formation of larger mesopores. The amount of nitrogen ad-
sorbed on mesoporous ZSM-5 zeolites depends on the amount of
carbon added into the precursor gel for both synthesis methods,
and the dependency is more straightforward for the microwave-
synthesized zeolites. The mesopore surface area of mesoporous
ZSM-5 zeolites prepared by microwave increased from 197 to
383 m2/g; in parallel, micropore pore volume decreased from
0.13 to 0.04 cm3/g (Table 1). Hydrothermal method provides mes-
opore surface area from 88 to 112 m2/g but no big changes in
micropore pore volume from 0.13 to 0.11 cm3/g (Table 1). It appar-
ently indicated that the pore volume of the mesoporous ZSM-5
zeolites prepared by conventional hydrothermal method was
much less than that of zeolites prepared by microwave (Table 1).
Moreover, the carbon particles did not play a significant role to cre-
ate the mesopores within the zeolite crystals under hydrothermal
conditions. It might be due to a longer hydrothermal crystallization
time, during which the aggregation of carbon particles could be
possible, and the aggregated carbon particles settled down at the
bottom of the vessel. But in the case of microwave method, carbon
particles play very important role. We suggested that it is because
of the carbon materials playing a role as microwave absorber
[21,23,26]. It can be inferred that microwave heating activated car-
bon surface and enhanced the interaction of carbon particles with
the silica source in the synthesis solution enhancing the rate of
crystallization [30–32].

The hydrothermally synthesized mesoporous ZSM-5 zeolites re-
vealed the presence of interparticle void volume in the range of 5–
Fig. 4. Scanning electron micrographs of mesoporous ZSM-5 materials synthesize
55 nm with the maximum at about 20 nm (Fig. 3A). As already
mentioned, the carbon did not play a significant role to create
mesopores in ZSM-5 crystals. But microwave effect gives more
narrowed pore size distribution of real mesopores in the range of
5–40 nm with the maximum at about 10 nm; it is close to the size
of the carbon particles (Fig. 3B). The distribution width was re-
duced compared with earlier reports [16,29]. The absorption of
microwave by carbon particles was of paramount importance to
generate mesopores within the zeolite crystals at rather short syn-
thesis times.
3.3. Dependence of textural properties on carbon content

The SEM images of the mesoporous ZSM-5 zeolites prepared by
microwave (MW-0 to MW-40) are illustrated in Fig. 4. The scan-
ning electron micrographs of the calcined samples showed typical
form of crystals. The crystal sizes of the samples were 0.8–1 lm.
The surface of typical ZSM-5 crystals MW-0 was smooth, whereas
in the case of mesoporous ZSM-5 crystals from MW-10 to MW-40,
the surface was uneven because of voids left by nanosized carbon
particles [33]. These voids stem from the fact that carbon particles
are accidentally distributed inside and outside of zeolite crystals.

The TEM images of MW-0 to MW-40 are shown in Fig. 5. Fig. 5A
revealed that there are no mesopores in MW-0 prepared without
carbon, whereas Fig. 5B–E the dotted bright parts could be recog-
nized as mesopores. The TEM images clearly showed the presence
of disordered mesopores within the ZSM-5 crystals, which are
accessible only through the microporous channels of ZSM-5
domains.
d by microwave (A) MW-0, (B) MW-10, (C) MW-20, (D) MW-30, (E) MW-40.



Fig. 5. Transmission electron micrographs of mesoporous ZSM-5 materials synthesized by microwave (A) MW-0, (B) MW-10, (C) MW-20, (D) MW-30, (E) MW-40.
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The SEM and TEM images revealed the amount of mesopores
from MW-10 to MW-40 increased through the increase of carbon
used.

3.4. Incorporation of Al sites

The incorporation of aluminum into mesoporous zeolites syn-
thesized by microwave and hydrothermal methods was confirmed
by 27Al MAS NMR as shown in Fig. 6. In 27Al MAS NMR spectra of
ZSM-5 samples prepared by microwave (Fig. 6A), a peak centered
at 54.4 ppm is clearly seen and can be assigned to tetrahedrally
coordinated aluminum in the framework [34]. All spectra clearly
indicate the absence of aluminum in octahedral position.
27Al MAS NMR spectra of samples synthesized under hydrothermal
conditions (Fig. 6B) showed sharp peak at 54.4 ppm and additional
peak at 0 ppm. It means that Al is located in both tetrahedral and
octahedral environments in the ZSM-5 zeolite framework. It can
be inferred that the microwave played a role to incorporate alumi-
num into the tetrahedral positions due to a stronger absorption of
microwaves by carbon particles. Additionally, from MW-0 to
MW-40, the peak at 54.4 ppm was broadened as well as the peak
intensity reduced, which was due to the presence of low symmetry
aluminum [34,35]. Obviously, more defects will be formed under
microwave with increasing amounts of carbon template, and this
enhanced the formation of aluminum possessing lower symmetry.
3.5. Acidic properties of mesoporous ZSM-5 catalysts

The acid site distribution on the internal and external surface of
the zeolites was investigated using FTIR spectroscopy [35,36]. For
that purpose, Py and DTBPy were employed as probe molecules.
It is expected that pyridine (kinetic diameter 5.5 Å) can access all
acid sites in conventional as well as mesoporous ZSM-5, while
DTBPy (kinetic diameter 10.5 Å) is too bulky to penetrate inside
the ZSM-5 micropore channel system. DTBPy molecules should
only interact with those acid sites located on the external surface
of ZSM-5 zeolite crystals or in their pore mouth region [37,38].
As for DTBPy, it is expected that it discriminates the concentrations
of Lewis acid sites as tert-butyl groups prevent the interaction with
Lewis acid sites. Adsorption of DTBPy leads to the appearance of
new absorption band at 1530 cm�1. The band is shifted to lower
wavenumbers compared with pyridine, and the absence of the
band at 1545 cm�1 (pyridine in interaction with Brønsted acid
sites) evidences no dealkylation of DTBPy. In this way, only acid
sites located at the external surface of medium pore zeolites are
evaluated.

In Figs. 7A and 8A, the infrared spectra of all zeolites exhibit two
characteristic absorption bands of medium pore zeolites, namely at
3743 cm�1 (silanol groups) and 3610 cm�1 (bridging Si–OH–Al
groups). Despite the different synthesis method used for their
preparation, the band widths are rather similar, indicating a



Fig. 6. 27Al-MAS-NMR spectra of mesoporous ZSM-5 synthesized by (A) microwave
(a) MW-0, (b) MW-10, (c) MW-20, (d) MW-30, (e) MW-40; (B) hydrothermal (a)
HT-0, (b) HT-10, (c) HT-20, (d) HT-30, (e) HT-40.
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uniformity of these acidic OH groups [39]. Py adsorption carried
out at 150 �C results in the complete disappearance of all acid
bridging OH groups (not shown), which evidences that all Si–
OH–Al groups are accessible for Py. The interaction of Py with con-
ventional and mesoporous ZSM-5 zeolites leads to the appearance
of several new absorption bands at 1545 cm�1 and around
1450 cm�1 (Figs. 7B and 8B). While the interaction of Py with
Brønsted acid sites results in the formation of one new band
(1545 cm�1) in all zeolites studied, the interaction of Py with Lewis
Fig. 7. FTIR spectra of (A) hydroxyl vibration region; (B) spectra of pyridine region; (C) su
(b) MW-10, (c) MW-20, (d) MW-30, (e) MW-40.
acid sites leads to the formation of absorption bands at 1445 and
1455 cm�1. The former band is mainly due to Py interacting with
silanol groups, and the latter absorption band is typical for pyridine
adsorbed on real Lewis acid sites [40].

Based on the intensity of these bands and using molar extinc-
tion coefficients [35], the concentrations of Brønsted and Lewis
acid sites were determined (see Table 2). These data show some
relations among the amount of carbon particles added to the syn-
thesis mixture, way of the preparation of ZSM-5 zeolite and acidic
properties. In general, more clear conclusions can be drawn about
mesoporous ZSM-5 synthesized under microwave irradiation. First,
Si/Al in the zeolite increases with increasing amount of carbon par-
ticles in the synthesis mixture. This could indicate that incorpora-
tion of aluminum is slowed down under the presence of carbon
particles. Concentration of Brønsted acid sites decreases with
increasing amount of carbon particles in the synthesis mixture
(Table 2). It can be inferred that more defects are formed for higher
loading of carbon particles in the synthesis. Decrease in the con-
centration of Brønsted sites is responsible for the lowering of over-
all concentration of aluminum in mesoporous ZSM-5 as the
amount of Lewis acid sites is more or less independent on the car-
bon particles in the synthesis mixture. These relationships are less
pronounced for mesoporous ZSM-5 prepared under hydrothermal
conditions.

Adsorption of DTBPy on zeolites studied does not practically
change the shape and the intensity of absorption bands of bridging
OH groups. The reason is that the concentration of these groups on
the external surface (accessible for DTBPy) is rather low (cf. Table
2). Figs. 7C and 8C show the region of absorption bands of DTBPy
interacting with Brønsted acid sites for all conventional and meso-
porous ZSM-5 zeolites. This interaction is characterized by an
absorption band at 1530 cm�1, while no band around 1450 cm�1

was found. It confirms that DTBPy does not adsorb on Lewis acid
sites. In this case, the concentrations of Brønsted sites on the exter-
nal surface increase with the amount of carbon particles in the syn-
thesis gel for both microwave and hydrothermal conditions.
Slightly higher amount of ‘‘external” acid sites was determined
on mesoporous ZSM-5 zeolites prepared under microwave condi-
tions; however, the sample containing 40% of carbon particles syn-
thesized hydrothermally possess the highest amount of Brønsted
sites on the external surface.

3.6. Catalytic activity

The textural properties and external acid sites of mesoporous
ZSM-5 materials have been correlated with conversion of
bimolecular transformation of 20,40-dimethoxyacetophenone with
bstracted spectra of 2,6-di-tert-butylpyridine region; and in each region (a) MW-0,



Fig. 8. FTIR spectra of (A) hydroxyl vibration region; (B) spectra of pyridine region; (C) substracted spectra of 2,6-di-tert-butylpyridine region; and in each region (a) HT-0, (b)
HT-10, (c) HT-20, (d) HT-30, (e) HT-40.

Table 2
Acid sites distribution on mesoporous ZSM-5 via FTIR of adsorbed pyridine and 2,6-
di-tert-butylpyridine.

Samples Brønsted acid sites (mmol/g) Brønsted acid sites (%)

Overalla Overallb Internal External

MW-0 0.15 0.03 76.6 23.4
MW-10 0.11 0.04 66.5 33.5
MW-20 0.10 0.04 55.8 44.2
MW-30 0.08 0.05 30.4 69.6
MW-40 0.07 0.07 0.00 100
HT-0 0.22 0.11 67.0 33.0
HT-10 0.23 0.11 67.3 32.7
HT-20 0.24 0.11 69.2 30.8
HT-30 0.23 0.11 67.5 32.5
HT-40 0.25 0.11 69.7 30.3

a Calculated from Py adsorption (Figs. 7B and 8B).
b Calculated form DTBPy adsorption (Figs. 7C and 8C).

Table 3
Influence of catalysts on conversion of 20 ,40-dimethoxyacetophenone.

Catalysts Conversion of 20 ,40-dimethoxyacetophenone (%)

MW-40 23.4
MW-0 3.9
HT-40 2.6
HT-0 <1.0

Scheme 2. The energy minimized conformation of vesidryl.
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4-methoxybenzaldehyde to vesidryl under solvent-free conditions
(Scheme 1). The reaction results are summarized in Table 3. The
mesoporous ZSM-5 (MW-40) provided eight times higher conver-
sion than corresponding standard ZSM-5 without mesopores. This
is explained by the presence of almost 100% of Brønsted acid sites
on the surface of mesopores in the MFI crystals. N2 sorption studies
and FTIR spectra strongly supported the presence of larger
amounts of mesopores as well as external Brønsted acid sites, thus
resulting in higher conversion of 20,40-DMAP over mesoporous
ZSM-5 prepared by microwave (MW-40). The typical ZSM-5 syn-
thesized by microwave gave 3.9% conversion of 20,40-DMAP,
whereas hydrothermal catalysts gave negligible conversion of
20,40-dimethoxyacetophenone. The molecular dimension of the
product was estimated, and the energy-minimized conformation
of product was drawn by using Chem3D Ultra 10.0. The pictorial
representation of the energy-minimized conformation of vesidryl
is shown in Scheme 2. The size of the product seemed to be larger
than pore size of typical ZSM-5. The bulky product could only
Scheme 1. Synthes
transport on the mesopore region of the ZSM-5 particles. These
observations clearly indicated that the presence of external acid
sites in mesopore region was important for the bulky molecular
transformation.

Self-condensation of acetophenone has been carried out to
identify the role of acidic strength, mesoporosity and mass transfer
of substrates. Carbon-templated mesoporous ZSM-5 zeolites syn-
thesized by microwave show much higher conversions of acetoph-
eonone in comparison with hydrothermal one as shown in Table 4.
There is a gradual increase with increasing carbon content, which
is in turn related to the mesoporosity and external acid site. The
is of vesidryl.



Table 5
Cracking of 1,3,5-triisopropylbenzene over mesoporous ZSM-5.

Conv. (%) Selectivity (%)

Benzene IPB 1,3-DIPB 1,4-DIPB Others

C-10% 65.8 7.3 5.3 70 8.9 8.5
ZSM-5 MW
C-20% 71 2.1 3 80 7.3 7.6
ZSM-5 MW
C-30% 78.5 0.77 10.2 82.9 4.4 1.73
ZSM-5 MW
C-40% 81.4 0.63 4.5 79.2 4.2 11.47
ZSM-5 MW
C-10% 30.3 2.2 0 89.9 0 7.9
ZSM-5 HT
C-20% 39.6 5.9 0.53 89 0 4.57
ZSM-5 HT
C-30% 63 5.9 1.1 81.7 2.4 8.9
ZSM-5 HT
C-40% 73.5 4.4 2.5 78.2 5.28 9.62
ZSM-5 HT

Reaction condition: 200 mg catalyst was activated @ 450 �C for 3 h, temperature
400 �C, 1,3,5-triisopropylbenzene 0.2 ml/h, WHSV = 1 h�1.

Table 4
Self-condensation of acetophenone over mesoporous ZSM-5.

Sample Conversion (%) Selectivity (%)

trans-Dypnone Othersa

C-10% ZSM-5 MW 19.5 83.0 17
C-20% ZSM-5 MW 35.4 84.1 15.9
C-30% ZSM-5 MW 40.6 84.2 15.8
C-40% ZSM-5 MW 42.1 84.4 15.6
C-10% ZSM-5 HT 0.3 98.7 1.3
C-20% ZSM-5 HT 2.3 90.8 9.2
C-30% ZSM-5 HT 2.9 71.1 28.9
C-40% ZSM-5 HT 6.8 77.6 22.4

Reaction condition: 100 mg catalyst was activated @ 100 �C for 2 h, temperature
160 �C, reaction time 5 h, acetophenone 40 mmol.

a Others: cis-dypnone and ketens.
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Al sites were more dispersed in the mesopore wall of ZSM-5 syn-
thesized by microwave method than those hydrothermal method.

The cracking studies of TIPB (1,3,5-triisopropylbenzene) over
mesoporous ZSM-5 synthesized by microwave and hydrothermal
method show tendency with the amount of carbon content. This
reaction strongly depends on the acid site and the amount of meso-
porosity. Carbon-templated mesoporous ZSM-5 synthesized by
microwave showed higher conversions of TIPB in comparison with
hydrothermal one as shown in Table 5, tandem increase is observed
with increase in carbon content. The major products in cracking of
TIPB were benzene, isopropylbenzene 1,3-diisopropylbenzene and
1,4-diisopropylbenzene, whereas isomerization product 1,4-diiso-
propylbenzene is mainly observed in microwave-synthesized
mesoporous ZSM-5 by isomerization of 1,3-diisopropylbenzene in
mesopore. Formation of propylene was not detected due to the off-
line analysis.
4. Conclusions

The carbon-templated mesoporous ZSM-5 zeolites have been
successfully synthesized under microwave irradiation without dry-
ing process. Carbon particles play bifunctional roles as hard tem-
plate for mesopores and as microwave absorber for Brønsted acid
site distribution and zeolite crystallization. By tuning the amount
of carbon used, the mesoporosity and acid site distribution could
be controlled directly during the preparation. From the quantita-
tive FTIR analysis of pyridine and DTBPy adsorption, it was ob-
served that external acid sites could be varied by amount of
carbon template used in the microwave-irradiated synthesis. The
MW-40 having 100% Brønsted acid–covered mesopores could cat-
alyze the condensation reaction of 20,40-dimethoxyacetophenone
with 4-methoxybenzaldehyde effectively.
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