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bstract

Beta zeolite coated on a preshaped medium surface area silicon carbide (SiC) carrier was prepared via a hydrothermal synthesis. The SiC support
llows the precise control of the macroscopic shape of the final catalyst, which significantly decreases the diffusion pathway of the reactants to the
ctive site. 27Al MAS-NMR analysis revealed that all the aluminum was in a tetrahedral coordination and no trace of extraframework aluminium
as observed. The full width at half maximum of the NMR peak was about 10 ppm, which indicates the presence of small zeolite crystals inside

he sample. SEM observation has shown that the zeolite homogeneously coated the outer surface of the silicon carbide extrudate support with
ifferent size and shape and random orientation. The existence of a layer of silica and silicon oxycarbide on the surface of the support allows a

trong anchoring of the coated zeolite which prevents the loss of the deposited zeolite during handling and operation. The as-prepared catalyst
xhibits a high catalytic activity in the benzoylation of anisole in a fixed-bed configuration. In addition, the catalyst was extremely stable, as no
eactivation was observed after several hours of test, whereas bulk zeolite exhibits a strong deactivation with the time mainly due to the formation
f carbonaceous residues inside the channel network.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Zeolite materials are employed in many processes such as
upports or sorbents for gas separation. The most promising
eld is the heterogeneous catalysis, i.e., selective alkane iso-
erization [1,2], non-oxidative methane aromatization [3,4],

racking [5,6] and Friedel-Crafts reactions [7–14]. The Friedel-
rafts reaction is involved in manufacturing fine and speciality
hemicals to produce aromatic ketones, which are important
ntermediates compounds for pharmaceutical and chemical
ndustries [15,16]. Generally, the most widely used catalysts

or this kind of reactions are soluble Lewis acids, i.e., AlCl3,
eCl3 [17], or strong mineral acids such as HF [18]. The major
rawbacks are linked with environmental concerns due to the
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xcessive generation of wastes along with corrosion problems,
nd the impossibility of regeneration. In addition, the formation
f complexes between the acid catalysts and the produced ketone
eads to a gradual loss of activity and a separation post-reaction
s further needed to recover the formed ketone. Recently, the
eterogenization of the Friedel-Crafts reactions has received
n increasing interest in order to meet the new environmental
egulations. This could be achieved by replacing the homoge-
eous Lewis or mineral acids by heterogeneous catalysts such as
eolites, clays, Nafion-H and heteropoly acids [10–15]. Fixed-
ed Friedel-Crafts reactions using zeolites catalysts have been
eported by Rhodia for the synthesis of 4-methoxyacetophenone
nd 3,4-dimethoxyacetophenone [19,20]. However, the intrin-
ic catalytic activity, especially in a fixed-bed configuration still
eeds to be improved. Moreover, problems linked to deactiva-
ion by dealumination, formation of coke on the acid sites, or by

trong product adsorption, have to be solved.

Zeolites are widely synthesized by hydrothermal process with
ifferent size depending on the nature of the starting gel and its
omposition [21]. The as-prepared zeolite in its bulk form is a

mailto:gauthier.wine@ecpm.u-strasbg.fr
dx.doi.org/10.1016/j.molcata.2007.08.018
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ighly dispersed powder and consequently, recovery at the end
f the synthesis by centrifugation and filtration is often difficult.
uch problems are more pronounced in the case of beta zeolite
anocrystals with sizes as small as 10 nm which requires an
ltra-centrifugation technique for separation.

Finally, it should be noted that macroscopic shape zeolites
enerally receive an additional shaping step by mixing with
inders before extrusion. By this method, part of the zeolite is
overed by the binder and thus, is not accessible for the reactants.
he presence of the binder also increases diffusion problems and

educes the accessibility to the porosity of the zeolite phase. It
s thus of interest to find new synthesis methods in order to
educe the synthesis duration and to avoid the binder addition
or the final shaped zeolite materials by preparing zeolite with
irect controlled macroshape. Several groups have reported the
ynthesis of supported zeolite on different supports and matrix
aterials such as alumina, silica, ceramic monolith and carbon

22–27].
Silicon carbide exhibits a high thermal conductivity, a high

esistance towards oxidation, a high mechanical strength and
hemical inertness, which are properties required for heteroge-
eous catalyst support materials. All of these advantages lead
o the conclusion that silicon carbide is a promising candidate
or use as heterogeneous catalyst support in place of the clas-
ical supports such as alumina or silica, especially in reactions
ith high thermal transfers, and in harsh environment media. It
as been shown that silicon carbide could be efficiently used as
upport for zeolite composites [14,28,29], thanks to its physico-
hemical properties. No support dissolution during the zeolite
ynthesis in a very basic medium was observed: this could mod-
fy the molar ratio of the gel solution, and as a consequence the
cidic nature of the zeolite itself. Then, such composites could
e used either as catalyst support or as catalyst in an aggres-
ive media without problems linked to the corrosion. The high
xidation resistance of the silicon carbide is compatible with
xidative atmosphere.

The aim of the present article is to report the synthesis
f supported BEA on macroscopic SiC in extrudates form.
he as-synthesized material was subsequently tested as catalyst

n a Friedel-Crafts reaction in a fixed-bed configuration. The
bserved Friedel-Crafts activity on the BEA/SiC catalyst was
ompared with the one of the bulk zeolite. The catalyst, before
nd after reaction, was characterized by several techniques in
rder to get more insight on the nature of the active phase and
o understand the differences in terms of deactivation.

. Experimental

.1. Support

Silicon carbide in an extrudate form (diameter, 2 mm, length,
mm) with a specific surface area of 23 m2 g−1 and a mesopores

ize centered at around 40 nm, measured both by N2 adsorption

nd by mercury intrusion, was used as support for subsequent
eolite synthesis. The later method also reveals the presence
f a large amount of macropores centered at about 0.07 �m
Fig. 1). The support was synthesized according to a gas–solid

a

n
c

Fig. 1. Mercury intrusion of SiC.

eaction between SiO and carbon according to the Shape Mem-
ry Synthesis method [30]. Due to the synthesis method using
n intimate gas–solid reaction between the SiO and solid carbon
ith a concomitant release of gaseous CO, no microporosity was
enerated inside the solid. XPS analysis has shown that the SiC
urface was constituted by about 40 at.% of SiC, 30 at.% of SiO2
nd 30 at.% of SiOxCy [30]. The SiO2 and SiOxCy phases were
xpected to be formed during the synthesis owing to the presence
f a small amount of oxygen in the flushing Ar flow (10 ppm)
nd also during the handling of the sample in air. These oxidic
hases are probably formed on the highly reactive defect sites
f the sample. Before the synthesis, the SiC material was calci-
ated in air at 900 ◦C for 2 h in order to transform the SiOxCy

opmost layer into the corresponding SiO2. The specific surface
rea of the calcined sample measured by the BET method was
0 m2 g−1, while almost no porosity change has been observed.
t should also be noted that the SiC exhibits a relatively high pro-
ortion of macropores, which represent about 33% of the total
ore volume according to the mercury penetration measurement.

.2. Supported HBEA synthesis

The supported zeolite synthesis was carried out in a
ydrothermal mode using the following precursor solution com-
osition: SiO2:Al2O3:TEAOH:H2O (50:1:14:370) [31]. The
iC extrudates (10 g) were then added to the gel solution, fol-

owed by 1 h aging at room temperature. The mixture was then
ransferred into an autoclave lined with PTFE and the synthesis
as carried out during 48 h under hydrothermal conditions at
40 ◦C. After synthesis, the composite extrudates were rinsed
everal times with distilled water and filtered. Then the solid
as sonicated in an ethanol solution during 10 min in order

o remove the remaining gel or weakly adsorbed zeolite par-
icles. The resulting wet solid was subsequently dried in air at
00 ◦C during one night. The organic structurant was removed
y heating the sample in flowing argon at 550 ◦C for 14 h. The
s-prepared BETA zeolite/SiC was exchanged overnight with
H4–Cl aq (1 M, 150 ml) at 90 ◦C to obtain the NH4-form. The
-BETA form was obtained by calcination of the sample in air
t 550 ◦C for 10 h. The obtained HBEA has a Si/Al ratio of 25.
For comparison, a commercial HBEA zeolite (Zeolyst Inter-

ational, Si:Al ratio of 12.5) was also tested in the same reaction
onditions. The commercial HBEA was obtained by calcinating
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i.e., 170 C. Apparently, the SiC support provides a more benefi-
cial effect on the crystallization behavior of the zeolite. The SiC
support, after pre-calcination in air at 900 ◦C, probably contains
a high density of defects on its surface, which allows a rapid
6 G. Winé et al. / Journal of Molecular

he NH4-BEA in air at 550 ◦C for 10 h. The powder was then
asted, crushed and sieved in order to obtain a granulometry
etween 0.4 and 1 mm.

.3. Characterization techniques

Structural characterization of the samples was done by XRD
easurements carried out with a Siemens D-5000 powder X-

ay diffractometer (θ/2θ), using Cu K� radiation, with long
ime scan (10 s) and small step scan (0.02◦). The nature of the
ifferent phases present in the sample was checked using the
atabase of the Joint Committee on Powder Diffraction Stan-
ards (JCPDS). The average particle size was deduced from the
-ray line broadening using the Scherrer equation.
The morphology of the sample was investigated using a Scan-

ing Electron Microscopy (SEM) Jeol XL 30 FEG microscope.
The pore size and the surface area measurements were per-

ormed on a Coulter SA-3100 porosimeter using nitrogen as
dsorbat at liquid nitrogen temperature. Before each measure-
ent, the sample was evacuated at 300 ◦C for 14 h in order to

esorb impurities adsorbed on the surface.
27Al (I = 5/2) magic angle spinning nuclear magnetic res-

nance (MAS-NMR) was carried out with a Brucker DSX
00 spectrometer operating at B0 = 9.4 T (Larmor frequency
0 = 104.2 MHz). A single pulse of 0.8 ms with a recycle delay
f 1 s was used for all experiments. The spinning frequency was
kHz. Measurements were carried out at room temperature with

Al(H2O)6]3+ as external standard reference.
The temperature-programmed oxidation (TPO) were carried

ut on a 200 mg sample, under a flow of O2 (10% in He) at
0 cm3 min−1, from room temperature to 800 ◦C at 10 ◦C min−1.

Saturn 3 Varian mass spectrometer was used to analyze the
utlet gas-phase composition and to follow the signal of CO
m/e = 28) and CO2 (m/e = 44). Calibration was realized using
nown amounts of Mo2C. For each sample, the results were
ormalized versus the amount of zeolite.

.4. Fixed-bed Friedel-Crafts reaction

The catalytic test was carried out in a tubular glass reactor
10 mm inner diameter and 200 mm length) in a trickled-bed
ode at a reaction temperature of 120 ◦C with a supported cat-

lyst weight of 2 g (0.2 g in the case of pure HBEA) supported
n a fritted disk. The top of the catalyst was filled with a quartz
ool plug in order to avoid the formation of preferential chan-
els through the catalyst bed. The catalytic activity, expressed

n terms of conversion, was calculated based on the benzoyl
hloride per gram of zeolite in the reactor. The liquid reac-
ants, composed by a mixture of anisole and benzoyl chloride
Fig. 2) with a molar ratio of 8, was injected on the top of the

Fig. 2. Benzoylation of anisol by benzoyl chloride.
lysis A: Chemical 278 (2007) 64–71

eactor by a HPLC pump (Varian 9020 HPLC) with different
iquid rates ranging from 0.1 to 0.5 ml min−1 corresponding to
Weight Hour Space Velocity (WHSV) from 4 to 20 h−1. The

iquid exiting exits the reactor was withdrawn at regular time
ntervals and the products distribution was analyzed using Gas
hromatography (GC, Varian 3400) equipped with a PONA col-
mn. The catalytic performance was compared with that of the
ommercial unsupported zeolite under similar reaction condi-
ions. Before the test, the commercial zeolite in powder form
as pressed, crushed, and sieved, and the fraction between 0.4

nd 1 mm was retained for the test.

. Results and discussion

.1. HBEA/SiC characteristics

The first advantage of the supported zeolite was the complete
voidance of post-synthesis centrifugation of the crystallized
ano-zeolite which is a time and energy consuming process. In
he present case, the product was simply filtered over a fritted
isk and washed before calcination in flowing argon at 550 ◦C
n order to remove the remaining organic template. The loading
f the zeolite on the SiC can be calculated by measuring the
eight loss after HF dissolution of the composite BETA/SiC: it
as estimated at 10 wt.% according to the synthesis conditions.
The XRD pattern of the as-synthesized catalyst after calci-

ation and ammonium exchange is presented in Fig. 3. The two
haracteristic diffraction lines corresponding to the BETA zeo-
ite phase (space group P4122) were clearly observed along with
hose of the SiC support. No trace of other compounds, such as
lumina or silica, has been observed, which indicates the high
urity of the obtained zeolite. It is significant to note that the
iffraction lines corresponding to the BETA zeolite were already
isible in the pattern after only about 12 h of synthesis. On the
ther hand, Tosheva et al. [27] have reported that the crystalliza-
ion rate of BETA zeolite was slightly lowered when the support
as introduced into the mother liquor due to the existence of
iffusional phenomenon, even at higher synthesis temperature,

◦

Fig. 3. XRD Pattern of the H-BEA/SiC.



Catalysis A: Chemical 278 (2007) 64–71 67

n
i
o
p
i
z
o
m
s

N
5
h
i
s
a
r
l
h
t
(
a
v
v
z
[
l
t
1
t
X

F
H
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ucleation at the beginning of the synthesis which thus increas-
ng the yield of the synthesis. The presence of a high amount
f macropores inside the SiC allows the easy filling of the sup-
ort with the starting gel, without the pore entrance plugging as
n the case of small pores, leading to an homogeneous layer of
eolite inside the support matrix. The high chemical inertness
f the ceramic support towards corrosion allows to reduce the
odification of the reactants different concentrations inside the

olution which could also improve the crystallization rate.
The zeolite formation was also confirmed by 27Al MAS-

MR (Fig. 4). The aluminum NMR peak was visible at
0 ± 2 ppm and could be unambiguously attributed to the tetra-
edral coordinated aluminum atoms in the zeolite framework,
n agreement with earlier 27Al MAS-NMR studies of zeolite
amples in the literature [24]. The absence of 27Al resonance at
round 0 ppm indicates that no trace of octahedral aluminium,
esulting from the precipitation of aluminium outside the zeo-
ite framework, nor distorted tetrahedral aluminum species [24]
ave been formed during the synthesis. Such a result indicates
hat all the aluminium atoms were incorporated into the TO4
T standing for Si or Al) framework of BEA and that no bulk
lumina was formed, in good agreement with the XRD obser-
ations. The FWHM of the 27Al peak was around 12 ppm. This
alue reflects a relatively small crystal size of the as-prepared
eolite according to van Grieken et al. [32] and Jacobsen et al.
24]. Jacobsen et al. [24] have reported a FWHM of 7.1 ppm for
arge ZSM-5 crystals (8 �m) whereas for small size ZSM-5 crys-

als (nanometer size) the FWHM significantly increased to about
0.6–11.1 ppm. The average zeolite particle size determined by
he NMR results is in good agreement with that observed by
RD and SEM (see below).

ig. 4. 27Al MAS-NMR spectrum of the H-BEA/SiC and the bulk commercial
-BEA samples.
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Fig. 5. SEM images of the H-BEA/SiC sample.

The SEM image of the gross morphology of the sample is
isplayed in Fig. 5A. It shows that the extrudate morphology of
he support was not modified during the synthesis. High mag-
ification SEM image (Fig. 5B) reveals the formation of beta
eolite with a homogeneous size, covering the entire surface of
he silicon carbide support. The as-synthesized zeolite has an
verage particle size of around 30 nm as shown by the SEM
mage in the inset of Fig. 5B. The zeolite particles were ran-
omly distributed over the support surface with a high voids
raction. It should be noted that the zeolite layer formed in the
resent work consisted in several aggregates of zeolite particles
nd not in a continuous film as reported by Gavalas and co-
orkers [13] and by van der Puil et al. [23] for instance. This

ould be attributed to differences between the nutrient solutions
sed in the present work and those used by van der Puil [23]
nd by Gavalas and co-workers [13], or also between the syn-

hesis conditions. The difference between the SiO2/SiC surface
nd the low surface area alumina [13] could also play a role.
ccording to the SEM images, zeolite particles were homoge-
eously dispersed throughout the porosity of the SiC support,
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onsidering taking into account the relatively high viscosity of
he synthesis gel employed in the present work. The high pene-
ration of zeolite particles inside the support was attributed to its
igh macroporosity which favors the gel penetration during the
lling process. It should also be noted that the zeolite particle
ize inside the support porous network was almost similar to
hat observed on the outer surface. This indicates that the rate of
ucleation was similar, which is in line with the ease of diffusion
f the synthesis gel into the support.

The mechanical anchorage of the zeolite on the SiC support
urface was evaluated by submitting the sample to sonication
reatment for 1 h. The total weight loss after such a treatment
as about 2 wt.% of the deposited zeolite, which indicates that

he zeolite material was strongly bonded to the support surface.
t was not the case over other supports such as alumina or silica.
ndeed removal of a significant amount of zeolite crystallites by
onication has been reported by van der Puil et al. [23] on alu-
ina extrudates and was attributed by the authors to the weak

nteraction and bonding between the zeolite crystallites and the
upport surface. Beers et al. [7] have reported that the anchor-
ge strength can be significantly improved using silica binder.
n our case, the silica layer formed on the outer surface of the
iC support probably induces the formation of a strong interface
etween the support and the deposited zeolite, which prevents its
echanical loss during the sonication treatment. The presence

f such a layer probably allowed the good wetting of the zeo-
ite coating. During the hydrothermal synthesis, it was expected
hat the chemical interaction between the support and the gel
hase, both containing silicon entities, and the proper character-
stics of each phase, constituted important parameters in order
o obtain a homogeneous and stable zeolite coating layer. It was
roposed that the zeolite was chemically bonded to a layer of
iO2 which was directly generated by air oxidation of the SiC
ample. SiC supported zeolite can be synthesized directly by
ontacting the SiC support with a layer of SiO2 to a solution con-
aining aluminum source [33]. The as-synthesis material exhibits
n extremely high mechanical anchorage which confirms the
ypothesis concerning the mode of formation of the zeolite on
he topmost layer of the SiC support through partial dissolution-
ecrystallization of the thin SiO2 layer covering the SiC surface.
his is not expected to occur on an alumina surface because of

he absence of Si atoms in the support and results in the zeolite
oss during the sonication treatment. Van der Puil et al. [20] have
ndeed reported that pretreatment of the starting alumina by a
emplate solution containing Si, resulted in an improvement of
he interaction between the support and the gel medium.

The formation of zeolite on the surface of the SiC sup-
ort also significantly increases the overall specific surface area
f the composite from 25 to about 120 m2 g−1. The contribu-
ion of the microporous porosity is 60 m2 g−1. Considering the
eight of the deposited zeolite and the hypothesis that the SiC

urface remains unmodified after the synthesis, the intrinsic spe-
ific surface area of the as-synthesized zeolite was calculated

o be around 500 m2 g−1. SBET of the commercial sample is
80 m2 g−1. The increase of the specific surface area and the
ormation of micropores were directly attributed to the presence
f zeolite crystallites with high specific surface area amounting

z
i
d
a

ig. 6. Benzoylation activity over H-BEA/SiC and commercial H-BEA cata-
ysts.

o several hundred square meters according to literature results
31,34].

.2. Fixed-bed Friedel-Crafts reaction

The catalytic results obtained in the Friedel-Crafts reaction
ver silicon carbide supported HBEA catalyst at a WHSV of
h−1 are displayed in Fig. 6 as a function of time on stream
t 120 ◦C. As soon as the reactants mixture was in contact
ith the catalyst, the colorless solution became red, indicat-

ng the formation of aromatic ketone on the catalyst surface.
he initial benzoylation activity was relatively high after 1 h on
tream, i.e., 73% of conversion, with a selectivity towards para-
ethoxybenzophenone of about 96%. Such results are in line
ith those already reported in the literature for slurry reactor

onfigurations over zeolite catalysts, where the main product
s the p-substituted ketone [35]. The other reaction products,
.e., o-methoxybenzophenone and ester were formed in almost
qual concentrations and represent less than 4% of the total reac-
ion products. Previous works concerning the benzoylation of
nisole on SBA-15 based material have shown the possibility
o produce the phenyl benzoate by esterification of the phenol
btained from the hydrolysis of the anisole [36]. The benzoy-
ation activity slightly decreased from 73 to about 60% after
h on stream but remained unchanged up to more than 12 h
f test which means that almost no deactivation occurred after
h on stream. The selectivity towards p-methoxybenzophenone

emained unchanged during the whole test which indicates that
he nature of the active phase was not modified.

A comparison was also made using unsupported commercial
ETA zeolite (Zeolyst International) while keeping the reac-

ion conditions similar. The results obtained are displayed in the
ame figure. The initial benzoylation activity of the unsupported

eolite was similar to that observed with the supported catalyst,
.e., 70%. However, on the bulk zeolite, the benzoylation activity
rastically decreased with time on stream from 70 to about 30%
fter 6 h of test. This indicates a strong inhibition of the active
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ites in the unsupported zeolite during the reaction carried out
n a fixed-bed configuration. In this case, the selectivity towards
-methoxybenzophenone was also unchanged which indicates
hat the deactivation was solely due to the active sites loss.

The difference of activity observed between the supported
nd unsupported HBEA catalysts can be attributed to the aver-
ge size of the zeolite. On the supported catalyst, the average size
f the active zeolite was expected to be smaller than in the case of
he unsupported one. The smaller particle size of the supported
eolite was attributed to the presence of the SiC support which
revents excessive aggregation. The bulk zeolite presents large
ggregates of small crystals in contrast with the supported cat-
lysts. It presents micrometrics aggregations of small crystals
20 nm) in contrast with the supported catalysts. Such differ-
nces significantly influence the rate of reactants and products
iffusion thus modifying the stability of the catalyst as a func-
ion of time on stream. It has been reported by several authors
hat the aromatic ketone is a main inhibitor of the Friedel-Crafts
eaction in a slurry reactor due to its strong adsorption on the
ctive sites. Derouane and co-workers [8,9] have reported that
he acylation activity significantly decreased when increasing
he amount of aromatic ketone in the reactants mixture. Simi-
ar deactivation has also been reported by Jaimol et al. [37] in

fixed-bed reactor during the acetylation of toluene over H-
SM5 catalyst. At 453 K, the conversion decreased from 70

o 30% after about 7 h on stream. The deactivation observed
as attributed by the authors to coke formation through acidic

ssisted condensation inside the zeolite microporosity. Freese et
l. [38] have reported that the acylation activity on the dealu-
inated H-BETA was higher than that observed on the initial
-BETA. Such observation was attributed to the porosity modi-
cation in the dealuminated H-BETA which favors the diffusion
f the products from the core of the catalyst to the surface for
esorption, thus preventing excessive coke formation. This coke
ormation inhibits the access of the reactants to the active phase.
ccording to the observed results, it seems that a balance should
e found between the intrinsic activity and acidity strength of
he zeolite, the deactivation rate and the pore size, which control
he diffusion rate of the reactants and the products in and out of
he zeolite porosity network. It is expected that the dispersion of
he zeolite particles on the SiC support surface favors the evacu-
tion of the produced ketone when compared to the unsupported
eolite. The higher diffusion rate of ketone out of the supported
eolite porosity probably allows maintaining the initial activity
f the supported catalyst despite some slight deactivation. The
nitial deactivation could be due to the equilibrium adsorption
f a part of the formed ketone. The zeolite apparent particle size
nfluences the rate of diffusion of the reactants and products,
hus modifying the stability of the catalyst as a function of time
n stream. It also and probably increases the coke formation, as
result of a long apparent sejourn time of the products inside the
eolite porosity. Such diffusion phenomenon was expected to be
ore drastic in a fixed-bed configuration compared with a batch
eactor, because the reactants are continuously tickled through
he catalyst bed with time on stream, which significantly modify
he rate of ketone diffusion out of the zeolite pore and in turn,
he rate of reactants diffusing from the outer surface to the zeo-

M
t

e

Fig. 7. 27Al MAS-NMR spectra of the spent catalysts.

ite porosity. According to our previous works already published
14,28,29,33], we can assume that the higher activity of the sup-
orted zeolite was directly linked to its thin layer with lower
iffusional resistance and also to its smaller primary particle
ize. The same result (not shown) obtained in the direct dehy-
ration of methanol on the supported zeolite, i.e., ZSM-5/SiC
39], also support such assumption.

27Al MAS-NMR was used to characterize the nature of the
atalyst after reaction and the results are displayed in Fig. 7.
n the unsupported zeolite, a dealumination phenomenon has
ccurred during the catalytic test, as shown by the appearance
f a relatively high resonance peak with similar FWHM located
t 0 ppm, i.e., extraframework aluminum. The dealumination
henomenon has already been reported by different authors
n the literature for other zeolites [37]. The long stay time of
he reaction products, especially HCl, inside the bulk zeolite
as expected to be responsible for such dealumination, which

ontributes to the loss of the acylation activity.
On the supported zeolite, a resonance peak located at 0 ppm

as also observed (Fig. 6B). However, the FWHM and the peak
rofile were completely different compared to that observed
n the unsupported H-BEA. It is expected that the resonance
eak located at 0 ppm on the supported zeolite was not due
o extraframework aluminium, but rather to aluminum species
onded with organic species which remained on the catalyst sur-
ace. The absence of deactivation observed on the catalyst also
upported this hypothesis [40]. Detailed investigation by 27Al
AS-NMR will be carried out in order to get more insight into
he origin of the resonance peak at 0 ppm.

Temperature-programmed oxidation (TPO) was also
mployed to characterize the amount of carbonaceous species
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methoxybenzophenone, are reported in Fig. 10. According to
the results some slow deactivation has occurred on the catalyst
Fig. 8. TPO spectra of the spent catalysts.

ormed during the test. The TPO spectra are displayed in
ig. 8. The amount of coke formed on the supported zeolite
as lower compared to that obtained on the bulk zeolite, which
artly confirms the hypothesis advanced above concerning the
apid diffusion out of the products out of the supported zeolite
avities. The coke formed inside the bulk zeolite was also more
raphitized, as shown by the higher oxidation temperature,
ompared to the one observed on the supported zeolite. This
as attributed to be due to the long residence time inside the
orosity.

.2.1. Influence of WHSV
The evolution of the benzoyl chloride conversion versus the

ime on stream, for three different space velocity (WHSV) values
s presented on Fig. 9. At the highest velocity of 500 �l min−1,
hich corresponds to a WHSV of 20 h−1, the catalytic activ-

ty is very low: the conversion is only 25% at the beginning
f the test and decreases regularly to 13% after 8 h of time on
tream. The activity drop when increasing the reactants velocity
as attributed to the fact that at high velocity part of the reac-

ants did not had enough time to reach the active sites inside the
eolite porosity network and thus, was directly escaped from
he catalytic bed without reaction. Moreover, the major part of

eactants passed through the catalyst without meeting any active
ite.

Concerning the lower space velocities, i.e., 4 and 10 h−1 cor-
esponding, respectively, to 100 and 250 �l min−1, the catalytic

Fig. 9. Benzoylation test over H-BEA/SiC catalyst: influence of WHSV.

w
a

F
z

Fig. 10. Long-term benzoylation test over H-BEA/SiC catalyst.

ctivity are more or less the same: from 80% of conversion at the
eginning to 60% at the end. It seems that the BETA/SiC cata-
yst has a number of active sites which can convert the reactants
ntil an upper limit of velocity.

In all cases, the selectivity towards the p-methoxybenzo-
henone remains higher than 90%.

In view of these results, it can be assumed that the opti-
al space velocity in these reactions conditions is 10 h−1

250 �l min−1). At this value, the amount of reactants converted
ersus the time on stream higher than at 4 h−1, without any
rop of conversion after 8 h, like at 20 h−1, and with a stable
electivity.

.2.2. Long-term test
In the present study, the stability of the SiC supported zeo-

ite as a function of the test duration was investigated under
he following reaction conditions: catalyst weight, 2 g; zeolite
eight, 0.18 g; anisole and benzoyl chloride with a molar ratio
f 8; reaction temperature, 120 ◦C; WHSV, 4 h−1. The results,
xpressed in terms of conversion and selectivity towards p-
hich could be attributed to the loss of the active site access as
function of time on stream by porosity plugging (Fig. 11) with

ig. 11. Porosity distribution of the H-BEA/SiC catalyst before and after ben-
oylation test.
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eavier products. NMR characterization (not shown) did not
eveal any dealumination process during the course of the reac-
ion. However, the benzoylation activity after more than 48 h of
est still remains gigh (around 35%). On the other hand, the selec-
ivity towards p-methoxybenzophenone remained unchanged
uring the whole test, which highlighting the complete conser-
ation of the active phase.

. Conclusion

Silicon carbide synthesized by a gas–solid reaction can be
fficiently used as support for the synthesis of supported beta
eolite. The high affinity between the SiC surface and the gel
recursor led to the formation of a homogeneous layer of zeolite
ith a high mechanical anchorage. The possibility to prepare
iC with different controlled macroscopic shapes, i.e., extru-
ates or monolith, allows the abstention of different zeolite
upported composites depending on the desired use. The sup-
orted BETA zeolite catalyst was active for the benzoylation
f anisole by benzoyl chloride and was extremely stable in a
xed-bed reactor configuration. This stability was attributed to

he high dispersion of the zeolite layer and the small primary
articles size which allow to maintain an equilibrium between
he diffusions of the reactants and the products in and out the
ntraporosity of the zeolite phase. The thin layer of zeolite
llows the increase of the product escaping rate and thus, sig-
ificantly reduce the secondary acidic condensation reactions
hich could led to the carbonaceous species formation inside

he material porosity network compared to that observed on the
ulk zeolite. Indeed, in this later, the high length due to the
ormation of aggregates could increase the sejourn time of the
roduct which could favorize the secondary reactions yielding
arbonaceous species. These carbonaceous species were also
ess graphitized due to the short residence time within the zeo-
ite porosity. However, some deactivation was observed on the
upported zeolite for long-term test, which was attributed to a
ore plugging. Work is on progress to modify the intrinsic prop-
rties of the SiC support, in order to improve the dispersion of
he deposited zeolite, and thus significantly improve the catalysts
tability.
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