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Alkylation of benzene by propene on a series of Beta zeolites:
toward a better understanding of the mechanisms
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Abstract

Alkylation of benzene with propene has been investigated on a series of H-Beta zeolites with different SirAl ratio: 10,
35 and 66, using different techniques such as FTIR, 13C NMR and catalytic testing. It has been shown that H-Beta zeolite
Ž .SirAl ratios10 is a very active catalyst for this reaction with propene, but it leads also to fast oligomerization even at
lower reaction temperatures. 13C NMR experiments have demonstrated for the first time that the reaction of alkylation is
already complete at y808C on these catalysts. Dealuminated H-Beta zeolites are less active but lead to less aromatic

Ž .by-products especially n-propylbenzene and the deactivation due to the coke formation is reduced. The high ratio of
benzenerpropene favors the formation of cumene and suppresses the oligomerization of propene. Triisopropylbenzene
Ž . Ž .TIPB can also be formed at low temperatures -1008C and then is transformed by transalkylation into diisopropylben-

Ž . Ž .zene DIPB at higher temperatures )1308C . The present work reveals that the alkylation of benzene by propene occurs
via an Eley–Rideal type mechanism. The apparent activation energy for this reaction has been determined and shows to
decrease as the SirAl ratio of H-Beta zeolites increases. The relatively low apparent activation energies obtained for this
reaction on a series of H-Beta zeolites studied suggests that it exists a diffusion step of reactants and products between the
silanols of the Beta zeolite. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Alkylation of benzene with propene is an
interesting industrial reaction because it leads to
cumene, which is an important current interme-
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diate in the production of phenol and acetone.
Moreover, in the coming years, the price of
benzene is expected to decrease since environ-
mental regulations demand lower proportions of
this aromatic in the gasoline pool and the need

w xfor phenol is increasing from year to year 1 .
The industrial production of cumene is based on

w xthe use of Friedel-Crafts 2 or solid phosphoric
Ž . w xacid SPA 3 catalysts. However, the alkyla-

tion over zeolites gained increasing interest
compared to the highly contaminating and cor-
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rosive catalysts usually employed. Several zeo-
lites are reported to be able to catalyze this

w xreaction 4–7 . Two commercial cumene pro-
cesses have been developed by Mobile and
CDTECH, respectively. The first one operates
in a fixed bed reactor system using ZSM-5

w xzeolite as catalyst 8,9 and the second in a
catalytic distillation column reactor using Y-type

w xzeolite 10 . However, the rapid ageing of zeo-
lite catalysts is still an essential problem to
resolve. For instance, faujasite catalysts have
been employed in alkylation reactions but their
low resistance to coking is due to their su-

˚Ž .percages 12 A , which favor the accumulation
and enlargement of coke precursors. Lately,
DOW has reported the development of a new
cumene process based on a highly dealuminated

w xMordenite 11 . Recently, Beta zeolite has been
shown to be a potential catalyst for the alkyla-

w xtion of benzene 12–16 and would be used in
w xthe new industrial process 14 . In contrary to

fajasite zeolite catalysts, Beta zeolite possesses
˚Ž .smaller channels intersections about 9 A and

comparable channel diameters. Bellussi et al.
w x14–16 have reported that zeolite Beta is more
active and more selective than Y zeolite in the
liquid phase alkylation of benzene with propene.
An industrial process using Beta zeolite is
indeed in operation in Sardegna. However,
although the separation of products is often
difficult, most of studies on this reaction were
carried out in liquid phase conditions since this
reaction can be operated at moderate tempera-
tures. This reaction performed in gas phase
conditions is rarely reported. Furthermore, the
real mechanism of cumene formation into the
zeolite is still unclear in spite of some molecular
mechanics calculations and it is of importance
to achieve the best preparation of the catalyst
and the reaction conditions. In this work, the
alkylation of benzene with propene has been
investigated on a series of H-Beta zeolites using

Ž .in-situ techniques FTIR and NMR and a cat-
alytic test. The understanding mechanism of this
reaction into the zeolite is the main aim of the
work.

2. Experimental

2.1. Preparation of the catalysts

Ž .The starting Beta zeolite SirAl ratios10
was synthesized in our laboratory in alkaline
medium in the presence of TEAOH according

w xto the procedure of Camblor et al. 17,18 . The
chemical formula of this zeolite, obtained from
elementary analysis, is given for a unit cell of
64 T atoms as: TEA Na Al Si O ;6.4 0.6 5.4 58.6 128

10H O. The zeolite precursor was calcined at2

5508C in air for 10 h to remove TEA, followed
by an ion exchange with a solution of NH NO4 3
Ž .2 M, 708C, 5.5 h to give NH -Beta. The4

Žexchanged sample was further calcined 5508C,
.4 h in air to give the protonated Beta zeolite

w x19 . Two other catalysts were prepared by dea-
lumination of the NH -Beta sample in the4
Ž . Ž .NH SiF 0.5 M, 808C, 3 h and the HCl4 2 6

Ž .solution 0.2 M, 808C, 3 h , respectively. These
three H-Beta catalysts have SirAl ratios of 10,
25 and 66, and labeled as H-Beta 1, 2 and 3,
respectively.

2.2. Characterization of the catalysts

The crystallinity and phase purity of the zeo-
lites were determined by X-ray diffraction
Ž .XRD, Philips PW 1710 with Cu Ka radiation

Žand scanning electron microscopy SEM, Philips
.XL 20 . The XRD powder patterns of as-

synthesized sample and two dealuminated sam-
ples are same as those published previously
w x Ž20,21 and show very good crystallinity Fig.
.1 . This suggests that the dealumination treat-

ments do not provoke a destruction of zeolite
framework. The crystals are well defined and
spherical shaped with crystal size of around 300

Ž .nm Fig. 2 . The amount of TEA occluded in
as-synthesized sample was measured using dif-

Ž .ferential thermal analysis DTA and differential
Ž . Žscanning calorimetry DSC Setaram thermo-

gravimetric analysis TG–DTG–DSC 111 cou-
.pled with an ammonia Metrohn titrator . The
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Ž . Ž .Fig. 1. XRD powder patterns of H-Beta 1 a and H-Beta 3 b .

details of the procedure adopted for this appara-
w xtus used have been described elsewhere 19 .

2.3. Alkylation of benzene with propene

2.3.1. FTIR studies
Self-supported wafers were pressed from 20

mg of zeolite powder under a pressure of 6
tonnesrcm2 and then placed with a sample
holder inside a Pyrex cell with two NaCl win-

Ždows, which allowed pretreatment 1: 4508C in
air for 6 h; 2: 4508C in vacuum -10y6 Torr

.for 4 h , introduction of reactants and recording
of the spectra. The different acid sites present in
our zeolite catalysts were also analyzed by FTIR
using Perkin-Elmer FTIR Spectrum 2000 Spec-
trometer.

2.3.2. 13C NMR study
Propene labeled in 2 was used in the present

Ž .work. The zeolite samples 50 mg were packed
into NMR cells. After 6 h heating in air at
4008C, the catalysts were evacuated for 4 h
Ž y6 .vacuum -10 Torr and cooled down to
room temperature before introduction of reac-
tants. An amount of benzene of 8 moleculesr
unit cell of zeolite and 1 moleculerunit cell of

propene were introduced into the cell in the way
described as follows. A known amount of ben-

Ž .zene 8 moleculesrunit cell was first intro-
duced onto the zeolite wafer followed by the

Žaddition of a desired amount of propene 1
.moleculerunit cell . To avoid any reaction at

room temperature before recording the NMR
spectra, propene was introduced into the cell at
liquid nitrogen temperature. The samples were
kept in liquid nitrogen during sealing the cap-
sules and till they were introduced into the

Ž .NMR apparatus Bruker MSL-400 operating at
100.6 MHz. The MAS NMR study was achieved
using high-power gated proton decoupling with

Žsuppressed NOE effect 908 pulse, recycling
.delay 4 s .

2.3.3. Catalytic tests
These were performed in a plug flow mi-

croreactor operating at atmospheric pressure.
The quantities of benzene introduced were con-
trolled by a cryostate with fixed N flow and2

propene were controlled by mass flow meters.
50 to 100 mg of catalyst were first calcined in
situ in microreactor in a flow of dry O for 6 h2

Ž .at 4508C heating rate: 38Crmin and purging
with N for 5 h at 4508C. The products were2

analyzed quantitatively by gas chromatography
ŽPerkin-Elmer Autosystem XL equipped with a
FID detector and a semicapillary column He-

.liflex-Alltech AT-WAX and qualified by GC-
MS.

Fig. 2. Micrograph of as synthesised Beta zeolite by SEM.
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The conversion is the percentage of propene
transformed and the selectivity for a product
corresponds to the percentage of this product on
the total amount of reaction products. The ap-
parent activation energy is obtained by means of
Arrhenius equation.

3. Results and discussion

3.1. Characterization of the catalysts

3.1.1. Amount of TEA occluded in as-synthe-
sized sample

The TG–DTG–DSC curves of the as-synthe-
sized Beta zeolite under dry helium flow are
reported in Fig. 3. It should be noted from the
elementary analysis that there is an excess of

Ž q q.compensating cations TEA qNa relative to
the amount of AlO . This is due to the presence4

of a large number of SiOy defect groups of the
w xBeta zeolites 19,22 or because of the presence

w xof TEAOH molecules in Beta zeolite 17,18,23 .
The knowledge of the amount of each species
gives access to the number of Bronsted acid¨
sites. Three distinct weight endothermic loss

Ž . Ž . Ž .ranges Fig. 3 at 25–1908C I , 190–4008C II
Ž .and 400–5408C III are observed and corre-

Ž .spond to the desorption of water I , the degra-
dation of TEAq species associated with SiOy

y Ž . qand with OH II and the degradation of TEA
Ž .yassociated with the framework Si–O–Al

Ž . Ž . Ž . Ž .Fig. 3. a TG, b DTG dashed line , c DSC curves of the
Ž .as-synthesised Beta zeolite He, 108Crmin .

Ž . w xgroup of Beta zeolite III 19 . The number of
TEAq associated with SiOy or OHy and that

Ž .yassociated with the framework Si–O–Al , are
obtained to be 2.0 and 4.4 per unit cell, respec-
tively. The total number of TEA cations per unit
cell present in as-synthesized zeolite obtained
from thermal analysis is therefore equal to 6.4,
which is very close to the number obtained from
elementary analysis.

3.1.2. Hydroxyls in the three H-beta zeolites
FTIR analysis of the different acid sites of

the zeolites used was made. Fig. 4 depicts the
hydroxyl stretching vibration range of 4000–
3000 cmy1 of three H-Beta zeolites. The spec-

Ž .trum of the starting zeolite Fig. 4a shows four
different OH groups at 3612, 3663, 3745 and
3784 cmy1. The hydroxyls that give rise to the
3745 cmy1 band have been previously assigned
to the terminal weakly acidic Si–OH groups
w x y119,24 . The peak at 3612 cm corresponds to
the bridging framework Si–OH–Al groups. The
very small bands at 3784 and 3663 cmy1 have
been attributed, respectively, to the Al–OH

Ž .species slightly acidic being near to SiOH
groups generated when Al leave the framework,
and the hydroxyls associated with extraframe-

w xwork aluminium 19,25 .
The acidic Si–OH–Al groups at 3612 cmy1

are more important in intensity for the sample
Ž .H-Beta SirAls10 . The Si–OH–Al peak de-

creases in intensity with increasing SirAl ratio
Ž .Fig. 4b and c . The peaks at 3782 and 3663
cmy1 disappear in two dealuminated samples
Ž .Fig. 4b and c . However, the band at around
3745 cmy1 corresponding to silanols is broad-
ened and shifted to lower wavenumbers, 3742
cmy1 for the sample having a SirAl ratio of 35
and to 3735 cmy1 for the sample with a SirAl
ratio of 66. The broadness of this peak stems
from the creation of more silanols in the frame-
work after dealumination and the interaction
between these silanols. The slight shift toward
lower wavenumber suggests a slight increase in
acidity of these sites. The disappearance of the
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Ž .Fig. 4. IR absorbance spectra of the series of H-Beta 1 a , H-Beta
Ž . Ž .2 b H-Beta 3 c after pretreatment at 4508C in oxygen and then

in vacuum.

peaks at 3748 and 3633 cmy1 after dealumina-
tion confirms their origin related to the Al and
that an acid leaching can remove these species
w x19,25 .

3.2. Study of the alkylation of benzene by
propene

A detailed study of the alkylation of benzene
by propene with FTIR has been described else-

w xwhere 26 . In-situ FTIR studies have shown
that H-Beta zeolites, especially the sample with
a ratio SirAl of 10, are very active for the
alkylation of benzene with propene but these
catalysts lead also to fast oligomerization at low
temperature and to the formation of other aro-
matics for the more active system. The adsorp-
tion of propene alone demonstrates the
oligomerization that occurs already at very low

Ž .temperatures ;y508C . This is consistent with
the previous reports by Haw et al., showing that
propene is very mobile and reactive on zeolite

w xcatalysts even at temperatures below 08C 27 .
ŽFor a longer time and higher temperature )

.508C some coke is also formed. However, the
adsorption of benzene and propene in different

ratios shows the quick alkylation of benzene to
Ž .cumene at very low temperatures ;y508C

and less oligomerization is observed for the
higher benzenerpropene ratio. Moreover, what-
ever the ratio of benzenerpropene used, the
lower quantity of propene should be used to
have a higher selectivity of cumene and to
reduce the oligomerization. These IR results
will guide us to choose better the reaction con-
ditions for 13C NMR study and catalytic testing.

3.2.1. 13C NMR study
This was used to obtain the temperature at

which the alkylation takes place on the more
dealuminated and less active zeolites. The tem-
perature of the zeolite sample during and after
preparation was maintained at liquid nitrogen
temperature till the sample was introduced into
the NMR apparatus at y808C. The spectrum
Ž .Fig. 5 , which was taken immediately at static
condition after introduction of the sample ad-
sorbed benzene and propene, shows that the
reaction of alkylation was already complete and
all the propene molecules introduced are con-
sumed because no labeled propene remains ob-
servable, only a peak at 128.5 ppm, which can
be attributed to benzene molecules and a broad
and intense band centered at 34.4 ppm, which

Fig. 5. 13C MAS NMR spectrum of species present in H-Beta 3
Ž .sample SirAls66 after reaction at y808C with BzrProp

Ž .ratios8:1 in molecules per unit cell .



( )S. Siffert et al.rJournal of Molecular Catalysis A: Chemical 153 2000 267–279272

corresponds to cumene C-a are present. The
rapid and complete conversion of propene into
cumene at 258C upon contacting with benzene
was previously observed by Ivanova and Der-
ouane on HZSM-11 zeolite catalyst with a ben-
zenerpropene ratio of 9.0 in molecule using 13C

w xMAS NMR technique 28 . However, the pre-
sent work indicates very clearly for the first
time that the alkylation of benzene by propene
occurs already at y808C.

The reaction temperature of the sample was
increased to 2008C ex-situ in a furnace and this
temperature was maintained for 1.5 h to observe
the formation of possible secondary aromatic

Ž .products over H-Beta 1 Fig. 6a and H-Beta 3
Ž . 13Fig. 6b . At this time, the C MAS NMR
technique was applied, and the NMR rotor was
run at 3.8 kHz and all the spectra were recorded
at room temperature. The formation of cumene
on zeolites is actually often accompanied by its

wisomerization to n-propylbenzene 4,5,12,28–
x31 at higher temperatures. This latter product is

considered as an undesired by-product with re-
spect to further processing of cumene to phenol
and acetone. Therefore, it is interesting to study
the effect of the SirAl ratio on the isomeriza-
tion of cumene. The relative quantities calcu-

13 Ž .Fig. 6. C MAS NMR spectra of species present in a H-Beta 1
Ž .and b H-Beta 3 after reaction at 2008C for 90 min and BzrProp

Ž .ratios8:1 in molecules per unit cell .

Table 1
Relative quantities of 13C-labeled products resulting from cumene

Ž . Ž .reaction at 2008C for 1.5 h on H-Beta 1 a and H-Beta 3 b
Ž .Bzrprop ratios8.0

13Products of reaction d in Intensity of C MAS NMRc
w xat 2008C ppm 33 signals

H-Beta 1 H-Beta 3
Ž . Ž .SirAls10 SirAls66

Benzene 128.5 medium medium
Cumene C-a 34.4 very high very high
Ethylbenzene C-a 29.7 low low

an-Propylbenzene C-b 25.0 medium
Cumene C-b 24.1 medium medium

aToluene C-a 21.3 medium
aEthylbenzene C-b 15.8 medium
an-Propylbenzene C-g 13.9 low

a Not detectable.

lated from the spectra of Fig. 6 of labeled
products are reported in Table 1. Previous works
w x29 over HZSM-11 indicated the formation
of the products by different mechanisms. The
primary product from cumene was n-pro-
pylbenzene, which was then transformed via
scrambling and fragmentation to toluene, ethyl-

w xbenzene. Beyer and Borbely 32 have sug-
gested that cumene isomerization proceeds more
likely via two kinds of intermolecular transfer
route. The intermolecular isomerization may oc-

Ž .cur: 1 through a bimolecular transition state in
which the aromatic rings are bridged by an

Ž . Ž .isopropyl group route 1 ; or 2 by isopropyl
group cleavage, followed by the formation of a
cycloproponium ion with further alkylation of

Ž .another benzene ring route 2 . For our experi-
ments in the gas phase condition on Beta zeo-
lite, as indicated above, all the propene
molecules introduced are consumed after reac-
tion at y808C. Before elevating the reaction
temperature of the capsule, there are therefore

Ž .mainly remained unreacted benzene molecules
and produced cumene adsorbed on zeolite. Con-
sidering the obtained products and their esti-
mated quantities listed in Table 1, it is clear that
the n-propylbenzene as primary product is
formed via an intermolecular reaction of pro-
duced cumene and unreacted benzene. The for-
mation of n-propylbenzene is accompanied by
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complete scrambling of the carbon atoms in the
alkyl chains of cumene and n-propylbenzene
and by fragmentation towards toluene and ethyl-
benzene. Toluene, ethylbenzene, n-propylben-
zene and cumene C-b on H-Beta zeo-
lite are therefore formed on Beta zeolite via the
same reaction mechanism on HZSM-11 as pro-

w xposed by Ivanova et al. 29 . This is in agree-
ment with the second route proposed by Beyer

w xand Borbely 32 . However, the formation of
Ž .n-propylbenzne C-b and g is only observable

on the nondealuminated zeolite H-Beta 1. This
means that the formation of undesired n-pro-
pylbenzene can be suppressed on dealuminated
H-Beta 3 zeolite.

3.2.2. Catalytic test: conÕersion and selectiÕity
at Õarious temperatures

All the works on alkylation of benzene by
propene on zeolites published in the literature
were made at the temperatures higher than
1508C. In the present study, a reaction tempera-
ture range of 100–2008C is used. The variation

Žof total conversion and the conversion of
.propene into cumene as a function of reaction

temperature are plotted in Fig. 7 for the samples
H-Beta 1 and 2 with SirAl ratios of 10 and 35,
respectively. The conversion for the zeolite with
SirAls66 is too low and is not shown here.
Fig. 8 reports the variation of product selectivi-

Ž .Fig. 7. Variation of total conversion a, b and conversion into
Ž .cumene c, d of propene as a function of reaction temperature

Ž . Ž . Žover H-Beta 1 a, c and over H-Beta 2 b, d Bzrprop ratios5.0
y1 .and WHSVs7.0 h .

Fig. 8. Variation of product selectivities as a function of reaction
Ž . Ž .temperature over H-Beta 1, cumene a , 1,3-DIPB b , 1,4-DIPB

Ž . Ž . Žc and TIPB d reaction conditions: Bzrprop ratios5.0 and
y1 .WHSVs7.3 h .

ties over H-Beta 1 as a function of reaction
temperature and Fig. 9 for H-Beta 2. Both
experiments were performed with a benzener
propene ratio of 5.0. The total conversion and
the conversion into cumene on both H-Beta 1
and 2 zeolites, which are lower than 15%, are
very close in the reaction range of 1008C to
1408C. With increasing the reaction tempera-
ture, the total conversion and the conversion
into cumene increase obviously, and the total
conversion becomes higher than the correspond-
ing conversion into cumene. As can be seen,
both the total conversion and the conversion
into cumene are very similar on two catalysts
used in the reaction temperature range studied.
Moreover, the formation of by-products in-

Fig. 9. Variation of product selectivities as a function of reaction
Ž . Ž .temperature over H-Beta 2, cumene a , 1,3-DIPB b , 1,4-DIPB

Ž . Ž . Žc and TIPB d reaction conditions: Bzrprop ratios5.0 and
y1 .WHSVs7.3 h .
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Fig. 10. Selectivities vs. the benzenerpropene ratio at 1908C and
WSHVs4 hy1 over H-Beta 1.

creases with increasing reaction temperature
Ž .and conversion . Cumene, 1,3-diisopropylben-

Ž .zene DIPB and 1,4-DIPB and 1,3,5-triisopro-
Ž .pylbenzene TIPB are the main reaction prod-

ucts. Only traces of oligomers and cracking
products are observed. The general profile and
tendancy of the curves are similar for both

Ž .catalysts. At low temperature 1008C , cumene
and TIPB are main products. While at higher

Ž .temperatures )1808C , which are the typical
alkylation temperatures used by other re-

w xsearchers 34 , cumene and DIPB are main
products. The formation of TIPB is quite impor-

Žtant at 1008C with about 20% and 80% of
.cumene selectivity, but the amount of this

molecule formed decreases quickly with in-
creasing temperature. On the other hand, the
production of DIPB increases from 7% at about
1208C to 30% at 2008C for H-Beta 2 and to
15% for H-Beta 1. This suggests that the
transalkylation between benzene and TIPB to
produce DIPB and cumene occurs mainly at
higher temperatures. The production of 1,4-
DIPB is found to be half the production of
1,3-DIPB. Moreover, H-Beta 2 leads to a higher
formation of DIPB at higher temperature than
others.

Another study about the selectivities vs. the
ratio of benzenerpropene was performed at

Ž .higher temperature 1908C for comparison with
w xother works 4,12,37 . When the ratio of ben-

zenerpropene increases, the alkylation of ben-

zene is enhanced, while the oligomerization and
cracking reaction, which lead to the formation
of small alkanes and alkenes, such as C3, C4,
C5 and C6, as well as the formation of DIPB,

Ž .are disfavored Fig. 10 . These results are in
agreement with previously reported works
w x4,26 . Therefore, an excess of benzene is im-
portant for optimal alkylation conditions.

3.2.3. Catalyst ageing
Fig. 11 shows the variation of conversion as

a function of reaction time at 1008C. The initial
Ž .conversion the first point in this figure which

was measured at 5 min after introduction of
reactants into microreactor, ranks in an order for
the three studied samples as follows: H-Beta
1)H-Beta 2)H-Beta 3. However, H-Beta 2
shows a deactivation less important than that of
H-Beta 1 and, H-Beta 3 presents a very low
conversion at any reaction time. Fig. 12 depicts
the variations of product selectivities over H-
Beta 1 as a function of reaction time and shows
an important decrease of the formation of
cumene to a plateau at about 65% and for the
DIPBs and the TIPB, an increase in production
till plateaus is observed. This indicates thus that
DIPBs and TIPB are secondary products. The
selectivity of DIPB and that of TIPB are about

Fig. 11. Variation of products as a function of the time on stream
Žover H-Beta 1 100 mg of catalyst, reaction temperature: 1008C,

y1 . Ž . Ž .Bzrprop ratios5.0 and WSHVs7 h , cumene a , TIPB b ,
Ž . Ž .1,4-DIPB c and 1,3-DIPB d .
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Ž . Ž .Fig. 12. Ageing study of H-Beta 1 a , H-Beta 2 b and H-Beta 3
Ž . Žc with time on stream 100 mg of catalyst, reaction temperature:

y1 .1008C, Bzrprop ratios5.0 and WSHVs7 h .

10% and DIPBs and TIPB 14%, respectively, in
these conditions.

3.2.4. Formation of coke studied by thermal
analysis

Cokes are mainly responsible of the deactiva-
tion of the catalysts. The coke formation in

w xzeolite has been widely studied 35,36 and
depends on the size and shape of the space
available near the active sites, diffusion path of
the organic molecules in the pores of zeolites.
Coke formation can be consecutive or competi-
tive to the reaction leading to the desired prod-
uct. It was reported that the disproportionation
of cumene can be accompanied by dealkylation
with formation of propene which transforms

w xrapidly into coke 36 . To better understand the
coke formation in the gas phase of alkylation of
benzene with propene on Beta zeolite, a thermo-

Žgravimetric study in air from 208C to 8008C
.with a heating rate of 108Crmin was made and

the species deposited on catalyst during the
reaction has been analyzed. Since the H-Beta 1
in the ageing test shows a strong loss in cat-
alytic activity with increasing time on stream,
only the formation of coke on this catalyst was
studied. Fig. 13 represents the TG of H-Beta 1

Ž . Ž .after time on stream of 2 h A , 12 h B and 24
Ž .h C . Three distinct weight losses are observed.

The first in the range of 258C to 1908C is
endothermic and corresponds to the desorption
of water as explained in the previous section.
The second in the range of 1908C to 3008C is
also endothermic which could be assigned to the
desorption of oligomeric products adsorbed on

w xcatalyst according to our previous IR study 26
w xand that of Haw et al. 27 . Whereas the third in

the range of 3008C to 6508C is strong exother-
mic. This stems very likely from the combus-
tion of the cokes deposited on the catalyst. The
assignments of the peaks and corresponding
weight losses are reported in Table 2. It can be
clearly seen that the weight loss resulting from
desorption of water from catalyst decreases ini-

Ž . Ž .Fig. 13. TG of H-Beta 1 after, respectively, 2 h A , 12 h B and
Ž .24 h C reaction at 1008C with Bzrprop ratio of 5.0 and

WSHVs7 hy1.
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Table 2
Thermogravimetric analysis of coke formation at different reac-

Žtion time on H-Beta 1 reaction temperature: 1008C, Bzrprop
y1 .ratios5.0 and WSHVs7 h

Ž .Reaction Weight loss % at different temperature
Ž . Ž .time h range 8C

a b c25–190 190–300 300–650

2 9.1 4.5 6.5
12 5.4 7.2 8.9
24 8.4 0.8 10.9

a Desorption of water.
b Desorption of oligomers adsorbed on catalyst.
cCombustion of cokes deposited on catalyst.

tially and then increases and that arising from
the desorption of oligomeric products adsorbed
by catalyst increases initially and then decreases
sharply. These oligomeric products were formed
from propene on the basis of our previous IR

w x w xstudy 26 and that of Haw et al. 27 . The
weight loss due to the combustion in air of
cokes deposited on catalyst increases signifi-
cantly with increasing reaction time. This indi-
cates that more cokes are deposited on catalysts
and the coke formation is enhanced as the reac-
tion time increases. Owing to the limit of the
void volume of zeolite, these three samples
which are withdrawn from reactor after 2, 12
and 24 h reaction respectively, have the similar
total weight loss, i.e., the sum of weight losses
in three ranges. We should take care of these
results when we want to draw some conclusions
from the variation of weight losses due to the
desorption of water and oligomeric products
adsorbed on catalysts since after the withdraw
of the catalysts from reactor and before the
thermal analysis, the catalyst samples were ex-
posed in atmosphere. Anyway, the sharp de-
crease in weight loss due to the desorption of
oligomeric products and constant increase in
weight loss because of combustion of cokes
indicate clearly that the oligomeric products
adsorbed on catalyst will be transformed to
cokes as reaction time increases. It should be
pointed out also that after 2 h reaction, there are
already 6.5% in weight of cokes deposited on

catalysts and from 2 h to 12 h only 2% in
weight of supplementary cokes deposited on

Žcatalyst. The sharp decreases in conversion Fig.
.11a at initial reaction stage should result from

the first important deposition of cokes on active
sites of catalysts. The supplementary formation
of cokes affect only slightly the conversion on
catalysts. The coke formation in the gas phase
alkylation of benzene by propene comes from
the oligomerization of propene and is a consecu-
tive coking as proposed by Guisnet and Mag-

w x w xnoux 35 . Our previous IR study 26 and that
w xof Haw et al. 27 confirmed also this coke

formation mechanism.

4. Discussion

4.1. Reaction mechanism

From our present work, the more the benzene
used, the more the selectivity into cumene is
important. It is known that the benzene could
only adsorb on positive charged sites in H-Beta

w xzeolites 38 . The isopropyl cations are formed
on a protic site. The electrophile attack of the
isopropyl cation on the aromatic cycle in inter-
action with a positively charged site would be
disfavored. It also exists a competitive adsorp-
tion between benzene and propylene, but our
previous results have shown that adsorption of
propene on protonated zeolites is much stronger

w xthan that of benzene 26 . Thus, the more the
ratio benzenerpropene is important, the more
propene molecules are distant and the less the
oligomerization is observed. Moreover, the fact
that the selectivities of all the products vary in
the same profile as a function of reaction tem-
perature both on H-Beta 1 and 2 zeolites in spite
of different amounts of framework Bronsted¨
acid sites present in these two zeolites indicates
that isopropyl cations would be formed first on
the surface of zeolites and the nucleophile at-
tack of benzene on the isopropyl cations would
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then occur. The number of framework Bronsted¨
acid sites can affect only the number of iso-
propyl cations formed and consequently the
conversion, but not the selectivities of products.
That is why the conversion is observed to rank
in the same order as the Al content in zeolites.
The same trend has already reported by Bellussi

w xet al. 15 in liquid phase alkylation of benzene
with propene. All these results point out a clas-
sical mechanism via carbenium ions but of the
type Eley–Rideal as Smirniotis and Ruckenstein
w x13 have suggested for large pore zeolites. The
alkylation of benzene with propene via an elec-
trophilic substitution mechanism on aromatic

w xring has been claimed by Perego et al. 16 in
the liquid phase reaction conditions using Beta,
ZSM-12 and Y zeolite as catalyst.

As observed in the catalytic testing study, at
low reaction temperatures, only cumene and
TIPB are main products while at higher reaction
temperatures, the formation of cumene and DIPB
predominates. The present results indicate also
that both TIPB and DIPB are secondary prod-
ucts and n-propylbenzene is not observed at
catalytic testing conditions used. Combining the
present 13C NMR study, the catalytic testing

w xresults and our previous IR observation 26 , the
alkylation reaction of benzene by propene at
low and high reaction temperatures on H-Beta
zeolites can be summarized by Scheme 1. The
reaction pathways proposed here are very simi-

w xlar to those described by Bellussi et al. 15
although the reaction conditions are quite differ-
ent.

Scheme 1. Alkylation reaction of benzene by propene on H-Beta zeolites.
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4.2. Apparent actiÕation energy

Apparent activation energies were deter-
mined after having confirmed that the conver-
sion is a function of the contact time: Conver-

Ž .sions f catalyst weightrreactant flow and then
there is no apparent physical diffusion control.
The determination of the apparent activation
energies was applied for H-Beta 1 and 2 for a
temperature range of 1008C to 2008C by using

w xArrhenius equation 39 . The apparent activation
energies of the reaction for H-Beta 1 and 2 are
38"2 and 32"2 kJrmol, respectively. These
energies are obtained for the total reaction, i.e.,
alkylation, oligomerization and coke formation.
The energies for the unique conversion into
cumene are 34"2 and 28"2 kJrmol, respec-
tively. In all the case, the values are between 28
and 38 kJrmol. If the reaction is totally con-
trolled by the diffusion, the value would be
even less than 10 kJrmol but a chemical pro-

w xcess needs generally more than 80 kJrmol 39 .
The values are then quite weak and lower than

w xthose found in the literature 6,25 for other
zeolites, and when the SirAl ratio increases, the
apparent activation energy decreases further.
Therefore, the reaction regime would not be
totally chemical and there would be a contribu-
tion due to the diffusion of the reactants and
products in the channels of zeolite. Perego et al.
w x16 have studied the possible diffusion limita-
tions of cumene and of three DIPB isomers by
computational calculation. In Beta zeolite,
cumene diffuses substantially unhindered with
an energy barrier quite low of around 20
kJrmol. The energy barriers decrease in the

Ž . Žorder o-DIPB 212 kJrmol )m-DIPB 57
. Ž .kJrmol )p-DIPB 14 kJrmol . These compu-

tational results did not take the presence of large
amount of silanols into account. It is known
that the different transport modes of organic
molecules can affect the activity and selectivity
of reaction, consequently the activation energy
of reaction. However, besides this steric effect
studied by Perego et al., some other factors,
which may be more important, for example, the

interaction of reactant and products with silanols
that increases the diffusion barrier of molecules,
should be also considered. We think that the
diffusion of reactants and products interacting
with silanols from one silanol to another plays a
more important role in decreasing the apparent
activation energy of reaction. The interaction of
benzene and propene with silanol groups of
H-Beta zeolite has been already reported
w x19,26,38 . As discussed in the part of character-
ization of catalysts, it is observed that as H-Beta
is further dealuminated, the quantity of silanols
increases and that of bridging OH groups de-
creases. There are actually more silanol groups
on the dealuminated zeolite and the acidity of
these silanols are found to increase with increas-
ing SirAl ratio, the interaction of reactants and
products with silanols becomes more important.
The reaction regime in our present conditions
would be therefore neither a real chemical step,
nor a pure physical diffusion step. This effect
would be particularly important in Beta zeolites
which contain more silanols. It is also possible
that the physical diffusion described by Perego
et al. takes part in also in decreasing the appar-
ent activation energy.

5. Conclusion

By FTIR, it has been shown that H-Beta
zeolite is a very active for this reaction with
propene but it leads also to fast oligomerization
at low temperature. NMR experiments have
shown that the reaction of alkylation is already
complete at y808C on these catalysts. Dealumi-
nated H-Beta is less active but form less unde-
sired n-propylbenzene and the deactivation is
reduced. The high ratio of benzenerpropene
favors the formation of cumene and disfavors
the oligomerization of propene. Tripropylben-
zene is formed at lower temperatures and then
transformed by transalkylation into DIPB and

Ž .cumene at higher temperatures )1308C . The
alkylation of benzene with propene on H-Beta
zeolites occurs via an Eley–Rideal-type mecha-
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nism. A special diffusion of reactants and prod-
ucts from one silanol group to another in Beta
zeolite is evidenced. This kind of transport re-
duces the apparent activation energy. More work
is needed to better understand this transport
effect. The thermal analysis reveals a transfor-
mation of oligomers to coke during the course
of reaction. The coke formation in the gas phase
conditions is a consecutive mechanism.
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