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The catalytic behaviour of two multipore zeolites containing channels of different sizes, SSZ-33 (10 win-
dows � 12 MR) and ITQ-22 (8 � 10 � 12 MR pores), for alkylation of benzene with ethanol and benzene
with isopropanol or propylene, has been studied and compared to that of zeolites with intersecting chan-
nels of the same size, ZSM-5 (10 � 10 MR channels) and Beta (12 � 12 MR channels), which are industri-
ally used for the above-mentioned process.

For the alkylation of benzene with ethanol in gas phase, ITQ-22 behaves like the 10 MR ZSM-5 with
respect to ethylbenzene selectivity, while the behaviour of SSZ-33 is close to that of a 12 MR zeolite such
as Beta. For the alkylation of benzene with isopropanol or propylene in gas and liquid phase, Beta and
ITQ-22 give similar selectivity values, which are much better than those obtained with ZSM-5. Mean-
while, SSZ-33 gives intermediate selectivity between that of the 10 MR ZSM-5 and the 12 MR Beta zeolite.

ITQ-22, therefore, shows a unique behaviour as a multipurpose alkylation catalyst, with characteristics
different from those of previously studied zeolites. The catalytic behaviour of ITQ-22 has been rational-
ized not only in terms of the topology of the channels but also taking into account the location of the pro-
tons. A computational study shows preferential Al location at the 10 MR, near the intersection with the
12 MR channels, and at the intersections between 10 and 12 MR channels.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Zeolites were first introduced as acid catalysts for oil refining in
the late 60s, improving the catalytic behaviour of the previous
amorphous silica–alumina [1–4]. Zeolites, by having a defined
micropore structure, were not only able to select the reactants that
could enter the micropore, but also allowed the control of the
acidic properties in terms of number, strength and location of the
acid sites [5–7]. Micropore channels have unique features that
can be classified by descriptors defined by the IZA (International
Zeolite Association) [8]. Those descriptors are (i) size, in terms of
number of tetrahedral atoms forming the rings controlling diffu-
sion through the channels, (ii) size, in terms of channel dimensions
or free diameter, and (iii) channel crystallographic directions.
Intersections between channels, which may or may not form cav-
ities, are also of great importance. All these factors, taken together,
help to explain the results of catalytic activity as a function of
micropore topology.

Multiple channel dimensionality (channels interconnected in 2-
D or 3-D systems) is an important requirement for many reactions
that find a benefit from the larger diffusivity that is allowed when
ll rights reserved.
channels intersect each other. In fact, most of the early commercial
applications of zeolites employed zeolites containing 3-D microp-
ores such as FAU, MFI and BEA. The channels in these three struc-
tures are formed by 12-membered rings (MR) for FAU and BEA, and
by 10 MR for MFI. A different class of multipore zeolites appears
when channels are of different sizes, and in this case a new concept
called ‘molecular traffic’ [9] refers to the selectivity of different
molecules to diffuse through different channels.

Examples of zeolites (with their corresponding topology indi-
cated by the three-letter IZA code [8]) containing connected pores
with different dimensions include: Ferrierite (FER, 8 � 10 MR) [10],
ITQ-13 (ITH, 9 � 10 MR) [11], Mordenite (MOR, 8 � 12 MR) [12],
Nu-87 (NES, 10 � 12 MR) [13], SSZ-33 (CON, 10 � 12 MR) [14],
ITQ-22 (IWW, 8 � 10 � 12 MR) [15], IM-12/ITQ-15 (UTL, 12 �
14 MR) [16] and ITQ-33 (10 � 18 MR) [17]. The catalytic benefit
of zeolites containing more than one type of pores within the same
structure has been shown for reactions such as the isomerization of
1-butene into isobutene in ferrierite [18,19], where the preferential
location of acid sites was crucial, the dealkylation–transalkylation
of heavy naphtha in Nu-87, SSZ-33 and ITQ-23 [20–22], the car-
bonylation of dimethyl-ether and methanol with CO in Mordenite
[23–25], and the catalytic cracking of a VGO on ITQ-33-based cat-
alysts, with the resulting maximization of diesel and propylene
yields [17,26].

http://dx.doi.org/10.1016/j.jcat.2009.08.012
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Fig. 1. (a) ITQ-22 with 2 cumene molecules (hydrogens not shown for clarity) in relative minimum energy locations. Cumene ‘1’ is in the 10 MR system and cumene ‘2’ is in
the 12 MR channel. Both locations are energetically favourable. Top: view across [0 0 1]. Bottom: view across [1 1 0]. (b) Structure of SSZ-33 zeolite (CON) taken from http://
www.iza-structure.org/. Top: framework viewed along [0 0 1]. Bottom: framework along [0 1 0].
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When discussing on multipore zeolites, we have found it useful
to differentiate the structures with defined pores from the struc-
tures in which one of the pores corresponds more to a window
(or a short segment) than to a non-intersected channel. For exam-
ple, the 2-D 10 � 10 channel system of NES generates cavities
whose size is equivalent to 12 MR. In this sense, the channels of
NES can be considered 10 � 12 MR instead of 10 � 10 MR, and
the topology of this channel system is very different from that of
a typical 10 � 10 channel system such as the MFI. Thus, in multi-
pore zeolites, a careful inspection of the micropore topology is re-
quired in order to properly relate the catalytic results with the
channel systems.

Along these lines, another example is SSZ-33 [14], which could
be, in principle, considered as a zeolite with 10 and 12 MR pores,
but would be better defined as a zeolite with 12 MR pores con-
nected by 10 MR windows. Also, ITQ-27 [27] should be defined
as formed by 12 MR channels connected by 14 MR windows.

We have investigated here the catalytic behaviour of two mul-
tipore zeolites, i.e., SSZ-33 (10 windows � 12 MR) and ITQ-22
(8 � 10 � 12 MR pores, see Fig. 1) with respect to two reactions,
namely the alkylations of benzene with ethanol and of benzene
with isopropanol and propylene, which not only are of industrial
interest, but also are very useful as test reactions for studying zeo-
lite topology [28,29]. When working in vapour phase conditions,
the first reaction is better catalysed by 10 MR zeolites, while the
second one requires the use of 12 MR zeolites. As a reference cata-
lyst for these two reactions, we have used ZSM-5 (MFI topology)
and Beta (BEA topology) zeolites, with 10 � 10 and 12 � 12 MR
pores, respectively, which are of industrial relevance for those
two alkylation reactions [30–34].

Our study arose from the following consideration: How would
SSZ-33 and ITQ-22 behave from the selectivity point of view, as a
10 MR, as a 12 MR zeolite, or as something in between? Taking into
account the respective pore topologies, our initial hypothesis was
that SSZ-33 should behave more like a 12 MR zeolite since the
10 MR are windows rather than channels. However, in the case
of ITQ-22, with discrete 10 and 12 MR pores, we could not guess
whether the effect of any of the two pore systems would predom-
inate, or it would behave as a 10 MR for ethylbenzene formation
and as a 12 MR for cumene production. If the latter was true,
ITQ-22 would show a unique behaviour as a multipurpose alkyl-
ation catalyst.
2. Experimental

2.1. Catalyst preparation

Highly crystalline ITQ-22 was obtained as described in previous
work [15]. The organic structure directing (SDA) cation 1,5-bis-
(methylpyrrolidinium)-pentane (MPP) was obtained by reacting
an excess of N-methylpyrrolidine (97%, Aldrich) with 1,5-dibromo-
pentane (97%, Aldrich) in acetone under reflux for 24 h. The result-
ing solid was separated by careful decantation, and it was then
exhaustively washed with acetone until the unreacted amine was
completely removed from the solid.

http://www.iza-structure.org/
http://www.iza-structure.org/
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The solid was characterized as MPPBr2 by elemental analysis
(exp: 44.09 wt% C, 8.51 wt% H, 6.84 wt% N, 40.56 wt% Br; calc:
45.02 wt% C, 8.06 wt% H, 7.00 wt% N, and 39.92 wt% Br) and 1H
NMR. The product was dissolved in water and anion exchanged
with DOWEX resin to yield a solution of the dihydroxide form of
MPP cation, which was used as the organic structure directing
agent in the synthesis gel.

Al-containing ITQ-22 was synthesized from a starting mixture
of composition:

0.66 SiO2:0.33 GeO2:0.01 Al2O3:0.25 MPP(OH)2:15 H2O.
The synthesis gel was prepared by adding tetraethylorthosili-

cate (TEOS, 97%, Merck) and GeO2 (99.998%, Aldrich) to an aqueous
solution of the MPP(OH)2 under continuous stirring and using alu-
minium isopropoxide (98%, Aldrich) as the Al source. The resulting
mixture was kept at room temperature under continuous stirring
until the desired gel composition was reached by evaporation of
water and ethanol from the hydrolysis of TEOS. The gel was then
autoclaved in Teflon-lined stainless steel autoclaves at 448 K for
12 days. The final solid was recovered by filtration, exhaustively
washed with water and dried at 373 K overnight. The resulting
ITQ-22 solid was calcined at 853 K in air in order to obtain the acid
zeolite.

Samples SSZ-33 and germanium containing Beta (Beta/Ge) have
been synthesized following the procedures reported in the litera-
ture [14,35]. The acid form of these samples was obtained by cal-
cination in air at 853 K. Commercially available ZSM-5 and Beta
zeolites (CBV8020 and CP811 – Beta, respectively, supplied by Zeo-
lyst Int.) have been used to compare their catalytic behaviour with
SSZ-33 and ITQ-22. CBV8020, supplied in its ammonium form, has
been calcined in air at 500 �C in order to obtain the acid form. Com-
mercial beta (CP811), supplied in its acid form, has been used with-
out any further treatment.

2.2. Catalyst characterization

Crystallinity and phase purity of solids were determined by
powder X-ray diffraction (XRD) using a Philips X’Pert diffractome-
ter equipped with a graphite monochromator, operating at 40 kV
and 45 mA and using nickel-filtered Cu Ka radiation (k =
0.1542 nm). The chemical composition of the samples was ana-
lysed in a 715-ES ICP-Optical Emission spectrometer after dissolu-
tion of the solids in a HNO3/HF solution. Infrared spectra were
measured with a Nicolet 710 FT IR spectrometer. Pyridine adsorp-
tion–desorption experiments were carried out on self-supported
wafers (10 mg cm�1) of original samples previously activated at
673 K and 10�2 Pa for 2 h. After wafer activation, the base spec-
trum was recorded, and pyridine vapour (6.5 � 102 Pa) was admit-
ted into the vacuum IR cell and adsorbed onto the zeolite.
Desorption of pyridine was performed in vacuum over three con-
secutive 1 h periods of heating at 423, 523, and 623 K, each fol-
lowed by an IR measurement at room temperature. All the
spectra were scaled according to the sample weight.

Nitrogen adsorption isotherms were measured at 77 K on a
Micromeritics ASAP 2010 volumetric adsorption analyser. Before
the measurements, the samples were outgassed for 12 h at 673 K.
The specific surface area was calculated by applying the BET model
to the nitrogen adsorption data.

2.3. Reaction procedure

The catalytic alkylation of benzene with ethanol and 2-propanol
was conducted in vapour phase at atmospheric pressure in a fixed-
bed continuous glass down flow reactor (11 mm internal diameter)
[28]. Benzene was fed in excess to the alcohol in a molar ratio of 4,
while the N2 flow was fixed to achieve a 1:10 molar ratio of N2 to
alcohol. Prior to addition of the reactants, the acid catalyst was
heated to 623 K at a heating rate of 5 K/min, under a flow of nitro-
gen. After 30 min, the temperature was raised to 723 K and main-
tained at that temperature for 1 h. The reactor was then cooled to
the reaction temperature (553 K).

Benzene conversion was normalized to the maximum conver-
sion possible in the alkylation reaction taking into account that
benzene was fed in excess with respect to alcohol (4:1 molar ratio).

Liquid phase alkylation of benzene with propylene was carried
out with the acid zeolites, pelletized, crushed, and sieved at 0.25–
0.42 mm diameter. The reaction was performed in an automated
high pressure stainless steel reactor, at 3.5 MPa, 398 K,
WHSV = 12 h�1 referred to the olefin, and benzene to propylene
(B/P) molar ratio of 3.5. More details can be found in a previous
study [36].
2.4. Computational details

The calculations have been performed using lattice energy min-
imization techniques [37,38] and the GULP code [39], employing
the Ewald method for summation of the long-range Coulombic
interactions, and direct summation of the short-range interactions
with a cut-off distance of 12 Å. The RFO (rational functional opti-
mizer) technique was used as the cell minimization scheme with
a convergence criterion of a gradient norm below 0.001 eV/Å. A
semiempirical shell model forcefield for Si/Al zeolites [40,41] has
been used throughout. To account for the effect of the SDA in the
system, the forcefields by Kiselev et al. [42] and Oie et al. [43] have
been used for the intermolecular SDA–zeolite, SDA–SDA, and intra
and intermolecular SDA interactions. For the organic dicationic
SDAs, the charge distribution has been obtained by means of the
Charge equilibration method [44]. In the non-neutral unit cells of
composition [Al1Si111O224] employed to study the Si ? Al substitu-
tion energy, the calculations have been performed taking into ac-
count the uniform background neutralizing charge scheme [45]
that corrects the infinite terms in the Ewald summation of charged
periodic systems which we have applied, as implemented in GULP.
More details of the methodology can be found in previous studies
[46]. The topological analysis of the window sizes associated to the
oxygen atoms of the ITQ-22 has been carried out according to a
ring-index topological descriptor associated to each oxygen atom
as defined in previous studies [47].
3. Results and discussion

3.1. Location of the proton sites in ITQ-22 zeolite

With ITQ-22 being a recent material, the catalytic results should
be discussed not only on the basis of its topology, but also on the
location of the protons. The purpose of the following computer
simulation is to evaluate whether there is a preferential location
of the protons in the different channels of ITQ-22 zeolite.

In order to estimate the proton locations, we have used the fol-
lowing strategy: (i) find the minimum energy positions of the SDA
dications in the micropore of ITQ-22, (ii) find the preferential loca-
tion of the Al centres taking into account that they tend to locate in
the minimum energy positions, and this depends on two factors:
(a) the electrostatic proximity between Al (which act as ‘negative’
centres with respect to the Si atoms) and the positive charge of the
SDA which is located around the N atoms; (b) the stability of the
zeolite framework with respect to the incorporation of the Al in
the 16 different T-sites. (iii) With the estimation of the probable
locations of the Al atoms, we have evaluated the types of oxygen
sites linked to stable Al-sites, and the location of the protons in
such O-sites is compared to a topological analysis of its micropore
environment in the ITQ-22 structure.



Table 2
Acid strength distribution determined by IR-pyridine measurements at different
desorption temperatures of samples used in this work.

Sample ZSM-5 ITQ-22 SSZ-33 Beta/Ge

Brönsted acidity (au) � 103

423 K 157 41 112 48
523 K 126 23 109 45
623 K 66 10 50 12

Lewis acidity (au) � 103

423 K 46 146 77 35
523 K 33 93 62 23
623 K 29 71 59 20
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Most of the details of the calculations are given as Supplemen-
tary material, and the main conclusions are as follows. ITQ-22 con-
tains a heterogeneous micropore space where the possible proton
locations are: 8 MR, 10 MR, and 12 MR, and with the following
channel intersections: 8 + 10 MR, and 10 + 12 MR, according to a
previous topological analysis [48]. With the calculated most stable
Al positions (T15 and T16, see SI) in ITQ-22, we then consider the
oxygen atoms attached to them. There are 34 topologically distinct
O-sites in ITQ-22, and we are only interested in those attached to
T15 and T16, which are O22, O24, O27, O28, O32, O33 and O34,
and, all together, there are 48 centres (in a unit cell of ITQ-22 com-
prising 112 tetrahedral atoms). By being the favourable locations
for Al, these oxygens will be the possible locations of the protons,
forming a Si–OH–Al15 or Si–OH–Al16 Brønsted site. The location of
these protons within the channel system of ITQ-22 can be summa-
rized as follows: 1/3 of the centres (Si9–O22–Si15 and Si12–O27–
Si16) are located within 10 MR, very close to the intersection with
the 12 MR channels; 1/3 of the centres (Si10–O24–Si15 and Si12–
O28–Si16) are located at the intersections between 10 and 12 MR;
1/6 of the centres (Si15–O33–Si16) are located in the 12 MR; and
1/6 of the centres (Si15–O32–Si15 and Si16–O34–Si16) are located
in small cavities.

3.2. Alkylation of benzene with ethanol

The alkylation of benzene with ethanol occurs through an elec-
trophilic substitution on the aromatic ring and, likewise, it is con-
sidered to proceed via a carbenium ion-type mechanism [49–50].
The ethylation takes place by reaction of the activated alkene
(formed in the case of ethanol by dehydration of the alcohol) on
the acid sites of the zeolite. However, when contacting ethanol or
ethylene with benzene on a solid acid catalyst, the global process
can follow two major routes: (1) alkylation of benzene with ethyl-
ene producing ethylbenzene, which can undergo other consecutive
alkylations yielding poly-ethylbenzenes, and (2) oligomerization of
ethylene producing C4, C6 or even C8 species. The oligomers can be
further transformed through cracking, isomerization and alkyl-
ation reactions, giving olefins and other alkylbenzenes (toluene,
cumene, butylbenzenes, etc.). It must be remarked that, from an
industrial point of view, the formation of byproducts different from
diethylbenzene has a negative effect, not only on the final yield,
but also on the quality of the final product [31,33].

In this part of the work we present activities and selectivities to
the different products formed during the alkylation of benzene
with ethanol, using ITQ-22, SSZ-33, ZSM-5 and Beta zeolites as cat-
alysts, whose physico-chemical and acid properties are enclosed in
Tables 1 and 2, respectively. In Table 1, it can be seen that although
it was difficult to keep all textural and compositional characteris-
tics of the different zeolites exactly the same, the T(IV)/T(III) ratios
are very close, and the crystallite sizes of the different zeolites are
not too different, specially if one takes into account differences in
crystal shape. It has to be pointed out that since ITQ-22 was syn-
thesized with Ge, we have also prepared the Beta zeolite contain-
ing Ge for comparison (Beta/Ge). If all the above-mentioned
Table 1
Characteristics of samples used in this work.

Sample ZSM-5 ITQ-22 SSZ-33 Beta/Ge

(Si + Ge)/Al molar ratio
(chemical analysis)

40 37 50 50

Si/Ge ratio – 4.8 – 16
Crystal size (lm) 0.5–1.0 0.1–0.2 0.1 � 0.1–1 0.5
Area BET (m2/g) 386 451 490 510
Micropore volume (cc/g) 0.11 0.19 0.20 0.21

Note: Crystal size estimated from SEM pictures.
factors are accepted, then we should mainly see the effect of pore
topology and proton location when comparing the activity and
selectivity of the different samples presented in Table 1.

When the activity of ZSM-5 and Beta/Ge for alkylation of ben-
zene with ethanol in gas phase is compared at 10 s time-on-
stream, it can be seen (Fig. 2a) that both zeolites give high conver-
sion of ethanol which, in all cases, is larger than the corresponding
conversion of benzene (Fig. 2b). This indicates that a fraction of
ethanol is converted by reactions other than alkylation, probably
to give oligomerization products and coke. Nevertheless, when
selectivities are compared, ZSM-5 is a much more selective catalyst
than Beta/Ge zeolite for formation of ethylbenzene (EB). Since dur-
ing the industrial production of EB, the diethylbenzene (DEB)
formed is also transformed into ethylbenzene by transalkylation
with benzene in a second reactor, we have plotted the selectivity
curves for EB + DEB (Fig. 2c). It can be seen there that ZSM-5 gives,
again, better selectivity than Beta, as could be expected from pre-
vious publications [28,31,51–55]. As could also be expected, Beta
zeolite produces a larger amount of polyalkylated products
(Fig. 2d).

A further selectivity parameter that can be useful to differenti-
ate the catalytic behaviour of zeolites with different pore diameter
is the para (p) to ortho (o) ratio in the DEB fraction. From product
diffusion shape selectivity effects, one would expect that the p/o
ratio would be larger in the case of the medium pore ZSM-5 than
of the large pore Beta zeolite [56–58], as it is indeed found exper-
imentally (Fig. 3, and Table 3 for detailed product distribution).

Up to this point, all results are consistent from what has been
reported in the literature for alkylation of benzene with ethanol/
ethylene [28,31,51–59]. However, when the alkylation of benzene
with ethanol was carried out with SSZ-33 and ITQ-22, it can be
seen that the activity of SSZ-33 for the conversion of ethanol and
benzene is the highest among the four zeolites studied, while the
activity of the others, i.e., ZSM-5, Beta/Ge and ITQ-22, is very sim-
ilar (Fig. 2a and b). The highest activity of SSZ-33 could be ex-
plained on the basis of the higher amount of total Brönsted acid
sites, which are able to retain pyridine at 150 �C, of this zeolite,
as determined by the adsorption–desorption (see Table 2) of pyri-
dine. Quantitative determination of the amount of Brønsted and
Lewis acid sites can be derived, for instance, from the intensities
of the IR bands at ca. 1450 and 1550 cm�1, respectively, by using
the extinction coefficients given by Emeis [60].

The Ge-containing zeolites are stable upon calcination and reac-
tion (see XRD in Fig. S5, Supplementary material), but show a low-
er acid strength and a lower number of acid sites as a consequence
of their lower average Sanderson electronegativity [61,62] and eas-
ier dealumination upon calcination, respectively. On the other
hand, the consumption of ethanol on reactions other than benzene
alkylation is lower with the Ge-containing zeolites, probably due to
their lower density of acid sites.

With respect to alkylation products, it can be seen that ITQ-22
behaves like the 10 MR ZSM-5 for EB selectivity, while SSZ-33 is
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Fig. 3. Para/Ortho ratio behaviour of ZSM-5 (h), ITQ-22 (d), SSZ-33 (4) and Beta/
Ge (�) zeolites for benzene alkylation with ethanol.
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half way between ZSM-5 and Beta/Ge (Fig 2c and d), producing
more DEB and polyalkylbenzenes with SSZ-33 than with ITQ-22.
Interestingly, within the distribution of isomers in the DEB, the
p/o ratio is practically the same with ITQ-22 and SSZ-33, and only
slightly above that obtained with Beta/Ge (Fig. 3).

We can conclude that viz a viz ethylbenzene formation, SSZ-33
behaves closer to a 12 MR zeolite such as Beta, while the catalytic
behaviour of ITQ-22 is more similar to that of ZSM-5. The reaction
pattern of SSZ-33 could be explained by considering that its struc-
ture looks more like that of a zeolite with 12 MR ‘‘cavities” con-
nected by 10 and 12 MR. Thus, the selectivity behaviour should
be closer to that of a large pore zeolite with potential cage effects.
In the case of ITQ-22, with discrete and connected 10 and 12 MR
channels, the previous computational study indicates that a con-
siderable amount of centres are located in 10 MR, and most of
the others are located at the 12 MR (intersection between
10 � 12 MR) or near the intersection with the 12 MR. This is com-
patible with a catalytic behaviour of ITQ-22 similar to that of a
10 MR zeolite in ethylbenzene formation. Moreover, the presence
of acid sites in the 10 � 12 MR intersections, and the possibility
for the products to diffuse out of the zeolite structure through
12 MR channels can explain why the DEB isomer distribution is
closer to that obtained with Beta and SSZ-33 than with ZSM-5.

In conclusion, and according to the results presented above,
ITQ-22 shows, for alkylation of benzene with ethanol, a slightly
higher selectivity to the formation of EB than ZSM-5 and much
higher than any of the other two zeolites (Beta and SSZ-33). This
indicates the predominance of the reactivity within the 10 MR or
at least in the most constrained part of the 12 � 10 MR system in
ITQ-22.

Besides the initial activity and selectivity of the different zeo-
lites, we have also analysed the influence of the reaction time-
on-stream (TOS) on the catalytic behaviour. The evolution of con-
version with TOS is presented in Fig. 4. It is remarkable to note that



Table 3
Conversion and product distribution in benzene alkylation with ethanol and isopropanol over ZSM-5, ITQ-22, SSZ-33 and Beta/Ge samples.

Sample Ethanol Isopropanol

ZSM-5 ITQ-22 SSZ-33 Beta/Ge ZSM-5 ITQ-22 SSZ-33 Beta/Ge

Weight catalysts – w (g � 103) 95.9 82.7 50.6 51.0 48.4 82.7 50.6 51.0
Benzene molar flow – F[Bz] (mol/h) 0.12 0.12 0.14 0.12 0.111 0.194 0.166 0.111
w/F[Bz] (h) 0.0106 0.0092 0.0045 0.0057 0.0056 0.0055 0.0039 0.0059
Bz conversiona – X (%mol Bz to max) 21.5 22.7 29.4 17.0 43.0 33.8 39.6 38.8
Alcohol conversion (%mol) 97.7 62.0 79.5 32.5 98.5 99.2 95.1 84.7

Alcohol yield in products (%)b

Olefins & oligomers 52.6 24.0 22.9 8.4 30.6 47.2 40.4 37.4
Aromatics 45.1 38.1 56.5 24.1 67.9 52.0 54.6 47.2
No reaction 2.3 38.0 20.5 67.5 1.5 0.8 4.9 15.3

Aromatic product distributionc (%mol)
Toluene 0.1 0.1 0.7 0.0 0.1 0.0 2.1 0.3
Ethyl-Bz 82.0 86.3 75.3 62.5 0.1 0.3 4.3 0.8
Cumene (IPB) 5.4 0.1 0.7 0.0 76.5 85.9 73.2 77.4
n-Propyl-Bz (NPB) – – – – 3.2 0.3 1.6 0.7
Buthyl-Bz 2.6 0.1 0.3 0.0 15.1 0.3 2.0 0.5
diEthyl-Bz (DEB) 9.6 8.7 14.7 9.1 – – – –
triEthyl-Bz 0.0 1.9 2.3 6.1 – – – –
tetraEthyl-Bz 0.0 2.0 4.9 18.6 – – – –
diIsoPropyl-Bz (DIPB) – – – – 0.6 11.8 12.7 18.6
Others 0.4 0.8 1.2 3.6 4.4 1.3 4.0 1.7

Normalized dialkylatedd (%) Diethylbenzenes (DEB) Diisopropylbenzenes (DIPB)
para 54.2 30.6 28.6 21.7 68.1 34.9 32.2 32.8
meta 39.0 54.6 57.1 49.2 31.9 64.9 66.2 66.3
ortho 6.9 14.8 14.3 29.1 0.0 0.1 1.6 0.9

Note: Reaction conditions: benzene-to-alcohol molar ratio, 4; temperature, 553 K.
a Benzene and alcohol conversions obtained at 10 s time-on-stream.
b Alcohol yields directly determined by GC analysis of oligomers.
c Benzene free.
d Calculated thermodynamic equilibria at 553 K give a para/meta/ortho distribution of diethylbenzenes of 32/56.5/11.5 and of diisopropylbenzenes of 32/58.1/9.9.
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ITQ-22, which behaves like a 10 MR zeolite regarding product
selectivity, is considerably more stable towards deactivation than
the medium pore ZSM-5, and the decrease in activity is very close
to that of Beta and SSZ-33. This can be due to its lower oligomeri-
zation activity and to the pore topology with connected 10 and
12 MR channels, which will favour the diffusion of the products,
increasing in this way the catalyst life (Fig. 4a), while maintaining
a high selectivity to the desired EB during the whole range of time-
on-stream studied (Fig. 4b).

3.3. Alkylation of benzene with isopropanol or propylene

As in the previous case with ethanol, when isopropanol or pro-
pylene is contacted with benzene in the presence of a solid acid
catalyst, the alkylating agent can follow two major reaction path-
ways: (1) alkylation with benzene to produce cumene (IPB), which
can further react to give diisopropylbenzene (DIPB); (2) oligomer-
ization of the olefin to produce C6 and C9 olefins that can be fur-
ther transformed through cracking, isomerization and alkylation
giving mainly C2–C6 olefins that could also alkylate benzene and
IPB [63].

Conversion of isopropanol is high for all the zeolites considered
(Fig. 5a) but, as in the case of ethylbenzene production, the conver-
sion of alcohol is higher than the conversion of benzene (Fig. 5b),
indicating that other reactions such as oligomerization of propyl-
ene are also taking place.

When cumene (IPB) selectivity is considered, ITQ-22 gives high-
er values than Beta/Ge, ZSM-5 or SSZ-33 (see Fig. 5c). Since the
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DIPB products formed are reconverted to cumene in the transalky-
lation units that are usually present in commercial IPB processes, it
is interesting to consider the selectivity to IPB + DIPB. Fig. 5d shows
that the 10 MR ZSM-5 gives the lowest value, and, interestingly,
both Beta/Ge and ITQ-22 give similar values and much larger than
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Fig. 6. Iso-/n-propylbenzene ratio of ZSM-5 (h), ITQ-22 (d), SSZ-33 (4) and Beta/
Ge (�) zeolites, for benzene alkylation with isopropanol.
ZSM-5. Finally, SSZ-33 gives again a selectivity value which is
intermediate between that of the 10 MR ZSM-5 and the 12 MR Beta
zeolite. It is most interesting to observe that ITQ-22, which reacts
more like a 10 MR zeolite for the synthesis of EB + DEB during
alkylation of benzene with ethanol, behaves like a 12 MR for the
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Fig. 7. Benzene alkylation with propylene over zeolites ZSM-5 (h), ITQ-22 (d) and
Beta ( ), at 398 K, 3.5 MPa, WHSV = 12 h�1 and molar ratio in feed of 4. Propylene
conversion.
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synthesis of IPB + DIPB when benzene is alkylated with isopropa-
nol. According to the computational study, only 1/6 of the total
Brönsted acid sites are located in 12 MR channels, but 1/3 of the
centres are in the intersections between 10 and 12 MR. This special
location can be responsible for the high selectivity of ITQ-22 to
mono-alkylation to give IPB, as multiple alkylation reactions could
be sterically hindered. Moreover, the rapid diffusion of the primary
products through the multipore system will decrease the chances
for successive alkylation reactions.

In the case of propylbenzenes, isopropylbenzene (cumene) is
the major isomer though n-propylbenzene (NPB) is also formed.
It should be remarked that in the industrial process the presence
of NPB has a negative effect on yield and on the product quality.
It has been reported [64,65] that NPB can be formed by transalky-
lation between isopropylbenzene and benzene, which is the reac-
tion favoured with 10 MR zeolites such as ZSM-5 with respect to
large pore zeolites such as Beta. This is indeed observed in our case,
and the results shown in Fig. 6 indicate a lower ratio of IPB/NPB for
ZSM-5 than for Beta/Ge. Interestingly, ITQ-22 gives a higher IPB/
NPB ratio than the 12 MR pore Beta/Ge zeolite, while the value ob-
tained with SSZ-33 is intermediate between ZSM-5 and Beta/Ge.

The results presented show an interesting catalytic behaviour of
zeolite ITQ-22 in benzene alkylation processes, since its multipore
structure gives maximum selectivity to the desired product, e.g.,
ethylbenzene or cumene, depending on the starting alkylating
agent.

It has to be taken into account that the catalytic results pre-
sented in this work have been obtained in vapour phase. In the case
of ethylbenzene production, around 50% of the commercial pro-
cesses still operate in gas phase and use medium pore ZSM-5-
based catalysts, although the general trend is to shift towards large
pore zeolites and liquid phase processes [31]. However, in the case
of cumene, the need to lower the proportion of NPB in the final
product led the industry to develop liquid phase alkylation pro-
cesses based on large pore zeolites such as Beta. Therefore, it is
essential, from an applied point of view, to test ITQ-22 in liquid
phase conditions and to compare its catalytic behaviour with the
reference Beta zeolite. To do this, benzene has been alkylated with
propene in liquid phase conditions (3.5 MPa and 398 K) in a stain-
less steel fixed-bed reactor, and the evolution of olefin conversion
with time-on-stream (TOS) is shown in Fig. 7. There, ITQ-22 is
compared with two commercially available zeolites (Zeolyst,
Int:), a 10 MR ZSM-5 (CBV8020, Si/Al = 40) and a large pore Beta
(CP811, Si/Al = 13). The behaviour of ITQ-22 is, also in this case,
closer to the large pore Beta than to ZSM-5, which shows low activ-
ity due to the diffusional restrictions under these reaction condi-
tions. Selectivity to cumene is slightly higher with ITQ-22 than
with Beta, and comparable NPB levels are produced with the two
zeolites (Fig. 8). Thus, ITQ-22 is also an active and highly selective
catalyst for alkylation of benzene with propylene in liquid phase.
4. Conclusions

Zeolite ITQ-22, which is formed by a system of connected 8, 10
and 12 MR channels, is an active catalyst for the synthesis of eth-
ylbenzene and cumene by alkylation of benzene with ethanol
and 2-propanol in the vapour phase. In these conditions the selec-
tivity to the desired products is higher than that obtained with the
industrially used catalysts based on ZSM-5 and Beta for ethylben-
zene and cumene, respectively. This high selectivity can be ex-
plained, on one hand, by the multipore structure itself, which
enhances diffusion of the primary products before being involved
in consecutive reactions, and on the other hand, by taking into ac-
count that according to theoretical calculations only 1/6 of the to-
tal Brönsted acid sites are located in the 12 MR channels, whereas
the rest are in the intersections of the 10 and 12 MR pores, or in the
10 MR channels close to the intersections. Thus, mono- and dialky-
lated products are formed in the case of ethanol, and monoalkylat-
ed (IPB) product is formed in the case of isopropanol or propylene,
but the formation of heavier compounds leading to a selectivity
reduction and/or to catalyst deactivation is sterically hindered.

Thus, ITQ-22, with its multipore structure containing connected
10 and 12 MR pores, shows a unique behaviour as a multipurpose
alkylation catalyst, not only in gas phase, but also in the liquid
phase alkylation of benzene with propylene.

Zeolite SSZ-33, which could be seen as a zeolite with 12 MR
‘‘cavities” connected by 10 and 12 MR, presents an intermediate
behaviour as compared to ZSM-5 and Beta.
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