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Abstract

We used a flexible organic structure-directing agent (OSDA) and high-throughput (HT) synthesis techniques to explore a large composition
region. A zeolite with the largest pores reported to date (ITQ-33) was found under very unusual synthesis conditions, together with other known
structures. A second HT experimental design allowed, finally synthesizing pure ITQ-33. We studied the thermal and hydrothermal stability and
acid properties of the zeolite. We investigated the role of pore diameter on zeolite acid strength by comparing the 18-ring pore (ITQ-33) with
a 12-MR pore (ITQ-17) zeolite with the same framework composition. Finally, we compared the catalytic properties of ITQ-33 for reactant
molecules of different sizes with those of 12-MR (Beta) and 14-MR (UTD-1) zeolites.
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1. Introduction

Zeolites are microporous crystalline materials with ever-
increasing applications for gas separation, selective catalysis,
electronic, and biomedical uses [1—4]. The great advantage of
zeolites is their thermal and chemical stability along with the
ability to vary pore dimensions and topology, as well as frame-
work composition, by controlling synthesis conditions. But de-
spite significant efforts to rationalize the synthesis of zeolites,
there remains poor knowledge on the nature of the nucleation
species and on how to predict the characteristics of material that
will be obtained under a given set of synthesis conditions [5-8].

Nevertheless, the synthesis of new materials has been ad-
vanced through the introduction of new concepts regarding
the effects of organic and inorganic structure-directing agents
[9-14]. In reference to this, the concept that rigid organic-
structure directing agents (OSDA) can be more selective toward
a particular structure was first presented a decade ago [15]. This
concept has been the key to creating numerous new structures
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[16-19]. More flexible OSDAs are in general less selective, in
many cases giving a mixture of phases. However, the flexible
organics may have the advantage of adopting a large num-
ber of conformations, making them interesting for synthesiz-
ing new structures. Using hexamethonium has made it possible
to produce new phases such as IM-10, EU-1, ITQ-13, ITQ-
22, ITQ-24 [20-25], and, recently, ITQ-33 [26], depending on
such synthesis variables as crystallization temperature, time and
composition of the starting gel.

A few years ago, we decided to move from rigid to more
flexible OSDAs. The combination of OSDA with a higher num-
ber of degrees of freedom and the use of in-house-developed
high-throughput (HT) synthesis techniques, HT characteriza-
tion tools, and data management [27] gives us the ability to
explore these OSDAs in a larger experimental space and also
direct the synthesis toward a particular structure in a mixture of
phases by means of the appropriate experimental design [28].

In this paper we discuss in detail how this methodology has
allowed us to first obtain a mixture of phases in which the
ITQ-33 zeolite [26], with a unique topology formed by extra-
large 18-MR pores crossing 10-MR pores, is present, and then
to direct the synthesis selectively toward the new zeolite until


http://www.elsevier.com/locate/jcat
mailto:acorma@itq.upv.es
http://dx.doi.org/10.1016/j.jcat.2007.12.003

102 M. Moliner et al. / Journal of Catalysis 254 (2008) 101-109

achieving the pure phase. In the second part of the paper, we re-
port on the acid properties of the material and the affect of pore
diameter on acid strength, as well as the stability of ITQ-33
under different atmospheres and treatments, along with some
catalytic properties.

2. Experimental
2.1. Materials and synthesis

Synthesis gels were prepared using a robotic system [29]
composed of a robotic arm for vial handling and solid weighing,
a stirring station for gel homogenization and evaporation, and
a liquid dosing station equipped with pumps and an analytical
balance. In the typical robotic synthesis procedure for ITQ-33,
boric acid (99.5%, Aldrich) or alumina (74.6%, Condea) and
germanium oxide (99%, Aldrich) are dissolved in hexametho-
nium bromide (pure, Fluka) and hexamethonium hydroxide so-
lutions. Then colloidal silica (Ludox AS-40, Aldrich) is added,
followed by NH4F (98%, Aldrich) if necessary.

The synthesis gel was introduced in vials (3 ml), which were
inserted into a 15-well multisample autoclave. Crystallization
was carried out at 443 K under static conditions. After filtra-
tion, washing, and drying, the samples were characterized by
XRD using a multisample Philips X’ Pert diffractometer us-
ing CuK radiation. The composition of a typical synthesis gel
in fluoride media to obtain ITQ-33 was as follows: 0.67Si0;:
0.33Ge07:0.050A1,03:0.15Hex(OH),:0.10Hex(Br),:0.30HF:
1.5H, 0, with synthesis conditions of 443 K for 5 h under static
conditions.

2.2. Acidity measurements

Infrared spectra were measured with a Nicolet 710 FT
IR spectrometer. Pyridine adsorption—desorption experiments
were carried out on self-supported wafers (10 mgem™!) of
original samples previously activated at 673 K and 10~2 Pa for
2 h. After wafer activation, the base spectrum was recorded, and
pyridine vapor (6.5 x 10 Pa) was admitted into the vacuum
IR cell and adsorbed onto the zeolite. Desorption of pyridine
was performed in vacuum over three consecutive 1-h periods of
heating at 423, 523, and 623 K, each followed by an IR mea-
surement at room temperature. All of the spectra were scaled
according to the sample weight. Adsorption of ditertbutyl pyri-
dine (DTBP) was performed in the same way, but with desorp-
tion done only at 423 K.

2.3. Catalytic experiments

1,3-Diisopropylbenzene (DIPB) and 1,3,5-triisopropylben-
zene (TIPB) were cracked in an automated microactivity test
unit at 773 K, at catalyst-to-oil ratios ranging from 0.3 to
0.8 g/g, using 0.2 g of catalyst. Cyclic experiments involved
the following steps: (a) stripping of the catalyst with Ny for
20 min, followed by reaction during 60 s time on stream
(TOS), (b) stripping with N, at reaction temperature (20 min,
30 ml/min), and (c) regenerating the catalyst at 793 K for 3 h

with an air flow of 80 ml/min. The gaseous and liquid frac-
tions of the product were analyzed by gas chromatography. The
solid products (coke) deposited on the catalyst during the reac-
tion were quantified by the CO, produced during regeneration,
measured with an online IR detector. Only experiments with
mass balances >95% were considered. Kinetic rate constants
were obtained by fitting the conversion data obtained at differ-
ent contact times to a first-order kinetic rate equation.

Alkylation of benzene with propylene was carried out on
the acid zeolites, which were pelletized, crushed, and sieved at
0.25-0.42 mm diameter. The reaction was performed in an au-
tomated high-pressure stainless steel reactor at 398 K, 3.5 MPa,
a benzene/propylene molar ratio of 3.5, and a space velocity
(WHSV) ranging from 12 to 24 h~! referred to the olefin. Sam-
ples were analyzed by online gas chromatography at different
TOS by means of a 30-m 5% phenyl-95% dimethylpolysilox-
ane column, with an internal diameter of 0.25 mm and 1 um of
phase film thickness.

3. Results and discussion

An initial factorial design (3 x 4%) was performed for syn-
thesis in OH™ media for exploring different molar gel compo-
sitions. This experimental design considers the following four
molar ratios (Ievel): Si/Ge(4) of 2-30, B/(Si+ Ge)(4) of 0-0.05,
OH/(Si + Ge)(3) of 0.1-0.5, and H>O/(Si + Ge)(4) of 5-30.
The total number of samples synthesized considering this de-
sign was 192.

Fig. 1 shows the phase diagram obtained with this first
screening after 14 days of crystallization time. The different
competing phases as a function of the starting gel compo-
sition can be observed. Despite the nonlinearity of the sys-
tem, the range of compositions in which each specific phase
is formed is clearly defined, although there are some narrow
ranges in which two or more phases are competing. Five dif-
ferent known materials (ITQ-22 [24], ITQ-24 [25], EU-1 [21],
SSZ-31 [30], and a layered phase) were obtained in the range of
gel compositions explored. Moreover, an unknown crystalline
material was formed along with ITQ-24 in a specific area of
the phase diagram. The experimental conditions for the syn-
thesis of this unknown material are extremely unusual, owing
to the low concentration of the silica-mobilizing agent OH™
(OH™/(Si 4 Ge) = 0.1) and the high concentration of the gel
(H2O/(Si + Ge) = 5). The synthesis occurred in the presence
of trivalent atoms ((Si + Ge)/B = 20 or 50) and germanium
(Si/Ge =2).

Along with this new material, the following known crys-
talline phases were obtained in the synthesis region explored:

e ITQ-24, which is obtained due to its high content of Ge and
trivalent atoms, also incorporating high OSDA loadings.
Previously, ITQ-24 zeolite was obtained in OH™ media
with a Si/Ge ratio of 5 and from diluted gels (H,O/T!Y =
30) [25]. However, in our present study, using HT synthe-
sis, this zeolite also was formed with a Si/Ge ratio of 15,
with trivalent atoms and from concentrated gels, as shown
in Fig. 1.
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Fig. 1. Phase diagram obtained for the initial experimental design in OH™ media. The synthesis conditions were 7' = 448 K and ¢ = 14 days, ratio SDA/T IV —0.25.

ITQ-22, which incorporates less OSDA than ITQ-24 but is
more favored than ITQ-24 when lowering the Si/Ge ratio
and decreasing the boron concentration.

EU-1, which appears at higher Si/Ge ratios and from less
concentrated synthesis gels than ITQ-24, but with a high
boron content.

SSZ-31, which is obtained with very high T'V/B ratio com-
positions and diluted systems. The synthesis of this zeolite
was never reported before with hexamethonium as OSDA.
Most OSDAs reported for the synthesis of SSZ-31 have
been bulkier and more hydrophobic cations. We also found
that SSZ-31 can crystallize with large amounts of Ge in the
synthesis gel.

A layered material that is formed for high OH™ concentra-
tion and starts to dissolve when any zeolitic crystal begins
to grow, and appears to be a source of T atoms for the syn-
thesis of zeolites. The layered phase is thermally unstable,
and the structure collapses when calcined at 823 K.

The new crystalline phase present in the mixture was named
ITQ-33. The X-ray diffractogram (XRD) shows a first peak ap-
pearing at a very low 20 values (26 = 5°). Although there is no
general rule correlating low 26 angle with large pore diameter,
this correlation is frequently observed. Therefore, we consid-
ered in a first approximation that the ITQ-33 should have large
or extra-large pores.

To design the second experimental generation directed to
produce pure ITQ-33, we analyzed the results from the first
set of synthesis experiments by means of statistical tools, such
as Pareto analysis, using the framework density of each zeolite
(measured as T atoms per 1000 A%) as output. This method al-
lowed quantification of the hypothetical weight of each variable
in the final result. The chart produced is a frequency histogram
that arranges the parameters according to their influence, with
the most important on top. In the chart, the length of each bar
is the estimated effect divided by its standard error, which is

A:8iGe |

D:0H O+

Standardized effect

Fig. 2. Pareto analysis showing the relative influence of each variable over the
different formed phases.

equivalent to computing a t-statistic for each effect. Bars ex-
tending the vertical line on the plot correspond to effects that
are statistically significant at a 95% confidence level. These
statistical approaches, used to interpret the results, allow quan-
tification of the hypothetical weight of the factors influencing
the growth of the desired material.

The results presented in Fig. 2 show that variables with a
stronger influence on the synthesis of ITQ-33 include Si/Ge,
OH™/(Si + Ge), and the combination of B/(Si + Ge) and
H,O/(Si + Ge). Based on this finding, we carried out a second
set of 18 synthesis experiments. The results, shown in Fig. 3,
demonstrate that by following the indications from the Pareto
analysis, ITQ-33 can be obtained as pure crystalline phase with
a very small amount of amorphous material.

Because all of the zeolites obtained with high Ge content
contain double four ring (D4R) units in the structure, it is rea-
sonable to suppose that they are present in the ITQ-33 structure
as well. It is well known that F~ also stabilizes D4R [31]; con-
sequently, we carried out a third set of synthesis experiments
using F~ as mineralizer to favor the formation of ITQ-33. The
factorial experiment was a 32 x 4 design, which gave a total of
36 experiments. The molar ratios (level) were Si/Ge(4) rang-
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Fig. 4. Phase diagram obtained in F~ media, getting the crystalline ITQ-33 in narrow conditions. The synthesis conditions were 7' =448 K and ¢ = 14 days, ratio

SDA/T!Y = 0.25.
ing from 2 to oo; TH/TV(3) = 0, 0.05(Al), 0.05(B); F~/T'V(3)
from 0.1 to 0.5.

The phase diagram thus obtained is shown in Fig. 4. The
phases obtained were ITQ-13, ITQ-17, ITQ-24, IM-10, EU-1,
and pure ITQ-33, with a composition 0.67Si0,:0.33GeO;:
0.050A1,03:0.15Hex(OH);:0.10Hex(Br),:0.30HF:1.5H,0. We
studied the stability and acidity of the pure ITQ-33.

3.1. ITQ-33 stability

The crystalline ITQ-33 was calcined at 823 K under He/O,
flow in an Anton Paar XRK-900 reaction chamber attached to
a Philips X’ Pert diffractometer. After cooling at room tempera-
ture, the XRD pattern was obtained; it showed that the sample
was highly crystalline after calcination (see Fig. 5).

A sample of ITQ-33 with Si/Ge = 2 and T'V/Al = 20 con-
taining the OSDA within the pores was left in contact with
moisture at room temperature for 6 months, after which time
no changes in the crystallinity of the sample could be de-
tected. A pelletized sample of ITQ-33 (0.42-0.60 mm diameter,
pressure = 4 Tm/cm?) was calcined at 813 K and then exposed
to ambient conditions at room temperature. Then the microp-
ore volume was measured after 7, 14, and 30 days; the results,
given in Table 1, show that the calcined ITQ-33 retained most
of the micropore volume after 14 days, but lost 50% of the

volume after 30 days of exposure to moisture at room tempera-
ture.

From the foregoing results, we can conclude that ITQ-33,
with the template inside the pores, can be stored for at least 6
months with no damage to the structure. ITQ-33 is stable to cal-
cination and, in the pelletized form, slowly degrades with time
if exposed to humidity at room temperature after calcination.
This is likely due to the presence of large amounts of Ge in the
structure that will coordinate HyO when the zeolite is exposed
to H>O at room temperature, changing the coordination from 4
to 6. In contrast, a calcined sample in contact with air (80% hu-
midity) exposed to ambient conditions at temperatures >623 K
sustains no structural damage.

3.2. Acidity characterization and acid site accessibility

When a self-supporting wafer of Al- ITQ 33 (TV/T = 20)
was calcined in the IR cell at 673 K and 10~2 Pa, all OSDA was
removed, and the IR spectra in the OH stretching region showed
the presence of three bands at 3740, 3675, and 3608 cm™!
(Fig. 6a) associated with the presence of silanols, germanols,
and bridging hydroxyl groups, respectively [32]. After pyri-
dine was adsorbed at room temperature and then desorbed at
423 K in vacuum to remove the physically adsorbed pyridine
(see Fig. 6b), some changes in the IR spectrum were visible.
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Fig. 5. XRD diffraction pattern for the calcined ITQ-33.

Table 1
Values of BET surface area, micropore area, and micropore volume for the
pelletized ITQ-33 at different times in humidity conditions

Time BET surface area Micropore area Micropore volume
(days)  (m*/g) (m*/g) (cm*/g)
0 655.2 578.9 0.275
7 625.4 565.4 0.270
15 621.4 535.4 0.259
30 230.5 163.1 0.085
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The intensity of the bands associated to silanol and germanol
groups (3740 and 3675 cm™!) increased, indicating that the in-
troduction of pyridine and subsequent desorption caused some
hydrolysis of Si~O-Ge bonds. The adsorption of pyridine also
caused the disappearance of the band associated with bridging
OH groups, due to protonation of the pyridine. Indeed, the IR
spectrum of the pyridine adsorbed after evacuation at 423 K
clearly showed the presence of bands at 1545 and 1638 cm™!,
which are associated with protonated pyridine (see Fig. 6c).
The same spectrum also shows IR bands at 1452, 1610, and
1622 cm™! that can be associated with pyridine coordinated
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Fig. 6. Acid properties of Al-ITQ-33 zeolite measured by pyridine adsorption/stepwise desorption at different temperatures. On the left is plotted the stretching
hydroxyl region, where (a) is the IR spectrum upon thermal treatment at 673 K under vacuum, and (b) is after adsorbing pyridine followed by desorption at 423 K.
On the right is shown the stretching C—C region of the adsorbed pyridine upon desorption at (c) 423, (d) 523, and (e) 623 K.
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Fig. 7. IR spectrum in the stretching C—C region of the adsorbed pyridine upon
desorption at 423 K, (a) for ITQ-33 after exposure to humidity for one our,
(b) for ITQ-33 after exposure to humidity for 30 days, (c) for the Al-ITQ-17
(Si/Ge = 2).

to Lewis acid sites. More specifically, the band at 1622 cm™!
should correspond to pyridine coordinated to extra-framework
aluminum as a Lewis acid, and the band at 1610 cm~!, which
we detected exclusively in Ge-containing zeolites, indicates
sites of weaker Lewis acidity and should be associated with
pyridine coordinated to Ge [33]. Notice that after evacuation
at 523 K (Fig. 6d), pyridine associated with Bronsted (bridging
hydroxyls) and Lewis acids remained, except in those associ-
ated with Ge, which as stated earlier, are weaker Lewis acids.
The relative intensity of the 1545-cm™! pyridine band after des-
orption at 423 and 523 K (Figs. 6¢ and 6d) clearly shows that
an important fraction of the Bronsted acid sites cannot retain
the pyridine adsorbed at the higher temperatures, indicating that
ITQ-33 is of medium to strong Bronsted acidity. Indeed, at a
pyridine desorption temperature of 623 K, only a very small
amount of pyridine remained protonated on strong acid sites.
We also studied the influence of zeolite stability on acidity
by performing the following “in situ” IR experiments. A self-
supporting wafer of ITQ-33 was calcined at 673 K and 10~2 Pa
for 20 h, after which the IR spectra was recorded. Then the IR
cell was opened, and air (85% relative humidity) was admitted
at room temperature for 1 h. After calcining again at 673 K in
vacuum for 20 h, pyridine was adsorbed at room temperature
and desorbed at 423 K, after which the IR spectrum was again
recorded. Comparing the results, given in Fig. 7a, with those of
Fig. 6¢ shows that the exposure to humidity for 1 h had no effect
on the intensity of the pyridinium ion band at 1545 cm™"'. This
means that the sample retained the Bronsted acidity, in agree-

3360
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Fig. 8. IR spectrum in the stretching hydroxyl region for the ITQ-17 and ITQ-33
(Si/Ge = 2; TIV/THL = 20) after adsorbing DTBPy followed by desorption at
423 K.

ment with the previous findings on the effect of treatment on
micropore volume. However, when the exposure to humid air
was prolonged for 30 days, the resulting IR spectrum (Fig. 7b)
shows a loss of approximately 50% of the Bronsted acidity, in
excellent agreement with previous data on micropore volume
and stability.

Consequently, from the IR characterization results, we can
conclude that the zeolite ITQ-33 has medium to strong Bron-
sted acidity and that in pelletized (wafer) form, it is stable after
calcination and exposure to humidity for a certain period, in
good agreement with the micropore volume retention after the
treatments.

An advantage of ITQ-33 with respect to other zeolites is its
larger pore diameter. We have found here that all Bronsted acid
sites are accessible to a larger base, such as di-tertbutyl-pyridine
(DTBPy) (see Fig. 8), because after adsorption of DTBPy, all of
the bridging hydroxyl groups (3610 cm™!) disappeared, while
a band at 3360 cm~! associated with protonated DTBPy was
clearly visible.

3.3. Comparison of the acidities of extra-large-pore (ITQ-33)
and large-pore (ITQ-17) zeolites

It is commonly believed that the acid strength of the zeolites
should increase with decreasing pore diameter. This effect is ex-
plained based on the differences in the distribution and density
in the electric field gradients within the zeolites with different
pore diameters as well as the differences in Van der Waals ad-
sorption effects [34,35]. If this were so, then we would have to
conclude that the larger the pore diameter, the weaker the acid
strength. But if we take into account that the proton transfer (es-
pecially when reacting with a base) occurs in a highly localized
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mode, then differences in acidity probably are more closely re-
lated to T-OH-T’ constraints in the angles (and thus with the
tendency to donate the proton to release that constraint in the
structure) than to pore diameter.

To investigate these effects, we prepared two zeolites, one
with 10-MR pores and another with 12-MR pores, with the
same composition as ITQ-33. By doing so, we had zeolites with
pore diameters of =0.55, 0.70, and 1.2 nm. Unfortunately, we
were unable to synthesize any 10-MR pore zeolite sample with
the same Si/Ge and TH/TV ratio as ITQ-33, but we succeed in
preparing a 12-MR pore zeolite (ITQ-17) with the same com-
position as ITQ-33.

Following the same methodology as before, pyridine was ad-
sorbed on a sample of ITQ-17 (BEC structure) with a Si/Ge =2
and TIV/T! = 20. The results (Fig. 7c) show that the pyri-
dinium ion band was of slightly lower intensity for ITQ-33
(Fig. 7a) than for ITQ-17 (Fig. 7c). Moreover, the intensity
of the band was relatively similar for the two samples when
desorbing at 523 K, indicating that not only the total Bron-
sted acidity, but also the acid strength should be similar for the
two samples. Therefore, we must conclude that we cannot de-
tect very important differences in acid strength, at least when
comparing the two zeolites reported here, although the 12-MR
seems slightly more acidic. In other words, and if we try to rec-
onciliate the results obtained here with those reported by Eder
et al. comparing ZSM-5 and USY zeolites [35], we would con-
clude that the influence of pore diameter on acidity should be
less important when going from large-pore to extra—large-pore
zeolites.

However, we have observed differences in acid site accessi-
bility among the two samples when using the bulkier DTBPy
amine as a probe molecule. The results, presented in Fig. 8,
clearly show that the intensity of the 3360 cm™! band associ-
ated with protonated DTBPy [36] was significantly higher for
ITQ-33 than for ITQ-17. In other words, although the smaller-
sized amine (pyridine), which can easily diffuse in 12-MR pore
zeolites, gave the same number of Bronsted acids (same amount
of protonated pyridine) for ITQ-17 and ITQ-33, DTBPy, with
constraints to diffuse inside the 12-MR pore zeolites, gave more
Bronsted acid sites in ITQ-33 than in ITQ-17. This finding
again demonstrates the attraction of the extra-large-pore zeo-
lite from the standpoint of accessibility of its acid sites to large
reactant molecules.

To demonstrate the suitability of zeolite ITQ-33 as a solid
acid catalyst, we expanded the preliminary catalytic results pre-
sented in previous work [26].

3.4. Catalytic experiments

The catalytic cracking process (FCC), currently based on
zeolite Y, converts bulky hydrocarbons into more valuable frac-
tions, such as light olefins and liquid fuels. Finding of new
zeolites with more accessible structures poses a challenge. Pre-
liminary results [26] have shown that ITQ-33 has activity for
conversion of a vacuum gasoil comparable to that of a USY
zeolite and also is highly selective to diesel and propylene.
These properties are enhanced by combining the ITQ-33 with
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Fig. 9. First order kinetic rate constants for 1,3-di-isopropylbenzene and
1,3,5-tri-isopropylbenzene cracking over BETA, UTD-1 and ITQ-33.

a medium-pore zeolite. On the other hand, catalytic cracking
of pure compounds with different kinetic diameters has been
proven to be a useful tool not only for determining the intrinsic
catalytic activity, but also to provide additional characteriza-
tion of the porous structure of different zeolites [36,37]. Here
we have studied the catalytic cracking of two bulky alkylaro-
matics, di-isopropylbenzene (DIPB) and tri-isopropylbenzene
(TIPB). DIPB (6.2 x 5.5 A) is able to diffuse through 12-MR
pores, whereas TIPB (9.5 x 5.5 A) diffuses very slowly but will
react with active sites located within extra-large pores, such as
the 18-MR pores of ITQ-33, or on the external surface of the
zeolite crystals.

Fig. 9 shows the first-order kinetic rate constants obtained
for DIPB and TIPB cracking over Beta (12-MR pores), UTD-1
(14-MR pores), and ITQ-33 (18-MR pores). The figure demon-
strates that the intrinsic activity as measured by cracking of
1,3-di-isopropylbenzene, which can diffuse in all of the zeolites
studied, is higher for Beta and ITQ-33, due to their higher con-
centration of acid sites (Si/Al ratio = 30 and 20, respectively)
compared with UTD-1 (Si/Al = 80). Comparing the activities
per nominal Al site (Al/Al + Si) appears to show that the non-
Ge zeolites (Beta and UTD-1) are more acidic due to their
greater electronegativity [38].

However, in the case of the bulkier 1,3,5-tri-isopropylben-
zene, UTD-1 with 14-MR pores gave a higher activity than Beta
despite the much higher Si/Al ratio (Si/Al = 80) of the former.
Finally, ITQ-33 with a T!V/AI ratio of 20- and 18-MR pores
gave the highest activity for the cracking of the bulkiest mole-
cule. Interestingly, the cracking ratio TIPB/DIPB is larger for
UTD-1 than for ITQ-33. This result cannot be explained solely
by the affect of pore diameter. Indeed, if pore diameter were the
only—or even the main—yvariable responsible for the results
observed, then we would expect the TIPB/DIPB cracking ratio
to be larger for ITQ-33. To explain our results, we can specu-
late that the shape of the pore (which is ellipsoidal in the case
of UTD-1 instead of circular for ITQ-33) and/or the fact that
some of the acid sites in ITQ-33 may indicate that the 10-MR
channels may have a determining affect.

The effect of the larger pore size of zeolite ITQ-33 is also
evidenced by the results obtained for benzene alkylation with
propylene. Fig. 10 shows that ITQ-33 is not only very ac-
tive, but also more resistant to deactivation than Beta zeolite.
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X Propylene (%)
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Fig. 10. Propylene conversion for zeolite ITQ-33 (squares) and BETA (cir-
cles) at 398 K, 3.5 MPa, benzene/propylene = 3.5 (mol/mol) and WHSYV of
12 (black symbols) and 24 h! (open symbols).

Table 2

Alkylation of benzene with propylene using ITQ-33 and BETA zeolites. Prod-
uct selectivity (wt%) at different space velocities WHSV = 12 and 24 h—1 at
T =398 K, P =3.5 MPa, benzene/propylene = 3.5 mol mol~!, TOS=1h

WHSV =24 h~!

Catalyst WHSV =12 h~!

X Scumene  SDIPB STIPB X Scumene  SDIPB  STIPB
ITQ-33 98.6 76.5 17.3 3.7 98.7 63.8 23.0 7.8
BETA 95.7 90.0 6.9 <0.1 78.2 86.9 9.0 0.7

Catalyst deactivation occurs when alkylation is carried out in
the presence of zeolites, due mainly to fouling or coking of
the catalyst by propylene oligomerization products. Although
commercial processes deal with this problem by combining re-
action/regeneration cycles [39], there is a need to minimize
olefin oligomerization and coking that increases catalyst life.
The special microporous structure of ITQ-33 favors the forma-
tion and diffusion of the alkylation products while reducing the
undesired propylene oligomerization. The benefits over the cat-
alyst lifetime of this new zeolite compared with Beta are very
clear, especially when space velocity is increased, as shown in
Fig. 10. Besides its high stability, ITQ-33 is highly selective
to alkylation products. The large 18-MR pores allow the for-
mation of multialkylated products, such as di-isopropyl- and
tri-isopropylbenzene, in larger proportions than with zeolite
beta, as shown in Table 2. However, this is not detrimental, be-
cause most of the commercial cumene processes also include a
transalkylation unit in which benzene is also fed and the mul-
tialkylated products can be reconverted to cumene [39,40]. Fi-
nally, a crucial issue that determines the suitability of a catalyst
for production of cumene is its selectivity to n-propylbenzene,
a highly undesired product formed by secondary intermole-
cular isomerization of cumene [41,42]. The selectivity to n-
propylbenzene obtained in our experimental conditions was
<100 ppm, a very good result compared with the specifica-
tions for commercial cumene processes, such as UOP Q-Max
(250-300 ppm) [43] or ENI SpA (<500 ppm) [44].

4. Conclusions
An HT sequential experimental design allowed the synthesis

of pure ITQ-33 zeolite that has a unique pore topology formed
by 18-MR pores connected by 10-MR pores [26]. Despite its

high Ge content, ITQ-33 remains stable provided that the or-
ganic is not removed. After calcination, it remains stable even
in the presence of moisture at high temperatures. But if the
zeolite is maintained in powder form at room temperature in
presence of moisture, it rapidly loses crystallinity. The crys-
tallinity loss is much slower in the zeolite in pelletized form.
ITQ-33 shows medium-strong acidity, similar to that presented
by 12-MR pore zeolites with the same chemical composition,
indicating that larger pore diameter does not necessarily imply
lower acid strength.

The benefits of the large pores and good acidity give ITQ-33
notable catalytic advantages for reacting bulkier molecules, as
well as giving high activities and selectivities in the synthesis
of cumene by alkylation of benzene with propylene.
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