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a b s t r a c t

Desilication of ITQ-4 (IFR code, 1-dimensional 12-MR channel system of 0.62 nm × 0.72 nm) in aqueous
NaOH solutions was practiced in order to produce the zeolite in the hierarchical form, i.e. combining
the native micropores with a secondary network of intracrystalline mesopores. The parent material
(Si/Al = 32) was synthesized using benzylquinuclidinium as the structure-directing agent in the pres-
ence of fluoride anions. The samples were characterized by ICP-OES, XRD, TEM, N2 adsorption, and FTIR
spectroscopy. In a representative treatment, the mesopore surface area of the ITQ-4 experienced a seven-

2 −1

esopores

cidity
ccessibility

fold increase (from 29 to 206 m g ) upon optimized NaOH post-treatment, whereas the microporosity
was reduced by 70% (from 0.20 to 0.06 cm3 g−1). Chemical analysis and infrared spectroscopy of adsorbed
pyridine showed that after alkaline treatment the amount of Brønsted acid sites remains practically con-
stant whereas a significant increase in Lewis acid sites was obtained. Infrared studies with adsorbed
2,4,6-collidine concluded that the accessibility of acid sites in the hierarchical zeolite increased sub-
stantially due to an increase in the available active sites at the pore mouths of the hierarchical zeolite.
. Introduction

The synthesis of new zeolitic materials is an important field
f research due to the potential applications of new structures
r compositions in catalysis, separation, and adsorption pro-
esses. In recent years, substantial efforts have been devoted to
he design of zeolites with improved accessibility and molec-
lar transport to/from the active sites. By doing this, diffusion

imitations can be alleviated enabling improved catalytic perfor-
ance in known as well as in novel reactions. Wide-pore zeolites
ith a multidirectional channel system and hierarchical zeolites

ombining the native microporosity with a secondary network
f mesopores [1] comprise the two basic families of materials
romising enhanced zeolite effectiveness in catalysis by increas-

ng the diffusivity or by shortening the diffusion pathlength,

espectively.

The controlled extraction of framework silicon by treatment in
queous NaOH is widely used to introduce mesoporosity in various
eolite frameworks: MFI [2], MTW [3], MOR [4], AST [5], BEA [6],

∗ Corresponding author at: Institute for Chemical and Bioengineering, Department
f Chemistry and Applied Biosciences, ETH Zurich, Wolfgang-Pauli-Strasse 10, CH-
093 Zurich, Switzerland. Tel.: +41 44 633 7120; fax: +41 44 633 1405.
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920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.02.004
© 2010 Elsevier B.V. All rights reserved.

and FER [7]. Although the benefits of mesoporosity to the catalytic
performance of the above zeolites have been unequivocally proven
[1], there is a lack of detailed studies assessing the accessibility and
diffusion of molecules in hierarchical zeolites, as well as changes
in acidic properties induced by the post-synthesis treatment. The
scarce literature available in this respect mainly deals with ZSM-5
[8–12]. Recently, some of us have shown that infrared spectroscopy
of substituted alkylpyridines with different sizes (pyridine, 2,6-
lutidine, and 2,4,6-collidine) enables to quantify the remarkably
enhanced accessibility of acid sites in mesoporous ZSM-5 with
respect to the purely microporous counterpart [11]. The derived
accessibility index (ACI) can be used to standardize acid site acces-
sibility in zeolites.

It is relevant to expand the number of zeolite families that can
be prepared in hierarchical form. Special attention should be placed
on zeolites with small micropores and/or one-dimensional channel
systems as they suffer to a more pronounced extent from diffusion
constraints in catalytic applications. We have drawn our attention
to ITQ-4 (IFR topology), which is isotypical with SSZ-42 and MCM-
58 [13]. The ITQ-4 structure comprises a monoclinic framework

and is characterized by a high void volume and by its unique 1-
dimensional sinusoidal 12-membered ring channel system (Fig. 1).
Villaescusa et al. [14] reported the synthesis of ITQ-4 in the Si/Al
range of 20-∞ and the physico-chemical characterization of the
as-made and calcined materials.

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:jpr@chem.ethz.ch
dx.doi.org/10.1016/j.cattod.2010.02.004
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ig. 1. Representation of the IFR framework: (a) along [0 0 1] visualizing the 12-MR
f the pores [13].

Herein we have synthesized ITQ-4 crystals (Si/Al = 32) using
enzylquinuclidium as the structure-directing agent in the pres-
nce of fluoride anions. The resulting zeolite was calcined and
esilicated under various conditions in aqueous NaOH to develop
ifferent degrees of mesoporosity. The samples were characterized
y ICP-OES, XRD, TEM, N2 adsorption, and FTIR spectroscopy. This
tudy focuses on the acidic properties and accessibility of the acid
ites in the purely microporous and mesoporous hierarchical ITQ-
samples. For this purpose, the acidic properties of both zeolites
ere studied by infrared spectroscopy before and after adsorption

f pyridine and collidine.

. Experimental

.1. Synthesis of ITQ-4

The ITQ-4 zeolite with nominal Si/Al ratio of 30 was basically
repared following the recipe reported in [14]. Accordingly, 1.50 g
l(NO3)3·9H2O was dissolved in 273.83 g of a basic solution of
enzylquinuclidinium (BzQ) hydroxide (2.66 × 10−4 mol OH− g−1

olution). Then, 23.33 g of tetraethyl orthosilicate (TEOS) was added
nd allowed to hydrolyze at room temperature until 240 g of sol-
ent (water and ethanol) had evaporated. Zeolite beta can also be
ormed during synthesis either when Al is present in the gel or
hen the gel is very concentrated. Therefore, to prevent the forma-

ion of zeolite beta, crystallization promoters in the form of 0.36 g
f calcined ITQ-4 (Si/Al = 30) were used. These crystals were sus-
ended in 7.72 g of water, sonicated, added to the synthesis gel,
nd thoroughly mixed manually. Next, 2.39 g of HF (48% in mass)
as added under magnetic stirring until the mixture became too

iscous to be stirred magnetically. Then the homogenization was
arried out manually. The molar gel composition per mol of SiO2
as SiO2:0.033AlO2BzQ:0.5BzQF:0.1BzQNO3:15H2O. The gel was
istributed in 22 cm3 Teflon-lined steel autoclaves allowing it to
eact under static conditions at 150 ◦C for 13 days. Autoclaves were
hen quenched in cold water, after which the obtained product (pH
7.5) was filtered, washed, and dried at 60 ◦C. White solids were
btained with a yield of 13.4 g of zeolite per 100 g of gel. The as-
ynthesized zeolite was calcined in static air at 600 ◦C for 5 h using
heating rate of 3 ◦C min−1 to obtain the parent (P) ITQ-4 zeolite.
.2. Alkaline treatment

Alkaline treatments of the parent zeolite in aqueous NaOH solu-
ions were conducted following the protocol detailed elsewhere
15] using different conditions: AT-1 (0.2 M, 65 ◦C, 10 min), AT-2
els of 0.62 nm × 0.72 nm and (b) along [0 1 0] visualizing the sinusoidal propagation

(0.2 M, 65 ◦C, 30 min), and AT-3 (0.4 M, 65 ◦C, 30 min). The stan-
dard conditions (AT-2) were considered optimal for the preparation
of mesoporous ZSM-5 with the same Si/Al ratio range [15]. The
NaOH-treated zeolites were transformed into the ammonium form
via three successive exchanges in 0.1 M NH4NO3 aqueous solution.
Finally the ammonium form was converted to the protonic form by
calcination following the program described for the as-synthesized
sample.

2.3. Characterization

Si and Al concentrations in the zeolites and in the filtrates
of the alkaline treatment were determined by inductively cou-
pled plasma-optical emission spectroscopy (ICP-OES) (PerkinElmer
Optima 3200RL). X-ray diffraction (XRD) patterns were measured
in a Siemens D5000 diffractometer with Bragg–Brentano geometry
and Ni-filtered CuK˛ radiation (� = 0.1541 nm). Data were recorded
in the 2� range 5–30◦ with an angular step size of 0.05◦ and a count-
ing time of 8 s per step. Transmission electron microscopy (TEM)
was carried out in a JEOL JEM-1011 microscope operated at 100 kV.
Nitrogen adsorption at −196 ◦C was performed in a Quantachrome
Quadrasorb-SI gas adsorption analyzer. Prior to the measurement,
the samples were evacuated at 350 ◦C for 12 h. The BET method
[16] was applied to calculate the total surface area, which can be
used for comparative purposes. The t-plot method [17] was used
to discriminate between micro- and mesoporosity. The mesopore
size distribution was obtained by the BJH model [18] applied to the
adsorption branch of the isotherm. Infrared spectra were recorded
with a Nicolet Magna 550-FTIR spectrometer at 2 cm−1 optical res-
olution, with one level of zero-filling for the Fourier transform. Prior
to the measurements, the samples were pressed in self-supporting
discs of ca. 10 mg (diameter: 1.6 cm, 5 mg cm−2) and activated in
the IR cell at 450 ◦C for 5 h down to 10−4 Pa. Adsorption of pyridine
and collidine was performed at room temperature. A pressure of
ca. 100 Pa was established in the cell to reach saturation followed
by evacuation at 200 ◦C to remove physically adsorbed species. All
spectra were normalized to 10 mg wafers. Difference spectra were
obtained by subtracting the spectrum of the zeolite before adsorp-
tion of the probe molecule.

3. Results and discussion
3.1. Parent ITQ-4

ICP-OES analysis (Table 1) concluded that the metal incorpora-
tion in the solid was performed accurately as the obtained Si/Al
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Table 1
Characterization of the parent and alkaline-treated ITQ-4 zeolites.

Sample Si/Altotal
a Si/AlBb Si/AlLb Sifiltrate

a (ppm) Alfiltrate
a (ppm) Vtotal (cm3 g−1) Vmicro

c (cm3 g−1) Smeso
c (m2 g−1) SBET

d (m2 g−1) Bpy/Lpy
e

P 32 42 133 – – 0.25 0.20 29 529 3.2
AT-2 20 43 38 4240 9 0.41 0.06 206 359 0.9

a ICP-OES analysis.
b Derived from the Si/Altotal and the Brønsted-to-Lewis acid site ratio.
c t-plot method.
d BET method.
e Ratio of Brønsted acid sites and Lewis acid sites from infrared of adsorbed pyridine.
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ig. 2. X-ray diffraction patterns of parent and alkaline-treated ITQ-4 zeolites.

atio (32) of the calcined zeolite is very close to the ratio in the
tarting gel (30). The parent zeolite (P) shows the typical diffrac-
ion pattern of ITQ-4 as the only crystalline phase (Fig. 2). TEM

icroscopy shows that the ITQ-4 crystals have beamlike dimen-
ions of 0.2 �m × 0.2 �m × 1.5 �m (Fig. 3a). The N2 isotherm of P
resented a high uptake at low relative pressures, confirming its
icroporous character (Fig. 4). The textural parameters derived

rom nitrogen adsorption are collected in Table 1. The micropore
olume of ITQ-4 (Vmicro = 0.20 cm3 g−1) is characteristic of the IFR
tructure [14,19] and accounts for the 80% of the total pore volume.
he limited mesoporosity of the parent zeolite (Smeso = 29 m2 g−1)
rises from the crystal’s external surface and the surface rough-
ess. The BJH pore size distribution confirmed the absence of any
ignificant mesoporosity (inset of Fig. 4).
.2. Mesoporosity development

Upon NaOH treatment the positions of the XRD reflections did
ot change, indicating the long-range order is generally preserved

ig. 3. Influence of the alkaline treatments on the porosity and crystal morphology of I
esoporosity (Smeso) and microporosity (Vmicro) of the parent and alkaline-treated sample
Fig. 4. N2 isotherms of the parent and alkaline-treated ITQ-4 zeolites. The inset
shows the adsorption BJH pore size distributions.

(Fig. 2). The decrease in intensity of the reflections can be attributed
to certain amorphization of the ITQ-4 crystals due to the gener-

ation of intracrystalline mesoporosity. The sample treated under
severe conditions (AT-3) displays the largest decrease in inten-
sity, which points towards a significant deterioration of the crystal
structure. The crystallinity is better preserved in the ITQ-4 samples

TQ-4. (a) Transmission electron micrograph of the parent sample. (b) Relation of
s. (c) Transmission electron micrograph of alkaline-treated sample.
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xposed to mild (AT-1) and standard treatment conditions (AT-2).
he gain in mesoporosity is tightly related to the loss in microporos-
ty. Fig. 3b shows that with increasing severity of the treatment the

icroporous volume decreases linearly with the introduced meso-
orosity. Mild treatment (AT-1) resulted in a fourfold increase of
he mesoporosity and the loss of 50% of the microporosity. Severe
reatment yielded a ninefold increase of the mesoporosity, with-
ut any measurable microporosity. We regarded sample AT-2 as
he optimal hierarchical lay out for a more detailed study as it
ombines a sevenfold increase in mesoporosity (206 m2 g−1) and
30% preserved microporosity (0.06 cm3 g−1). The TEM image in

ig. 3c clearly visualizes the formation of intracrystalline meso-
orosity in AT-2. Mesoporosity is well distributed over the crystals
endering them more transparent and giving the crystals a more
rittle appearance. The NaOH treatment on AT-2 resulted in a ca.
0% weight loss of the sample and a lower Si/Al ratio (20, Table 1)
ompared to the parent zeolite. The high Si/Al ratio (ca. 500) in the
ltrate from the alkaline treatment (Table 1) confirmed that sili-
on is selectively removed during the alkaline treatment. Nitrogen
dsorption demonstrated that the alkaline-treated ITQ-4 samples
xhibit uptake at low relative pressures as well as an increased
ptake at intermediate pressure (Fig. 4). Sample AT-2 shows a com-
ined type I and type IV isotherm with H3 hysteresis, which is
haracteristic of a hierarchical porous system combining micro-
nd mesoporosity [1]. The BJH pore size distribution of AT-2 (inset
f Fig. 4) shows a broad distribution mesopores centered around
nm.

.3. Acidity and accessibility

.3.1. OH stretching
The infrared spectra in the OH stretching region revealed four

bsorption bands at 3742, 3700, 3629, and 3488 cm−1 (Fig. 5).
hese bands correspond well with the bands shown for similar IFR-
ype zeolites reported in [14,20]. The band at 3742 cm−1 is typical

or the OH stretching vibration of terminal silanols not involved
n hydrogen bonding. The band at 3629 cm−1 is related to the
H vibration associated with the Brønsted acidity, evidencing the

ncorporation of Al in the zeolite framework. The assignment of
he other two bands is more delicate. These bands were assigned

ig. 6. Schematic representation of the ITQ-4 zeolite’s characteristics before and after des
l. The vibrations observed by infrared spectroscopy in the OH stretching are indicated.
n the Si/Al ratio, Brønsted versus Lewis acidity, and the �OH vibrations can be observed.
Fig. 5. FTIR spectra in the OH stretching region of the parent and alkaline-treated
ITQ-4 zeolites.

according to previous work [14] and confirmed by the results
obtained with the alkaline-treated zeolite (vide infra). The low
unresolved absorption at 3700 cm−1 could be related to extra-
framework aluminum hydroxyl groups [20,21]. However, since
no relation to the aluminum content was found, we have related

this band to hydrogen-bridged silanols which represent frame-
work imperfections [10,14,22]. The band at 3488 cm−1 is assigned
to hydrogen-bridged forms of the Brønsted-related OH vibrations,
which likely result from Brønsted acidic groups in close vicinity of

ilication. (a) 4.5 unit cells of IFR framework with a representative amount of Si and
(b) The same unit cells after alkaline treatment forming a mesopore. The influence
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ig. 7. FTIR spectra of the parent and alkaline-treated ITQ-4 zeolites after adsorption
f pyridine.

efective sites [23]. We note that this band has previously been
escribed to a variety of interacting silanol groups or nests [10,24].
evertheless, these types of vibrations do not account for the strong
orrespondence of this band to Brønsted acidic aluminum [14] and
ere therefore discarded.

The OH stretching region of the alkaline-treated zeolite exem-
lifies the significant effect of the desilication treatment on ITQ-4.
he band at 3742 cm−1 assigned to terminal silanols increases dra-
atically. This is due to partial dissolution of the zeolite framework,

ence the formation mesopores, increasing the external surface
n the crystals. This agrees well with the increased intracrys-
alline mesoporosity evidenced by TEM and N2 adsorption. The
mall unresolved band at 3700 cm−1 turned visibly undistinguish-
ble. As hydroxyl anions preferably attack these framework defects
uring alkaline treatment [15], it is expected that the intensity
f these vibrations reduce strongly upon treatment. The typical
rønsted-related bands at 3629 and 3488 cm−1 decreased in inten-
ity, suggesting a change or reduction in Brønsted acidity. This
spect is addressed in the next section. Fig. 6 depicts a visual sum-
ary of ITQ-4 zeolite characteristics before (a) and after NaOH

reatment (b). The figure illustrates how a possible route to the
artial dissolution of the zeolite framework results in a decrease
f the Si/Al ratio and the subsequent changes of the OH stretching
ibrations of the ITQ-4 zeolite.

.3.2. Pyridine adsorption
Pyridine adsorption was performed to gain insight into the type

nd distribution of acid sites in the parent and alkaline-treated
TQ-4 zeolites. The relatively small kinetic diameter (0.57 nm) of
yridine in comparison with the micropore dimensions of ITQ-
(0.62 nm × 0.72 nm) enables full probing of the intracrystalline

cidity. Fig. 7 shows the infrared spectra of pyridine adsorbed on
he parent and NaOH-treated samples. The bands at 1545 and
455 cm−1 represent the vibrations associated with pyridine enti-
ies adsorbed on Brønsted and Lewis acidic sites, respectively. The
ntegration of these two bands allows to determine their absolute
nd relative quantities [11,25]. The Brønsted-to-Lewis (Bpy/Lpy)
atio (3.2, Table 1) of the parent ITQ-4 indicates that a significant
mount of Lewis acidity is present. After NaOH treatment the band
t 1455 cm−1 increased strongly, whereas the intensity of the band

−1
t 1545 cm remained constant. Integration of the bands discloses
hat the Bpy/Lpy ratio lowers from 3.2 to 0.9 upon desilication. When
ombined, the Bpy/Lpy ratio and the total amount of aluminum in
he zeolites show that the amount of Brønsted sites (Si/AlB) remains
ssentially constant whereas the amount of Lewis acidity (Si/AlL)
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increases significantly (Table 1). The distribution of acid sites is
included in the schematic representation in Fig. 6. The presence of
Lewis acidity is of high importance concerning prospective appli-
cations in catalysis and adsorption processes. Future work should
be directed towards assessing in more depth the nature and role of
the created Lewis sites in adsorption and catalysis.

3.3.3. Collidine adsorption
The adsorption of collidine enables to probe the accessibility of

the Brønsted acid sites in zeolites as the kinetic diameter of collidine
(0.74 nm) exceeds the size of most zeolite micropores [10,11,25].
By monitoring the adsorption of collidine on the ITQ-4 zeolite using
infrared spectroscopy, the increased accessibility upon treatment
of the parent ITQ-4 zeolite was quantified. The increase in accessi-
bility can be expressed by the amount of adsorbed collidine (Acoll)
divided by the total amount of acid sites (Bpy + Lpy), or alterna-
tively, as the amount of adsorbed collidine over the total amount of
Brønsted acid sites (Bpy). In the latter case the assumption is made
that collidine does not probe Lewis acid sites. The (Acoll/[Bpy + Lpy])
ratio yields a very small value for the parent zeolite (0.05), which is
characteristic to its purely microporous character (inaccessible to
collidine). Upon alkaline treatment the ratio increases almost four-
fold (to 0.19) for sample AT-2. If we divide the amount of collidine
adsorbed on Brønsted sites only, we obtain nearly sixfold increase
of the (Acoll/Bpy) ratio, going from sample P (0.07) to sample AT-2
(0.40). Clearly, the use of both approaches proves that the acid site
accessibility is remarkably increased in the NaOH-treated sample.
The improved accessibility relates to the higher amount of acces-
sible Brønsted sites at the pore mouths of the hierarchical ITQ-4
zeolite due to the newly introduced intracrystalline mesopores.

4. Conclusions

The synthesis of purely microporous and hierarchical ITQ-4 zeo-
lites was successfully carried out. Optimization of the desilication
treatment was performed to tune the amount of mesoporosity gen-
erated with respect to the loss of micropore volume. The most
mesoporous hierarchical zeolite displayed a sevenfold increase in
mesoporosity (up to 206 m2 g−1), combined to a significant loss
of crystallinity and a subsequent reduction of ca. 70% of micro-
porosity. The Brønsted/Lewis ratio of acidic sites of the parent
zeolite equals 3.2. After desilication the Si/Al ratio increased and the
Brønsted/Lewis ratio of the hierarchical sample lowered to 0.9. This
corresponds to a similar amount of Brønsted acid sites and a higher
amount of Lewis acid sites after treatment. Finally, a significant
increase in accessibility of the alkaline-treated sample is evidenced.
The improved accessibility and altered acidity in the hierarchical
ITQ-4 can be anticipated as highly relevance for prospective appli-
cations of this zeolite type in catalysis and adsorption processes.
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