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’ INTRODUCTION

The extraordinary selectivity of zeolite-based catalysts is
often coupled with undesirable effects such as diffusion limita-
tion, pore blocking, and catalyst deactivation. Two major
avenues are considered to circumvent these drawbacks and
fully explore the potential of zeolitic materials. The expecta-
tions for better performance are namely related to the use of
nanocrystals and the preparation of conventional micrometer-
sized zeolite crystals comprising larger (meso or macro) pores.
Hydrothermal stability of zeolite nanocrystals is not always
comparable with that of their micrometer-sized counterparts.
In addition, zeolite nanoparticles are still not readily available.
Consequently, in recent years, a lot of research has been
dedicated to the controlled formation of a secondary pore
network in different types of zeolite crystals. Different syn-
thetic routes employed in the preparation of hierarchical
zeolites can be classified into two groups, a top-down and a
bottom-up approach.

The top-down approach is based on the preferential extraction
of a framework cation and thus the formation of defects of
meso- and/or macropore dimensions of zeolite crystals. In other
words, the zeolite framework is subjected to demetalation, and
the choice of the cation subjected to chemical attack depends on

the composition of the zeolite. Low silica zeolites are usually
subjected to dealumination by vapor steaming and/or acid
treatment.1�7 Lately, more works have been devoted to the
desilication of high silica zeolites in basic media.8�14

The bottom-up approach is a part of the template strategy,
where sacrificial species are integrated in the growing crystals and
then eliminated in a second step, leaving behind an empty space
that represents a negative replica of the template. The template
approach, first employed for the preparation of zeolite-type
materials, where small organic molecules are used for directing
the microporosity,15 was extended to the formation of meso-
porous16 and macroporous17 structures. By employing dual tem-
plates, hierarchical materials with combinations of micro-meso,18

meso-macro,19 micro-macro,20 and micro-meso-macro21 pores were
synthesized. Carbon particles of different size and morphology
have been the most widely used templates for the preparation of
mesoporous zeolite crystals.22 The employment of carbon
nanotubes or fibers as sacrificial templates led to the formation
of uniformly sized pores that correspond to the diameter of
the templating filament.23 However, their distribution within an
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ABSTRACT: The present study demonstrated the possibility
to form a secondary system of parallel macropores in zeolite
crystals. The secondary pore formation was predetermined by
the creation of defect zones in ZSM-5 crystals. A high energy
238U ion beam was employed to form latent tracks in zeolite
crystals, which were further subjected to attack with diluted HF
solution and thus developed to uniformally sized macropores.
The selective extraction of material from latent tracks was due to
the higher etching velocity of highly agitated zones created by heavy ion bombardment. The combination of complementary
methods unambiguously demonstrated the formation of hierarchical zeolite material comprising parallel macropores that extended
through the entire crystal. The catalytic tests revealed improved activity at retained selectivity in the reaction ofm-xylene conversion.
The possibility to control the number of macropores per unit of crystal surface and thus the catalytic performance of thematerial was
demonstrated. This model material is expected to bring better understanding to the effect of a secondary pore system in the catalytic
performance of hierarchical zeolites obtained by the top-down or bottom-up approach.
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individual crystal and in the bulk product could not be controlled.
Very recently, Ryoo and co-workers24 andOkubo and co-workers25

have provided examples of the application of supramolecular
templates in the preparation of zeolites with hierarchical porosity.
Recently, Tsapatsis and co-workers employed a new bottom-up
approach to synthesize zeolite nanocrystals with three-dimensional
ordered mesopores.26 Microporous crystals with ordered meso-
pores were prepared by a multistep procedure where silica nano-
beads were first employed to grow a colloidal crystal, and then a
carbon replica of colloidal crystal was obtained and used as a
sacrificial template to synthesize three-dimensionally ordered me-
soporous-imprinted zeolite crystals.

Each of the above approaches offers certain advantages and
disadvantages. None of them, however, could provide straight
parallel macropores of similar size that extend through the zeolite
crystals. The preparation of such a hierarchical material is
indispensable to clearly evaluate the impact of the secondary
pore network on the catalytic performance of zeolite catalysts.
The present work involves the preparation of hierarchical zeolites
with uniform size macropores by a top�down approach. The
preparation of the uniform macropores is based on defect
formation in zeolite crystals by bombardment with swift heavy
ions. In most dielectric solids, the impact of swift heavy ions
(SHI), with typical energies above hundreds of MeV and masses
around or above 100, induces an irreversible material transfor-
mation along each projectile path. This damaged region, referred
to as “latent track” or “nuclear track”, has a cylindrical shape, with
diameters ranging from a few nanometers to a few tens of
nanometers and is created all along the major part of the ion
range. Depending on their energy and mass, SHI have ranges
from some tens to some hundreds of micrometers. Etching in a
suitable chemical agent opens a micro- or nanohole all along the
ion path “etched tracks”.27a Industrial production of polymer
membranes (track-etched membranes) that started in the early
1970s is still very active nowadays.27b,c New uses emerged more
recently. For instance, track-etched films are used as templates
for engineered nanoobjects for use in microwave and electronic
devices and biomedical sensing.27d,e Latent or etched tracks can
also be grafted and used in fuel cells.27f However, to the best of
our knowledge, the ion track technology has never been applied
for inducing a secondary pore network in zeolite crystals and to

obtain hierarchical porous catalysts. Owing to high chemical
uniformity of micrometer-sized zeolite crystals, a uniform dis-
solution and thus the formation of similar in size pores can be
expected. The length of the track depends on the employed ion
and the target material. In the case of silicates, it exceeds
hundreds of micrometers, which is sufficient to create extended
defects throughout the entire crystal. The pore diameter may
range from about 10 nm to 1 μm or more depending on the
employed swift heavy ion and the etching conditions. In general,
the resultant channels are parallel to within several degrees. Areal
density can range between 1 and more than 1010 channels
per cm2. Usually the channels are statistically distributed over the
irradiated area of the sample. The present report describes a two-
step top-down approach, involving formation of latent tracks and
their selective extraction by wet chemical treatment that provides
parallel uniform macropores in zeolite crystals.

’EXPERIMENTAL SECTION

ZSM-5 crystals were prepared in fluoride media from a gel with
composition 0.2(C3H7)4NBr:0.07Al2O3:1.0SiO2:0.58NH4F:15H2O,
where (C3H7)4NBr is tetrapropylammonium bromide (Fluka). The
other reactants were provided by Merck (93.5 wt % SiO2), Reheis
(AlOOH, pseudoboehmite), and Fluka (NH4F). After the initial
reactants were mixed, 2 wt %, with respect to silica content in the gel,
of nanosized silicalite-1 seeds was added to the mixture and stirred 1 h.
The synthesis was performed at 170 �C for 10 days. After washing and
drying, the product was subjected to 238U irradiation under vacuum.
Latent tracks are induced in most insulators where the linear energy
transfer (LET) is above a threshold value. The ion and energy were
chosen to ensure irradiation of a sufficient amount of matter with a large
LET. The entrance and exit energies of the ions are 4.75 and 1.25 GeV,
respectively. The mean LET is 30 keV/nm, and the LET variation along
the sample is approximately less than 20%. Latent track development
was performed with 0.1 wt % HF acid at room temperature for 5 min.
The liquid:solid ratio was 50:1. The solid was thoroughly washed with
distilled water and dried at 60 �C.

As-synthesized and treated materials were characterized by X-ray
diffraction (X’Pert Pro, PANalytical) scanning (TESCAN) and trans-
mission (JEOL JEM 2100F) electron microscopy and N2 adsorption
(Micromeritics ASAP 2020). The chemical composition of the solids
was analyzed by atomic absorption spectroscopy (AAS) (Varian
Techtron AA6).

Figure 1. XRD patterns of the initial ZSM-5 sample (a) and the hierarchical material obtained by 238U irradiation, HF etching, and calcination at 550 �C (b).
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The catalytic tests were carried out in a fixed-bed flow reactor at
atmospheric pressure and reaction temperature of 623 K. N2 carrier gas
was passed through a saturator filled with m-xylene and equilibrated at
293.2 K so a reactant partial pressure of 0.9 kPa could be attained. Online
analysis of the reaction products has been performed using HP-GC with
a 25 m FFAP capillary column.

’RESULTS AND DISCUSSION

The new preparation method reported here is based on the
preferential etchability of latent tracks. More precisely the
preparation of macropores in zeolite crystals includes two stages:
(i) exposing zeolite crystals to a flow of swift heavy ions for
inducing latent tracks; (ii) etching the latent tracks to create
meso- or macropores. An important feature of the technique is
that one single particle is sufficient to create a damaged zone in
the zeolite crystal, which is characterized with high free energy.
Substantially different etching velocity of the latent ion track and
the intact part of the crystals allows selective extraction of the
amorphous part of the crystal and thus controlled pore forma-
tion. Therefore, the physical treatment tracks down the pore
formation during the following wet chemical treatment. The
method is exemplified by the formation of parallel macropores in
ZSM-5 crystals. The formation of meso-/macropores of heavily
intergrown aggregates is difficult to study. Therefore, well-
shaped single crystals grown in fluoride media were employed
to clearly visualize the mesopores issued from the nuclear track
imprinting. The size of the crystals was about 5 μm along the c
axis. Zeolite crystals were exposed to 238U ion beam with
fluencies corresponding to an average distance between ion
impacts of 230, 700, and 1400 nm. The irradiated samples were
then etched with diluted HF acid and thoroughly washed with
distilled water. Note that after the irradiation, the residual
radioactivity is below the civil norms and the material can be
used without any particular safety precautions.

XRD study of irradiated samples did not show any differences
with that of the parent ZSM-5 crystals (Figure 1a). The irradiated
material was subjected to HF etching and calcination at 550 �C.
The XRD pattern of the resultant hierarchical material is shown
in Figure 1b. As can be seen by the XRD pattern, the crystallinity
of the sample was retained and no amorphous halo was observed.

Scanning electron microscopy (SEM) analysis of irradiated
and etched samples showed the presence of large pores with
uniform pore openings on the surface of the crystals (Figure 2a,b).
According to the SEM inspection, the pore size was about 50 nm.
For the sake of comparison, nonirradiated crystals were subjected
to the same treatment and studied by SEM. Low and high
magnification images of ZSM-5 crystals subjected to this treat-
ment are shown in Figure 2c,d. The SEM analysis clearly revealed
that without preliminary treatment, only surface etching oc-
curred while in the case of irradiated samples, highly uniform
sized pores were formed. A closer look at the hierarchical sample
showed that the distance between ion impacts was uniform in
some crystals and less uniform in others, the latter being a
consequence of the low ion beam stability during the experiment.
Thus, much more uniform distribution of macropores is ex-
pected under standard irradiation conditions.

Transmission electron microscopy (TEM) investigations
confirmed that the diameter of the pores was about 50 nm
(Figure 3a�d), a value at the border between meso- and
macroporous materials. TEM observations also revealed that
the pore diameter was constant along the crystal length

(Figure 3a,c). The formation of parallel pores of similar size
that cross the entire zeolite crystal was sound proof for the
decisive effect of the ion beam treatment on the following
chemical extraction step. The latter was proved by an experi-
ment where nonirradiated ZSM-5 crystals were subjected to
similar chemical attacks. Exclusively, the surface of the non-
irradiated crystals was etched (Figure 3e,f) as already shown by
the SEM investigation. A deeper dissolution was observed only
in a zone which most probably comprised a high concentration
of framework defects (Figure 3e). Shaped crystals employed in
the present study possessed well-developed 010 and 100 faces.
Consequently, most of the irradiated crystals possessed latent
tracks parallel to one of well-developed crystal faces (Figure 3a,b).
Thus, the differences in the secondary pore network orientation
were a consequence of the orientation of the crystals during the
irradiation step. Prior to the 238U beam treatment, the zeolite
powderwas pressed in a holder, and thus the crystals were oriented
with the well-developed crystal faces perpendicular to the applied
force.Hence, the preferential orientation of pressed zeolite crystals
could be used to trace the secondary pore system in the desired
crystallographic direction. There are also more sophisticated sur-
face functionalizationmethods that allow the formation of layers of
oriented zeolite crystals and thus control the pore orientation.28

High resolution TEM inspection of macropores revealed another
important feature of ion beam-induced pores. There is division
between the large pore channel and the intact part of the zeolite
framework (Figure 3g,h). In other words, there is not a transition
zone comprising a highly defected or partially amorphisized
framework because of the preferential extraction of some of the
framework components or the high temperature combustion of a
carbon-rich sacrificial template.

Uniform extraction of framework components was confirmed
by the chemical analyses of initial (Si/Al = 26.9) and hierarchical
(Si/Al = 28.0) zeolites. Note that post synthesis chemical etching
(desilication or dealumination) leads to preferential extraction of
one of framework cations that may dramatically change the
activity of zeolite catalysts. In the present case, the formation
of defect zones prior to chemical treatment makes possible the
uniform extraction of framework cations. Another important

Figure 2. Low (a) and high (b) magnification SEM micrographs of
ZSM-5 crystals subjected to irradiation and acid etching. Low (c) and
high (d) magnification micrographs of a ZSM-5 crystal subjected to
similar acid treatment without preliminary ion beam irradiation.
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feature of the method is that the extraction of the amorphous
material is not influenced by the defect and intergrown surfaces
in the crystal. Figure 3a shows that the macropore channels
traversing the 90� twin crystal remained parallel to the ion track
orientation.

The N2 adsorption measurements were in good agreement
with the TEM investigation. Figure 4 shows the N2 adsorption
isotherms of parent ZSM-5 crystals and hierarchical material with

an average distance of 230 nm between the large pore channels.
Type I adsorption�desorption isotherms, typical of micropor-
ous zeolite-type materials, were recorded for both materials.
A steep rise in the uptake at low relative pressures corresponds to
the filling of micropores with N2. This part of the isotherm was
followed by a transition zone between 0.05 and 0.25 P/P0, where
a substantial difference between the two isotherms was observed.
In the case ofMFI-type materials, this part of the curve corresponds
to adsorbate transition from a more disordered fluid-like to a
more ordered solid-like phase.29 Obviously the kinetics of this
phenomenon is different in the presence of large pores crossing
the volume of zeolite crystals, which explains the differences
observed in this part of the isotherm. In the 0.3�1.0 P/P0 range,
the two isotherms are almost flat without a hysteresis loop.
A negligible uptake can be observed at a relative pressure close to
1, which is more pronounced in the case of hierarchical zeolites.
This last upward turn of the isotherm indicates the presence of
very large pores. Both materials possessed micropore volumes of
0.18 cm3 g�1 that are characteristic of highly crystallineMFI-type
material. This result clearly showed that the formation of a
secondary pore network was not at the expense of the micropore
volume of the material. In other words, the formation of a few
macropores per single crystal did not substantially change either
the micropore volume or the external surface area of the solid.
Indeed, the analysis of the N2 adsorption data revealed a
negligible increase in the external surface area of the hierarchical
zeolite sample (from 0.4 m2 g�1 to 8 m2 g�1). Low mesopore
volume (0.03 cm3 g�1) was also indirect proof of the formation
of very large pores in zeolite crystals. As mentioned previously,
the pore diameter was about 50 nm (Figure 3c,d), which made
N2 adsorption measurements inapplicable to this pore size
regime. Formation of narrower (meso)pores will certainly be
possible by varying the etching solution concentration and
time�temperature conditions of the treatment, which is not in
the scope of the present study.

The materials subjected to irradiation at different fluencies, in
other words with a different number of ion tracks per unit surface,
were subjected to chemical treatment under similar conditions.
After calcination, the resultant materials with an average distance
between pores of 230, 700, and 1400 nm were subjected to
catalytic tests in the reaction of m-xylene conversion (Figure 5).

Figure 4. N2 adsorption�desorption isotherms of the parent ZSM-5
crystals (a) and the hierarchical zeolite material comprising the
secondary system of macropores with an average distance of 230 nm
between them (b).

Figure 3. TEMmicrographs of ZSM-5 crystals with ordered systems of
macropores (a and b) obtained by 238U irradiation followed by diluted
HF acid etching. Side (c) and top (d) views of the macropores in ZSM-5
crystals showing that the pore diameter is around 50 nm. Low (e) and
high (f) magnification TEM micrographs of nonirradiated ZSM-5
crystals subjected to treatment with diluted HF acid. High resolution
TEM images of the secondary channel systemwhere the border between
the macropore and the intact part of the crystal can be seen (g and h).
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The material with an average macropore distance of 230 nm
showed a higher m-xylene conversion with respect to the initial
nontreated ZSM-5 catalysts and the two materials with less
mesopores per unit zeolite surface. Obviously, the procedure
applied to develop denser intracrystalline macroporosity has had
a more beneficial effect on the catalytic performance.

Thus, the facilitated access of the reactant and its improved
transport, together with that of the reaction products through a
denser system of macropores, appeared to be the dominating
factor for the observed improvement in the catalytic behavior of
the hierarchical zeolite materials prepared by the new method.
These results were also in accordance with the findings of
Christensen and co-workers,30 who have studied mesostructured
materials obtained by using a mesoporous carbon matrix in the
same reaction of m-xylene conversion.

A simple model has been developed for estimating the gain in
activity that could be expected by etched latent tracks when the
activity of the substrate was limited by the diffusion of the
reactant over a layer of thickness “a”. The principle of the model
is demonstrated in Figure 6, and the final formulas employed in
calculating the gain in activity are provided in Supporting
Information. The specific activity is the ratio between the pink
and blue volumes, and the gain is the ratio between the so-
defined specific activities, after and before track etching. The
experimental data in total m-xylene conversion obtained with
hierarchical ZSM-5 materials comprising different number of
macropores per unit crystal surface fitted well to the model
(Figure 1, Supporting Information). Thus theoretical and experi-
mental data pointed out the positive effect of macropore network
on the catalytic performance of a zeolitic catalyst.

To evaluate the effect of the modification procedure, the
catalysts’ performance at a close degree of conversion (Figure 7a)

was put together. In the range of tested reaction temperatures
and contact times, only traces of side products (under the detec-
tion limit) were observed. The main products expected from
m-xylene isomerization (para and ortho isomer) and dispropor-
tionation (toluene and trimethylbenzenes) constituted over 99.99%
of the reaction product. In accordance with the product shape-
selectivity effect of the MFI-type zeolites, only the slimmest and
most thermodynamically preferred from the three trimethylben-
zenes isomers, the 1,2,4-one, was formed on both studied
catalysts. The distinguishing characteristics such as the p- to
o-xylene ratio and the selectivity to the main isomerization and
the side disproportionation reactions ofm-xylene transformation
were also compared (Figures 7b,c). As typical of ZSM-5, a bit
higher than the equilibrium p-/o-xylene ratio (Figure 7b) and a
much larger selectivity to isomerization compared to dispropor-
tionation (Figure 7c) were observed both on the parent and the
modified catalysts.

Figure 5. Total m-xylene conversion as a function of the time on-stream over the initial ZSM-5 sample (empty triangles) and the mesoporous
zeolites with an average distance between the secondary pore systems of 230 nm (a), 700 nm (b), and 1400 nm (c). (Reaction temperature 623 K,
contact time 0.82 h).

Figure 6. Part of the zeolite crystal available for catalytic reaction:
before (left) and after (right) latent track etching.
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The very close values of these characteristics proved the
uniform extraction of framework compounds upon develop-
ment of a secondary pore system as mentioned above. This
result was also in accordance with the similar external surface
area and pore volume registered for the initial and hierarchical
ZSM-5 samples. Indeed, N2 adsorption measurements showed
that the formation of macropores was not at the expense of the
micropore volume and the surface area was not changed
substantially, both structure characteristics determining the
selectivity in the reactions of m-xylene transformation.31 Thus,
the macropores serve as additional diffusion pathways only,
facilitating the mass transfer and thus improving the catalytic
activity of the hierarchical materials. This result is in agreement
with the activity gain model, which showed that the external
surface area of a hierarchical zeolite material strongly depends
on the size of the pores (Figure 2, Supporting Information).
Namely, a large number of small size mesopores substantially
increases the external surface area of zeolite crystals that often
have a negative effect on the isomerization selectivity and
respectively on the p-xylene formation in the reaction of m-
xylene conversion. Therefore, the formation of a few macro-
pores traversing the entire zeolite crystal could provide access
to substantial part of micropore volume without increasing the
external surface area. This is an important result that should be
taken into account when the goal is the preparation of zeolite
catalysts combining high selectivity with high catalytic activity.

’CONCLUSIONS

In conclusion, the present study proved the possibility to
form uniform parallel macropores in zeolite crystals. The
secondary pore system formation was predetermined by crea-
tion of defect zones in the crystals vulnerable to chemical
attack. A high energy 238U ion beam was employed to form
latent tracks in the crystals, which were further subjected to

attack with diluted HF solution to extract the amorphous
material and form regular size macropores.

The catalytic tests showed the versatility of the method,
allowing the number of macropores per unit crystal surface to
be controlled and thus the catalytic activity of such preparations
to be finely tuned. These materials are also expected to show
better performance with respect to solely microporous materials
in a variety of areas, from traditional ion exchange, sorption, and
catalytic processes to much more advanced applications ranging
from chemical sensing to drug delivery. Ion beam-induced meso-
or macropores could also be applied to intergrown zeolite films
largely used in membrane and sensing devices. The amorphiza-
tion of a part of the zeolite framework by ion bombardment
might also be employed to prepare functional materials compris-
ing zones with different structure and/or composition within a
single zeolite crystal.
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