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Zeolites are widely used in heterogeneous catalysis,
especially in petroleum and oil refining, because of their high
acidity and shape-selectivity induced by molecular-sized
microporosity.' The molecular-sized micropores, however,
also limit the catalytic performance of the zeolite because
of diffusion limitation.” To overcome this problem, several
novel materials such as ultralarge micropore zeolite,® ordered
mesoporous materials,” zeolite nanocrystals® and mesoporous
zeolites were synthesized.® Among these materials, meso-
porous zeolite was considered to be the most effective
because it combines the advantage of zeolites and meso-
porous materials,” as proved by catalytic and diffusional
tests.®

The best known way to create mesopores in zeolites is
dealumination. Although this technique improves the catalytic
performance of zeolites,” recent 3D-TEM and PFG-NMR
analyses indicated that the mesopores introduced by dealumi-
nation do not form an interconnected network and contribute
little to molecular diffusion.'®!" Desilication is now considered
to be a more effective strategy than dealumination for introduc-
ing mesopores in zeolites.'? For instance, Groen and co-worker
have synthesized mesoporous ZSM-5 with excellent diffusion
properties by desilication of uniform Al-distributed ZSM-5

* To whom correspondence should be addressed. Tel: 86-411-88993966.

E-mail: hhu@chem.dlut.edu.cn.

" Dalian University of Technology.
* The Hong Kong University of Science and Technology.

(1) Davis, M. E. Nature 2002, 417, 813.

(2) Corma, A. Chem. Rev. 1997, 97, 2373.

(3) Tosheva, L.; Valtchev, V. P. Chem. Mater. 2005, 17, 2494.

(4) Kresge, C. T.; Leonowicz, M. E.; Roth, W. J. Nature 1992, 359, 710.

(5) Davis, M. E.; Saldarriaga, C.; Montes, C.; Garces, C.; Crowder, C.
Nature 1988, 331, 698.

(6) Tao, Y. S.; Kanoh, H.; Abrams, L.; Kaneko, K. Chem. Rev. 2006,
106, 896.

(7) Hartmann, M. Angew. Chem., Int. Ed. 2004, 43, 5880.

(8) (a) Christensen, C. H.; Johannsen, K.; Schmidt, I.; Christensen, C. H.
J. Am. Chem. Soc. 2003, 125, 13370. (b) Schmidt, I.; Krogh, A.;
Wienberg, K.; Carlsson, A.; Brorson, M.; Jacobsen, C. J. H. Chem.
Commun. 2000, 21, 2157. (c) Li, W. C.; Lu, A. H.; Palkovits, R.;
Schmidt, W.; Spliethoff, B.; Schiith, F. J. Am. Chem. Soc. 2005, 127,
12595.

(9) van Donk, S.; Janssen, A. H.; Bitter, J. H.; de Jong, K. P. Catal. Rev.
2003, 45, 297.

(10) Janssen, A. H.; Koster, A. J.; de Jong, K. P. Angew. Chem., Int. Ed.
2001, 40, 1102.

(11) Kortunov, P.; Vasenkov, S.; Kirger, J.; Valiullin, R.; Gottschalk, P.;
Fé Elia, M.; Perez, M.; Stocker, M.; Drescher, B.; McElhiney, G.;
Berger, C.; Gliser, R.; Weitkamp, J. J. Am. Chem. Soc. 2005, 127,
13055.

10.1021/cm703265q CCC: $40.75

Chem. Mater. 2008, 20, 1670-1672

crystals."* However, the properties and the accessibility of the
mesopores were largely determined by the Al content and
distribution in the parent zeolite. Highly expensive protocols is
needed for the synthesis of the suitable parent zeolite crystal.
Also, the selective removal of framework Si or Al by de-
alumination or desilication will lead to a decrease in crystallinity.
With the hard and soft template concept, derived from the
ordered mesoporous materials synthesis, mesoporous zeolites
can now be synthesized in a more controlled manner. With
carbon materials as the secondary template, various mesoporous
zeolites with either intercrystalline or intracrystalline mesopores
can be synthesized.'* Several research groups have also reported
that mesoporous zeolites can be synthesized through one-step
hydrothermal reaction with specially designed amphiphilic
organosilane or silyated polymers as the secondary template.'”
However, the use of high-priced secondary templates again
makes these synthesis routes very expensive.

It is thus of interest to test if mesoporous zeolites can be
synthesized without secondary template and post-treatment.
A literature survey and our own research on carbon-templated
mesoporous zeolites synthesis showed that in some cases
mesopore in mesoporous aggregate of zeolite crystals resulted
from the randomly oriented zeolite nanocrystals other than
cast from carbon materials. For instance, in the synthesis of
mesoporous zeolites with an ordered mesoporous carbon
(CMK-3) being the secondary template,'** the size of the
primary nanocrystals (20-30 nm) was much larger than the
mesopore size of CMK-3 (approximately 4 nm). This
indicates that the zeolite nanocrystals must be grown outside
the mesopore system of CMK-3 and the mesopore structure
of the mesoporous zeolites is resulted from the randomly
oriented zeolite nanocrystals. It can thus be concluded that
mesopore porogen is not strictly necessary to perform a
mesoporous zeolite synthesis. The zeolite crystallization
conditions should be carefully controlled for the synthesis
of mesoporous aggregate of zeolite nanocrystals without
secondary template because it has a large influence on the
size and crystallinity of zeolite nanocrystals.'® In the
synthesis of mesoporous aggregates of zeolite nanocrystals,
researchers generally use different methods to confine the
zeolite growth, thus inducing the formation of zeolite
nanocrystals. In this communication, we test the possibility
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Figure 1. (a) XRD pattern and (b) nitrogen sorption isotherm of mesoporous
ZSM-12 and conventional ZSM-12.

Table 1. Textural Parameters of ZSM-12 Samples

sample Sper (M*/g)  Vmic (ML/g) Vit (ML/g)  Vinie/ Viotar (%)
meso-ZSM-12 298 0.12 0.29 41
ZSM-12 292 0.13 0.18 72

to induce the formation of zeolite nanocrystals and subse-
quently assemble them into a mesoporous aggregate by
enhancing the zeolite nucleation rate.

Our study started from ZSM-12 because of its importance
and our unexpected results during the ZSM-12 synthesis.
ZSM-12 has micropores that are slightly larger than those
of ZSM-5. It is of interest for the shape-selective conversion
of molecules that are slightly too large to react in the pores
of ZSM-5,"2>'%¢ such as the selective methylation of
2-methylnaphthalene.'” Also the effect of a mesoporous
secondary pore system on mass transport is expected to be
much larger for ZSM-12, a zeolite with a one-dimensional
micropore system, when compared with zeolites having a
three-dimensional system such as ZSM-5 and .” During the
synthesis of conventional ZSM-12 crystals according to
reference,'® mesoporous aggregate of ZSM-12 nanocrystals
with a morphology similar to common ZSM-12 were
obtained. Nitrogen adsorption analyses of these samples
showed a mesoporous character although mesopore volume
is quite small (typical results are shown in Figure 1b. Hence
we wondered if mesoporous aggregate of ZSM-12 crystals
with higher mesoporosity can be synthesized by controlling
the zeolite crystallization conditions. In zeolite synthesis, it
is well-known that the degree of supersaturation has a larger
influence on zeolite nucleation than on growth and has been
verified by AFM study recently.'® Hence a concentrated
synthesis gel was used in the synthesis of our mesoporous
ZSM-12. The detailed synthesis methods of mesoporous
ZSM-12 as well as reference conventional ZSM-12 can be
found in the Supporting Information.

The XRD patterns of mesoporous ZSM-12 and conven-
tional ZSM-12 are shown in Figure 1a, which indicate that
both samples consist of pure-phase MTW-type structured
material. The intensity of the XRD reflections is almost the
same, indicating a similar crystallinity of the two zeolite
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Figure 2. SEM images of mesoporous ZSM-12.

a

Figure 3. TEM images of mesoporous ZSM-12.

samples. No reflection was found in the small-angle XRD
pattern in both samples, indicating there is no structural order
in the mesopore scale. In the nitrogen sorption isotherm
(Figure 1b) of the mesoporous ZSM-12 sample, besides the
feature of high microporosity (large amount of nitrogen
adsorbed at low partial pressure), an adsorption step with
hysteresis loop at P/P, between 0.4 and 0.9, caused by the
capillary condensation in the textural mesopores, can also
be identified. This indicates the coexistence of micropores
and mesopores in this sample. The parameters for the pore
structure of both ZSM-12 samples are given in Table 1. The
mesopore volume of mesoporous ZSM-12 is comparable to
that of mesoporous ZSM-12 synthesized with carbon black
being the hard template.'*

Figure 2 presents SEM images of mesoporous ZSM-12. In
the image with low magnification (Figure 2a), uniform cubic
crystals with a rough surface and a size smaller than 1 gm can
be observed. The high resolution SEM image (Figure 2b)
indicates that such single-crystal-like particles are constructed
of primary nanosized zeolite crystals (with size between 20 and
30 nm). Figure 3a is a TEM image of mesoporous ZSM-12,
which shows the assembly structure of the ZSM-12 nanocrystals
and significant mesopores between the primary zeolite nano-
crystals. Figure 3b is a HRTEM image of mesoporous ZSM-
12, in which lattice fringes can be observed, again revealing
the high crystallinity of this sample. Also, lattice fringes of
different zeolite nanocrystals in the outer surface show similar
direction. These results indicate that the mesoporous ZSM-12
is a polycrystalline zeolite with mesoporosity and that the
surface tends to recrystallize into larger crystals through oriented
attachment.

The hydrothermal stability of mesoporous ZSM-12 was
tested by refluxing in boiling water for 120 h with a sample
to water ratio of 1:10 (g/mL) and by increasing the
crystallization time to 8 days. The meso- and microstructure
of mesoporous ZSM-12 is stable during these treatments, as
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Figure 4. SEM and TEM images of mesoporous ZSM-5 after 6 h (a, b)
and 24 h (c, d) crystallization.

confirmed by powder XRD and SEM (see the Supporting
Information). These results indicate that the mesoporous
ZSM-12, once formed, is highly hydrothermally stable, which
is very important for industrial catalytic applications.

We further tested the possibility to synthesize mesoporous
ZSM-5 under similar concept. A polyanion nucleation promoter
(H,PO,") first reported by Kumar et.al.* was used to enhance
the nucleation of ZSM-5. Detailed synthesis method can be
found in the Supporting Information. As shown in Figure 4,
uniform mesoporous aggregate of zeolite nanocrystals with size
smaller than 1 yum is formed after 6 h crystallization. The size
of the primary zeolite nanoparticles is about 20-30 nm. The
XRD pattern shown in Supporting Information indicates that
this zeolite sample has a highly crystalline MFI structure. As
the crystallization time increases to 24 h, the size of the
mesoporous aggregate does not change obviously, except that
of the crystals on the surface becomes larger. Also, the less
well defined morphology of the zeolite obtained after 6 h of
reaction develops into a typical morphology of common ZSM-
5. Large zeolite particles and significant mesopores can be seen
in the TEM images. Nitrogen adsorption analysis reveals that
there are a large number of mesopores in these samples. The
BET surface area and mesopore volume is 375 m%g and 0.20
mL/g, respectivity. The parameters for the pore structure of both
ZSM-5 samples are given in the Supporting Information. Similar
synthesis concept can be extended to other zeolite syntheses,
such as of mesoporous TS-1, ZSM-11, and ZSM-22.

Assembly of zeolite nanocrystals into hierarchically ma-
terials has gathered a lot of research interests; however, most
of such work needs inorganic and organic templates.?' Very
recently, it has been reported that zeolite nanoparticles can
be used for further zeolite crystallization by dissolvation or
aggregation.”” The report, though different from present
research in both research purpose and product, is helpful for
understanding our synthsis results. The formation of meso-
porous zeolite and single-crystal-like morphology can be
depicted as follows. In our synthesis method, the zeolite
crystallization conditions were controlled to favor the forma-
tion of zeolite nanocrystals. In mesoporous ZSM-12 syn-
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thesis, the concentration step carried out by refluxing at 80
°C made the molar ratio of H,O/SiO, decrease from 15 to
8, leading to a higher degree of supersaturation and higher
ratio of nucleation to growth rates. Hence, primary zeolite
nanocrystals are formed in the initial reaction period and they
self-assemble into polycrystalline particles because isolated
zeolite nanocrystals are not stable in the hydrothermal
reaction condition. The imperfect intergrowth of the zeolite
nanocrystals causes the observed mesoporosity. The ag-
gregate then tends to grow into a single crystal and a single-
crystal-like morphology gradually develops. The nanopar-
ticles in the center intergrow with each other, whereas the
nanocrystals on the surface of the aggregate grow with the
remaining amorphous material as monomer through Ostwald
ripening and oriented attachment with each other during
crystallization. The recrystallization reaction will continue
from the outer surface to the inner part of the aggregate.
Mesoporous aggregates of zeolite nanocrystals will form if
the amount of remaining amorphous material after the
nucleation step in the synthesis solution is small. The
recrystallization reaction will stop after the amorphous
material is totally consumed. If amorphous material in the
synthesis solution is too much, only microporous single
crystals will finally be obtained. Hence, the mesoporous
aggregate of zeolite nanocrystals is an intermediate phase
in zeolite synthesis. The mesoporous aggregates with single-
crystal-like morphology are a kinetically favored product
under certain conditions.

In summary, mesoporous aggregate of zeolite nanocrystals
can be synthesized without secondary template by self-
assembly of in situ formed zeolite nanocrystals. As-
synthesized mesoporous aggregates have single-crystal-like
morphology, high hydrothermal stability and high meso-
porosity. Thus it proved that mesoporous zeolites can be
synthesized through carefully control of the crystallization
conditions without using a secondary template. Such a
synthesis route allows mesoporous zeolites to be synthesized
with a cost similar to or even lower than that of conventional
zeolites and thus opens a new, cost-effective, and industrially
applicable way to the synthesis of mesoporous zeolites.

Acknowledgment. Financial support of this work by the
National Science Foundation of China under Contracts 20276011
and 20376012 is gratefully acknowledged.

Supporting Information Available: Synthesis methods of
zeolite samples, results of hydrothermal test of mesoporous ZSM-
12 (PDF). This material is available free of charge via the Internet
at http://pubs.acs.org.

CM703265Q

(20) (a) Kumar, R.; Bhaumik, A.; Ganaphthy, S. Nature 1996, 381, 298.
(b) Inagaki, S.; Matsunaga, I.; Kikuchi, E.; Matsukata, M Stud. Surf.
Sci. Catal. 2001, 135, 566.

(21) Navascies, N.; Téllez, C.; Coronas, J. Microporous Mesoporous Mater.
2007,doi:10.1016/j.micromeso0.2007.10.037.

(22) (a) Chen, X. Y.; Qiao, M. H.; Xie, S. H.; Fan, K. N.; Zhou, W. Z.;
He, H. Y. J. Am. Chem. Soc. 2007, 129, 13305. (b) Hayasaka, K.;
Liang, D.; Huybrechts, W.; De Waele, B. R.; Houthoofd, K. J.; Eloy,
P.; Gaigneaux, E. M.; van Tendeloo, G.; Thybaut, J. W.; Marin, G. B.;
Denayer, J. F. M.; Baron, G. V.; Jacobs, P. A.; Kirschhock, C. E. A.;
Martens, J. A. Chem.—Eur. J. 2007, 13, 10070.



