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a b s t r a c t

Hierarchical structured ZSM-5 zeolite of c-axis-oriented nanorods has been prepared by a zeolite-seed-
assisted hydrothermal synthesis method without any type of mesoscale template. The final product
has loose aggregation which consists of rod-like nanocrystals with widths of about 20–30 nm, formed
by the oriented aggregation model. The nitrogen physisorption suggested that the hierarchical structured
ZSM-5 zeolite had higher mesopore volume and external surface area than the sample prepared conven-
tionally. Due to the shortened microporous channel and opening mesopore, the prepared HZSM-5 cata-
lyst presents high catalytic activity and stability for the alkylation of phenol with isopropanol.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Zeolites are widely used in areas of catalysis, separation, ion ex-
change, and sensing because of their uniform pore size, high sur-
face area, and good thermal stability [1–4]. Recently, a growing
interest in this field is focusing on the preparation of zeolites with
short diffusion paths and/or hierarchical porosities to meet the
specific demands in bulky molecule-involved and/or diffusion-
controlled catalytic reactions [5–21]. Supermicro- or mesopores
containing zeolites represent the typical structure of such materi-
als, which are generally fabricated by extracting the framework
elements or through a mesoscale template technique [8–21]. Dea-
lumination or desilication methods have been well developed for
the generation of intracrystal secondary pores in the past decades,
but they are generally limited by the partial damage of the frame-
work and the blockage of the micropores by the extraframework
residue generated during the hydrothermal treatment and chemi-
cal extraction [8–11]. The mesopores could also be created within
the zeolite crystals through assembly of zeolite nanocrystals on the
mesoscale templates in a versatile manner, such as using rigid
templates of nanosized or mesoporous carbon [12–16] and using
soft templates of organosilane surfactant or cationic polymers
[17–21]. However, the mesoscale template pathway is rather com-
plicated and less facile.
ll rights reserved.
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Herein, a mesoscale template-free route is demonstrated for the
synthesis of hierarchical structured ZSM-5 zeolite of c-axis-
oriented nanorods using a zeolite-seed-assisted hydrothermal syn-
thesis method. Due to a unique intersecting channel system in the
ZSM-5 framework with a straight 10-member ring (10MR) channel
parallel to the b-axis and a zig–zag 10MR channel extending along
the a-axis [22–25], the prepared hierarchical ZSM-5 zeolite of
c-axis-oriented nanorods is very important for their enriched ex-
posed pore opening and shortened channels.
2. Materials and methods

Silicalite-1 seeds were prepared according to a previous report
[26]. Typically, a gel with the composition of molar ratio of
6Na2O:0.83Al2O3:100SiO2:1500H2O was then prepared using
NaOH, Al2(SO4)3�18H2O, silica sol with 40% SiO2 content, and dis-
tilled water as the raw materials. Afterward, 5 g of prepared silica-
lite-1 seed sol and 1 g of 1,6-hexylenediamine were added in 100 g
of the above gel with vigorous stirring. Then, the mixture was en-
closed in a PTFE-lined stainless-steel autoclave and heated at
160 �C for different time intervals from 2 to 24 h. The products
were denoted as NZ160-X, in which X means the crystallization
time (h). By hydrothermal treating the gel with the same composi-
tion as above but without seeds, the reference samples of CZ-1 and
CZ-2 were synthesized at 160 �C for 3 and 5 days, respectively;
CZ-3 was also obtained without seeds but with a double dosage
of 1,6-hexylenediamine after crystallization at 160 �C for 5 days.
All the resulting products were washed intensively with distilled
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water and finally dried at 110 �C, followed by calcination at 550 �C
to remove the organic template. The protonated form of the sam-
ples was obtained by ion exchange with NH4NO3 solution, followed
by calcination at 500 �C for 4 h.
Fig. 3. XRD patterns: (A) of (a) NZ160-02, (b) NZ160-04, (c) NZ160-08, and (d)
NZ160-24; and TEM images of (B) NZ160-04 and (C) NZ160-08. The scale bars in (B
and C) are 100 nm.
3. Results and discussion

The reference samples prepared without seeding are character-
ized first. The low X-ray diffraction (XRD) peaks of CZ-1 demonstrate
its relative low crystallinity despite hydrothermal treatment for
3 days (Fig. 1A-a) and the small particles matching with amorphor-
ous materials are obviously observed in its scanning electron
microscopy (SEM) image (Fig. 1B). When prolonging the crystalliza-
tion time to 5 days, the crystallinity of CZ-2 is obviously enhanced
(Fig. 1A-b), but some small amorphorous materials are still identi-
fied in its SEM image (Fig. 1C). To obtain ZSM-5 zeolite with com-
plete crystallization, a double amount of 1,6-hexylenediamine
must be adopted. In this case, the large ZSM-5 crystals (CZ-3) can
be obtained after crystallization for 5 days (Fig. 1A-c and D), which
is selected as the micrometer-sized reference sample below.

Fig. 2 shows the SEM images of the NZ160-X samples synthe-
sized with silicalite-1 seeds at different time intervals. The small
irregular granules are observed in NZ160-02 (Fig. 2A), while the
particles with sizes of 200–300 nm are obtained after crystalliza-
tion for 4 h (Fig. 2B), and their size changes little with prolonging
of the crystallization time (Fig. 2C and D). Additionally, it is also
found that the surfaces of the NZ160-08 and NZ160-24 particles
are very rough (Fig. 2C and D), probably indicating that they are
composed of tiny granules of very small size. The XRD patterns
of the NZ160-X samples are displayed in Fig. 3A. A negligible
amount of the ZSM-5 phase could be identified in the XRD pattern
of NZ160-02 (Fig. 3A-a), indicating that the sample obtained at this
stage is still mainly amorphous materials. However, in NZ160-04,
the characteristic diffraction peaks of ZSM-5 zeolite are clearly
observed (Fig. 3A-b), and the broad dispersed peak at 20–30�
belonging to the amorphous phase almost disappears. The crystal-
Fig. 1. XRD patterns: (A) of (a) CZ-1, (b) CZ-2, and (c) CZ-3

Fig. 2. SEM images of: (A) NZ160-02, (B) NZ1
linity of the products reaches a maximum with the crystallization
time being prolonged to 8 h (Fig. 3A-c) and is no longer increased
with the proceeding of crystallization (Fig. 3A-d). The relative
broad XRD peaks might reflect that the NZ160-X products are com-
posed of nanosized zeolite crystals, compared with their microme-
ter-sized counterpart (Fig. 1A). These imply that the preadded
silicalite-1 seeds could effectively accelerate the crystallization of
ZSM-5 zeolite and decrease the crystal size.

The fine structures of the as-synthesized NZ160-X samples are
further investigated by transmission electron microscopy (TEM)
experiments. Small spheres with sizes of about 30 nm are clearly
; and SEM images of (B) CZ-1, (C) CZ-2 and (D) CZ-3.

60-04, (C) NZ160-08, and (D) NZ160-24.



Table 1
Textural properties of the samples.

Samples SBET

(m2 g�1)
SMicro

(m2 g�1)
SExt

a

(m2 g�1)
VMicro

a

(cm3 g�1)
VMeso

a

(cm3 g�1)

NZ160-02 86.14 12.2 73.9 0.005 0.241
NZ160-04 252.2 169.2 83.0 0.083 0.184
NZ160-08 369.6 246.2 123.4 0.122 0.173
NZ160-24 366.0 251.1 114.9 0.124 0.143
CZ-3 313.4 247.8 65.6 0.122 0.048

a Determined by t plot according to the method of Lepens and de Boer.
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observed within NZ160-02 (Fig. 4), which are mostly attributed to
the amorphous phase, referring to the XRD pattern (Fig. 3A-a).
Moreover, a few crystalline domains with sizes below 60 nm are
also observed embedded among these spheres (Fig. 4A), and some
of the very small crystalline domains in the particles might come
from the secondary nucleation. Additionally, the crystallite aggre-
gates with almost the same crystal lattice fringes contained in
NZ160-02 are likely derived from the preadded silicalite-1 seeds
(Fig. 4B). After crystallization for 4 h, the aluminosilicate gel has
transformed into agglomerates of rod-like ZSM-5 nanocrystals
(Fig. 3B) with the shape and size almost the same as those of the
product crystallized for a long time (Fig. 3C), but their XRD peaks
(Fig. 3A-b) are much weaker than those of the latter (Fig. 3A-c).
It might imply that some of the particles are not well crystallized
at this stage. When the crystallization time is prolonged to 8 h,
all the products exist as agglomerates of the well-crystallized
ZSM-5 nanorods with widths of 20–30 nm (Fig. 5A and B), and
their XRD peaks reach a maximum as shown in Fig. 1A-c. It is also
found that after crystallization for 4 h, all products possess en-
riched opening mesopores within the product particles from the
low-contrast regions among the intergrown rod-like nanocrystals
(Fig. 3B and C). It is remarkable that the TEM images of NZ160-
08 (Fig. 5A) show that the crystal lattice fringes significantly spread
throughout the entire particle despite the existence of many mes-
opores, and the selected-area electron diffraction (SAED) pattern
Fig. 4. TEM images o

Fig. 5. HRTEM images (A and B) and
(Fig. 5C) taken from Fig. 5B clearly presents a set of well-indexed
diffraction points of ZSM-5 zeolite. These facts evidently proved
that the final product has a nanometer-scale polycrystalline archi-
tecture of highly c-axis-oriented ZSM-5 zeolite nanorods with tens
of nanometers in width, like a monocrystal. For the short channels
of ZSM-5 nanorods and the opening mesopores among the oriented
nanorods, such material is capable of enhancement of the diffusion
properties in the catalytic reaction.

The textural properties of samples are listed in the Table 1. It is
found that both the surface area (SMicro) and pore volume (VMicro) of
the micropore increase with prolonging of the crystallization time
for NZ160-X, indicating the enhancement of the crystallinity of
the samples. In contrast, the mesopore volume (VMeso) presents
a monotonous decline but the external surface area (SExt)
f the NZ160-02.

SAED pattern (C) of NZ160-08.



Fig. 6. Nitrogen adsorption/desorption isotherm and DFT pore-size distributions of
the single-crystal-like zeolitic architecture (NZ160-08).
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continuously increases until a hydrothermal time reaching 8 h.
This may be explained by the shrinkage of the average mesopore
size accompanying the crystallization process. The NZ160-08 pre-
sents the optimized textural properties with its relative large sur-
face area and pore volume for both micro- (246 m2 g�1 and
0.12 cm3 g�1) and mesopores (123 m2 g�1 and 0.17 cm3 g�1), indi-
Fig. 7. XRD pattern (A) and TEM images

Fig. 8. Catalytic property of NZ160-08 and CZ-
cating that this sample has been well crystallized and meanwhile
retained the enriched supermicro- and mesopores within the par-
ticles (Fig. 6). It is very interesting that the mesopores in NZ160-08
could be considered not only as the intercrystalline pores among
the oriented zeolite nanorods but also as the intracrystalline pores
in the unique monocrystal-like structure, referring to the TEM
images (Fig. 5). Compared with NZ160-08, CZ-3 has almost the
same surface area and pore volume of the micropore but a lower
mesopore volume and external surface area (Table 1).

The silicalite-1 seeds preadded in the synthesis mixtures play a
crucial induction role in the formation of hierarchical structured
ZSM-5 zeolite. Fig. 7 depicts the XRD pattern and TEM images of
the prepared silicalite-1 seeds, respectively. It is found the formed
seeds have spontaneously aligned to oriented aggregates from
their almost continuous lattice fringes over the adjacent crystal-
lites (Fig. 7B). For the monodispered zeolite particle, the protru-
sions illustrated by arrowheads are the aggregative silicalite-1
nanoparticles with same orientation (Fig. 7C). It has been regarded
as the oriented aggregation mechanism in recent literature [27,28].
When the seeds were added into the synthesis system, they would
serve as the initial crystal cores to induce the secondary nucleation
and the growth of the nanosized ZSM-5 crystals along their pre-
ferred orientation of c-axis with the assistant direction of 1,6-hexy-
lenediamine [29]. As a result, a new type of hierarchical porous
zeolite was obtained by partial intergrowth of the ZSM-5 nanorods
with the same orientation. Such oriented aggregation had been re-
ported as an important, nonclassical crystal growth mechanism for
(B and C) of the silicalite-1 seeds.

3 at WHSV of (A) 3.0 h�1 and (B) 6.0 h�1.



Fig. 9. NH3-TPD profiles of the protonated NZ160-08 and CZ-3.
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the formation of monocrystalline architectures [30–32]. Due to the
highly c-axis-oriented ZSM-5 zeolite nanocrystal bundle arrays, a
novel opening mesopore system was produced as intercrystal
pores.

The enhanced opening mesopore volume and large external
surface area in the hierarchical porous ZSM-5 zeolite would benefit
the reaction and diffusion of the reactant molecules. In this study,
the alkylation of phenol with isopropanol (IPA) was used as probe
reaction to evaluate the catalytic performance of the protonated
NZ160-08 catalyst (Fig. 8). The reaction was carried out in a contin-
uous fixed-bed reactor at 260 �C. The IPA/phenol molar ratio is 1.0
and weight hourly space velocity (WHSV) is 3.0 and 6.0 h�1. The re-
sults in Fig. 8 show that NZ160-08 catalyst has both higher phenol
conversion and higher yield of para-isopropylphenol (p-IPP) than
CZ-3, although they possess almost the same acidity (Fig. 9). It
can be explained by that the ZSM-5 intrinsic micropores can only
permit the diffusion and production of p-IPP but not o-IPP for their
space confinement, and the shortened microporous channel and
enriched opening mesopores in NZ160-08 will facilitate the pro-
duction of p-IPP, leading to both the high p-IPP yield and phenol
conversion. Besides, NZ160-08 catalyst also presents a lower deac-
tivation tendency than CZ-3. It could be attributed to the hierarchi-
cal structure with enriched micropore openings in NZ160-08,
which leads to high coke tolerance.

However, for the yield of ortho-isopropylphenol (o-IPP), NZ160-
08 and CZ-03 show some differences with change of the WHSV.
NZ160-08 catalyst has almost the same yield of o-IPP as CZ-3 at
low WHSV of 3.0 h�1 (Fig. 8A) while possessing relatively higher
o-IPP yield than the latter at high WHSV of 6.0 h�1 (Fig. 8B). This
is attributed to the synergic effect of the external surface and the
diffusion of reactants/products. The partitions of reactants/prod-
ucts in the zeolite intracrystalline volume and those on the exter-
nal surface should be different for NZ160-08 and CZ-3 due to their
different pore structure. At low WHSV, for the short microporous
channel and enriched micropore openings, most of reactants
would diffuse into the zeolite intracrystalline volume of NZ160-
08. Therefore, the reactants distributed on the external surface of
NZ160-08 are less than those on the external surface of CZ-03.
Accordingly, NZ160-08 and CZ-3 present nearly the same yield of
o-IPP at WHSV of 3.0 h�1 (Fig. 8A), although NZ160-08 has a larger
external surface area. As the WHSV is increased to 6.0 h�1, the dis-
tribution of reactants on the external surface would be increased
for only a certain amount of reaction occurs in intracrystalline ac-
tive sites. In this case, the large external surface area of NZ160-08
would be beneficial to the reaction for o-IPP. As a result, the supe-
riority of a large external surface area of NZ160-08 on the yield of
large o-IPP becomes distinct (Fig. 8B).

4. Summary

In conclusion, a convenient mesoscale template-free method
has been proposed for the preparation of hierarchical structured
ZSM-5 zeolite with enriched mesopores as well as large external
surface area. The significantly improved catalytic property of the
product is due to its easier accessibility of the active sites caused
by a shortened microporous channel and opening intercrystal mes-
opore, which should remarkably extend the zeolite application
field.
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