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The silicalite-1 crystal with intracrystal pores in the range of 50–100 nm was synthesized by using the
nanosized CaCO3 as a hard template. The nanosized CaCO3 can be trapped into the silicalite-1 crystal
during the crystallization process. By means of acid dissolution, the encapsulated nanoparticles were
removed, giving rise to the intracrystal pores within the zeolite crystal. Characterization techniques
including XRD, TEM, SEM, and N2 adsorption provided the detailed information on this hierarchical
pore structure. The hydroxyl groups on the surface of CaCO3 are essential to taking the hard template
effect. The secondary pores within zeolite correspond well to the morphology of the nanosized CaCO3,
which confirms the template effect of nanosized CaCO3. These results suggest that using CaCO3 as a
hard template may be a useful approach for the synthesis of hierarchical porous materials.

Introduction

Zeolites are the crystalline porous materials with uniform
pores in the molecular dimension, as well as a high internal
surface, flexible framework, and controllable chemistry,
making them widely application in catalysis, purification,
adsorption, separation, and other industrial fields.1 But the
small channels and cavities in the zeolite framework, usually
in the range of 0.5-1.5 nm, not only reduce the diffusion of
reagents and reaction products through the pore network but
also limit the bulk molecules involved the reaction. The
finding of mesoporous materials with pore sizes of 2–50 nm,
such as MCM-41, MCM-48, and SBA-15, may afford an
opportunity to overcome this problem.2,3 However, the weak
acidity and low hydrothermal stability resulting from the
amorphous nature of the mesoporous walls dramatically
prevent them from being used in practical applications in
industrial fields.

In an attempt to circumvent such difficulty, the construc-
tion of mesopore-modified zeolites with the advantages of
microporous and mesoporous materials may show satisfac-
tory activity toward some catalytic reactions.4 The template-
directed method has been exploited to synthesize mesoporous
zeolites. Compared to conventional steaming and chemical
leaching approaches, this technique provides a route for the
formation of mesopores in zeolites in a controllable manner.

Carbon-based porous materials, such as carbon black,5

multiwall carbon nanotube,6 and carbon nanofiber,7 are
effective templates for the synthesis of mesoporous zeolites.
Jacobsen et al. have investigated the synthesis of mesoporous
zeolites including ZSM-5, ZSM-11, TS-1, TS-2, and sili-
calite-2 with a pore size distribution of 10–100 nm by using
carbon black and multiwall carbon nanotubes as mesopore-
forming templates.8,9 Tao et al. have reported the preparation
of zeolite ZSM-5 and Y monolith with a bimodal pore
structure of uniform mesopores by the templating method
using a carbon aerogel of uniform mesopores.10–14 An
ordered mesoporous aluminosilicate with completely crystal-
line ZSM-5 wall structure has been successfully synthesized,
upon the recrystallization of SBA-15 using in situ formed
CMK-5 as the hard template.15 The ZSM-5 zeolite with
unique supermicropores has been obtained by synthesizing
the zeolite using well-ordered mesoporous carbon (CMK-3)
as the solid template, and the texture properties of the
resulting ZSM-5 can be tailored by changing the nature of
the (CMK-3) template.16
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Recently, the mesoscale polymer template route has been
developed to fabricate hierarchical mesoporous zeolites. The
silane functionalized polyethylenimine has shown promise
in the synthesis of MFI and FAU zeolites with small
intracrystal mesopores and narrow pore size distribution.17

Xiao et al. have demonstrated a facile, controllable, and
universal route for the synthesis of hierarchal mesoporous
zeolites templated from a mixture of small organic am-
monium salt and mesoscale cationic polymer.18 Meanwhile,
the organosilane-modified surfactant designed by Choi and
colleagues has been found to be effective in synthesizing
polycrystalline zeolite assemblies with relatively uniform
mesopores that lead to superior performance in the catalytic
reactions involving large organic molecules.19–21

Herein, we describe a new method by using a hard
template to synthesize silicalite-1 with intracrystal pores. The
nanosized CaCO3, which is cheap and easily available, is
used as the hard template to create the intracrystal pores
within zeolite crystal.

Experimental Section

Materials. Hydrophilic and hydrophobic nanosized CaCO3 used
as a hard template were obtained from Shanghai Yaohua nanotech
Corporation (China). The particle size distribution of CaCO3 is in
the range of 50–100 nm, and the surface of the hydrophobic CaCO3

is modified by fatty acid. Aerosil-200 (99%, degussa), NaOH(99%),
and tetrapropyl ammonium hydroxide (25%, denoted as TPAOH)
were commercial available and used in the synthesis without further
purification.

Synthesis of Silicalite-1 with Intracrystal Pores. In a typical
synthesis of hierarchical porous silicalite-1, 6 g of the nanosized
CaCO3 was added to a clear solution of tetrapropylammonium
hydroxide, water, and NaOH. The suspension was under strong
stirring in order to produce a paste in which the nanosized CaCO3

is highly dispersed. Four grams of Aerosil-200 was then slowly
added into this suspension. The resulting mixture underwent
ultrasonic agitation for 10 min in order to give the homogeneous
dispersion of CaCO3 particle into silica gel. Afterward, the
homogeneous mixture was vigorously stirred for 2 h. The resulting
mixture of silica gel (0.4TPAOH:0.03Na2O:1SiO2:20H2O) and the
nanosized CaCO3 was introduced to a Teflon-lined steel autoclave
for further hydrothermal treatment. The hydrothermal crystallization
was carried out at 140 °C for 7 days. After the completion of the
hydrothermal synthesis, the composite was acid-treated to dissolve
the nanosized CaCO3, which released the secondary pores within
the crystal. The HCl solution was added to the composite dropwise
until the pH value was below 6.0 and no gas came out from the
product. The as-synthesized zeolite was isolated by filtration,
washed with water, and dried at 100 °C for 2 h. The organic
structure-directing agent trapped in the pores was thoroughly
removed by calcination at 550 °C for 6 h.

For comparison, the synthesis procedure without the addition of
the nanosized CaCO3 was also performed in the same condition.

Steam Treatment. The hydrothermal stability test was carried
out by flowing water through the sample hold on a microreactor at

600 °C for 6 h, and the water flow was generated by a pump.
Finally, the obtained samples were taken out and dried for XRD
characterization.

Characterization Methods. X-ray powder diffraction (XRD)
patterns were measured on a Bruker diffractometer equipped with
a rotating anode and Cu KR radiation. The microstructure charac-
terizations were carried out using a JSM-7401F scanning electron
microscopy (SEM) operating at 5 kV. Transmission electron
microscopy (TEM) studies were carried out on a Tecnai 20 S-TWIN
instrument using an electron beam generated by a CeB6 filament
and an acceleration voltage of 120 kV. Samples for TEM studies
were prepared by dipping a carbon-coated copper grid into a
suspension of samples in ethanol that was presonicated. Infrared
spectra (IR) data was recorded on a Nicolet5700 Fourier Transform
Infrared Spectrophotometer; the samples were ground with KBr
and pressed into thin wafers. The nitrogen adsorption/desorption
isotherms were measured at -196 °C on a Micromertitics ASAP
2020 M instrument. Before measurement, samples were evacuated
overnight at 250 °C. The BET surface area was calculated from
the linear part of the BET plot according to IUPAC recommenda-
tions. The mesopore size distribution was analyzed from the
nitrogen desorption branch using the BJH model.

Results and Discussion

The X-ray powder diffraction patterns of CaCO3 and the
silicalite-1/CaCO3 composite are shown in Figure 1. Dif-
fraction peaks located at 2θ ) 23.1, 29.4, 35.9, 39.4,
43.1,47.6, and 48.5° clearly reveal that CaCO3 belongs to
the calcite phase.22 The composite of silicalite-1/CaCO3

exhibits two groups of diffraction peaks. The peaks with
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Figure 1. XRD patterns of (a) silicalite-1/CaCO3, and (b) nanosized CaCO3.
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higher intensity are ascribed to the diffraction of calcite,
suggesting that CaCO3 is stable enough to resist the hydro-
thermal synthesis in alkaline media. In addition, the char-
acteristic peaks of silicalite-1 emerging at 2θ ) 7.9, 8.8,
23.1, 24.0, and 24.5° are also detectable in the composite of
silicalite-1/CaCO3.23

The comparison of X-ray powder diffraction patterns of
the material obtained by the removal of CaCO3 from the
silicalite-1/CaCO3 composite and the conventional silicalite-1
are shown in Figure 2. After the removal of CaCO3, the peaks
indexed to the crystalline calcite disappear completely.
Determined from an EDS mounted on the SEM, the residual
content of CaCO3 occluded in zeolite is only about 0.1%,
which is negligible. CaCO3 is easily soluble in an acidic
medium, even though the weak organic acid such as acetic
acid can remove CaCO3 trapped into zeolite. For the reasons
stated above, the acid treatment can dissolve the nanosized
CaCO3 encapsulated in the crystal, releasing the correspond-
ing intracrystal pores within crystal. On the other hand, the
characteristic diffraction peaks of silicalite-1 become evident
in the new material. This new material shows a high level
of crystallinity comparable to that of the conventional
silicalite-1, which is synthesized in the same conditions
without the addition of nanosized CaCO3. The comparison
of X-ray powder diffraction means that the crystallinity of
the last product is not remarkably influenced by the nanosized
CaCO3.

The nanosized particles play a decisive role in generating
the intracrystal pores within silicalite-1, so the morphology
of CaCO3 is important to evaluate the hard template effect.

The SEM images in Figure 3 give details on its morphology.
The low magnification image shows that the particles are
uniform. The SEM image taken at a magnification of 40000
times reveals that the particles exhibit nearly cubic shape
and the particle size is in the range of 50–100 nm.

The results of scanning electron microscopy (SEM) for
the hard-template-directed silicalite-1 are shown in Figure
4, and the sample appears to be highly crystalline. Estimated
from the SEM overview, the average crystal size of sili-
calite-1 is in the range of 400–800 nm. Interestingly, some
mesopores and macropores caused by the acid dissolution
of CaCO3 that are opening at the external surface of the
silicalite-1 can be directly observed in the high-magnification
image of the SEM. Such intracrystal pores leading to the
surface may promote the diffusion of bulk guest molecules
into the internal surface of zeolite.

A TEM image is a projection of the mass density
encountered by electrons passing through the sample; pores
show up as bright areas. Therefore, it is a powerful technique
for direct observation of secondary pores in zeolite.24 The
representative TEM images of the intracrystal-pore-modified
zeolite are shown in Figure 5. The zeolite particles display
regular shape in the TEM images. Hence, they should be
considered as the single crystals. The TEM images under
the high magnification show that the noncrystallographic
pores created by the hard template are clearly visible in the
images. The intracrystal pores are different from the regular
mesopore structure in typical mesoporous materials and are
randomly distributed in a whole crystal. It also can be
observed that some noncrystallographic pores are intercon-
nected to each other in a single crystal; accordingly, such
pore system can be beneficial for efficient mass transport in
zeolite crystal. Besides, the shape of the intracrystal pores
is consistent with the morphology of cubic-shaped CaCO3,
suggesting that the secondary pore structure imprints the
morphology of the nanosized CaCO3. The TEM images
prove that the nanosized inorganic material takes a significant
template effect on creating secondary pores within zeolite
crystal.

The N2 adsorption isotherm of the silicalite-1 with intrac-
rystal pores is shown in Figure 6, and the corresponding pore
size distribution is given in the inset of Figure 6. The N2

adsorption isotherm exhibits a steep increase at relatively
low pressure (P/P0) < 0.02. This adsorption is interpreted
as micropores filling and capillary condensation. Besides,
the N2 isotherm shows a hysteresis loop from P/P0 ) 0.8 to
P/P0 ) 1. This hysteresis loop is relative to the existence of
the intracrystal pores.25 Relative to conventional ordered
mesoporous materials, the pore size distribution of the
mesopores in the silicalite-1 sample is relatively wide. The
pore size distribution is calculated from the desorption branch
of the isotherms on the basis of the Barrett–Joyner–Halenda
(BJH) model, and the result shows that the pore width is
widely distributed in the range of 50–100 nm. This result is
not only in good agreement with the particle diameter of
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Figure 2. XRD patterns of (a) silicalite-1 with intracrystal pores, and (b)
conventional silicalite-1.
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the nanosized CaCO3 but also consistent with the pore size
directly observed from the TEM image. It is important to
note that the pronounced peak at 4 nm in the BJH desorption
pore size distribution does not suggest real pore, which is
due to the tensile strength effect (TSE) of the adsorbed
phase.26 Quantitatively, the BET total surface area of the
sample is 445 m2/g, with micropore and mesopore areas of
215 and 230 m2/g, respectively. The total pore volume is
0.40 cm3/g, consisting of micropore volume of 0.10 cm3/g
(calculated by the t-plot method of Lipens and de Boer27)
and mesopore volume of 0.30 cm3/g. The micropore volume
of this new material is almost same as that of the conven-
tional silicalite-1 zeolite.28 The N2 adsorption isotherm as
well as the TEM image result suggest that the intracrystal
pores within silicalite-1 are caused by the nanosized CaCO3

trapped into the crystal during the zeolization.

It is well-known that the drawback of mesoporous and
macroporous materials is the low stability and hydrothermal
stability, resulting from the amorphous wall. Many methods
have been developed to enhance the ability to resist the
hydrothermal condition, but most of them are far from

industrial requirements.29–31 To evaluate the hydrothermal
stability of this material, we put the sample under steam
destruction at 600 °C for 6 h. The comparison of XRD
patterns of the parent sample and the sample treated by steam
(see the Supporting Information), indicates that the sample
retains the crystallinity at a high level even after steam
treatment for a long time. Meanwhile, the intracrystal pores
can be also observed in the TEM image. It can thus be
concluded that steam treatment at high temperature does not
cause significant destruction on its structure. Although the
intracrystal pores are introduced into the crystal through
CaCO3 template, the atom distribution in zeolite still retains
a short-range order. The hydrothermal stability can be
attributed to the highly ordered crystalline structure.

The creation of hierarchal pores in silicalite-1 is attributed
to the use of nanosized CaCO3 as a hard template. The
efficiency of the hard template effect largely depends on the
surface property of nanosized CaCO3. Hydrophilic and
hydrophobic CaCO3 have been used to conduct the synthesis
in the same condition. These two types of nanosized CaCO3

are the same in morphology but different in surface proper-
ties. The hydrophobic CaCO3 is produced upon the modi-
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Figure 3. Low- and high-magnification SEM image of nanosized CaCO3.

Figure 4. Low- and high-magnification SEM image of silicalite-1 with intracrystal pores.
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fication of the surface of hydrophilic CaCO3 by fatty acid.
In addition to the vibration modes assigned to calcite
structure absorption, the absorption occurring around 2927
and 2865 cm-1 are detected in the IR of hydrophobic CaCO3

(see the Supporting Information). They are due to the
characteristic absorption of H-C-H asymmetric and sym-

metric stretching vibrations, respectively, which result from
the alkyl groups in the fatty acid. The IR data prove that the
organic moieties are bound onto the surface of hydrophobic
CaCO3. Because of the difference in surface properties, only
the hydrophilic nanosized CaCO3 can work well to yield the
intracrystal pores in silicalite-1 crystal. In the case of the
synthesis using hydrophobic CaCO3 as a template, the last
product is the conventional zeolite without the hierarchical
pore.

The hard template effect of the nanosized CaCO3 may be
related to its hydrophilic property. This effect is different
from the synthesis of mesoporous zeolite templated by
carbon-based porous materials in the previous reports.5,6

Because of the pores in carbon materials, the zeolite crystal
growth proceeds within the void; subsequently, large zeolite
single crystal grows and encapsulates the whole carbon
particles. On the contrary, CaCO3 is a solid rather than porous
material. However, there is a large number of hydroxyl
groups on the surface of the hydrophilic nanosized CaCO3.
These highly active hydroxyl groups can give rise to strong
interaction between SiO2 and CaCO3. Because of this
interaction, the nanosized CaCO3 dispersed in the silica gel
is encapsulated into the crystal during the crystallization
process. Because of the attachment of fatty acid to the surface

Figure 5. TEM images of silicalite-1 synthesized in the presence of the nanosized CaCO3.

Figure 6. N2 adsorption/desorption isotherm of silicalite-1 samples with
intracrystal pores, and mesopore size distributions calculated from the
adsorption branch by the BJH method.
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of hydrophilic CaCO3, the active hydroxyl groups may be
protected. Therefore, it hinders the interaction between SiO2

and CaCO3. This phenomenon proves that the hydrophilic
property of the nanosized CaCO3 is essential to taking the
template effect.

Conclusions

In conclusion, the preparation of silicalite-1 single crystal
with intracrystal pores in the range of 50–100 nm by using
the nanosized CaCO3 as a hard template is reported for the
first time. The nanosized CaCO3 can be trapped in the
silicalite-1 crystal during the crystallization process. By
means of acid dissolution, the encapsulated nanoparticles are
removed and give rise to the intracrystal pores within the
zeolite crystal. The hydroxyl groups on the surface of CaCO3

are essential to taking the hard template effect. The combined
use of X-ray diffraction, TEM, SEM image analysis, and
N2 adsorption/desorption proves that the synthesized material
exhibits two levels of hierarchy in pore organization. The
intracrystal pores correspond well to the morphology of the
nanosized CaCO3, which confirms the effectiveness of

nanosized CaCO3 as a hard template in the creation of
secondary pores within zeolite.

Hierarchical zeolites combining an intrinsic micropore with
an intracrystal mesopore and macropore system has shown
unique properties in catalysis and other fields.32–34 Detailed
studies of the synthesis, characterization, and catalytic
reactivity of such porous zeolites are currently underway.
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