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a b s t r a c t

A composite material with ordered pores in both the micro- and mesopore ranges was prepared by a dry
gel conversion technique known as vapor-phase transport (VPT). Mesoporous silica SBA-15 was used as
the SiO2 source, and sodium aluminate was used as the Al2O3 source on the silica. VPT was then carried
out under an atmosphere of hexamethyleneimine and water vapors. The unique microporous structure
of MCM-22, a micropocket on the external surface of the zeolite, was generated at a late stage of crystal-
vailable online 11 February 2011

eywords:
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lization. A zeolitic acid site, as strong as that of MCM-22 with mesopores originated from SBA-15, was
achieved to create before the long-range ordering of the zeolite. A building unit of the zeolite was also
formed at an early stage of crystallization. A drastic change in the morphology of SBA-15, promoted with
the help of water vapor, took place during the course of crystallization. Slow crystallization and a struc-
tural support (e.g., carbon) inside the mesopores are necessary to prevent collapse of the mesostructure

SBA-
icropocket
apor-phase transport

derived from the original

. Introduction

Hierarchically porous silica-based structures, known as com-
osite porous silicate materials or mesoporous zeolites, are
ttracting considerable attention based on the demand for cata-
ysts that treat bulky molecules in petrochemical processes. A large
ariety of such composite materials can be found in the literature
1–13]. More recently, such materials have even been reported at
elevant international conferences, showing that they are currently
eing applied to various kinds of catalytic reactions. Such materials,

f realized, would be one of the key materials in recent decades to
eet the numerous challenges posed by environmental crises and

esource management.
From a broad overview of these studies, we can divide such

aterials into two categories: composite materials, which can be
ynthesized through a bottom-up approach using nanocrystalline
eolites, and mesoporous zeolite, which is prepared by a post-
ynthesis, top-down approach by treatment with a highly alkaline
olution to partially dissolve the zeolite. However, it is difficult to

nd a material, in the real sense of a composite, which is suffused
ith pores in both the micro- and mesopore ranges. Furthermore, in

he application of such materials in the literature, kinetic reactions,
uch as the cracking of bulky molecules, are normally adopted.

∗ Corresponding author. Tel.: +81 3 54526321; fax: +81 3 54526322.
E-mail address: oguram@iis.u-tokyo.ac.jp (M. Ogura).
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15, and to obtain an ordered micro- and mesoporous composite material.
© 2011 Elsevier B.V. All rights reserved.

However, there are few examples that apply such materials in
thermodynamic reactions that are governed by an equilibrium
established among some products, whose selective production is
favored by existence of micropores and mesopores. This is mainly
because many of the composite materials obtained so far are com-
posed of a zeolitic strong-acid site and mesospaces.

Our approach to obtain composite materials with micro- and
mesopores can be summarized as follows (Scheme 1): use meso-
porous silica for the starting material as a source of SiO2, and
perform a partial phase transformation of the amorphous meso-
pore wall into crystalline silicate by a dry gel conversion technique
called vapor-phase transport [14]. We can tune the mesostructure
by selecting a type of mesoporous silica, and tune the zeolitic nature
by changing the organic structure-directing agent (OSDA) supplied
from the vapor phase during the course of crystallization. The pos-
sibility of zeolite and the mesoporous material mixing physically
can be avoided by this method, because nucleation always occurs
on the mesopore wall by using it as a silica source. On the other
hand, excess growth of zeolite on the wall results in collapse of the
ordered mesostructure; therefore, carbonization inside the meso-
pores is quite important to support the structure. Additionally,
the role of the carbon in controlling the diffusion of OSDA to an
acidic nucleation site has been clarified. Nonetheless, the compos-

ite material obtained by this method is one of a site and mesospaces
rather than one of micro- and mesospaces.

MCM-22 is a zeolite within which exists a large ordered
microvoid that faces the outer surface through ten-membered ring
channels [15]. The inner microspace serves as a half-cup microp-

dx.doi.org/10.1016/j.cattod.2010.12.046
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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Scheme 1. Schematic image of our approac

cket when exposed to the external surface of the crystal. The
nique and well-known catalytic performance of this zeolite—of
electively forming a mono-alkylated product during alkylation of
enzene by ethylene or propylene into ethylbenzene or cumene
isopropyl benzene), respectively—derives from its microstructure
16], which is believed to control residence and selective adsorption
n the crystal.

In this study, we focus on the zeolite MCM-22 as a material
o provide micropockets. SBA-15 is used as a source of meso-
ores. With our methodology, MCM-22-like micropockets are
onstructed on the thick wall of mesopores in SBA-15. Successful
reparation will be tested by adsorption of aromatic compounds,
hich is superior to catalysis in evaluating selective adsorption in

he micropockets on the internal mesopores.

. Experimental

.1. Synthesis of SBA-15

The block copolymer P123 (BASF) was used as the active surfac-
ant for mesoporous silica SBA-15 with good reproducibility. Four
rams of P123 were dissolved into 30 g of water and 120 g of 2 M
Cl under vigorous stirring at 40 ◦C. After the mixture became clear,
.5 g of tetraethylorthosilicate (TEOS) was poured into the solution
ith continued stirring. The resultant mixture was agitated at 40 ◦C

or 20 h, and then heated at 100 ◦C for 24 h. Calcination under an
ir stream was carried out to regenerate mesopores filled with the
urfactant at 500 ◦C, and at 900 ◦C for further dehydration of the
roduct.
.2. Synthesis of MCM-22 by vapor-phase transport

Synthesis of MCM-22 by vapor-phase transport (VPT) was per-
ormed according to the previous report by Inagaki et al. [17].
examethyleneimine (HMI) was used as the organic structure-
composite synthesis by use of VPT method.

directing agent (OSDA) for MCM-22. The hydrogel composition was
as follows: SiO2: 0 or 0.15 NaOH: 0.028 Al2O3: 44H2O. First, the
hydrogel was stirred at room temperature for 30 min for equilibra-
tion. The hydrogel was then heated with stirring at ca. 70 ◦C until
the gel was dried into powder. The dried hydrogel (0.2 g) was placed
in the middle of a 50 mL Teflon-lined pressure container, separated
from the mixture of 2.0 g of water and 1.5 g of HMI to prevent direct
contact. The volume of water was varied by supplying less (0.12 g)
or an excess amount (2.0 g). The container was then closed tightly
and kept in an air oven preheated typically at 150 ◦C for 7–21 days.
Calcination to remove the OSDA in the micropores was conducted
under an air stream at 540 ◦C for 5 h.

The synthesis of MCM-22 from SBA-15 was performed using
hydrogels of the same composition but using SBA-15 instead of
TEOS as the SiO2 source.

In case of MCM-22 synthesis by the hydrothermal method,
hydrogels of the same composition, but using a fumed SiO2 powder,
were heated in the same pressure container at the same tempera-
ture as in VPT synthesis with a rotation speed of 25 rpm.

3. Results and discussion

3.1. VPT synthesis of MCM-22 with SBA-15 as the Si source

First, the typical XRD patterns of products crystallized by VPT of
SBA-15 are summarized in Fig. 1. The parent SBA-15 sample used
in this study showed the typical pattern, including three distinct
diffractions that correspond to a periodic 2d-hexagonal structure.
The pattern was retained even after loading sodium aluminate on
the SBA-15. However, it is difficult to maintain the mesostructure

after crystallizing SBA-15 into its zeolitic phase of MCM-22(P) via
VPT without a support such as carbon filled inside the mesopores.

Table 1 summarizes a series of MCM-22 preparations obtained
by the conventional hydrothermal method and by VPT from SBA-
15. Recall that there is no difference in the physicochemical
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Fig. 1. The XRD pattern of (a) parent SBA-15, (b) Al/SBA-15, and (c) (b)+VPT7 days.

Table 1
Conditions for MCM22/SBA15 composite synthesis.

Entry no. Silica source +Al, Na sources Dried gel structure 150 ◦C, 7d crystallization Final phase Particle morphology

Meso Zeolite

1 Fumed silica NaAlO2 NaOH – HMI/H2O-hydrothermal None MCM-22(P) Agglomerates of thin film (MCM-22)
2 SBA15 NaAlO2 NaOH 2d hexagonal HMI/H2O VPT None MCM-22(P) Agglomerates of thin film
3 SBA15 NaAlO2 2d hexagonal HMI/H2O VPT None MCM-22(P) Agglomerates of thin film
4 SBA15 900 ◦C NaAlO2 2d hexagonal HMI/H2O VPT None MCM-22(P) Agglomerates of thin film
5 SBA15 NaAlO2 2d hexagonal + HMI H2O SAC None Amorphous Sausage-like long chain (SBA-15)
6 SBA15 NaAlO2 2d hexagonal HMI VPT 2d hexagonal Amorphous Sausage-like long chain

F
H

ig. 2. SEM images of (a) parent SBA-15, (b) Al/SBA-15, (c) (b)+VPT7 days (MCM-22), (d)
MI was supplied).
(b)+VPT5 days with less amount of H2O, and (e) (b)+VPT7 days without H2O (only
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roperties between MCM-22(P) crystallized by the hydrothermal
ethod and by VPT with HMI and H2O (Entries 1 and 2). As shown

n Fig. 2, this assumption is supported by the morphology observed
y SEM, where MCM-22 with a thin layered structure aggregates.
lthough Entry 3 suggests us that NaOH is not necessary to pro-
ote the nucleation of MCM-22, another experiment revealed that

odium aluminate was indispensable to form the phase. In any case,
he morphology was drastically changed from the typical tube-
ike structure of SBA-15 into the typical one of MCM-22, and the
ormation of highly crystalline MCM-22 was confirmed. SBA-15
ehydrated at a higher temperature of 900 ◦C to lower the reac-
ivity could also be utilized as the SiO2 source for MCM-22 (Entry
), and a dramatic change in the morphology of the product was still
bserved. In the case of the steam-assisted crystallization method
Entry 5), where only water vapor is supplied from the vapor phase
o a solid including OSDA in a closed vessel, no crystalline phase was
bserved. Although the morphology resembled that of SBA-15, the
esostructure completely disappeared. Supplying only HMI from

he vapor phase changed neither the ordered mesostructure nor the
orphology of the parent SBA-15 (Entry 6), indicating that water

apor is critical in maintaining the mesostructure and crystallizing
he zeolitic phase, i.e., in obtaining a composite material of MCM-22
ith SBA-15-like mesostructure.

Fig. 3 illustrates the profiles for the temperature-programmed
esorption (TPD) of toluene from sodium aluminate-containing
BA-15 (top) and from MCM-22 obtained through VPT of the
odium aluminate-containing SBA-15 (bottom). Only the peak
ssignable to the desorption of physisorbed toluene on/in the
esopores of SBA-15 was detected when Al/SBA-15 was applied.
nother distinct peak, which appeared on the crystallized MCM-22
ample, can be assigned as a desorption peak of toluene trapped by
he micropocket on the external surface of MCM-22. It is interesting
o note that not only toluene but also benzene and cumene could
e trapped by the same MCM-22, while 1,3,5-triisopropylbenzene
nd 2,2,4-trimethylpentane (isooctane) could not. These phenom-

na imply that the micropocket on the external surface of MCM-22
xhibits shape-selective adsorption of mono-alkylated aromatic
ompounds, which ultimately results in the unique shape-selective
atalysis of MCM-22 for mono-alkylation of benzene into ethylben-
ene or cumene.

ig. 4. Ammonia temperature-programmed desorption profiles and the XRD patterns o
mount of H2O, (d) (b)+VPT7 days with excess amount of H2O, and (e) (b)+VPT7 days wit
Fig. 3. Temperature-programmed desorption of toluene from (a) Al/SBA-15 and (b)
(a)+VPT7 days (MCM-22).

What of the acidity of MCM-22 and its intermediate synthe-
sized from SBA-15? Profiles of the TPD of ammonia from MCM-22,
Al/SBA-15, and the products obtained under various conditions of
VPT are demonstrated in Fig. 4. On MCM-22, a pair of distinct peaks
was observed, in addition to a higher peak that could be recognized
as desorbed ammonia from a zeolitic acid site. Aluminum-loaded
SBA-15, which was ion-exchanged into the H form, had a broad
peak that could not be separated from a low-temperature peak cor-
responding to physisorbed ammonia. Supplying a smaller amount
of water vapor during VPT synthesis of MCM-22 from Al/SBA-15
led to a zeolitic desorption peak at a high temperature. Interest-
ingly, only HMI without H2O produced such a strong type of acid
site on the sample, although it did not crystallize into a zeolitic
phase. As seen in the XRD patterns of each sample, which are also
displayed in the same figure, the ordered mesostructure of SBA-15
in the samples synthesized by VPT with less or without H2O were
retained and the diffraction could be observed. In contrast, samples
obtained by normal VPT did not retain the ordered mesostructure.

These results also indicate that water vapor supplied during synthe-
sis by VPT plays a key role in the transformation of the amorphous
mesoporous into the zeolitic phase.

f (a) Al/SBA-15+VPT7 days (MCM-22), (b) Al/SBA-15, (c) (b)+VPT7 days with less
hout H2O (only HMI was supplied).
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ig. 5. XRD patterns of the sample after VPT synthesis for (a) 7 days, (b) 14 days,
nd (c) 21 days.

.2. Phase transformation of amorphous mesoporous SBA-15 into
eolitic microporous MCM-22

In order to collect information on the phase transformation and
o determine whether composites of MCM-22-type microporous
nd SBA-15-type mesoporous materials could be obtained, the
ntermediates at different stages of VPT were investigated in terms
f long-range ordered structure (i.e., a building unit of MCM-22)
nd the location and environment of the acidic site on the sample.
ig. 5 shows the XRD patterns of the intermediates at 7, 14, and 21
ays of VPT synthesis performed at a lower temperature to slow
own crystallization. As can be observed, the long-range ordered
tructure began to form after at least 7 days of synthesis. Up to more
han 20 days were required to crystallize the amorphous silicate
nto crystalline MCM-22. In contrast, the ordered mesostructure
isappeared by 7 days of VPT crystallization.

The infrared spectra of these samples were collected to obtain
nformation on when a building unit of zeolite is formed during

ynthesis, as shown in Fig. 6. The 21 day-VPT sample, which was
ully crystallized into MCM-22(P), possessed unique doublet peaks
t 560 and 610 cm−1, which can be ascribed to the vibrations of a
uilding unit of MCM-22. Another clear but broad absorption peak,

ig. 6. Infrared spectra of the sample after VPT synthesis for (a) 7 days, (b) 14 days,
nd (c) 21 days.
Fig. 7. Ammonia-TPD profiles of the sample after VPT synthesis for (a) 7 days, (b)
14 days, and (c) 21 days.

which is from amorphous silica, was detected at around 800 cm−1.
The intensity of the latter band decreased as the time of VPT synthe-
sis increased, whereas the doublet peaks assignable to a building
unit of MCM-22 began to increase in a similar way from the time
when the diffraction could be detected. Therefore, it can be said that
the building unit of the zeolite is already formed at a stage much
earlier than that of full crystallization.

Changes around the acid site of the zeolite during the course
of crystallization could be discussed by considering ammonia-TPD.
Fig. 7 shows the profiles of ammonia desorbed from the samples.
The peak at the highest temperature is due to water desorbed from
the amorphous site of the sample, which decreased as the time
of VPT increased. The peak corresponding to the desorption from
the zeolitic acid site was changed quantitatively from 7 to 21 days
of VPT. The peak point of the maximum rate of desorption was
hardly changed, indicating that the acid site and its environment
are already built up at an early stage of crystallization. The acidity
of fully crystallized MCM-22 is almost comparable to that of the
sample where the building unit of the zeolite is just formed.

As shown in Fig. 3, benzene and mono-alkylated benzenes such
as toluene could be trapped in the micropocket on the external
surface of MCM-22. The TPD of benzene was carried out to identify
when the micropocket is generated during the course of crystal-
lization. Fig. 8 summarizes the profiles of benzene-TPD from the
samples with TG and dTG curves. As crystallization proceeded, the
amount of benzene desorbed from the samples increased, mainly
because a micropore developed. Zeolitic micropores are known to
be effective for physically incorporating benzene. Judging from the
dTG curve, the samples obtained after up to 14 days of VPT synthe-
sis show one benzene desorption peak. After full crystallization of
the sample into MCM-22, the profile of dTG involved a shoulder at a
higher temperature, which was indicative of the benzene trapped in
the micropocket of MCM-22 as in Fig. 3. These results also support
the deduction that aromatic compounds are trapped, not chemi-
cally by the acidic character of zeolite, but rather physically by the
zeolitic micropores.

As for the formation mechanism of the microstructure of MCM-
22, we can say from the results obtained in this study that a zeolitic
acid site similar to that of MCM-22 is generated at an early stage

of crystallization, along with the formation of the building unit of
the zeolite. Up to this stage, the mesostructure could be main-
tained; thus no dramatic changes in morphology of the parent
SBA-15 took place. Therefore, a mesoporous silica with zeolitic
acidity could be prepared by this method. Further crystallization
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Fig. 8. Benzene-TPD profiles by thermogravimetry and its differential curv

t a later stage results in the formation of micropockets observed
n the external surface of MCM-22, although the mesostructure and
orphology of the original SBA-15 could not be sustained to this

tage. The silica source might drastically reconstruct the surface
rom an amorphous to a crystalline structure—a process which can
e accelerated with the help of water vapor. In conclusion, a com-
osite of micro- and mesoporous structures derived from MCM-22
nd SBA-15, respectively, is difficult to obtain through this method,
specially without mesostructural supports such as carbon inside
he mesopores.

. Conclusions

In order to obtain a micro- and mesoporous composite material
n its true sense, a partial transformation of the mesoporous amor-
hous silica wall of SBA-15 into microporous MCM-22 was carried
ut by a dry gel conversion technique known as vapor-phase trans-
ort. Although the direct preparation of a micro- and mesoporous
omposite was unsuccessful, it was found that slow conversion into
eolitic crystalline aluminosilicate, as well as mesostructural sup-

orts such as carbon inside the mesopores of SBA-15, are quite

mportant for the successful preparation.
As aspects of the formation mechanism of MCM-22, it was found

hat micropockets on the external surface of MCM-22 require a long
eriod of crystallization, and that a building unit of MCM-22 and the

[

[
[
[

the sample after VPT synthesis for (a) 7 days, (b) 14 days, and (c) 21 days.

environment of a zeolitic strong acid site are generated at an early
stage of crystallization. Therefore, by consideration of the forma-
tion mechanism, a composite material with a mesostructure and a
zeolitic strong acid site is expected to be readily formed through
the VPT method.
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