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Abstract−Microwave-hydrothermal processes for the synthesis of mesoporous silica were investigated with different
pathways and mixture conditions at 373 K, and the corresponding structures to the hydrothermal method were syn-
thesized within a very short crystallization time. 2-D hexagonally ordered arrays of MCM-41 materials via the direct
electrostatic assembly pathway of S+I− and mediated templating pathways of S+X−I+ with CTAB were synthesized, and
cubic mesophase of MCM-48 was also prepared within 2 hrs of microwave heating without adding alcohol. Nonionic
surfactants with ethylene oxide (EO) moiety as structure-directing agents were used for the preparation of ordered array
of hexagonal or cubic mesostructured silica via the charge matching principle of (S0H+)(X−I+). Although the detailed
roles of microwaves may differ for each process, microwaves accelerate the formation of multiply charged silicate
oligomers, initiating mesophase assembly. Therefore, the use of microwave radiation can transfer energy uniformly
and quickly, and complete the syntheses of mesostructured materials within a short time.
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INTRODUCTION

Ordered arrays of mesoporous structures templated from a self-
organized mesostructure formed by intermolecular interactions be-
tween inorganic substances and surfactant molecules have received
great attention in fields of shape-selective catalysis, sorption of large
inorganic molecules, guest-host chemistry, and chromatographic
separation. Mesoporous structures of surfactant-templated molecu-
lar materials [Kresge et al., 1992] have been controlled within a range
of 2-50 nm, such as the M41S family (MCM-41, MCM-48, and
MCM-50) [Beck et al., 1992] and other mesoporous materials [Bag-
show et al., 1995; Tanev and Pinnavaia, 1995; Ryoo et al., 1996;
Zhao et al., 1998; Göltner et al., 1999]. However, the self-organiza-
tion process driven by ionic interactions between surfactant micelles
and inorganic precursors via sol-gel reaction requires a prolonged
reaction time, generally 1-3 days.

For a rapid and uniform energy supply, a microwave-assisted
hydrothermal autoclave heating can be applied for the synthesis of
mesoporous materials by substituting a conventional autoclave heat-
ing, as in organic [Beck et al., 1992; Park et al., 1998a, b] and inor-
ganic synthesis [Ryoo and Kim, 1995; Edler and White, 1995]. Park
et al. prepared MCM-41, which has hexagonal arrangement of uni-
dimensional mesopores, as it was crystallized within a short period
[Mingos and Baghurst, 1990; Mingos, 1994], while the autoclave
hydrothermal heating of a precursor gel took several days at 100 oC,
or there was a prolonged reaction time at room temperature [Min-
gos, 1993; Rhao et al., 1999]. A SBA-15 mesoporous molecular
sieve was synthesized by the microwave radiation method within

2 hours [Zhao et al., 1998; Newalker et al., 2000; Newalker and
Kormarneni, 2001], and further zirconium- [Newalker et al., 2001a]
and titanium-substituted SBA-15 [Newalker et al., 2001b], and the
inclusions of metal and semiconductor clusters into mesoporous
hosts [Belhekar et al., 2000; Zhang et al., 2001; Tian et al., 2003;
Chung et al., 2004] were investigated. In fact, the microwave-assisted
process may be a new pathway to provide heat uniformly and quick-
ly for the synthesis of a surfactant-templated mesoporous molecu-
lar sieve.

In this paper, we report a microwave radiation method for the
synthesis of mesoporous silica with different pathways and mix-
ture conditions at 373 K and the corresponding structures formed
in a very short crystallization time. We studied the microwave-as-
sisted hydrothermal synthesis process of ordered mesoporous mate-
rials, as it offers many distinct advantages over autoclave synthesis
routes. Several microwave-assisted hydrothermal routes are exam-
ined via a direct electrostatic assembly pathway of S+I− and medi-
ated templating pathway of S+X−I+ or (S0H+)(X−I+). Here, S is sur-
factant, I is an inorganic phase, and X− is a mediating ion such as
Cl−, Br− [Huo et al., 1994]. Cationic and nonionic surfactants are
used as structure-directing agents within the charge matching prin-
ciples in basic and acidic media [Roh et al., 1997; Song et al., 2002].
The composition of reactant gel mixtures and microwave heating
time at 2.45 GHz were varied in order to optimize the crystallinity
of silica.

EXPERIMENTAL SECTION

1. Materials and Synthesis
Tetraethyl orthosilicate (Si(OC2H5)4, TEOS, from Janssen, 98%)

was used as a silica source. For cationic surfactant, cetyltrimethy-
lammonium bromide, (CTAB, from Aldrich) was used without fur-
ther purification. Nonionic surfactants, including polyoxyethylene(10)
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cetyl ether, (C16EO10, Brij56®); polyoxyethylene(10) stearyl ether,
(C18EO10, Brij76®); polyoxyethylene(20) and oleyl ether, (C18H35EO20,
Brij98®), were used as received from Aldrich and Sigma.

Microwave-assisted reactions were performed by using an
MARS5 (CEM Corp., Matthews, NC) microwave digestion sys-
tem with 2.45 GHz of microwave frequency. This system operates
at a maximum power of 1.2 KW, which can be controlled from 0
to 100% by both pressure and temperature up to a maximum of 350
psi and 513 K, respectively. The percent power of microwave was
programmed in percent increments to control the rate of heating. A
fiber optic probe with a phosphor sensor was used for temperature
control of the microwave oven.

In a typical preparation, known amounts of surfactants and addi-
tives (NaOH or HCl) were dissolved in deionized water with stir-
ring for several hours until the surfactants were completely dis-
solved, and then TEOS was added to the solution dropwisely. Then
the reactant gel mixture was stirred for 20 min at room temperature
and transferred into a Teflon PFA vessel of 100 ml sealed with an
Ultem polyetherimide container. The vessel was subjected to a mi-
crowave-hydrothermal environment for crystallization under static
conditions at 373 K. The molar compositions of gel mixture and
crystallization time were varied to determine the optimum conditions
for ordered mesophases. The solid products were filtered, washed
with distilled water, and dried at 60 oC, and then calcined in air at a
rate of 1 oC/min, reaching a maximum of 550 oC, for 8 hours to re-
move surfactants.
2. Analyses

Powder X-ray diffraction (XRD) patterns were obtained on a Riga-
ku D/MAX-III diffractometer using CuKα radiation (λ=1.54178 Å).
Data was collected in a continuous scan mode with a 0.01o sam-
pling from 1.2 to 8o of 2θ and 1o/min scan rate. Tube voltage was
40 kV and tube current was 45 mA. The N2 adsorption-desorption
isotherms of the samples were obtained with an ASAP-2000 volu-
metric adsorption analyzer (Micromeritics, Norcross, GA) using
nitrogen adsorbed at 77 K. The samples were degassed at 150 oC
overnight in the vacuum line and the pore structure data was ana-
lyzed by the Barrett-Joyner-Halenda (BJH) method using the Hal-
sey equation for multilayer thickness.

RESULTS AND DISCUSSION

1. The Effect of Microwave at Basic and Acidic Conditions
The gel mixtures of basic and acid conditions were exposed under

a microwave of 2.45 Ghz and 1.2 Kw source and assumed dielec-
trically and uniformly heated [Gabriel et al., 1997]. The samples
were selected as well-established mesoporous silicas with 2-dimen-
sional (2-D) hexagonally ordered arrays of approximately cylindri-
cal pores (herein referred to as MCM-41 type materials) [Kreage
et al., 1992; Beck et al., 1992], which could be obtained under both
basic conditions by a self-assembly of anionic silicates and cationic
surfactant molecules (S+I−). This can also be derived under acidic
conditions mediated by counterions of opposite charge to that of a
surfactant head group (S+X−I+).

The sol mixtures of a basic condition were exposed under micro-
wave at 373 K for hours and the molar ratios for hexagonal meso-
porous silica M41S in a basic condition (Case I) were as follows:
1.0TEOS : 0.24NaOH : 0.14CTAB : 120H2O. Fig. 1 shows the pow-

der X-ray diffraction patterns (PXRD) of calcined mesoporous silica
prepared by CTAB in a basic condition with different reaction time
for (a) 1 hr, (b) 2 hr, and (c) 3 hr. Sample (d) is for highly ordered
MCM-41 by the autoclave heating method with the addition of acetic
acid in reactant gel [Mingos, 1993]. The X-ray patterns of mesopo-
rous silica synthesized under microwave treatment for 1 hr exhibit
three well-resolved peaks. The peak of (100) is a characteristic of a
2-D hexagonal porous structure with d100=3.79 nm (unit cell param-
eter, a0=4.38 nm), but the (110) diffraction line becomes unclear as
the time increases when compared with highly ordered MCM-41
(d). The BET surface area and the average pore diameter as deter-
mined from the desorption branches (BJH method) for the sample
(a) are 1,148 m2/g and 2.60 nm, respectively, which are compara-
ble with those of highly ordered MCM-41 [Ryoo and Kim, 1995].
However, the distinct order on the mesoscopic scale characterized
by three peaks was slightly decreased as the microwave radiation
time extended to 2 hrs. This indicates that the reaction time under
given microwave should be less than 1 hr. However, it is not clear
whether the rapid heating affects the process of molecular reaction
and assembly or mesostructure.

In general, the anionic silicate species in a basic CTAB solution
is nucleated within a very short time, approximately 1-10 min under
microwave radiation [Mingos and Baghurst, 1990], while the me-
soscopic long-range order on the self-organization of surfactant-
silicate composites is developed within 1 hr via strong electrostatic
surfactant-silicate interaction (S+I−). After 2-3 hrs of radiation, the

Fig. 1. XRD patterns of mesoporous silica (calcined) prepared from
reaction mixtures of composition 1TEOS : 0.24NaOH :
0.14CTAB : 120H2O under different microwave-hydrother-
mal reaction times of (a) 1 hr, (b) 2 hrs, and (c) 3 hrs at 373
K. Sample (d) is for highly ordered MCM-41 by the auto-
clave method.
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mesostructure of silica was apparently transformed into a disordered
network structure of short wormlike channels designated as KIT-1
[Ryoo et al., 1996]. Therefore, it is concluded that the microwave
treatment at the basic condition for MCM-41 accelerates the rate
of conversion to form a nucleation and mesostructure within one
hour, but that the long irradiation reduces the crystallinity of hexag-
onal arrays. Continuous and longer microwave treatment would
cause the metastable mesophase of S+I− to collapse into disordered
channels and form a finally amorphous structure in the synthetic
mixture. However, the microwave irradiation may give rise to sev-
eral negative effects such as the possible decomposition of surfac-
tant complex or precursor gel structure or the depolymerization of
the formed silicate framework.

The acidic pathway of an S+X−I+ mesostructure templating route
for MCM-41 [Huo et al., 1994a] was also tested with the micro-
wave irradiation while maintaining the charge density matching
principles. Here, S+ is the alkyltrimethyl ammonium cation, X− is
the compensating anion of acid such as Cl− and Br−, and I+ is a posi-
tively charged silica precursor. The molar ratios of precursors are
as follows: 1TEOS : 6.0HCl : 0.18CTAB : 130H2O (Case II). Fig. 2
shows the powder XRD patterns of calcined mesoporous silica pre-
pared with CTAB in an acidic condition with different microwave-
hydrothermal reaction times of (a) 1 hr, (b) 2 hrs, and (c) 3 hrs at
373 K. The best structural ordering of a mesophase was obtained
at the molar ratio of HCl/TEOS=6.0 in previous study [Song et al.,
2002].

The synthesis of MCM-41 in an acidic condition is generally pro-

cessed at room temperature when alkyltrimethyl ammonium salt is
used as a templating agent in an acidic medium because the ther-
mal energy has a negative effect on the formation of ordered array
[Huo et al., 1994a, b; Setoguchi et al., 1999; Kim et al., 2000]. Sur-
prisingly, however, Fig. 2 shows that a hexagonal mesostructure
with d100=3.11 nm (the unit cell parameter, a0=3.59 nm) could be
obtained after irradiation for 3 hrs at 373 K. The structural ordering
was delayed compared with the case (I) of the basic condition and
improved as the microwave radiation time increased up to 3 hr. The
N2 adsorption-desorption isotherm for sample (c) (not shown here)
is type IV without hysteresis and shows a well-defined step in the
adsorption and desorption curves. The BET surface area and the
BJH average pore diameter for sample (c) are 1,461 m2/g and 2.65
nm, respectively, which is consistent with those of MCM-41 [Huo
et al., 1994a]. Counterion-mediated charge coupling between CTAB
and silicate (S+X−I+) is known to govern the templating mechanism
in an acidic medium. However, it requires a prolonged time to form
the cooperative organization of CTAB-silicate hybrids under an acid-
ic condition, because the interaction between surfactant and hydro-
lyzed product of silicate is relatively weak.
2. Alcohol-free Synthesis of MCM-48 with CTAB

Owing to its three-dimensional pore structure, the cubic meso-
phase, MCM-48 (Ia3d) may be of more interest than the hexago-
nal phase of MCM-41 [Kresge et al., 1992; Beck et al., 1992; Zhao
and Goldfarb, 1995; Fyfe and Fu, 1995; Kim et al., 1998; Xu et al.,
1998; Schumacher et al., 1999; Sayari, 2000; Kaneda, 2002]. With
almost no exception, it was found that the preparation of MCM-48

Fig. 2. XRD patterns of mesoporous silica (calcined) prepared from
reaction mixtures of composition 1TEOS : 6.0HCl : 0.18
CTAB : 130H2O under different microwave-hydrothermal
reaction times of (a) 1 hr, (b) 2 hrs, and (c) 3 hrs at 373 K.

Fig. 3. XRD patterns of mesoporous silica (calcined) prepared from
reaction mixtures of composition 1TEOS : 0.5NaOH : 0.80
CTAB : 65H2O under different microwave-hydrothermal
reaction times of (a) 1 hr (b) 2 hrs and (c) 3 hrs at 373 K.
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silica requires the use of ethanol either as additive or from tetra-
ethyl orthosilicate with long synthesis time, since ethanol is believed
to prevent the growth of cylindrical micelles, a necessary protocol
for the formation of MCM-41 [Huo et al., 1996].

The microwave radiation method, however, may not require the
addition of ethanol for MCM-48 because both contribute the same
effect for structure forming. The reactant gel mixture was prepared
with the following composition: 1.0 TEOS : 0.5NaOH : 0.8CTAB :
65H2O (Case III). Before the addition of TEOS, the surfactant solu-
tion was heated to 60 oC for 2 hrs and then cooled slowly to room
temperature. After addition of TEOS, the gel mixture was stirred
vigorously for 30 min and then transferred into a Teflon vessel, which
was subjected to a microwave-hydrothermal environment for crys-
tallization at 373 K.

The powder X-day diffraction patterns of calcined mesoporous
silica with different reaction times of (a) 1 hr, (b) 2 hrs, and (c) 3 hrs
are shown in Fig. 3. As seen in this figure, the cooperative organi-
zation of cubic (Ia3d) mesophase was observed after 2 hrs of micro-
wave radiation time with d211=3.25 nm, but further increase in the
reaction time resulted in loss of intensity and peak resolution. Here,
the addition of ethanol in a reactant gel mixture has a negative ef-
fect on the formation of ordered cubic mesostructure. The BET sur-
face area and the BJH desorption average pore diameter for sample
(b) were measured as 1,250 m2/g and 2.84 nm, respectively. There-
fore, it is concluded that the microwave-hydrothermal process re-
sulted in MCM-48 structure without ethanol during a greatly re-
duced synthesis time.

3. Mesoporous Silica with Nonionic Surfactants
Several nonionic surfactants with EO based hydrophilic group

were used as structure-directing agents of mesoporous silica under
microwave radiation. Fig. 4 shows the powder XRD patterns of cal-
cined mesoporous silica prepared in the presence of oligomeric non-
ionic surfactant species, C16EO10 with different microwave radiation
times at 373 K. The molar ratios of the synthetic precursors were
as follows: 1.0 TEOS : 3.5HCl : 0.14C16EO10 : 130H2O (Case IV),
and the best order on the mesoscopic scale was obtained at 2 hrs of
microwave radiation time (sample (b)). The XRD pattern of sam-
ple (b) shows evidence of three reflections characteristic of a 2-D
hexagonal porous structure (P6mm) with d100=4.29 nm (unit cell
parameter, a0=4.95 nm), which is comparable with previous reports
[Zhao et al., 1998; Blin and Su, 2001; Song et al., 2002]. The BET
surface area and the BJH desorption average pore diameter for sam-
ple (b) were measured as 1,125 m2/g and 2.46 nm, respectively.

Fig. 5 shows the XRD patterns of calcined mesoporous silica
prepared in the presence of C18EO10 surfactant with different micro-
wave-hydrothermal heating times at 373 K. The representative gel
composition was 1TEOS : 5.0HCl : 0.14C18EO10 : 130H2O (Case V).
As was observed in Fig. 4, the best structural ordering of mesophase
was exhibited after 2 hrs of microwave radiation. The XRD pat-
tern of sample (b) shows three clear reflections which can be in-
dexed with (100), (110), and (200) planes on a hexagonal unit cell
with d100=4.72 nm (a0=5.45 nm). The N2 adsorption-desorption iso-
therm of this material presented in Fig. 6 is a type IV according to
the classification of Brunauer, Deming, Deming and Teller (BDDT)

Fig. 4. XRD patterns of mesoporous silica (calcined) prepared from
reaction mixtures of composition 1TEOS : 3.5HCl : 0.14
C16EO10 : 130H2O under different microwave-hydrother-
mal reaction times of (a) 1 hr (b) 2 hrs and (c) 3 hrs.

Fig. 5. XRD patterns of mesoporous silica (calcined) prepared from
reaction mixtures of composition 1TEOS : 5.0HCl : 0.14
C18EO10 : 130H2O under different microwave-hydrothermal
reaction times of (a) 1 hr (b) 2 hrs and (c) 3 hrs at 373 K.
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[Brunauer et al., 1940], and shows virtually no hysteresis. This in-
dicates that there are no pore-blocking effects from narrow pores
during desorption, but that a well-defined step develops in adsorp-
tion and desorption curves between partial pressure P/P0 of 0.2-0.4.

In the inset of Fig. 6, the BJH pore size distribution calculated
from a desorption branch, is shown with a narrow size distribution.
Such a desorption behavior is indicative of filling framework-con-
fined mesopores with an average BJH pore diameter of 3.0 nm, and
a BET surface area of 1,018 m2/g. Ordered mesoporous silica can
also synthesize with C18H35EO20 nonionic surfactant by microwave-
hydrothermal heating at 373 K within a very short synthesis time
of 2 hrs. The material prepared with C18H35EO20 has uniform pore
dimensions with N2 BET surface area of 956 m2/g and BJH aver-
age pore diameter of 2.67 nm.

Table 1 summarizes the physicochemical properties of mesopo-
rous silica prepared under microwave-hydrothermal heating with
different cationic and nonionic surfactants. A fine mesostructure
was rapidly formed at a basic condition of Case I, but a high pore
mesostructure was slowly constructed at an acidic condition of Case
II. In case III, the cubic structure was found without alcohol. There-

fore, the microwave energy speeds up the formation of intermedi-
ates of surfactant and silica precursors, and their assembly for tem-
plates, but their detailed mechanisms may not be changed. For non-
ionic surfactant, the increase of chain length from C16 (Case VI)
to C18 (Case V) increases the d-spacing and pore volume, but the
increase of EO length from 10 (Case V) to 20 (Case VI) reduces the
pore volume but not d-spacing. For the former of carbon chain, the
microstructure would be represented by the change of chain length
but not affected by microwave heating. For the latter of EO chain,
however, the d-spacing and pore volume changes opposite indicating
that intermediate structures forms different thickness of EO layers
with silica precursors and water molecules influenced by micro-
wave heating.

Dielectric heating of water supplies the required energies of proper
steps and created by the interaction of the dipole moment of mole-
cules with the high frequency electromagnetic radiation (2.45 GHz)
[Gabriel et al., 1997]. In addition, the enhanced Brownian motion
and the rotational dynamics of the water molecules [Jansen et al.,
1992] may intervene in the mechanism of microstructure forma-
tion in variable stages of each process. In fact, hydrogen bridges of
water molecules may be destroyed under microwave heating, re-
sulting in so-called active water molecules. Active water molecules
have a higher potential and energy compared to the hydrogen-bonded
state of water molecules and gel because the lone pairs of OH groups
are available to break gel bonding. This environment provides more
opportunity for the rapid formations of multiply charged silicate
oligomers such as double-three ring (D3R) or double four-ring (D4R)
species, which can be used to initiate mesophase assembly acceler-
ating the interaction between surfactants and hydrolyzed products
of silicate at the interface [Firouzi et al., 1995]. Therefore, it is be-
lieved that microwave heating not only adds heat energy, but also
affects the initial stage of the mesophase formation, since continu-
ous and longer microwave treatment causes the metastable meso-
phase to collapse into disordered channels and finally form an amor-
phous structure.

CONCLUSIONS

Mesoporous silica of MCM-41 via S+I− and S+X−I+ synthetic routes
was synthesized within 2 hrs under microwave-hydrothermal con-
ditions at 373 K. The effects of microwave irradiation differ depend-
ing on different processes such as the formation of a precursor com-
plex or self-organization. The cubic mesophase, MCM-48, was also
synthesized successfully by using microwave method within ca.
2 hrs at 373 K without the addition of ethanol, but prolonged micro-
wave radiation had a negative effect on the structural ordering, re-

Fig. 6. Nitrogen adsorption-desorption isotherm plots for calcined
mesoporous silica prepared with nonionic surfactant, C18-
EO10 under microwave-hydrothermal condition for 2 hrs
at 373 K. Inset: the corresponding pore-size distribution
curve obtained by BJH analysis.

Table 1. Physicochemical properties of mesoporous silica prepared using CTAB and nonionic alkyl poly(ethylene oxide) surfactants under
microwave-hydrothermal condition at 373 K

Case & Surfactant Condition Mesophase d spacing (nm) BET surface area (m2/g) Pore size (nm) Pore volume (cm3/g)

Case I CTAB Basic Hexagonal 3.79 1148 2.60 0.98
Case II CTAB Acidic Hexagonal 3.11 1461 2.65 1.01
Case III CTAB Basic Cubic 3.25 1250 2.84 1.22
Case IV C16EO10 Acidic Hexagonal 4.29 1125 2.46 0.49
Case V C18EO10 Acidic Hexagonal 4.72 1018 3.00 0.88
Case VI C18H35EO20 Acidic Cubic 4.88 0956 2.67 0.45
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sulting in disordered network structure consisting of short worm-
like channels. Several nonionic surfactants such as C16EO10, C18EO10

and C18H35EO20 were used as structure-directing agents via (S0H+)
(X−I+) synthetic route under microwave radiation. The ordered me-
sophases were synthesized successfully within very short crystalli-
zation time. In addition to the uniform and fast dielectric heating of
water, the microwave activates water molecules resulting in the rap-
id formation of multiply charged silicate oligomers. While this ac-
celerates the self-assembly of silicate-surfactant hybrid, continuous
and longer microwave treatment destabilizes the mesostructure and
self-organization resulting in metastable mesophase.

ACKNOWLEDGMENT

This work was financially supported from the Brain Korea 21
Project and Center for Ultramicrochemical Process Systems.

REFERENCES

Bagshow, S. A., Prouzet, E. and Pinnavaia, T. J., “Templating of Me-
soporous Molecular Sieves by Nonionic Polyethylene Oxide Sur-
factants,” Science, 269, 1242 (1995).

Beck, J. S., Vartuli, J. C., Roth, W. J., Leonowicz, M. E., Kresge, C. T.,
Schmitt, K. T., Chu, C. T., Olson, D. H., Sheppard, E. W., McCullen,
S. B., Higgins, J. B. and Schlenker, J. L., “A New Family of Meso-
porous Molecular Sieves Prepared with Liquid Crystal Templates,”
J. Am. Chem. Soc., 114, 10834 (1992).

Belhekar, A., Agashe, M., Soni, H., Sathaye, S., Jacob, N. and Thundi-
madathil, J. B., “Synthesis and Characterization of Titanium-con-
taining Mesoporous Silica by a Non-hydrothermal Microwave Meth-
od,” Chem. Soc. Jpn., 73, 2605 (2000).

Blin, J. L. and Su, B. L., “Well-ordered Spherical Mesoporous Materi-
als CMI-1Synthesized via an Assembly of Decaoxylene Cetyl Ether
and TMOS,” Chem. Mater., 13, 3542 (2001).

Brunauer, S., Deming, L. S., Deming, W. S. and Teller, E., “On a The-
ory of van der Waals Adsorption of Gases,” J. Am. Chem. Soc., 62,
1723 (1940).

Chung, J. S., Kim, D. J., Ahn, W. S., Ko, J. H. and Cheong, W. J., “Syn-
thesis, Characterization, and Applications of Organic-Inorganic Hy-
brid Mesoporous Silica,” Korean J. Chem. Eng., 21, 132 (2004).

Edler, K. J. and White, J. W., “Further Improvements in the Long Range
Order of MCM-41 Materials,” J. Chem. Soc., Chem. Commun., 155
(1995).

Firouzi, A., Kumar, D., Bull, L. M., Besier, T., Sieger, P., Huo, Q., Walker,
S. A., Zasadzinski, J. A., Glinka, C., Nicol, J., Margolese, D., Stucky,
G. D. and Chmelka, B. F., “Cooperative Organization of Inorganic
Surfactant and Biomimetic Composite Structures,” Science, 267,
1138 (1995).

Fyfe, C. A. and Fu, G., “Structure Organization of Silicates Polyanions
with Surfactants: A New Approach to the Syntheses, Structure Trans-
formations, and Formation Mechanisms of Mesostructural Materi-
als,” J. Am. Chem. Soc., 117, 9709 (1995).

Gabriel, C., Gabriel, S., Grant, E. H., Halstead, B. S. K. and Mingos,
D. M. P., “Dielectric Parameters Relevant to Microwave Dielectric
Heating,” Chem. Soc. Rev., 27, 213 (1997).

Göltner, C. G., Berton, B., Krämer, E. and Antonietti, M., “Nanoporous
Silicas by Casting the Aggregates of Amphiphilic Block Copoly-

mers: The Transition from Cylinders to Lamellae and Vesicles,” Adv.
Mater., 11, 395 (1999).

Huo, Q., Margolese, D. I., Ciesla, U., Demuth, D. G., Feng, P., Gier, T. E.,
Sieger, P., Firouzi, A., Chmelka, B. F., Schüth, F. and Stucky, G. D.,
“Organization of Organic Molecules with Inorganic Molecular Spe-
cies into Nanocomposite Biphase Arrays,” Chem. Mater., 6, 1176
(1994).

Huo, Q., Margolese, D. I., Ciesla, U., Feng, P., Gier, T. E., Sieger, P.,
Leon, R., Petroff, P. M., Schüth, F. and Stucky, G. D., “Generalized
Synthesis of Periodic Surfactant/inorganic Composite Materials,”
Nature, 368, 317 (1994).

Huo, Q., Margolese, D. I. and Stucky, G. D., “Surfactant Control of
Phases in the Synthesis of Mesoporous Silica-based Materials,” Chem.
Mater., 8, 1147 (1996).

Kaneda, M., Tsubakiyama, T., Carlsson, A., Sakamoto, Y., Ohsuna, T.,
Terasaki, O., Joo, S. H. and Ryoo, R., “Structural Study of Mesopo-
rous MCM-48 and Carbon Networks Synthesized in the Spaces of
MCM-48 by Electron Crystallography,” J. Phys. Chem. B, 106, 1256
(2002).

Jansen, J. C., Arafat, A., Barakat, A. K., van Bekkum, H., Occelli, M. L.
and Robson, H. E., In “Synthesis of Microporous Materials,” Van
Nostrand Reinhold, New York, Vol. 2, 507 (1992).

Kim, J. M., Kim, S. K. and Ryoo, R., “Synthesis of MCM 48 Single
Crystals,” Chem. Commun., 259 (1998).

Kim, G. J., Park, D. W. and Ha, J. M., “Synthesis of a Siliceous MCM
41 using C22 TMACl Template and Preparation of Heterogenized
New Chiral Salen Complexes,” Korean J. Chem. Eng., 17, 337
(2000).

Kresge, C. T., Leonowicz, M. E., Roth, W. J., Vartuli, J. C. and Beck,
J. S., “Ordered Mesoporous Molecular Sieves Synthesized by a Liq-
uid Crystal Template Mechanism,” Nature, 59, 710 (1992).

Mingos, D. M. P., “Microwave Synthesis of Inorganic Materials,” Adv.
Mater., 11, 857 (1993).

Mingos, D. M. P., “The Applications of Microwaves in Chemical Syn-
theses,” Microwave Induced React., 85 (1994).

Mingos, D. M. P. and Baghurst, D. R., “Design and Application of a
Reflux Modification for the Synthesis of Organometallic Compounds
using Microwave Dielectric Loss Heating Effects,” J. Organomet.
Chem., 384, 57 (1990).

Newalkar, B. L. and Kormarneni, S., “Control over Microporosity Or-
dered Microporous-microporous Silica SBA-15 Framework Under
Microwave-hydrothermal Conditions: Effect of Salt Addition,” Chem.
Mater., 13, 4573 (2001).

Newalkar, B. L., Komarneni, S. and Katsuki, H., “Rapid Synthesis of
Mesoporous SBA-15 Molecular Sieve by a Microwave-hydrother-
mal Process,” Chem. Comm., 23, 2389 (2000).

Newalkar, B. L., Olanrewaju, J. and Komarneni, S., “Microwave-hydro-
thermal Synthesis and Characterization of Zirconium-substituted
SBA-15 Mesoporous Silica,” J. Phys. Chem. B, 105, 8356 (2001a).

Newalkar, B. L., Olanrewaju, J. and Komarneni, S., “Direct Synthesis
of Titanium-substituted Mesoporous SBA 15 Molecular Sieve under
Microwave Hydrothermal Conditions,” Chem. Mater., 13, 552
(2001b).

Park, S. E., Kim, D. S., Chang, J. S. and Kim, W. Y., “Synthesis of
MCM-41 using Microwave Heating with Ethylene Glycol,” Cataly-
sis Today, 44, 301 (1998a).

Park, S. E., Kim, D. S., Chang, J. S. and Kim, W. Y., “Photolumines-



1230 M.-G. Song et al.

November, 2004

cence Spectroscopic Monitoring in the Synthesis of Mesoporous
Materials by Microwave-induced Heating,” Stud. Surf. Sci. Catal.,
117, 265 (1998b).

Rao, K. J., Vaidhyanathan, B., Ganguli, M. and Ramakrishnan P. A.,
“Synthesis of Inorganic Solids using Microwaves,” Chem. Mater.,
11, 882 (1999).

Roh, H. S., Chang, J. S. and Park, S. E., “Synthesis of Mesoporous Sil-
ica in Acidic Condition by Solvent Evaporation Method,” Korean J.
Chem. Eng., 16, 331 (1999).

Ryoo, R. and Kim, J. M., “Structural Order in MCM-41Controlled by
Shifting Silicate Polymerization Equilibrium,” J. Chem. Soc., Chem.
Commun., 7, 711 (1995).

Ryoo, R., Kim, J. M., Ko, C. H. and Shin, C. H., “Disordered Molecu-
lar Sieve with Branched Mesoporous Channel Network,” J. Phys.
Chem., 100, 17718 (1996).

Sayari, A., “Novel Synthesis of High Quality MCM-48 Silica,” J. Am.
Chem. Soc., 122, 6504 (2000).

Schumacher, K., Grun, M. and Unger, K. K., “Novel Pathways for the
Preparation of Mesoporous MCM-41 Materials: Control of Poros-
ity and Morphology,” Microporous Mesoporous Mater., 27, 201
(1999).

Setoguchi, Y. M., Teraoka, Y., Moriguchi, I., Kagawa, S., Tomonaga,
N., Yasutake, A. and Izumi, J., “Rapid Room Temperature Synthe-
sis of Hexagonal Mesoporous Silica using Inorganic Silicate Sources
and Cationic Surfactants under Highly Acidic Conditions,” J. Porous
Mat., 4, 129 (1997).

Song, M. G., Kim, J. Y., Cho, S. H. and Kim, J. D., “Mixed Cationic-
nonionic Surfactant Templating Approach for the Synthesis of Me-
soporous Silica,” Langmuir, 18, 6110 (2002).

Tanev, P. T. and Pinnavaia, T. J., “A Neutral Templating Route to Me-
soporous Molecular Sieves,” Science, 267, 865 (1995).

Tian, B., Liu, X., Yang, H., Xie, S., Yu, C., Tu, B. and Zhao, D., “Gen-
eral Synthesis of Ordered Crystallized Metal Oxide Nanoarrays Re-
plicated by Microwave-digested Mesoporous Silica,” Adv. Mater., 15,
1370 (2003).

Xu, J., Luan, Z., He, H., Zhou, W. and Keven, L., “A Reliable Synthesis
of Cubic Mesoporous MCM-48 Molecular Sieve,” Chem. Mater.,
10, 3690 (1998).

Zhang, Y. J., Zhao, S. L., Lu, L. Q. and Sun, G. D., “Study on Micro-
wave Synthesis of Mesoporous Molecular Sieve Mo-MCM-48,”
ACTA Chim. Sinica, 59, 820 (2001).

Zhao, D. and Goldfarb, D., “Synthesis of Mesoporous Manganosili-
cates: Mn-MCM-41, Mn-MCM-48 and Mn-MCM-L,” J. Chem Soc.,
Chem. Commun., 875 (1995).

Zhao, D., Huo, Q., Feng, J., Chmelka, B. F. and Stucky, G. D., “Non-
ionic Triblock and Star Diblock Coplymer and Oligomeric Surfac-
tant Synthesis of Highly Ordered, Hydrothermally Stable, Meso-
porous Silica Structures,” J. Am. Chem. Soc., 120, 6024 (1998).

Zhao, D., Yang, P., Melosh, N., Feng, J., Chmelka, B. F. and Stucky,
G. D., “Continuous Mesoporous Silica Films with Highly Ordered
Pore Structure,” Adv. Mater., 10, 1380 (1998).


