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Inthe present study, SBA-15 molecular sievewas successfully synthe-
sized by a microwave-assisted hydrothermal synthesis method, using
poly(ethylene glycol)-block-poly(propy! glycol)-block-poly(ethylene
glycal) (EG0PGxEG,) asatemplate. Thetime of synthesis of SBA-15
molecular sieve by microwave-assisted hydrothermal synthesis method
only needs 125 min, synthetical speed is 34 timesfaster than that by the
conventional hydrothermal synthesis method. The results showed that
the primary particles of the samples present acicular crystals. The
longness is 100 um for SBA-15 sample synthesized by microwave
method in 5 min (S;) and 64 pm for SBA-15 sample synthesized by
microwave method in 0.5 h (S;), respectively. The diametersare 4.5 pm
for S, sampleand 3.6 umfor S, sample, respectively. These data showed
that the sizes of the SBA-15 molecular sieve synthesized by present
method were much bigger than those by the conventional hydrothermal
synthesis method and by the other microwave-assisted hydrothermal
synthesis methods.

Key Words: SBA-15 molecular sieve, EG,0)PG4EG, template,
Microwave-assisted synthesis, Characterization.

INTRODUCTION

For molecular sieves, conventional synthesis methods (For example, hydro-
thermal synthesis method and vapour phase transport method) need long crystalli-
zation timesi.e., few hoursto few days. The long crystallization time usually results
in the formation of impure molecular sieve'. Because of the low heating rate and
inhomogeneous heating, molecular sieve nuclei do not form on the support surface
simultaneously and molecular sieve crystals are not uniform in size*®. Recently, a
new synthesis method that combines hydrothermal crystallization with a microwave
heating technique has been devel oped. The microwave-assisted synthesis of mole-
cular sievesisrelatively new area of research. The term microwave-assisted hydro-
thermal synthesis (MAHS) process was proposed by Komarneni et al.* and this
process has been used for the rapid synthesis of numerous ceramic oxides,
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hydroxylated phases, porous materials and metal powders. Recently, the micro-
wave-assisted hydrothermal synthesis (MAHS) method has been successfully applied
to synthesize some molecul ar sieves, such asAIPO,-5°, Bete®, MCM-417, Y8, ZSM-5°
and AIPO,-11°. Energy transfer from microwaves to the materials is believed to
occur either through resonance or relaxation, which resultsin rapid heating. Further-
more, during the synthesis of nanoporous materials, an employment of microwave
technique shows versatile good effects, for instance, (1) Short heating times. (2)
Inductive heating through the conducting properties of the synthesis mixture. (3)
Specific energy dissipation via microwave energizes the hydroxylated surface or
associated water molecules in the boundary layer, forming the active water mole-
culeswith the high potential*>*%. Microwave-assisted synthesis of molecular sieves
offers many distinct advantages over conventional synthesis. They include rapid
heating to crystallization temperature due to volumetric heating resulting in homo-
geneous nucleation, fast supersaturation by the rapid dissolution of precipitated
gelsand eventually ashorter crystallization time compared to conventional autoclave
heating. Furthermore, MAHS method of molecular sieve has the advantages of
broad synthesis composition, narrow particle size distribution and high purity? and
it is energy efficient and economical™. These advantages prompt researchers to
explore its use as a method for the synthesis of molecular sieves.

SBA-15 molecular sieve isamaterial that has a 2D hexagonal arrangement of
pores. It hasthe benefits of acombined microporosity and mesoporosity and relatively
thick walls®™. The enhanced chemical and thermal stability of these materials as
compared with MCM-41 can be ascribed to the thicker pore walls in the SBA-15
materials and attracts much interest’®. SBA-15 molecular sieve is usually obtained
by hydrothermal reaction in a period of several days using tetraethyl orthosilicate
(TEOS) asthesilicasource and triblock organic copolymer asthe structure-directing
agent. Newalker and his co-workers™**’ reported successful synthesis of SBA-15
molecular sieve using a triblock organic copolymer as a template under micro-
wave-hydrothermal conditions within 2 h. Then, they studied the effect of salt for
SBA-15 framework during synthesis of SBA-15 molecular sieve by microwave-
hydrothermal method"’. In microwave along time may destroy framework of SBA-15
molecular sieve and decrease the purity of SBA-15. In the present study, SBA-15
molecular sieve has been successfully synthesized using poly(ethylene glycol)-
block-poly(propyl glycol)-block-poly(ethylene glycol) (EGxPG0EGy ) as atemplate
under microwave-hydrothermal conditionswithin about 5min and synthesisismore
than 34 times faster than by the conventional hydrothermal synthesis method™.

EXPERIMENTAL

Tetraethyl orthosilicate (TEOS, 98 %, Fluka), poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) (EGzPG0EG:, Aldrich) and
2 mol L™ hydrochloric acid (AR) solution was used and the water used in experiments
was deionized water.
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Synthesis of SBA-15 molecular sieve by microwave-hydrother mal synthesis
method: Microwave-hydrothermal synthesisof SBA-15 molecular sevewas performed
usingaLGWD900 [MG-5515SD, LG Electronics(Tianjin) Appl. Co., Ltd., Chinal
domestic microwave ovens. The experiment was operated under a maximum power
of 1200 W and a microwave frequency of 2.45 GHz.

Mesoporous SBA-15 molecular sieve was prepared according to the procedure
asfollows: 2.0 g of EGxPGEG, was dissolved in 60 g of 2 mol L™ hydrochloric
acid and 15.0 g of deionized water. Finally, 4.25 g TEOS was added into the homo-
geneous solution with stirring to form areactive gel at 40 °C. The obtained gel was
heated in Teflon-liner autoclaves under apower of 1200 W and amicrowave frequency
of 2.45 GHz for 5 and 30 min, respectively. The samples were designed as S, and
S,, respectively. The products were filtered and washed with deionized water and
dried in room temperature. The obtained materialswere calcined at 550 °C for 24 h
to eliminate the template. The white powers were obtained.

Characterization: X-ray powder diffraction (XRD) patterns were collected
on a Siemens D5005 diffractometer using Cu-Ko. radiation (A = 1.5418 A and
operating at 30 kV and 20 mA). Fourier transform infrared (FT-IR) spectra were
obtained using a Bruker Vertex 70 FT-IR spectrometer. Powder samples (1 % wt)
were dispersed in KBr (99 % wt) pellets for IR analysis. Adsorption-desorption
studies of nitrogen were performed on a Micromeritics ASAP 2010M volumetric
adsorption analyzer at 77 K. A sample was degassed in vacuum at 573 K for 12 h
before measurement. Surface areas were calculated based on the BET (Brunner-
Emmett-Teller) method"®, while pore si ze distribution was computed using the BJH
(Barrett-Joyner-Ha enda) method™. Transmission electron microscopy (TEM) images
were taken on a Jeol 2010 TEM instrument. Scanning electron microscopy (SEM)
images were recorded on a Jeol JSM-5600L SEM instrument.

RESULTSAND DISCUSSION

Powder X-ray diffraction (XRD): Fig. 1 shows the small-angle XRD patterns
of the samples of S;, S; and SBA-15 synthesized by conventional hydrothermal
method. These samples possess 4 reflection peaks,which are denoted as (100), (110),
(200) and (210), respectively. These peaks belong to those of SBA-15 molecular
sieve®™. The four characteristic peaks of SBA-15 molecular sieve structure indicate
the 2-D hexagonal pore structure (P6mm) of SBA-15 and the SBA-15 molecular
sieve keeps much highly ordered state. It showsthat its damageto SBA-15 molecular
sieve by microwave-assisted synthesis method is small and its crystallization degree
is higher than conventional way, contrarily. The peaks of (100) reflections of S; and
S, shift to smaller anglesin comparison with the conventional way sample (Fig. 1),
which locates at 20 = 0.84° for conventional way, 20 = 0.78° for both microwave-
assisted synthesis methods, respectively. It is counted digo = 10.52 nm, (unit cell
parameter & = 12.15 nm) for the samples by conventional method, but d;o = 11.33
nm (unit cell parameter a, = 13.08 nm) for the samples by microwave-assisted
synthesis methods.
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Fig. 1.  Small-angle XRD patterns of: 8) S, (Microwave-assisted synthesis of SBA-15 molecular
sievein 5 min), b) S, (Microwave-assisted synthesis of SBA-15 molecular sievein 0.8 h),
¢) SBA-15 (Hydrothermal synthesis)

Fourier transform infrared (FT-IR) spectra: Infrared spectra can reflect
configuration of the frameworks of molecular sieve. Fig. 2 showsthe FT-IR spectra
of each sample. In the FT-IR patterns, each sample has four peaks. The bands that
locate at 458, 459, 460 cm* correspond to T-O bending. The bands that locate at
804, 809, 802 cm™ correspond to symmetric stretching. The bands that locate at
963, 970, 962 and 1089, 1086, 1090 cm™ correspond to asymmetric stretching®.
The peaks that locate at 963, 970, 962 cm™ are also assigned to the stretching of
non-bridging oxygen atoms of Si-OH.
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Fig. 2. Infrared spectraof the samples (a) S, (Microwave-assisted synthesis of SBA-15 molecular
sievein 5 min), b) S, (Microwave-assisted synthesis of SBA-15 molecular sievein 0.5 h),
¢) SBA-15 (Hydrothermal synthesis)
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L ow temper ature nitrogen adsor ption-desor ption isotherms. Fig. 3A shows
the low temperature nitrogen adsorption-desorption isotherms of the samples. The
isotherms of all samples show typical irreversible type IV adsorption isotherms
with aH1 hysteresisloop which are characteristic of mesoporous materialswith 1-D
cylindrical channels as defined by IUPAC?. Theisotherms of the samples featured
hysteresis loops with sharp adsorption and desorption branches. The sharpness of
the adsorption branchesisindicative of a narrow mesopore size distribution (Fig. 3B).
At low partial pressures (P/Po), the adsorption is mainly monolayer adsorption.
There is no pore-blocking effects from narrow pores during desorption and the
capillary condensation can not occur &t relative lower pressures. Therefore hysteresis
feature does not appear. The adsorption is multilayer adsorption as relative pressure
increases and adsorptive quantity increases. However, the volumes adsorbed inflected
sharply at relative pressure (p/po) 0.73 for the SBA-15 molecular sieve by conven-
tional synthesis method, 0.70 for S,, 0.65 for S, respectively. It can be explained
that the relative pressure increased to the degree that capillary condensation occur.
The difference between adsorption and desorption process can conclude that adsor-
ption and desorption are irreversible, desorption lag to adsorption process. The
most possiblereason isdueto the effect of constrictionsin the cylindrical mesopores,
which would cause the delayed capillary evaporation??. Thus, adsorption process
and desorption process may progress under the different relative pressure®. In the
case of mesopores, the capillary condensation pressure is an increasing function of
the pore diameter. When the relative pressure is higher than 0.85 for the SBA-15
molecular sieve by conventional synthesis method, 0.83 for S; and 0.84 for S, the
hysteresis does not appear. It is because adsorption process and desorption process
mainly carries out on the out surface and the processis reversible.
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Fig. 3. A. Low temperature nitrogen adsorption-desorption isotherms (e adsorption; o desorption)
B. Poresizedistribution patterns of samples (a) SBA-15 (Hydrothermal synthesis), (b) Micro-
wave-assisted synthesis of SBA-15 molecular sievein 5 min (S,), (c) Microwave-assisted
synthesis of SBA-15 molecular sievein 0.5 h (S,)
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The calculated BET surface areas and the mesopore parameters based on the
Barrett, Joyner and Halenda (BJH)*#*° analysis are calculated from the adsorption
branch of nitrogen adsorption-desorption isotherms. As show in Table-1, for the
SBA-15 molecular sieve by conventional synthesis method, S, and S;, the average
pore diameters is 8.14, 6.49 and 7.40 nm, the BET surface is 594.7, 536.3 and
564.3 m* g*, the pore volume is 1.059, 0.871 and 1.044 cm® g, respectively. The
relative condensation pressure, which is afunction of pore diameter, was found to
increase with an increase in crystallization time which in turn reflected an increase
in pore dimension and adecrease in silicawall thickness, accordingly, an increase
in the BET surface and the pore volume. These results are in good agreement with
those reported under the conventional hydrothermal route® and may be due to the
rapid dehydration of EG blocks of the copolymer® at 373 K as a function of time
under microwave-hydrothermal conditions'™.

TABLE-1
PORE STRUCTURE PARAMETERS OF SAMPLES

BET surfface Porevolumeé®  Poresize®

Sample oo (NM) a,” (nm)

aea(m’g’)  (cmg) (nm)
s 1052 12.15 504.7 1.059 8.14
S 11.33 13.08 536.3 0871 6.49
S, 11.33 13.08 564.3 1.044 7.40

A= % 0o, "BIH adsorption cumul ative volume of pores,
3

“Pore size cal culated from the adsorption branch.

Transmission electron microscopy (TEM): Fig. 4-A-a, Fig. 4-B-aand Fig.
4-C-ashow the TEM images of the sampleswhich were taken with the beam direction
parallel to the pores. Fig. 4-A-b, Fig. 4-B-b and Fig. 4-C-b show the TEM images
of the sampleswhich weretaken with the beam direction perpendicul ar to the pores.
All micrographs are recorded with the el ectron beam direction parallel to and perpen-
dicular to the channel direction. TEM experiments show the well-ordered hexagonal
arrays of mesopores and straight lattice fringes seen from the images viewed along
and perpendicular to the pore axis, confirming the existence of a 2-D hexagonal
structure of a pémm symmetry.

Scanning electron microscopy (SEM): Fig. 5 shows SEM images of the
samples. SEM analyses of the samples show that the primary particles of the samples
present acicular crystals for the SBA-15 molecular sieve synthesized by present
method and fibriform crystals for the SBA-15 molecular sieve by conventional
synthesis method. The crystalslongnessis 727 nm for the SBA-15 molecular sieve
by conventional synthesis method, 100 um for S; sample and 64 um for S, sample.
The crystals diameter is 333 nm for the SBA-15 molecular sieve by conventional
synthesis method, 4.5 um for S; sample and 3.6 um for S, sample. The SBA-15
molecular sieve crystals by conventional synthesis method have a smaller crysta
sizethan those of S; and S, samples.
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Fig. 4. TEM images of the samples (a) taken with the beam direction parallel to the pores and
(b) taken with the beam direction perpendicular to the pores. (A) SBA-15 (Hydrothermal
synthesis), (B) Microwave-assisted synthesis of SBA-15 molecular sievein 5min (Sy),

(C) Microwave-assisted synthesis of SBA-15 molecular sievein 0.5h (S;)
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Fig.5. SEM images of the samples (a) Hydrothermal synthesis of SBA-15, (b) Microwave-
assisted synthesis of SBA-15 molecular sievein 5 min (S,), (¢) Microwave-assisted
synthesis of SBA-15 molecular sievein 0.5 h (S)

Theoretical analysis of synthesisprocess: The microwave energy speeds up
the formation of intermediates of surfactant and silica precursors and their assembly
on templates”. For nonionic surfactant (EGxPG4EGy), the increase in PG chain
length of surfactant molecule results in increasing the d-spacing and pore volume.
But the increase in EG chain length makes the pore volume reduce and the
d-spacing does not increase. In addition, the enhanced Brownian motion and the
rotational dynamics of the water molecules may intervene in the mechanism of micro-
structure formation in variable stages of each process. In fact, water molecules
strongly absorb microwave energy due to their high dielectric constant, yielding
so-called active water with high mobility®. In other words, the microwaveirradiation
may destroy the hydrogen bridges of the water molecules by ion oscillation and
water dipole rotation and produce the active water®. In microwave synthesis of
molecular sieves, thereduction in the crystallization period is generally considered
to result from the high potential of the active water to dissolve the gel constituents
under microwaveirradiation®. The lone pair of a hydroxyl group of the active water
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molecules was reported to have higher potential to dissolve the gel constituents
than normal water®. Thisenvironment provides more opportunity for therapid forma-
tions 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
accelerating the interaction between surfactants and hydrolyzed products of silicate
at the interface. Therefore, it isbelieved that microwave heating not only adds heat
energy, but also affectstheinitia stage of the mesophase formation, since continuous
and longer microwave treatment causes the metastable mesophase to collapse into
disordered channels and finally form an amorphous structure.

Conclusion

Thiswork showsthat SBA-15 molecular sieve has been rapidly synthesized by
microwave method. Under microwave irradiation, the induction period shortensin
the nucleation step for rapid synthesis of the material. The synthesis of the SBA -15
molecular sieve by MAHS method needs only 125 min which is faster 34 times
than by the conventiona hydrotherma synthesis method. The average pore diameters
are 6.45 nm for S; and 7.40 nm for S,, respectively. The BET surfaceis 536.3 m* g*
for S;and 564.3 m? g* for S,. The porevolumeis0.871 cm® g for S; and 1.044 cm?®
g! for S,. The primary particles of the samples present acicular crystals, their
longness is 100 um for S; sample and 64 pm for S, sample. Their diameter is 4.5
pm for S, sample and 3.6 um for S; sample. These data show that the crystals of the
SBA-15 molecular sieve synthesized by present method are much bigger than those
by the conventiona hydrothermal synthesis method and by the other MAHS methods.
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