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Abstract Spherical mesoporous SiO, and SiO,-TiO,
particles were synthesized by sol-gel method using W/O
emulsion under microwave irradiation. In SiO, system,
W/O emulsion was prepared by mixing partially hydro-
lyzed Si(OC,Hs)4 aqueous solution including C;gTAC as
template with n-hexane solution including polyglycerol
polyricinalate as emulsifier. In SiO,-TiO, system,
Ti(OC,Hs), capped by acetylacetone was added to the
aqueous phase. In both cases, spherical products were
synthesized by heating of W/O emulsion for 30 min
under microwave irradiation. The specific surface area
and pore size of spherical products were 800 m*/g and
1.6 nm, respectively, which indicates that the spherical
products are mesoporous. These results suggest that sol—
gel reaction in water phase proceeds rapidly because
microwave quickly and selectively heats up the aqueous
solution.

Introduction

Mesoporous silica has been receiving a lot of attention.
Regularly-oriented mesopores form by a sol-gel process
using the self-assembly of organic surfactant as template
[1]. The deposited SiO, is amorphous. It’s known that the
gas adsorbability of mesoporous silica is remarkably
enhanced by the addition of other metal oxides forming
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acidic points. Among a variety of metallic elements, Ti is
famous as most effective additive to generate acidic points
in silica [2—4]. The sol-gel process using metal alkoxides is
useful to achieve homogeneous distribution of the second
component into Si—O network. There is, however, a prob-
lem in the difference of hydrolysis rate between various
starting alkoxides. The authors have studied the process
factors on formation of SiO,—TiO, mesoporous materials
from Si and Ti alkoxides, and found that the way for
homogenization is the partial hydrolysis of Si alkoxide
before the addition of Ti alkoxide [4-6]. Homogeneous
Si0,-TiO, mesoporous materials were also synthesized by
using acetylacetone as capping agent of Ti alkoxide to
inhibit the separate deposition of TiO, in the recent study.
This method is one-step process and suitable to obtain
Si0,-TiO, materials.

Because of the large surface area, the mesoporous silica
is useful as adsorbent in gas or liquid phase, and various
functions are expected by combining with other oxides for
catalytic applications. Generally, mesoporous materials
obtained by sol-gel method are glassy and have an irreg-
ular form. For application of mesoporous materials to
catalyst or support, the control of morphology is important.
In this study, we propose a novel synthesis method, so-
called microwave-emulsion method, for the synthesis of
spherical mesoporous silica.

The emulsion method is one of the effective synthesis
methods for spherical particles [7]. The W/O emulsion is
composed of oil phase as matrix and water phase in
micelle surrounded by surfactants as emulsifier. Spherical
particles are synthesized by heating of W/O emulsion
including reactants in water phase. Since the size of
droplet in W/O emulsion is decided by molar ratio of
surfactant to water and mixing, the particle size of
product can be controlled.
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The microwave technique has been extended as one of
hydrothermal processes for synthesis of fine oxide powders
[8], showing some interesting phenomena such as promo-
tion of reaction, smaller crystallite size, and so on [9-16].
Microwave is absorbed directly into solvent having large
dielectric loss like water, and enables the rapid heating
compared to a conventional heating process in which the
container is heated from the outside. The short-time reac-
tion is preferable for efficient industrial production because
the long-time reaction consumes more energy. In addition,
the most noteworthy phenomenon by microwave irradia-
tion is the selective heating of high-dielectric media,
especially water.

In the microwave-emulsion method, n-hexane was used
as oil phase, because n-hexane does not absorb microwave,
and aqueous solution including silica source and template
of mesopores as water phase. When microwave is irradi-
ated to the W/O emulsion, water phase is heated selectively
and sol-gel reaction proceeds in water phase, resulting in
formation of mesoporous silica. In addition, spherical
particles may form because of selective heating of water
phase in micelle and cooling by oil phase.

In this study, spherical mesoporous silica was synthe-
sized by the microwave-emulsion process as new
morphology control method to investigate the microwave
effect for the formation of mesoporous spheres of SiO, and
Si0,-TiO, using acetylacetone as capping agent.

Experimental procedure
Synthesis of spherical mesoporous silica

Spherical mesoporous silica was synthesized by sol-gel
method using W/O emulsion under microwave irradiation.
Figure 1 shows the flow chart for synthesis of spherical
mesoporous silica. n-Hexane was used as matrix solvent of
W/O emulsion because n-hexane does not absorb micro-
wave. First, oil phase was prepared by mixing 50 mL of n-
hexane and 10 wt.% of polyglycerol polyricinalate (PP) as
emulsifier. Water phase was prepared as follows: 2.21 mL
of Si(OC,Hs), (TEOS) was mixed with 10 mL of diluted
HCI water (pH = 2) including stearyltrimethylammonium
chloride (C;gTAC) as template at 50 °C. The composition
was set at TEOS:C;gTAC:H,O = 1:0.28:56 in mol. In
order to prepare water phase, this TEOS aqueous solution
was stirred for 1.5 h at 50 °C and then 5 mL of H,O was
added. The water phase was mixed with oil phase under
stirring, resulting in W/O emulsion. In the conventional
heating method, the W/O emulsion was put into a glass
flask equipped with a reflux condenser, and heated using a
water bath at 60 °C under stirring with a magnetic stirrer.
The microwave heating process was performed by using

the MARS5X (CEM Co.) microwave digestion system.
The maximum power of microwave could be selected to be
300, 600 or 1200 W and the power was automatically
varied from 0% to 100%, controlled according to setting
temperature or pressure. The microwave frequency was
2.45 GHz, which is the same as that in domestic micro-
wave ovens. In the microwave heating method, the reaction
was carried out in a sealed Teflon vessel under stirring with
a magnetic stirrer and the reacting temperature was set at
60 °C. After heating, the precipitate was separated by
centrifugation. The produced powder was washed with
ethanol and distilled water, and then dried at 100 °C. In
order to remove the organic residue, the dried products
were calcined at 500 °C for 4 h in air.

Synthesis of spherical mesoporous SiO,-TiO,

Si0,-TiO, mesoporous particles were prepared by adding
Ti(OC,Hs)4 (TEOT) to the water phase with TEOS and
C,sTAC. TEOT was capped with acetylacetone to control
the reactivity, because the hydrolysis rate of TEOT was
higher than that of TEOS. First, TEOT was mixed with
acetylacetone in dry N, at the ratio of TEOT to acetylac-
etone = 1:2 in mol. After stirring for 30 min, the capped
TEOT was added to the solution of TEOS, C;3TAC and
diluted HCI water (pH = 2). The composition of the TEOS
solution was the same as in the mesoporous silica forma-
tion as above (TEOS:C,3TAC:H,0=1:0.28:56 in mol). The
Ti/Si molar ratio in the composite was changed from 0.1 to
1.0. This mixture was heated at 50 °C for 1.5 h under
stirring. After then, 5 mL of H,O was added to the TEOS—
TEOT aqueous solution. The water phase was mixed with
n-hexane including PP to form W/O emulsion. The W/O
emulsion was heated at 60 °C under microwave irradiation.

Water phase

Oil phase

n-hexane

| TEOS J(C{TAC + H,0 (pH=2) |

mixing

heating, mixing | 50°C, 1.5h
mixing

W/O emulsion

0il bath or MW, 60°C

heating

| separation, washing |

500°C. 4h
—

* SEM
*« BET

Fig. 1 Flow chart for synthesis of spherical mesoporous silica
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The final product was washed, dried and calcined by the
same processes as mentioned above.

Characterization

The morphology of products was observed by scanning
electron microscopy (SEM; S-5200, Hitachi Co.). The
specific surface area and average pore size of calcined
products were determined from N, adsorption isotherm by
the BET method (Belsorp 18SP, BelJAPAN, Inc.).

Results
Synthesis of spherical mesoporous silica
Effect of microwave heating

In both synthesis methods, the same N, adsorption iso-
therm was obtained as shown in Fig. 2. The specific
surface area and average pore size were 840 m*/g and
1.64 nm, respectively, indicating that the products were
mesoporous including micropore and C3TAC worked as
template in water droplets. The SEM images of products
are shown in Fig. 3. In the microwave heating method,
spherical particles with smooth surface were observed,
whereas irregular particles with rough surface were formed
by the conventional heating method. These results indicate
that the rapid and selective heating by microwave irradia-
tion is effective to make spherical particles. When the
microwave power was set at 300, 600 and 1200 W and the
reaction time at 5 min, 30 min and 4 h, the particle mor-
phology was not changed. Even at 5 min, the spherical
mesoporous silica was formed under microwave irradia-
tion. This is due to the rapid heating by microwave.

600

400

V/(ml/g

200

0 0.5 1
P/Ps

Fig. 2 N, adsorption isotherm of product by microwave heating
method
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Fig. 3 SEM images of products by (a) conventional heating method
and (b) microwave heating method

Effect of concentration of reactants

In order to investigate the effect of concentration of reac-
tants, the amount of TEOS, additive water or n-hexane was
changed. In all cases, as-prepared W/O emulsion was sta-
ble. The SEM images of products are shown in Fig. 4.
When the amount of TEOS increased, the agglomerates of
spherical particles were observed. This result indicates that
SiO, was released from water droplets during sol-gel
reaction because much amount of SiO, formed by hydro-
lysis of TEOS. The much amount of irregular particles was
observed when the amount of additive water increased or
the amount of n-hexane decreased, meaning that the
emulsion was broken by microwave heating although
as-prepared W/O emulsion was stable.

Synthesis of spherical mesoporous SiO,—TiO,

Figure 5 shows the SEM images of products in SiO,—TiO,
system. In the SiO,-TiO, system also, the spherical mes-
oporous particles were synthesized at Ti/Si molar ratio of
0.1. At Ti/Si = 0.1, the specific surface area and average
pore size were 800 m%/g and 1.6 nm, respectively. These
results agreed with those in SiO, system, indicating that the
product in Si0,—-TiO, system was also mesoporous. When
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Fig. 4 SEM images of products TEOS: 221ml  TEOS: 4.42ml  TEOS: 221ml TEOS: 2.21ml
by microwave heating method Additive water:  Sml Additive water:  5ml Additive water:  20ml Additive water:  5Sml
at different concentration of Hexane: 50ml Hexane: 50ml Hexane: 50ml Hexane: 25ml

reactants

the amount of Ti-source increased, the particle shape ten-
ded to become irregular. This may be due to the change in
stability of W/O emulsion in the starting solution. In
addition, the specific surface area decreased as Ti/Si molar
ratio was higher than 0.1 (Fig. 6). This result suggests that
mesoporous structure was broken by increase in the amount
of Ti-source.

Fig. 5 SEM images of products in SiO,—TiO, system: (a) Ti/Si = 0.1,
(b) Ti/Si = 0.5, (¢) Ti/Si = 1.0

10pm

Discussion

In order to investigate the effect of microwave for synthesis
of spherical mesoporous silica, the change in temperature
with time under microwave irradiation was examined for n-
hexane, water, and W/O emulsion (Fig. 7). In this section,
the W/O emulsion was prepared by mixing 5 mL of water
and 50 mL of n-hexane including 10 wt.% of PP. The
maximum microwave power and temperature were set at
300 W and 60 °C, respectively. Under microwave irradi-
ation, the temperature of n-hexane did not change, whereas
that of water rapidly increased, went over 60 °C within
1 min and then settled at the temperature. These results
depend on the dielectric loss of each solvent. In the case of
W/O emulsion, the temperature went over 60 °C within
3 min and then settled. When microwave is irradiated to
W/O emulsion, water phase is selectively heated and the
temperature of water droplets may rise up over 60 °C in the
early stage. On the other hand, the elevation of temperature
in oil phase depends on thermal conduction from water

900
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Fig. 6 Change in specific surface area with Ti/Si molar ratio
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Fig. 7 Change in temperature with time under microwave irradia-
tion: (a) n-hexane, (b) water, (¢) W/O emulsion

phase because oil phase does not absorb microwave.
Therefore, the inner region of water droplets is heated
rapidly by microwave irradiation and the interfacial region
between water and oil phases is cooled by oil phase. W/O
emulsion becomes unstable with raising temperature
because the emulsifier molecules move actively on the
surface of water droplets. The cooling of the interfacial
region is useful to keep the W/O emulsion stable. In
addition, the rapid heating of water droplets enables the
short-time reaction to form rigid mesoporous structure.
This is the mechanism for the formation of spherical
mesoporous silica from W/O emulsion under microwave
irradiation.

The stability of W/O emulsion depends on the concen-
tration of reactants. When the amount of TEOS is large, the
formed SiO, tends to agglomerate. Co,HsOH forms during
hydrolysis of TEOS, and the existence of C,HsOH makes
the W/O emulsion unstable because of reduction of
hydrophobic effect of emulsifier to water phase. The molar
ratio of emulsifier to water is important to keep the stability
of W/O emulsion. This ratio decreases relatively with
increasing amount of water phase and decreasing amount
of oil phase, resulting in the formation of irregular shape
particles. The spherical shape is broken by increasing
amount of Ti-source. This is also explained by the exis-
tence of acetylacetone released from the capped Ti-source
similarly to C,HsOH released from Si-source. The specific
surface area of Si0,-TiO, system decreases with an
increase in Ti content. According to the previous work for
preparation of mesoporous SiO,-TiO, [4-6], Ti is incor-
porated into Si—O network at small Ti content, whereas
TiO, forms separately at large Ti content, leading to the
decrease in specific surface area. The stable coordination
number of oxygen is four for Si—O bonding and six for
Ti—O bonding. The difference in the coordination number
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limits the solubility of Ti—O bond into Si—O network, and
tends to form TiO, clusters. This may be the reason for
restriction of the formation of mesoporous structure.

Conclusions

In this study, spherical mesoporous SiO, and SiO,-TiO,
could be synthesized by novel synthesis method, so-called
microwave-emulsion method. When the W/O emulsion
was heated by microwave irradiation, spherical silica par-
ticles were obtained. The specific surface area and average
pore size were 840 m*/g and 1.64 nm, respectively, indi-
cating that the spherical product was mesoporous. On the
other hand, the irregular silica particles were formed by
conventional heating under the same conditions. In the
present reaction system, C;gTAC works as mesopore-
forming template in water droplets, and PP works as sur-
factant to emulsify the water phase including silica source
in oil phase. Since the dielectric constant of n-hexane is
lower than that of water, the emulsified water droplets are
selectively heated. This is the mechanism for the formation
of spherical mesoporous silica particles in the sol-gel
process under the microwave irradiation.
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