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1. INTRODUCTION

Well ordered porous materials have been becoming
increasingly important in various fields, particularly as
catalysts, for adsorption, separation and as electrodes for
battery or supercapacitor, due to their large surface area
and ability to interact with atoms, ions, and molecules.
MCM-41 and SBA-15 have generally been used as typical
well ordered mesoporous materials, since they were
reported by the Beck group [1, 2] and Stucky group [3].
These materials have very narrow pore size distributions
and high surface areas, and can be synthesized using the
self-assembly properties of surfactants or supramolecules. 

Well ordered meso/macroporous materials have been
studied by various researchers [4-7], because the biporous
materials have the multiple benefits of high surface area, as
a consequence of their mesopore size regime, and easy
access to active sites, derived from their macropore size
regime. 

Herein, meso/macroporous materials having mesopores

in the walls of macropores were synthesized by a dual
templating method, as shown in Fig. 1. Two types of
mesoporous materials, MCM-41 and SBA-15, were
studied, and macropore size was controlled by adjusting
the polystyrene (PS) bead size. The effect of the existing
macropore was researched by analyzing the adsorption and
desorption properties of volatile organic compounds
(VOCs) such as toluene and p-xylene.

2. EXPERIMENTAL

PS beads for macropore template were prepared by
emulsifier-free emulsion polymerization [8]. Styrene
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Fig. 1. Schematic diagram of dual templating method and
structure of meso/macroporous materials.
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monomer in a solution of initiator (K2S2O8) and deionized
water was polymerized under a nitrogen atmosphere for 24
hours at 70°C. PS beads were assembled by ice-
crystallization. The beads were recovered by filtration, and
dried under vacuum at 60°C for 24 hours. 

Biporous silicates with mesopores and macropores were
synthesized by a dual-templating method [7]. Mesophase
for meso/macroporous MCM-41 was prepared according
to the process described by Ryoo et al. [9]. PS beads (SiO2 :
PS bead = 1 : 2, weight ratio) were added into the
surfactant (cetyltrimethylammoniumchloride) solution at
60°C, and then 9 wt% sodium silicate solution (silica
source) was added dropwise into the mixture. After
vigorous stirring for 1 hr, the mixture was aged at 100°C
for 2 days and adjusted to pH 10 at room temperature. This
process of pH adjustment was repeated twice. The
precipitate was filtered, dried at 100 °C, and calcined at
550 °C for 5 hr.

For the synthesis of meso/macroporous SBA-15, the
mother liquor for SBA-15 mesophase was prepared based
on the procedures reported by the Stucky group [10].
Pluronic 123 (EO20PO70EO20), amphiphilic block
copolymer, was dissolved in 1.6 M HCl solution with
vigorous stirring, and then PS beads (SiO2 : PS bead = 1 :
2, weight ratio) were added into the mixture with vigorous
stirring at room temperature. Tetraethylorthosilicate (silica
source) was added to the tri-block copolymer solution and
stirred for 1 hr at 35 °C. Sol-gel reaction was carried out at
35 °C for 24 hr and sequentially at 100 °C for 12 hr. The
precipitate was filtered, dried at 80 °C, and calcined at
550 °C for 5 hr. 

0.2 g of an adsorbent (meso/macroporous MCM-41 and
SBA-15) was applied for the adsorption of 1000 ppm VOC
molecules such as toluene and p-xylene with 50 cm3/min of
feed flow rate at 35 °C, and then temperature programmed
desorption (TPD) of the adsorbate (VOC molecules) was
run from 35 °C to 300°C at a heating rate of 10 °C/min.

3. RESULTS AND DISCUSSIONS

Two kinds of monodispersed PS beads as a macropore
template, PS1 (250 nm) and PS2 (500 nm), were prepared
by ice-crystallization as shown in Fig. 2 (a)-(d). The PS
bead size generally depends on the ratio of water/styrene
monomer and the amount of initiator (K2S2O8). The bigger
size of PS beads was normally observed by decreasing the
initiator concentration and by increasing the amount of

styrene monomer. Silica sol solution with surfactant as a
mesopore template passed through the PS beads array as a
macropore template by capillary force, and the sol-gel
reaction was completed by heat treatment. After
calcination, the dual pore size structure consisting of
mesopores in the walls of macropores was obtained, as
shown in Fig. 3. The size of mesopore of MCM-
41(1:2)PS1 and MCM-41(1:2)PS2 was about 3 nm, and
the macropore size of these matarials was about 250 nm
and 500 nm, respectively. SBA-15(1:2)PS1 and SBA-
15(1:2)PS2 had a bigger mesopore size (about 5 nm) than
MCM-41, and the macropore size of these matarials was
about 250 nm and 500 nm, respectively. The BET surface
area of MCM-41(1:2)PS1 and MCM-41(1:2)PS2 was
1398 m2/g and 1349 m2/g, respectively, similar to the 1358
m2/g for MCM-41. The BET surface area of SBA-
15(1:2)PS1 and SBA-15(1:2)PS2 was 793 m2/g and 828
m2/g, respectively, similar to the 861 m2/g for SBA-15.
These results seem to support the maintenance of the
mesopore structure regardless of the existence of
macropores.

Fig. 2. SEM images of (a) and (c) PS1 (250 nm), (b) and (d) PS2
(500 nm), (e) MCM-41(1:2)PS1, (f) MCM-41(1:2)PS2, (g)
SBA-15(1:2)PS1, and (h) SBA-15(1:2)PS2.
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The macropore structure reversely replicated the
structure of the highly ordered PS beads, as shown in Fig. 2
(e)-(h). The bigger the PS bead that was used as a
macropore template, the largger the pore size that was

observed. Although MCM-41(1:2)PS1 and MCM-
41(1:2)PS2 showed extact imprints of the PS beads array,
the morphology of SBA-15(1:2)PS1 and SBA-15(1:2)PS2
was slightly different. That is because an inherent unique
structure of SBA-15 still remained regardless of presence
of macropores, as shown in Fig. 4. The crystallinity of the
PS beads array had to undergo the influences of combined
forces such as electrostatic and hydrogen-bonding
interaction, to form the unique morphology of SBA-15,
and then the macropore structures of biporous SBA-15
were not well ordered and had a different morphology
compared with biporous MCM-41. 

The breakthrough curves for the adsorption and TPD
(Temperature Programmed Desorption) curves of toluene
and p-xylene over biporous MCM-41 and SBA-15 with
different macropore size were observed, as shown in Fig. 5.
In the case of the adsorption and desorption of small VOC
molecules (toluene) over meso/macroporous MCM-41,
although the total amount of adsorption was similar to pure
MCM-41, a steeper slope of the breakthrough curve and a
desorption peak at a lower temperature were observed with
increasing macropore size. These results seem to
demonstrate that the adsorption capacity was provided
mainly by the mesopores, and the macropores provided
easy accessibility for the adsorbate. The adsorption

Fig. 3. TEM images of mesopores in the macropore wall of (a)
MCM-41(1:2)PS1, (b) MCM-41(1:2)PS2, (c) SBA-
15(1:2)PS1, and (d) SBA-15(1:2)PS2.

Fig. 5. Breakthrough curve of toluene and p-xylene at 50
STPcm3/min at 35 °C and TPD curve of toluene and p-
xylene for meso/macroporous MCM-41 and SBA-15.

Fig. 4. SEM images of (a) SBA-15 and (b) SBA-15 with 500 nm
macropores.
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dynamics of small VOC molecules (toluene) over
meso/macroporous SBA-15 was similar to those over pure
SBA-15. This is because the mesopore size of SBA-15
(about 5 nm) was bigger than that of MCM-41 (about 3
nm), and small VOC molecules (toluene) seem to move
easily through the mesopore of SBA-15. However, when
bulky VOC molecules (p-xylene) were adsorbed over
meso/macroporous SBA-15, with increasing macropore
size, the slope of the breakthrough curve was slightly
steeper, and the TPD curve was also shifted to a lower
temperature region. These results seem to suggest that the
mass transter of an adsorbate, especially a bulky adsorbate,
was improved by the existence of the macropore structure.

4. CONCLUSIONS

Highly ordered porous materials having mesopores in
the walls of macropores were synthesized by the dual
templating method. Meso/macroporous materials with
different mesopore size (about 3 nm (MCM-41) and 5 nm
(SBA-15)) were prepared, and macropore size (about 250
nm (PS1) and 500 nm (PS2)) was controlled by adjusting
PS beads size. In the case of the adsorption and desorption
of small VOC molecules (toluene), although the
meso/macroporous MCM-41 with smaller mesopore size
showed improved results, the adsorption dynamics over
meso/macroporous SBA-15 with larger mesopore size
were not improved, since there were no problems of
movement through the larger mesopore. However, the
adsorption dynamics of bulky VOC molecules (p-xylene)
over meso/macroporous SBA-15 were drastically
improved by increasing the macropore size; it exhibited a
steeper slope of the breakthrough curve and a shift of the
peak of the TPD curve to a lower temperature region.
These results seem to support the conclusion that the
adsorption capacity was mainly influenced by the
mesopores, and the macropores provided easy accessibility
for the adsorbate.
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