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We have studied the changes in the adsorption characteristics of mesoporous silicate (SBA-15) for benzene
and toluene that are caused by using different calcination temperatures (Tc ¼ 773 to 1173 K) in the synthesis
process. We found that SBA-15 calcined at 773 K shows an extremely high benzene selectivity, especially in
the low pressure region, while SBA-15 treated at higher Tc shows lower selectivity. In order to analyze the
benzene selective mechanism, we studied the structures of the SBA-15 series, including their meso- and
microporosity in detail. We found that the BET surface area (SBET) and the peak position of the mesopore
diameter (2Rp) decreased, the peak position of the micropore diameter (2rp) increased, and the 2rp
distribution became broader with increasing Tc. Among above factors, we conclude that the size and the
distribution of 2rp are the most important to achieve a high benzene selectivity.

Introduction

Ordered mesoporous materials have attracted considerable
interest because of their great potential for wide-ranging
applications in catalysis,1–3 catalytic supports,4 sensors,5 ad-
sorbents,6 batteries and fuel cells7 and nanosize patterning.8

Beck et al. have synthesized novel ordered mesoporous silicates
by using a commercially obtained triblock copolymer, a star
diblock copolymer, and oligomeric surfactants as template
agents to obtain several different porous structures.9 The tri-
block templatie has advantages for the preparation of periodic
porous structured materials with larger pores (2–50 nm),
compared with zeolites or ionic surfactant templated mesopor-
ous silicates such as MCM-41, for the incorporation of mole-
cules or functional groups into the pores. These polymer
templated ordered silicates were synthesized in various forms:
powders,9,10 thin films,11–16 fibres,17 rods,18 monoliths,19

spheres,20,21 and other forms,22,23 as were ionic surfactant
templated mesoporous silicates. Among the ordered mesopor-
ous silicate family, hexagonally ordered SBA-15, which is
synthesised by using the triblock copolymer EO20-PO70-EO20

(P123) as a templating agent, is currently the most prominent
due to its stability under the synthesis conditions.

The most significant property of mesoporous silicates is their
uniform porosity because the utility of porous materials is
largely due to the structure and size of their pores. We have
developed a microfluidic gas sensor to detect and identify some
environmental pollutant gases, namely, benzene, toluene and
xylene (BTX), by employing SBA-15 as a gas adsorbent. We
succeeded to take advantage of SBA-15 in our sensor because
we found that the device response can be controlled by using
the structural differences of the pores of the adsorbents.24

The pore sizes of porous materials are classified into three
categories in the IUPAC definition:25 micropore (pore dia-
meter B0.5–2 nm), mesopore (2–50 nm) and macropore (450
nm). The pore size of the mesopores in SBA-15 has been well-

studied by different techniques,26 while its microporous struc-
ture is a subject of current interest.27–29 Ryoo et al. found
evidence for the presence of micropores by nitrogen adsorption
analysis on some calcined SBA-15 and the connectivity of the
ordered mesopores by analysing its inverse platinum replicas.30

Other studies showed that the mesopore size of SBA-15
depends on the synthesis conditions and calcination tempera-
ture. SBA-15 that is synthesised at lower temperatures or
calcined at higher temperatures has smaller size mesopores.31

Galarneau et al. reported that when the synthesis temperature
of SBA-15 is higher than 80 1C, the mesopore size increases and
the wall thickness (that is, the length of the micropore cylinder
that connects the mesopore cylinders) decreases. They also
reported the collapse of ‘‘ultramicroporosity’’, which they
defined as pores that are smaller than 1 nm in diameter.29

However, the micropore size dependence on the calcination
temperature has not yet been studied.
In this paper, we first report the changes in the adsorption

characteristics for benzene and toluene of SBA-15 prepared
using different calcination temperatures in the synthesis pro-
cess. We found that one of the SBA-15 samples showed a high
benzene selectivity. We successfully explain the benzene selec-
tive mechanism by studying the structures of the SBA-15 series,
including the meso- and microporosity, in detail.

Experimental

SBA-15 was prepared as follows using a method almost
identical to the previously published technique.24 We dissolved
P123 (BASF Corporation, Pluronic P123, Mw = 5750) in a
dilute HCl aqueous solution while stirring it at 313 K. We then
added a silica precursor, tetraethyl orthosilicate (TEOS), to the
above solution also while stirring it at 313 K. The mole ratio
of the chemicals used was 1TEOS : 0.017 P123 : 5.7HCl :
193H2O. We thus obtained a precipitated product that ap-
peared in the solution mixture. We aged the precipitated
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product in the solution mixture at 353 K for 1 day, filtered it
from the solution, rinsed it with water, and then air-dried it at
room temperature. Finally, we calcined the dried, precipitated
product by slowly increasing the temperature from room
temperature to Tc (773, 823, 873, 923, 973, 1073, 1173 and
1273 K) over a period of 8 h, and then kept it at the chosen Tc

for 6 h. After this we decreased the temperature from Tc to 373
K over 8 h, then allowed the product to cool naturally from
373 K to room temperature. Here we denote the obtained
sample with Tc as a suffix: that is SBA-15-773, -823, -873, -923,
-973, -1073, -1173 and -1273.

We measured benzene, toluene, and nitrogen adsorption-
desorption isotherms of each SBA-15 sample by means of a
Belsorp plus 18 (BEL Japan, Inc.). We degassed the liquid
adsorbates prior to the measurements. We heated each sample
for 6 h at 723 K under a pressure of around 10 Pa prior to each
measurement. The adsorption-desorption temperature was
293 K (benzene and toluene) or 77 K (nitrogen).

We measured the powder X-ray diffraction (XRD) patterns
and the transmittance electron microscope (TEM) images by
means of RU-200B (Rigaku Denki) and HF-2000 (Hitachi)
operating at 200 keV, respectively. We measured the positron
annihilation spectra with a positron annihilation lifetime spec-
trometer located at AIST, Japan. The positron source and the
detector we used were 22NaCl (about 1.85 MBq) and a plastic
scintillator combined with a photomultiplier, respectively. The
data were analysed using the maximum entropy lifetime ana-
lysis (MELT) computer program.31–33 We calculated the
average of two measurements.

Results and discussion

Effect of calcination temperature on benzene and toluene

adsorption characteristics

The left panel of Fig. 1 shows nitrogen adsorption-desorption
isotherms of SBA-15-773, -823, -923, -973, -1073 and -1173.
We note that the results are consistent with the results of Ryoo
et al.34,35 We observe type IV physisorption curves that exhibit
an H1 type hysteresis loop for all the samples. These hysteresis
loops express the particular hysteresis of the capillary conden-
sation due to the mesoporous structure.36 The shape of the
curve is similar for all samples except for SBA-15-1173. The
hysteresis is observed at P/Po B0.6 to B0.7 except for SBA-
15-1173. This shows that the pore structure may significantly
change due to the calcination when Tc is high. We were not

able to obtain any reliable results in the nitrogen isothermal
measurements of SBA-15-1273 (not shown) because of thermal
deterioration of the sample.
The centre and right panels of Fig. 1 show the benzene and

toluene adsorption-desorption isotherms of SBA-15-773, -823,
-923, -973, -1073 and -1173. The x axis is on a logarithm scale
in order to examine the low pressure region in detail. In the
P/Po 4 0.1 region, both isotherm curves are qualitatively
similar to each other. In the results for SBA-15-773, we find
that the volume of adsorbed toluene (Vt) decreases steeply in
the P/Poo 0.1 region while that of benzene (Vb) does not. Fig. 2
plots Vb/Vt at P/Po = 0.03, 0.05 and 0.1. We see that only
SBA-15-773 shows a high benzene selectivity, while SBA-15-
1173 shows a value larger than 1.0. However, the absolute
adsorbed volume is small with this sample and thus the
selectivity may be uncertain. The selectivity is larger in the
lower pressure region and it drops to 1 when P/Po is increased
to 0.1. This result is consisted with our previous study.37

Fig. 1 Adsorption-desorption isotherms for nitrogen (left), benzene (centre) and toluene (right) of SBA-15-773, SBA-15-823, SBA-15-873,
SBA-15-923, SBA-15-973, SBA-15-1073 and SBA-15-1173. Adsorption (filled symbols) and desorption (open symbols) points are overlaid.

Fig. 2 Vb/Vt at P/Po = 0.03 (K), 0.05 (n) and 0.1 (&). We used the
values calculated by interpolation by using the measured Vb and Vt

around the 0.03 to 0.1 P/Po region.
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However, the difference in adsorbed volumes between benzene
and toluene is not significantly large, even in the small P/Po

region, with SBA-15 other than SBA-15-773. This indicates
that only SBA-15-773 shows a high benzene selectivity over
toluene. In order to analyse the mechanism of the benzene
selectivity, we carried out a detailed study of the structure of
each SBA-15 sample, including its meso- and microporosities.

Effect of calcination temperature on meso- and micropore sizes

Fig. 3 plots the specific surface areas (SBET) calculated by using
the Brunauer–Emmett–Teller (BET) method. We used a value

of 0.162 nm2 for the molecular area of nitrogen38 in the
calculations. We repeated the isothermal measurements at least
twice on the same sample to confirm the reproducibility of the
data. The errors are shown as bars on the plot. We found that
SBET decreases with increasing Tc. We then studied the poros-
ity change with Tc to describe the changes in SBET.
Fig. 4 shows the powder XRD patterns of SBA-15-773 and

SBA-15-1073. The strongest 2y peaks are observed at 1.0241
and 1.0921; thus, the average distance between the centres of
the mesopores (2L) was calculated to be 8.6 and 8.1 nm for
SBA-15-773 and SBA-15-1073, respectively. The intensity of
the peak that corresponds to the (200) reflection is stronger
than that of (110). This may be explained by the secondary
reflection of (100) falling at a similar angle as that of the (200)
peak.
Fig. 5 shows TEM images of SBA-15-773 and SBA-15-1073.

Both images clearly show cross sections of the honeycomb-like
hexagonal structure of the mesopores of SBA-15. The 2L
values determined from the Fourier transform of the TEM

Fig. 3 SBET dependence on Tc calculated by using the BET method.

Fig. 4 XRD patterns of (a) SBA-15-773 and (b) SBA-15-1073.

Fig. 5 TEM images of cross section of SBA-15-773 (upper) and
SBA-15-1073 (lower).
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images are about 8.2 nm for each sample. However, we have
found that electron beam exposure during TEM image mea-
surements can change the pore structure by about o10% and
we thus consider that the 2L values calculated from the XRD
patterns are more accurate. For the same reason, we cannot
discuss the mesopore size difference by using TEM images
although the mesopore size of SBA-15-773 is observed to be
slightly larger than that of SBA-15-1073.

Fig. 6 plots the Tc dependence of 2Rp and 2rp calculated
from the nitrogen isotherms by the Dollimore–Heal (DH)
method39 and from positron annihilation spectra, respectively.
The standard isotherm was determined for a non-porous
sample of SiO2.

39 The peak position of 2Rp of SBA-15
decreases with higher Tc (about 6 and 4 nm for SBA-15-773
and -1173, respectively). However, the distribution of 2Rp

remains as narrow as that of SBA-15-773 (�0.5 nm), indicating
that the mesopore structure is not destroyed with high Tc. This
correlates well with what we have observed in the TEM images.
In contrast, the peak position of 2rp increases with Tc (about
0.6 and 1.1 nm for SBA-15-773 and -1173, respectively). More-
over, we found that the distribution of 2rp of SBA-15-1073 is
much wider than that of SBA-15-773 (Fig. 7). The peak
position of 2rp shifts to larger values of the pore size, whereas
small size pores are also formed with high Tc.

In our previous study, we found that a slight enlargement of
the micropores of SBA-15 by an acid treatment leads to
significant loss of benzene selectivity.37 However, this previous
result still allows the possibility that the inner surface is
changed by the acid treatment, in addition to the size increase.
In contrast, as the present experiment does not change the
inner surface structure of SBA-15, the small shift of 2rp to
larger values or the slight broadening of the 2rp distribution of
SBA-15 upon increasing Tc may lead to a significant loss in
benzene selectivity. We conclude that the main mechanism for
the high benzene selectivity of SBA-15-773 can be explained by
its uniform 2rp pore size, which is suitable only for the benzene
molecule but not for larger toluene molecule. The benzene
selectivity disappears upon enlargement of the micropores with
higher Tc; the critical 2rp size is about 0.6 nm. These results
indicate that fine control of the microporosity is important to
achieve control of the gas adsorption properties.

We should also consider that other non-bonding effects such
as van der Waals interactions may play a role in discriminating
between benzene and toluene.

We can also point out that controlling Tc is a rather simple
and useful method to control the pore size of SBA-15. There-

fore, we can obtain the desired benzene selective material by
careful control of the calcination temperature of SBA-15.

Conclusion

We found that the selectivity for benzene over toluene can be
controlled by carefully choosing the calcination temperature of
SBA-15. We studied the structure of a series of SBA-15
samples calcined at different temperatures, including the per-
iodic structure and meso- and microporosities, and found that
the peak position of 2Rp decreases while that of 2rp increases
with higher Tc. The distribution of 2Rp is not significantly
changed by Tc while that of 2rp changes greatly and becomes
broader with higher Tc. We conclude that the main mechanism
for the high benzene selectivity of SBA-15-773 can be explained
by its uniform 2rp pore size that is suitable only for the benzene
molecule but not for the larger toluene molecule. The critical
2rp value is about 0.6 nm. By precisely controlling the micro-
pore structure, we may obtain ideal porous materials that show
an excellent selectivity for certain aromatic hydrocarbon gases.
Further studies are required to determine if non-bonding
effects such as van der Waals interactions may play a role in
discriminating between benzene and toluene.
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