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Mesoporous T10: material was synthesized trom diblock copolymers with ethylene oxide chains via a sol-gel process
m agueons solution. The properties of these materials were characterized with several analytical techniques including
field emission scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM). wide angle X-ray
diffraction (XRD), Brunauer-Emumett-Teller (BET) analysis, and Barrett-Joyner-Halenda (BJH) analysis. The meso-

porous Ti0- materials calcined at 400°C were found to have specific surface areas 212 m’ g,

average pore sizes 6.2

nm, and their average crvstal sizes were found to be 8.2 nm. The photocatalytic activity of mesoporous TiOs was char-
acterized with IJV-Vis spectroscopy, and it was found to be 5.8 times higher than that of Degussa P25 TiO. (P25). For
deactivation of Escherichia coli, mesoporous Ti0; also has high photocatalytic inactivity than that of P23, Such a
high photocatalytic activity 1s explamed with large surface area and small crystal size with wormthole-like meso-

porous structure.
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Introduction

Titanium dioxide (TiO:) is a semiconductor with a large
band gap of 3.2 eV. which can produce the hydroxyl radical
and super oxide under UV irmadiation. " Such properties allow
their utilizations for kev materials as photocatalyst. dve-sensi-
tized solar cells (DSSCs). p110t0c11r01mc devices and environ-
mental pollution reductors.” The photocatalvtic activity of
TiO- has been considered to be determined by the crystalline
phase, crystal size. and specific surface area. To improve the
photocatalyic activity of TiO-. small size and high crystallinity
of nanoparticles have been used. Small crvstal size can lead to
quantum size effect in semiconductor. ” Due to active site
number. TiO- with a large surface area is expected to exhibit
outstanding photochemical activity,

Mesoporous TiO: has a large surface area because of its
confined porous structure and high surface to volume ratio.
and so it should in principle have high photochemical steri-
lization, because of the improved access to the active sites of
Tio-.'“"" However, much less research has been devoted to
improving the photocatalytic activation of mesoporous TiO-
compared to that invested in nonporous or commercial TiOs,
The low crystallinity of mesoporous TiOx with an amorphous
or semicrystalline framework is thought to be the main reason
for its negligible photocatalyvtic activity. Increasing the crystal-
linity through calcination at high temperatures is not expected
to be helpful because of the resulting collapse of the meso-
porous framework and the consequent loss of surface area.

In this studyv, we report the syvnthesis of mesoporous TiO;
through the sol-gel approach of titanium (IV) precursor con-
taining block copolymer in water solution. The resulting ma-
terials have the spherical morphology via aggregation of ana-
tasephase single crystalline particles with large surface area
and high crystallinity. Owing to their specific physical proper-
ties. the photocatalytic degradation of methylene blue and

photochemical sterilization of mesoporous TiO: is signifi-
cantly higher than that of P25.

Experiment

Synthesis of mesoporous TiQ,. Titanium tetraisopropoxide
(Ti(O'Pr)s. 97%. Aldrich) and the diblock copolymer surfac-
tants Lutensol AT 50 (C¢Cix fatty alcochol and 50 of PEO
units) were used without further purification. 3 g of surfactant
(1.2 mmol) was dissolved in 100 mL of distilled water. and
then 1.5 g (15.3 mmol) of concentration 95% sulfuric acid was
added. Next. titanium tetraisopropoxide (27.3 mmol) mixed
with 2.4-pentanedione (27.5 mmol) was dropped into surfac-
tant solution under magnetic stirring. The resulting solutions
were kept at 50°C for 10 h and then hydrothermal treatment
was carried out at 90°C for about 24 h. The solids in the solu-
tions were filtered out. dried in air. Finally, the material was
calcined at 400°C at a rate of 1°C min” in air

Characterization, The Field emission-gun scanning electron
microscope (FE-SEM. JEOL JSM-6330F) and transmission
electron microscope (TEM. JEOL JEM-2000EXII) was used
to determined the morphology and pore structure of the meso-
porous Ti0- particle. X-ray diffraction (XRD. MAC/Sci. MXP
I8XHF-22SRA with Cu Ko radiation) was used to survey the
crystal compositions and crystal sizes. The crystal size was
calculated with the Scherrer equation (& = AV fcosfl ). where
@ is the crystal size, X is usually taken as 0.89. % is 0.134 mm,
which is the wavelength of the X-ray radiation. f3 is the full
width at half maximum intensity (FWHM). and @ is the dif-
fraction angle of the {101} peak for anatase (28 =25.3%). The
surface area and pore size distribution was investigated with
BET and BJH analysis with a Micrometrics ASAP 2000 appa-
ratus after the samples were degassed at 200°C for 10 h. The
specific surface areas were estimated by using the Brunauer-
Emmett-Teller (BET) method. and the pore size distributions
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were determined with the Bamett-Jovner-Halenda (BJH) meth-
od by using the nitrogen desorption branches of the isotherms.

Photocatalytic degradation of methylene blue. The photo-
catalytic activity of the mesoporous TiO: sample was inves-
tigated by measuring the degradation of methylene blue (MB)
with UV-irmadiation, and compared with that of P23, Quartz
cell contained 20 mL of the aqueous 50 ppm MB solution and
20 mg of the catalyst. In order to provide sufficient UV radia-
tion. four UV-A (20W) lamps which the wavelengths range
between 320 and 400 nm were used as light sources. After 30
min stirring in dark. the solution was then irradiated under UV
light with continuous magnetic stirring. A fixed quantity of
each MB solution was taken at regular intervals during the irra-
diation time and filtered through a syringe filter to evaluate the
concentration of MB remaining in the solution. The UV-Vis
absorption spectra of the taken solutions were obtained using a
Shimadzu 2 10 1PC UV-Vis scanning spectrophotometer in the
range 300-700 nm (7uy.y.= 664 nm for methylene blue)

Photocatalytic inactivation of E-Coli. Preparation of meso-
porous TiQ= thin film: To make TiO; thin film, doctor-blade
coating system was used. In mortar. 420 uL of 2.4-pentane-
dione (0.1 M) was dropped intol.2 g of mesoporous TiO- and
mixed vigorously for 30 min until homogeneity obtained. And
then. each 500 pL of distilled water was added 3 times with
vigorously mixing. After 0.24 g of PEO (MW. 10.000) was
mixed. 0.24g of PEG (MW. 100.000) was mixed step by step.
The viscous suspension was spread onto a glass plate (3 cm x
3 cm) at room temperature using adhesive tape as a spacer to
obtain a unique film thickness. After that. the mixed solution
was coated with screen printing method.”

Culture of micro-organism: Eschrichia coli (E. coli) was
used as standard micro-organism. The initial concentration of
E. coli was ~10° cell/mL. The 0.5 mL of this solution was used
as a test inoculum.

Photocatalvtic reaction procedure: Before photocatalytic
inactivation test. the mesoporous TiO- coated sample was
washed with 70% ethanol. Then the test pieces was put under
UV light (BLB lamp. 1.0 mWcm™) to initiate the photo-
catalvtic activity. The 0.5 mL of ~10” cells/mL suspension was
dropped on the mesoporous TiO: coated sample. and the steri-
lized polvethylene film which was cut 3x5 cm was covered on
it. After UV-A irradiation (intensity is 1.0 chm':). the sam-
ple was taken at regular intervals during the illumination
period. For evaluation of inoculated bacteria. add 4.5 mL of
neuntralization solution. massage the sample. and wash the cov-
ering film sufficiently with pipette. | mL of solution was with-
drawn with pipette and diluted 10-fold serially with phosphate
buffered physiological saline. Dilution ranged from 10" to 10
is suitable. Finally 0.1 mL sample of the diluted solutions was
spread in order to count the number of colonies. The number of
colony forming units (CFUs) is determined after 24 h in-
cubation at 37°C.

Result And Discussion

SEM and TEM Images Analyses. Figure | shows the FE-
SEM and HR-TEM images of mesoporous TiO- calcined at
400°C. The morphology of synthesized material has spherical
shape and its diameter was approx. 2 pm as shown in Figure
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\ s (a), and amag-
nified FE-SEM image of a selected area of one particle (b). HR-TEM
image of mesoporous TiOs (¢), and a magnified image of nanocrystal-
hne anatase (d).
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Figure 1. FE-SEM image of synthesized mesoporou

la. Such a spherical shape of mesoporous TiO: can be ex-
pected to induce the surface tension of surfactant through
sol-gel process. To survey whether the synthesized material
has porous structure or not, the magnified FE-SEM image of
the one particle is investigated. It is observed that the dis-
cernable pore are present at the surface of mesoporous TiO-,
and the pore structure consists of a wormhole-like pore array
as shown in Figure 2b. Approx. 10 nm of numerous TiO- nano-
particles are aggregated and approx. 2 um size of mesoporous
TiO- is synthesized. The FE-SEM images also show the evi-
dence for disordered, wormhole-like framework pore structure,
To observe the pore size and its array of mesoporous TiO-.
HR-TEM images of the mesoporous TiO: were investigated as
shown in Figure lc and 1d. The observable site shows that the
pore structures are spotted with a non-ordered worm-hole like
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Figure 2. Wide angle X-ray diftraction patterns at difterent temper-
ature: as-synthesized, calcined at 400°C and P25,
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structure as shown in Figure 1¢. The pore structure is observed
at the space between TiO- nanoparticles. indicating the inter-
particle porosity is due to the mesoporosity. This result is con-
sistent with the SEM image. The pore size of mesoporous TiO2
is estimated about 6 nm. On the further magnified HR-TEM
image. aggregated numerous nanocryvstalline TiOs: nano-
particles and mesopore structures formed were shown as in
Figure 1d. The crystal phase of anatase structure is induced
and its average crvstal size is about 8 nm.

From the FE-SEM and HR-TEM analyses. the mechanism
for the formation of mesoporous TiO- can be analogized. As
can be seen from the FE-SEM and HR-TEM images. the meso-
porous TiO- probably arises from the aggregation of nano-
crystalline TiO: particles. When the titanium precursor was
dissolved in surfactant solution. TiO- nanoparticles can be
formed via hvdrolvsis and condensation of precursor, and in-
teraction with the hydrophilic PEO blocks of swrfactant mi-
celle only. At this state. the formed TiO- nanoparticles are sta-
bilized with surfactant micelle. Further hydrolysis and con-
densation of titanium precursors lead to the growth of larger
TiO- nanoparticles. which are slowly aggregated to one
another. As TiO» nanoparticles are further aggregated. the TiO-
particles become microscopic particles. and finally form mi-
crospheres as shown Figure | images. Similar aggregation of
nanoparticles leading to mesopo;ous sphere was also studied
by Zhou et a/. and Yang etal '™

XRD Analysis. To determine the TiO- crvstal composition,
wide angle X-ray diffraction patterns were measured as shovwn
in Figure 2. In case of mesoporous TiO- calcined at 400°C. the
broaden diffraction peak of anatase is observed and the crystal
size calculated by the Scherrer equation formula from anatase
peak {101} is about 8.2 nm. This result is similar with the
HR-TEM image of Figure 1d. On the other hand. the dif-
fraction peak of P25 has anatase and nutile structure. and its
crvstal size is approx 23 nm. which is similar result with refer-
ence data of P25.'"

BET and BJH Analyses, The specific surface area and po-
rosity of the mesoporous TiO- were investigated by using the
N- adsorption and desorption isotherms before and after the
calcination as shown in Figure 3. All the isotherms of samples
reveal the stepwise adsorption and desorption branch of type
[V curves, indicating the presence of mesoporous material
having a three dimensional (3D) intersection according to the
LIUPAC classification. A hysteresis loop with a stepwise ad-
sorption and desorption branch is observed at wide range of
pressure (P/P.). and the surface area of mesoporous TiO- cal-
cined at 400°C is 212 m'g”’ as shown in Figure 3a. However.
a hysteresis loop with a stepwise adsorption and desorption
branch is not observed in case of P23. The surface area is 50
m:g'] as shown in Figure 3a. This result indicates that the syn-
thesized material has wider mesoporous structure. To analysis
pore size and pore volume, the plots of the pore size dis-
tribution are investigated by desorption branch of the BJH
method as shown in Figure 3b. The average pore diameter of
mesoporous TiO- calcined at 400°C is 6.2 nm with relatively
narrow pore size distribution. The pore volume of mesoporous
TiO-is 0.4 cnr’g . However. the pore size distribution of P25
is not observed and pore volume is not also counted. Such a
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Figure 3. Nitrogen adsorption and desorption 1sotherms of meso-

porous Ti0); and Degussa P23 Ti0); (a). The pore size distributions
of mesoporous Ti0:z and P25 (b).

physical properties of large surface area and high crystallinity
with nanocrystalline aggregated is good candidate material for
high photocatalytic activity.

Photocatalytic Degiadation of Methylene Blue. The photo-
catalvtic activity of mesoporous TiO-~ was camried out by
the degradation of methyvlene blue solution under UV-irra-
diation as shown in Figure 4. That of the mesoporous TiO:
was higher than that of commercial TiO- P25, For the 400°C
calcined mesoporous TiOs. the methylene blue was almost
all degraded within 30 min under UV-irradiation. whereas
the degradation time of commercial TiO. P25 took about
60 min for 90% degradation of methylene blue. A plot of
In(C <) versus UV irmadiation time. the slops of straight
lines were represented in all materials. indicating that the
degradation rate of methylene blue followed the first order
process. The higher photocatalytic activity of mesoporous
TiO-~ can be explained in terms of its large surface area and
small crvstal size. A larger surface area is likely to result
in better photocatalvtic activity. because a larger surface
area provides more active sites. These mesoporous TiO:
materials have larger surface areas (approx. 212 m°g') than
the P23 (approx. 50 ng']). Therefore, mesoporous TiO- is
likely to have better photocatalytic activity than the P25.
Another factor that influences photocatalytic activity is
crystal size. [t is commonly accepted that a smaller crystal
size corresponds to more powerful redox ability because
smaller crystal induce a larger band gap due to the quan-
tum size effect. which arises due to a dramatic reduction
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Figure 4. The relative concentrations of methylene blue (MB) as
functions of UV iradiation time in the presence of mesoporous Ti0;
and P23,
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Figure 5. The concentrations of £ colf as tunctions of UV irradiation
time in the presence of mesoporous TiO: and P25,

in the number of free electrons. Since the mesoporous TiO:
was formed by the aggregation of nanocrystalline anatase with
a smaller crvstal size (approx. 8.2 nm) than that of P23 (approx.
25 nmy. its photocatalytic activity is better.

Photocatalytic Inactivation of E-celi Disinfection. The per-
formance of mesoporous TiO- as a photocatalyst is demon-
strated using a Film adhesion method in a recirculating air ex-
perimental facility. Escherichia coli was used as index to de-
monstrate the disinfection efficiency of the photocatalysis
process. Antibacterial activity is measured by quantifving the
survival of bacterial cells which have been held in intimate
contact for 60 min at RT with a surface containing a meso-
porous TiO- or P25. The antibacterial effect is measured by
comparing the survival of bacteria on a TiO- coated surface
with that achieved on an uncoated surface. Figure 3 shows that
of mesoporous TiO- coated surface. P25 coated surface. and
uncoated surface under UV-A immadiation. At same photo-
catalytic degradation experiment of methylene blue. a rela-
tively high rate of bacterial inactivation was observed for
mesoporous TiO- coated sample. whereas a relatively low rate
of bacterial inactivation was observed for P25 coated sample.
When the bacteria were exposed to TiO: in the dark no reduc-
tion in viable counts was observed. In the case of the P25 sam

Fun-Young Kini et al.

ple. the efficacy of £. cofi mmactivation reached 48% 1n 90 nun.
However. in the case of the mesoporous TiO: coated sample.
the E. coli bacteria cells were inactivated completely (approx.
98.5%) within 30 nun of UV irradiation. These results indicate
that the mesoporous TiO- has high photocatalytic activity of
methylene blue degradation as well as bacteria disinfection.
Such high photocatalytic disinfection also is explained due to
the large surface area and small cryvstal size of mesoporous
TiO.. The bacteria were contacted with large surface area of
mesoporous TiO: and easily contact the OH radical induced
UV-A irradiation, and consequently high reduction in bacterial
number was observed. Furthermore, the small crystal size and
high crystallinity of mesoporous TiO- give more chance to
make high concentration of OH radical on the TiO» coated
sample. Therefore, the photocatalytic disinfection of meso-
porous TiO- has higher than that of P23.

Conclusion

This study has shown that mesoporous TiO- can be success-
fully svnthesized with a sol-gel approach from a mixture of a
block copolvmer and a titanium precursor in aqueous solution.
430 °C calcined sample was approx. 2 . surface area : 212
mg’ . pore size - 6.2 nm._ and crystal size : 8 2 nm. The meso-
porous TiO- was found to exhibit higher photocatalytic activi-
ties in the degradations of methylene blue than the P25, in-
dicating that the mesoporous TiO- can be effectively used in
photocatalysis. In addition, the photocatalytic disinfection of
bacteria also has higher reduction that nonporous Ti(» sample.
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