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ABSTRACT: TiO, monoliths were prepared, characterized,
and evaluated for photocatalytic performance. The TiO,
monoliths were found to have an interconnected void lattice
and a bimodal porous structure with macropores and
mesopores after calcination at 500—700 °C. Monoliths
calcined at 500 °C had high specific surface area (93.1 m?/
g) and porosity (68%), which were maintained after
calcination at 700—1100 °C (51—46%). The calcined
monoliths had relatively high Vickers hardness (~104) despite
their porous structure. Monoliths calcined at 500 and 700 °C exhibited high performance for methylene blue decolorization
because of their high specific surface area.
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A variety of chemical substances entering the water the small particle size of the powder means that a micro-
environment are giving cause for concern. Various filtration step is necessary for catalyst recovery from the
contaminants such as dyes, detergents, pesticides, organo- suspension after reaction, a difficult and laborious procedure.
chlorines, and aromatic hydrocarbons have been detected, and Moreover, inorganic powders frequently cause secondary
a number of these are suspected of being endocrine disrupting pollution, which has hampered their practical application.
chemicals.'~® Among a number of water remediation methods, To preclude the problem of TiO, particle separation from
the photocatalytic oxidation of organic contaminants by wastewater, researchers have taken many approaches immobi-
titanium dioxide (TiO,) has attracted much attention as a lize TiO, photocatalysts on various supporting matrices, such as
promising chemical procedure for environmental cleanup, and ceramic foam, metal foam, zeolite, sand, glass media, and resins,
as an environmentally friendly method because it is able to among others.”’ ' However, typical preparation procedures
decompose almost all organic contaminants with only photo- require coating, soaking, precipitating, or spinning methods,
energy.7_l3 The oxidative decomposition of organic contam- which increases the preparation steps, and an intermediate layer
inants is mediated by holes photogenerated on the TiO, between TiO, and the supporting matrix to bind them.
surface, which occur upon the absorption of UV light, and by Furthermore, the immobilized TiO, has less reactive surface
a series of radical reactions initiated by active oxygen species area where it contacts with organic contaminants, leading to
such as hydroxyl radicals and superoxide ions."*">* Thus, TiO, low photocatalytic performance. The immobilized TiO, may
photocatalysis is effective for the degradation of a wide range of also be detached from the supporting matrix over long periods
organic contaminants in water. Furthermore, TiO, has chemical of operation, causing decreasing photocatalytic performance
stability, long durability, nontoxicity, low cost, and transparency and secondary pollution.
to visible light, which makes it preferential for practical To solve the above problems, self-supported porous TiO,
applications. framework monolithic materials are candidates for water
Typically, oxidative decomposition of organic contaminants remediation.”” These have a high effective surface area because
in water is performed by simple mixing of TiO, powder into
the water.”® This is an effective method because TiO, Received: November 10, 2012
effectively contacts organic contaminants and absorbs light, Accepted: January 9, 2013
leading to a high rate for the photocatalytic reaction. However, Published: January 17, 2013
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of their pores, which is an advantage for water remediation.
Furthermore, the utilization of TiO, monoliths avoids the need
to coat the TiO, particles onto supporting matrices, which
suffer from the detachment of TiO, particles. In addition, with
such monoliths the separation of TiO, particles from
wastewater is also unnecessary. However, porous materials
are typically fragile, which has hampered their practical use for
long periods.

In this work, we have prepared self-supported robust TiO,
monoliths with porous structures, and evaluated their photo-
catalytic performance using the decolorization of methylene
blue.

TiO, monoliths were prepared as follows: titanium
tetraisopropoxide (2.9 g, 10 mmol) was mixed with hydro-
chloric acid (529 L, 6 mmol, 35 wt %), followed by stirring for
4 min in an ice-bath. Then, the solution was added to an
aqueous solution (374 uL) containing polyethylene glycol
(PEG, 93.4 mg, 9.34 pmol, average M,, 10 000), and N-methyl
formamide (NFA, 400 uL, 6.85 mmol) and stirred for a further
4 min. The solution was transferred to a Teflon-lined stainless
steel vessel (25 mL), which was then heated at 60 °C for 24 h
in an oven. The temperature then was increased to 200 °C and
held for a further 24 h. After cooling, a white block was
obtained and subsequently immersed in 1-propanol for 24 h to
remove excess starting chemicals. The white block was dried in
air for 1—3 weeks in a plastic box to avoid cracking caused by
rapid drying, and then calcined at varying temperatures (S00—
1100 °C) for S h in air with a ramp rate of 1 °C/min. In the
case of the samples calcined at 1300 and 1500 °C, the samples
were first calcined at 1100 °C for 5 h with a ramp rate of 1 °C/
min, cooled to room temperature, and then reheated to 1300
and 1500 °C, respectively, for 5 h with a ramp rate of 7 °C/
min. For reference, P25 sample was prepared the press of P2S
powder under high pressure in holder (cylinder shape, size: 10
X 2.0 mm, adjusted by cutting) and then calcined at 700 °C for
16.7 h.

Photocatalytic performance was evaluated using the follow-
ing procedure: TiO, monoliths (cylinder shape, size: 10 X 2.0
mm, adjusted by cutting) were immersed in water containing
methylene blue (1 X 1075 M) for 120 h until it reached
adsorption equilibrium. The methylene blue adsorbed TiO,
monoliths were then dried and again soaked in water
containing methylene blue (1 X 107> M) and illuminated
with UV light (1 mW/cm?). The concentration of methylene
blue in the solution was monitored by the methylene blue
absorption maximum at around 663 nm in its UV—vis
absorption spectrum.

X-ray diffraction (XRD) patterns of the samples after
calcination at different temperature are presented in Figure 1.
The pattern of the sample calcined at 500 °C has peaks
consistent with the anatase phase at 20 = 25.1, 37.8, 47.7, 53.8,
and 55.2° that can be indexed to the (101), (004), (200),
(105), and (211) crystal faces of anatase TiO,, respectively. In
contrast, samples calcined above 700 °C contained rutile phase
TiO,, exhibiting peaks at 20 = 27.5, 36.2, 39.3, 41.4, 44.1, 54.4,
and 56.7° that can be indexed to the (110), (101), (200),
(111), (210), (211), and (220) crystal faces of rutile TiO,,
respectively. The sharp peaks of the samples calcined above 700
°C indicated better crystallinity.

Figure 2 shows scanning electron microscope (SEM) images
of the samples after calcination. An interconnected void lattice
monolithic structure was observed after calcination at 500—
1100 °C, as seen before calcination (see Figure 1S in the
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Figure 1. XRD patterns of samples calcined at (a) 500, (b) 700, (c)
900, (d) 1100, (e) 1300, and (f) 1500 °C.

Figure 2. SEM images of samples calcined at (a) 500, (b) 700, (c)
900, (d) 1100, (e) 1300, and (f) 1500 °C.

Supporting Information). During calcination at 1300 °C, the
framework of the TiO, monolith became aggregated and the
voids had shrunk, which caused the whole monolith structure
to collapse. At the higher calcination temperature of 1500 °C,
the voids had largely disappeared and formed large aggregated
crystals. Note that typically, pores disappear at high temper-
atures such as 1100 °C, but the present porous structure still
remained after calcination even at 1100 °C, which is
advantageous to photocatalytic reaction (see below).

The detailed structures of the frameworks of the TiO,
monoliths were further examined by field-emission scanning
electron microscopy (FE-SEM), as shown in Figure 3. After
calcination at 500 °C, the TiO, monolith framework had a
porous structure consisting of small particles with an average
diameter of 23.1 nm. The average size of the particles increased
to 119 nm after calcination at 700 °C, and framework had a
porous structure with slightly larger pores than those of the
sample calcined at 500 °C. After calcination at 900 and 1100
°C, the frameworks consisted of large crystals and were densely
assembled and without pores. These changes of particle and
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Figure 3. FE-SEM images of samples calcined at (a) 500, (b) 700, (c)
900, and (d) 1100 °C.

pore size were expected to affect porosity distribution and
photocatalytic water purification activity (see below).

Figure 4 shows mercury intrusion porosimetry plots for the
TiO, monoliths after calcination at 500—1500 °C. The TiO,
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Figure 4. Mercury intrusion porosimetry plots (logarithmic scale on x-

axis) of differential pore volume vs pore diameter for samples calcined
at (a) 500, (b) 700, (c) 900, (d) 1100, (e) 1300, and (f) 1500 °C.

monoliths calcined at 500—1100 °C had macropores of around
1 pm in size, as observed in their SEM images. After calcination
at 1300 and 1500 °C, the macropores disappeared because
sintering collapsed the monolith structures, as confirmed by the
SEM images. Furthermore, samples calcined at 500 and 700 °C
had mesopores of around 10 and 30 nm in size, respectively.
These originated from inside the framework of the TiO,
monoliths, as observed in FE-SEM images (Figure 2). The
mesopores disappeared at temperatures above 900 °C because
of sintering, allowing the observed dense packing of TiO,
crystals.

Figure Sa shows plots of specific surface areas and porosities
for the samples after calcination at 500—1500 °C. The sample
calcined at 500 °C had high specific surface area (93.1 m*/g)
and porosity (68%), attributed to the combination of
mesopores inside the TiO, monolith framework and macro-
pores in the monolith structure. The specific surface area was
significantly decreased, to 6.47 m?/g, after calcination at 700 °C
due to sintering of the TiO, particles inside the monolith
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Figure 5. Plots of specific surface areas and porosities for samples
calcined at 500—1500 °C.

framework. Further increase of calcination temperature
decreased the specific surface area to below 0.01 m’/g after
calcination at 1500 °C, as the voids greatly disappeared and
large aggregated crystals formed. Porosity also decreased but
maintained a high value (46—51%) after calcination at 700—
1100 °C. However, it significantly decreased above 1300 °C
because of the disappearance of macropores (<1% at 1500 °C).

Decrease in specific surface area and porosity caused
shrinkage of the bulk size of the samples. Figure Sb shows
plots of sample sizes. After calcination at 500 °C, the size of the
sample decreased to 84% because of the removal of organic
species, solvent evaporation, and crystallization. The size of the
sample was significantly decreased after calcination at 700 °C,
because of a decrease in the number of mesopores, as observed
by FE-SEM and porosimetry measurements. After calcination
above 900 °C, the volume of the sample continuously
decreased due to sintering of the TiO, crystals. Above 1300
°C, the size of the sample was again significantly decreased by
the disappearance of macropores.

The TiO, monoliths had high hardness after calcination.
Figure 6 shows the Vickers hardness of the samples before and
after calcination. Before calcination, the Vickers hardness of the
monolith was only 2.6, and it slightly increased to 8.5 after
calcination at 500 °C. However, further calcination significantly
increased the Vickers hardness to 62.5, 99.2, and 104 after
calcination at 700, 900, and 1100 °C, respectively. These high
values were achieved by the crystallization of TiO,, yet the
samples nevertheless had a porous structure. Further
calcination above 1300 °C drastically increased Vickers
hardness because of the calcination of TiO, particles, although
the monolith structure was collapsed.

Water purification testing was performed using samples
calcined at 500—1500 °C to decolorize methylene blue as a
model contaminant. Figure 7 shows the dependence of
methylene blue concentration on the duration of UV light
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Figure 6. Vickers hardness for the samples before and after calcination
at 500—1500 °C.

m

0.9

0.8

0.7

—S—Blank
. —@—500
—-700
+1 900

" —A&—1100

—A—1300

- —¥— 1500
*= P25

03 L 1 1 L 1 1 1 1
0 20 40 60 80 100 120 140 160 180

0.6

Cc/c,/au.

0.5

0.4

Time / min

Figure 7. Decolorization of methylene blue as a model contaminant by
samples calcined at 500—1500 °C and P25 sample.

illumination for the samples. A sample calcined at 500 °C had
high performance for the decolorization of methylene blue,
which was attributed to the high specific surface area originating
from the combination of mesopores and macropores of the
TiO, monolith. The sample calcined at 700 °C had superior
decolorization to that of the sample calcined at 500 °C, which
may have been due to the combination of better crystallinity
and the continued presence of mesopores in the TiO,
monolith. Typically, anatase phase TiO, shows better superior
decolorization than rutile phase TiO,. However, in this case,
rutile TiO, of sample calcined at 700 °C had superior
decolorization than sample calcined at 500 °C, even the
sample calcined at S00 °C has anatase phase and higher specific
surface area. Calcination at higher temperatures led to poorer
photocatalytic decolorization performance due to disappear-
ance of mesopores and macropores. Samples calcined at 900
and 1100 °C showed less decolorization compared to the
samples calcined at 500 and 700 °C because the disappearance
of the mesopores. Samples calcined at 1300 and 1500 °C
showed further less decolorization because of the collapse not
only the mesopores but also the monolith structure (macro-
pores), even if the crystallinity of the samples is high. For
reference, P25 sample which is prepared by press P25 powder
was also evaluated for decolorization of methylene blue, which
showed less decolorization than samples calcined at 500—1100
°C. This is because P25 sample has no meso and macropores,
leading low specific surface area which is strongly related to
photocatalytic activity. Note that reflectance for samples for
500—1500 °C (see Figure S2 in the Supporting Information)
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showed no significant difference at 365 nm. Thus, intrinsic
optical absorption property for samples may not affect the
photocatalytic decolorization. Penetration depth of UV
irradiation is several millimeter as previously reported.*® In
our experimental, methylene blue adsorbed TiO, monolith was
illuminated by UV light (365 nm, 1 mW/cm?). We confirmed
that penetration of UV light is 2 mm at least through TiO,
monolith, which was checked by decolorization of methylene
blue on front-back both sides of TiO, monolith, as shown in
Figure S3 in the Supporting Information.

In conclusion, TiO, monoliths have been prepared,
characterized, and evaluated for photocatalytic performance
by methylene blue decolorization. SEM images showed that the
samples had an interconnected void lattice monolith structure,
before and after calcination in the range of 500—1100 °C.
Mercury intrusion porosimetry revealed that the TiO,
monoliths had a bimodal porous structure with macropores
and mesopores, which was also supported by FE-SEM images.
A TiO, monolith calcined at 500 °C had high specific surface
area (93.1 m?/g) and porosity (68%). Porosity was largely
maintained after calcination at 700—1100 °C (46—51%). High
Vickers hardness was observed for samples calcined at 700—
1100 °C. TiO, monoliths calcined at 500 and 700 °C showed
superior photocatalytic decolorization of methylene blue. The
present TiO, monoliths realize both high hardness and high
photocatalytic performance for water remediation.
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SEM image of sample before calcination, feflectance spectra for
samples calcined at 500—1500 °C, and photographs of
methylene blue adsorbed sample calcined at 900 °C before
UV light illumination for (a) front and (b) back side, and after
UV light illumination for (c) front and (d) back side. These
materials are available free of charge via the Internet at http://
pubs.acs.org.
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