Journal of Hazardous Materials 192 (2011) 150-159

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Highly efficient visible light TiO, photocatalyst prepared by sol-gel method at
temperatures lower than 300 °C

Desong Wang?®*, Libin Xiao?, Qingzhi Luo?, Xueyan Li?, Jing An?, Yandong Duan®

2 School of Sciences, Hebei University of Science and Technology, Shijiazhuang, Hebei 050018, China
b College of Chemical and Pharmaceutical Engineering, Hebei University of Science and Technology, Shijiazhuang, Hebei 050018, China

ARTICLE INFO ABSTRACT

Article history:

Received 7 December 2010

Received in revised form 27 April 2011
Accepted 30 April 2011

Available online 10 May 2011

Highly efficient visible light TiO, photocatalyst was prepared by the sol-gel method at lower tempera-
ture (<300°C), and characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM),
Fourier-transform infrared spectroscopy (FTIR), UV-vis diffuse reflectance spectroscopy (UV-vis DRS),
X-ray photoelectron spectroscopy (XPS), Raman spectroscopy and differential scanning calorimetry-
thermogravimetric analysis (DSC-TGA). The effects of the heat treatment temperature and time of the
as-prepared TiO; on its visible light photocatalytic activity were investigated by monitoring the degra-
dation of methyl orange solution under visible light irradiation (wavelength > 400 nm). Results show
that the as-prepared TiO, nanoparticles possess an anatase phase and mesoporous structure with car-
bon self-doping and visible photosensitive organic groups. The visible light photocatalytic activity of the
as-prepared TiO, is greatly higher than those of the commercial TiO, (P-25) and other visible photo-
catalysts reported in literature (such as PPy/TiO,, P3HT/TiO,, PANI/TiO,, N-TiO, and Fe3*-TiO,) and its
photocatalytic stability is excellent. The reasons for improving the visible light photocatalytic activity of
the as-prepared TiO, can be explained by carbon self-doping and a large amount of visible photosensitive
groups existing in the as-prepared TiO,. The apparent optical thickness (7,pp), local volumetric rate of
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photo absorption (LVRPA) and kinetic constant (kr) of the photodegradation system were calculated.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nanoparticulate TiO, is an important photocatalyst material for
the degradation of organic contaminants in water and air because of
its high efficiency, inexpensiveness, easy production, photochem-
ical and biological stability, and innocuity to the environment and
human beings [1-3]. Consequently, much attention has been paid
to investigations on TiO, nanoparticles. However, the major draw-
back of TiO, nanoparticles lies in their ineffective use of visible light
as irradiation source because the band gap of anatase TiO, (3.2 eV)
is so wide that it can only absorb and be excited by UV light with
wavelength less than 387 nm, which only occupies about 4-6% of
the global solar radiation [4-6]. To resolve the above problem, many
efforts have been exerted to extend the light absorption of TiO,
into the visible light region, such as dye sensitization [7-10], tran-
sition metals ion doping [11-14], non-metals ion doping [15-21],
ion implantation [22], metal deposition [23-26], semiconductor
composite [27-30] and conjugated polymer modification [31-34].
In the above mentioned methods, TiO, nanoparticles for further
modification or modified TiO, nanoparticles are usually calcined at
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higher temperatures (>400 °C), which consumes more energy. So
far, only a few papers have reported the visible light photocatalytic
activities of TiO, prepared at lower temperatures (<300 °C).

Wangetal.[35] reported a simple and new method for preparing
anatase TiO, hydrosol with high visible light photocatalytic activity.
They first prepared amorphous TiO, by adding tetrabutyl titanate
dropwise into water and then obtained anatase TiO, by processing
amorphous TiO, with diluted HNOs3 solution at 70°C. Tseng et al.
|36] prepared TiO, with a mixed crystal lattice of anatase, brookite
and rutile phases by sol-gel process with tetrabutyl orthotitanate
and HNOs3 as precursor and catalyst, respectively, at the calci-
nation temperature of 150-600°C. They studied the visible light
photocatalytic activity of the as-prepared TiO, with NOy as model
compound, and found that TiO, prepared at 200 °C had high visible
light photocatalytic activity. They indicated that the carbonaceous
species on the surface of TiO, may function as sensitizer in improv-
ing the visible light photocatalytic activity. Recently, Park et al. [37]
reported the visible light photocatalytic activity of TiO, prepared
by a typical sol-gel method at lower temperatures. They found
that the as-prepared TiO, samples had high visible light photo-
catalytic activity, the calcination temperature obviously affected
the photocatalytic activity, and the best photocatalytic activity was
around 250°C. The authors attributed the enhancement in visible
light photocatalytic activity to carbon self-doping.
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During studying the visible light photocatalytic activity of TiO,
nanoparticles prepared by sol-gel method at lower temperatures,
we found that heat-treating temperature and heat-treating time
greatly influenced the visible light photocatalytic activity of TiO5.
It is difficult to explain the results only using carbonaceous species
on the surface of TiO, as sensitizer or carbon doping. Therefore,
the further detailed investigation should be carried out to interpret
the visible light photocatalytic mechanism of TiO, nanoparticles
prepared at lower temperatures. In the present work, we first
prepared TiO, nanoparticles at lower temperatures (<300°C) by
sol-gel method with tetrabutyl titanate and acetic acid as precursor
and inhibitor respectively, then characterized them by transmis-
sion electron microscopy (TEM), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared spec-
troscopy (FTIR), UV-vis diffuse reflectance spectroscopy (UV-vis
DRS), and differential scanning calorimetry-thermogravimetric
analysis (DSC-TGA), investigated their visible light photocatalytic
activity with methyl orange (MO) as model contaminant, calculated
the apparent optical thickness(tapp), local volumetric rate of photo
absorption (LVRPA) and kinetic constant (k1) of the photodegra-
dation system, and tried to clarify the reasons for enhancing their
visible light photocatalytic activities.

2. Experimental
2.1. Preparation of TiO, photocatalyst

Tetrabutyl titanate, absolute ethanol, glacial acetic acid were
purchased as A.R. grade chemicals from Beijing Chemical Reagent
Company and used without further purification. The preparation
of nano-TiO, photocatalysts were carried out by sol-gel method as
follows: 20 mL tetrabutyl titanate and 4 mL acetic acid were added
into 26 mL of absolute ethanol under continuously stirring condi-
tion to obtain the solution A. 8 mL deionized water, 12 mL absolute
ethanol and 12 mL acetic acid were mixed together to obtain the
solution B. Then, the solution B was added dropwise into the solu-
tion A under magnetic stirring for 30 min. The obtained solution
was sealed and the stirring was continued for another 30 min at
room temperature. The resultant gel was aged at room tempera-
ture for 24 h and dried in an oven at 100 °C for 36 h. After grinding,
the final gels were heat-treated in a furnace at 150 °C, 200 °C, 250°C,
270°C and 300°C for 0.5h, respectively, or at 270°C for 5min,
10min, 0.5h, 1h, 2h, 10h, 15h and 20h, respectively. The sam-
ples were labeled as TiO, (x°C, yh) or TiO, (x°C, ymin), where x is
the heat-treating temperature, and y is the heat-treating time.

According to the preparation method reported in liter-
ature [16,31-33,38], the TiO, samples modified by poly(3-
hexylthiophene), polyaniline and polypyrrole, or doped by nitrogen
and ferric ion were prepared under the optimal conditions.
The samples were labeled as P3HT/TiO,, PANI/TiO,, PPy/TiO-,
N-TiO,and Fe3*-TiO,.

2.2. Characterization

The crystal structure of the samples was characterized by X-
ray diffractometer (XRD, Rigaku D/MAX2500PC, Japan) with Cu Ka
radiation (A =1.54056A) as X-ray source, operated at 40kV and
100 mA in the range of 26 = 10-90°. Crystallite size of anatase TiO,
can be calculated from the line broadening by Scherrer’s formula.

The Brunauer-Emmett-Teller (BET) specific surface area and
pore’s size measurements were performed by a NOVA 2000 sur-
face area analyzer (Quantachrome, America) with nitrogen as an
adsorptive gas.

TiO, morphology was studied using transmission electron
microscopy (TEM, G2F20, Tecnai Co., Holland) with an accelerating

Fig. 1. Scheme of the experimental setup for MO photodegradation. 1— Halogen
lamp (300 W); 2— Cutoff filter (400 nm); 3— Magnetic stirrer.

voltage of 200kV. The TEM samples were prepared by dispersing
TiO, nanoparticles in ethanol and then dropping the suspension on
carbon-copper grids.

UV-visible diffuse reflectance spectroscopy (UV-vis DRS) was
carried out on a Cary 100 Scan UV-vis system (Varian Co., USA)
equipped with an integrating sphere attachment over a range of
200-800 nm. Integrating sphere USRS-99-010 was employed as a
reflectance standard.

Fourier-transform infrared spectra (FTIR) of the samples were
recorded on a Prestige-21 spectrometer (Shimadzu Co., Japan) in
the range of 400-4000cm~! with KBr as the reference sample.
Measurements were performed in the transmission mode with
spectroscopic grade KBr pellets for all the powders.

Raman spectra were obtained with a Nicolet 6700 Raman
microspectrometer at the resolution of 2 cm~! using the 514.5nm
line of an Ar ion laser as the excitation. The accelerating voltage of
30KkV and emission current of 30 mA were used.

X-ray photoelectron spectroscopy (XPS) measurements were
performed with the PHI 5000 C ESCA System with Al Ko radiation
(hv=1486.6eV). The X-ray anode was run at 250 W and the high
voltage was kept at 15.0kV with a detection angle of 54°.

DSC-TGA analyses were performed on an STD-2960 thermal
analyzer (TA Instruments, America) under a N, atmosphere and
a heating rate of 10°Cmin~1.

2.3. Photocatalytic activity test

The photocatalytic activities were evaluated by the degrada-
tion of MO in an aqueous solution under visible light (>400 nm)
or sunlight irradiation. The scheme of experimental setup for
MO photodegradation is displayed in Fig. 1. The visible light was
obtained using a 300W halogen lamp (Philips Electronics N.V.
Netherlands) with a 400 nm cutoff filter to ensure the desired irra-
diation light. The aqueous solution of MO (100mL, 10 mgL-1)
was placed in a vessel, and 0.1 g of nano-TiO, photocatalyst (as-
prepared TiO,, P-25, PPy/TiO,, PANI/TiO,, P3HT/TiO,, N-TiO, or
Fe3*-TiO,) was added into the above solution. The selection of
TiO, concentration was based on the apparent optical thickness of
the investigated suspension suggested by Li Puma et al. [39-41].
The reactor was open to air to ensure enough oxygen into the
reaction suspensions. The distance between the lamp and the sur-
face of the suspensions was about 45 cm. Prior to irradiation, the
suspensions were magnetically stirred in the dark for 60 min to
establish an adsorption-desorption equilibrium. At certain time
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Table 1
Specific surface area, average size and band gap of TiO, heat-treated at 270°C for
different time.

Sample Specific surface Average Band gap
area(m?g!) size (nm) (eV)
TiO2(270°C, 5min) 2744 8.5 3.05
Ti0,(270°C, 0.5h) 2554 9.0 2.79
TiO2(270°C, 1h) 253.1 9.4 2.79
TiO02(270°C,2h) 2438 9.8 2.90
TiO,(270°C, 10h) 222.8 10.1 3.08
TiO2(270°C, 15h) 203.2 11.2 3.12
Ti02(270°C, 20 h) 196.3 114 3.14
P-25 48.2 28.6 3.20

intervals, 3 mL aliquots were sampled and centrifuged to remove
the nanoparticles. The filtrates were analyzed by recording varia-
tions of absorbancy at the maximum absorption band (464 nm for
MO) using an SP-723 Visible spectrophotometer (Shanghai Spec-
trum Instruments Co., Ltd.). The concentration of MO was calculated
using a calibration curve. ¢y and care the concentrations of MO solu-
tions before and after irradiation, respectively. The reactions were
carried out at natural pH conditions.

The photocatalytic activity tests of TiO(270°C, 0.5h) and the
commercial TiO,(P-25, Degussa Corp.) at different concentrations
of 1gL-1,05gL"! and 0.2gL~! under sunlight irradiation were
simultaneously carried out in Shijiazhuang, Hebei Province, China
at 11:00-12:00 am, 9 April 2011.

3. Results and discussion
3.1. Characterization of as-prepared TiO, nanoparticles

3.1.1. TEM and N, sorption analysis

The size and morphology of TiO,(270°C, 0.5h) nanoparticles
were analyzed by TEM measurements. Fig. 2(a) shows that the as-
prepared TiO, has a mesoporous structure, and the sizes of the
mesopores which possess a long-range disordered structure are
about 2-3 nm. Fig. 2(b) indicates that the mean size of TiO,(270°C,
0.5 h) nanoparticles is about 8 nm. Although the nanoparticles are
agglomerated to some degree, their grain boundaries are distin-
guishable. Lattice images of the nanoparticles are clearly observed,
indicating that these nanoparticles have high crystallinity. The par-
allel fringe spacing of the nanoparticles is estimated to be 0.35 nm,
corresponding to (10 1) plane of anatase TiO,, indicating that this
plane is the preferential growth direction of the nanocrystal.

Fig. 3(a) and (b) presents the nitrogen adsorption isotherm and
DFT differential pore volume distribution of TiO,(270°C, 0.5h),
respectively. The isotherm is a typical IV isotherm (IUPAC, 1985)
with a H2 hysteresis loop, which is a typical characteristic of
mesoporous materials [42]. A steep rise in the desorption branch
is observed at relative pressures of 0.4-0.7, suggesting that the
pore distribution is extremely narrow. The Barrett-Joyner-Halenda
analysis yields a corresponding peak at the pore diameter of 3.1 nm,
which is agreeable with the TEM result. The BET specific surface
areas of the as-prepared TiO, investigated in this work are in the
range of 196.3-289.7 m? g~ ! by BET method (Tables 1 and 2).

3.1.2. XRD

The XRD spectra of the as-prepared TiO, are shown in Fig. 4(a)
and (b). The peaks at 25.42°, 37.96° and 48.12° are attributed to
the (101), (004), (200) reflections of anatase TiO,, respectively,
slightly shift when compared with those of neat TiO, calcined at
500°C for 2 h (25.3°, 37.8° and 48.1°), indicating that Ti might be
replaced by C in the as-prepared TiO,. The characteristic peaks
for rutile and brookite TiO, are not observed, revealing that the
rutile and brookite phases do not exist in the as-prepared TiO5.

20 fyl ¥
| e—

A

Fig. 2. TEM images of Ti0,(270°C, 0.5h) (a) and HRTEM image of Ti0,(270°C,
0.5h) (b).

The relatively broad peaks of the XRD patterns imply the small
size of the anatase crystals. The mean sizes of the as-prepared TiO,
nanoparticles, calculated by Scherrer’s formula, are in the range of
8.5-11.4nm(Table 1) for the samples heat-treated at 270 °C for dif-

Table 2
Specific surface area, average size and band gap of TiO, heat-treated at different
temperature for 0.5h.

Sample Specific surface Average Band gap
area (m?g!) size (nm) (eV)
TiO,(150°C, 0.5 h) 289.7 8.2 3.07
Ti0>(200°C, 0.5 h) 286.4 8.2 3.07
TiO2(250°C, 0.5h) 263.8 8.5 297
TiO02(270°C, 0.5h) 255.4 9.0 2.79
TiO2(300°C, 0.5 h) 235.6 9.5 2.86
P-25 48.2 28.6 3.20
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Fig. 3. Nitrogen adsorption-desorption isotherm (a) and DFT differential pore vol-
ume distribution (b) of TiO(270°C, 0.5 h).

ferent time and of 8.2-9.5 nm (Table 2) for the samples heat-treated
at different temperatures for 0.5 h. These results are in good agree-
ment with the TEM results. With heat-treating time or temperature
increasing, the mean size of TiO, nanoparticles slightly increases
because of the growth of anatase crystals.
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Fig. 4. XRD patterns of as-prepared TiO, heat-treated at different temperatures for
0.5h (a) and heat-treated at 270°C for different time (b).
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Fig. 5. FTIR spectra for as-prepared TiO, heat-treated at 270 °C for different time (a)
and at different temperatures for 0.5 h (b).

3.1.3. FTIR and Raman spectra

Fig. 5(a) and (b) display FTIR spectra of the as-prepared TiO,
heat-treated at 270 °C for different time and at different tempera-
tures for 0.5 h, respectively. In the typical spectra of the investigated
samples, there are some main characteristic peaks and they can
be assigned as follows: the bands at 3387cm~! and 1530cm™!
are assigned, respectively to the stretching and bending modes of
hydroxyl group (-OH) or the adsorbed water on the TiO, surface.
The band at 2363 cm~! is assigned to CO, which comes from the
environment. The band at 1630 cm~! is assigned to C=C bond which
comes from the butyl groups after the sample was heat-treated
at the investigated temperatures. The bands at 2900-2800 cm™!
and 1430cm~! are corresponding to the stretching and bend-
ing modes of C-H bonds which come from the residual butyl
group in the as-prepared TiO,. The peak at 1073 cm™! is corre-
sponding to the stretching mode of C-O bond. The wide peak
at 420-800cm~"! corresponds to the Ti-O bending mode of TiO,.
The peak for the C=C bond intensifies while the peaks for the
C-H bonds weaken simultaneously as the heat-treating time pro-
longing at 270°C or the heat-treating temperature increasing for
0.5h.

The curve (a) and curve (b) in Fig. 6 are the Raman spectra
of commercial TiO, P-25 and TiO,(270°C, 0.5 h), respectively. The
peaks at 145cm~1,395cm™1, 515cm~! and 638 cm~! in curve (a)
are the characteristic ones of anatase TiO, [43]. The characteristic
peaks for the as-prepared TiO areat 152cm~1,399cm~1,519 cm™!
and 642cm~!, which move to higher wavenumbers by about
4cm~! compared with those for P-25. The peaks at 1590 cm™!
and 2940cm~! in curve (b) are assigned to C=C and C-H in the
residual organic groups, respectively. The results further show that
some organic groups exist in TiO, nanoparticles prepared at lower
temperatures.
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Fig. 6. Raman spectra of neat TiO, (a) and TiO,(270°C, 0.5 h) (b).

3.1.4. XPS

A typical XPS spectrum for TiO,(270°C, 0.5h) is shown in
Fig. 7(a). It can be found that TiO,(270°C, 0.5 h) only contains the
elements of Ti, O and C, and the molar ratios of Ti, O and C are
16.3%, 47.9% and 35.8%, respectively. The binding energies of Ti
2p3p, O 1s and C 1s are 458.3, 529.8 and 284.8 eV, respectively.
The high content of C element comes from the residual organic
groups in the as-prepared TiO, and the contaminated carbon from
the environment. To understand the chemical state of Cand O in the
as-prepared TiO,, the C 1s and O 1s core levels were measured as
shown in Fig. 7(b) and (c). Three peaks can be observed at the bind-
ing energies of 284.6, 286.1 and 288.6 eV for C 1s, and three peaks
at 529.7,531.3 and 532.7 eV for O 1s. The peak of 284.6 eV reveals
the presence of adventitious elemental carbon [44], the peak of
286.1 eV reveals the presence of C-C bonds in the residual organic
groups, and the peak of 288.6 eV reveals the presence of C-0 bonds
[37], indicating that carbon atom might occupy the site of titanium
atom to form a Ti-O-C structure [19]. The signal of O 1s at 529.7 eV
confirms the Ti-O bond in TiO, and the other peaks at 531.3 and
532.7 eV may be attributed to the H-bonds between TiO, and the
residual organic groups. Fig. 7(d) shows the XPS signals of Ti 2p.
Two characteristic binding energies are found at 458.3 eV (Ti 2p3),)
and 464.5 eV (Ti 2p,), in good agreement with ordinary TiO,. This
finding further confirms that the titanium atom bonds with oxygen
not carbon in the as-prepared TiO5.

3.1.5. UV-vis DRS

Fig. 8(a) and (b) displays the UV-visible diffuse reflectance spec-
tra of the as-prepared TiO, heat-treated at 270°C for different
time and at different temperatures for 0.5 h, respectively. It can
be found that all the investigated as-prepared TiO, nanoparticles
have higher absorbance in the visible light region than P-25, and
with heat-treating time or temperature increasing, the absorbance
of the as-prepared TiO, first increases and then decreases.

The band gap energies (Eg) of the as-prepared TiO, and P-25
can be obtained from the wavelength values corresponding to the
intersection point of the vertical and horizontal parts of UV-vis
DRS spectra using the equation: hc/A =Eg, where, Eg is the band
gap energy (eV), h the Planck’s constant, c the light velocity (m/s),
and A the light wavelength (nm). The obtained band gap energies
are shown in Tables 1 and 2. It can be found that the band gap ener-
gies of all the investigated as-prepared TiO, are obviously lower
than that of P-25. With heat-treating time or temperature increas-
ing, the band gap energies of the investigated as-prepared TiO,
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Fig. 7. XPS spectra of TiO,(270°C, 0.5 h): (a) survey spectrum, (b) C 1s, (c) O 1s and
(d) Ti 2p.

first decreases and then increases, similar to the absorbance in the
visible light region.

The color of the as-prepared TiO, also changes with variations
in the heat-treating temperature and time. With the increment
of heat-treating time at 270°C, the color of the investigated as-
prepared TiO, gradually changes from white to brown, then from
brown to yellow, until it finally becomes white. A similar result is
obtained for the samples processed at different temperatures for
0.5 h. This phenomenon is related to the oxidation of the residual
organic groups in the as-prepared TiO,.
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Fig. 8. UV-vis DRS spectra for as-prepared TiO, heat-treated at different time (a)
and at different temperatures for 0.5 h (b).

3.1.6. DSC-TGA

The DSC-TGA curves of TiO,(270°C, 0.5h) are presented in
Fig. 9. Three weight loss regions appear in the TGA curve of the
as-prepared TiO,. The first weight loss of 5.5% occurring from 25 °C
to 150 °C can be attributed to the desorption of the adsorbed water,
the second weightloss of about 2.5% occurring from 150 °Cto 300 °C
can be attributed to the desorption of the crystal water and dehy-
drogenation of -CH,-CH,-CH,-CHj3 in the as-prepared TiO,, and
the third weight loss of about 10.0% occurring from 300 °C to 620°C
may be attributed to the thermal decomposition of residual organic
groups in the as-prepared TiO,. In the DSC curve of the as-prepared
TiO,, the endothermic peak at about 60°C is due to the loss of
the adsorbed water and the endothermic peak at about 232°C is
related to the desorption of the crystal water and dehydrogena-
tion of -CH,-CH,-CH,-CH3 in the as-prepared TiO,, the peak at
about 405 °C is due to the decomposition of the organic groups in
the as-prepared TiO,, and the peak at about 660 °C is attributed to
the phase transformation of TiO, from anatase to rutile.
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Fig. 9. DSC-TGA curves of TiO,(270°C, 0.5 h).
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Fig. 10. The relationship between c/co of MO and photodegradation time in the
presence of as-prepared TiO, heat-treated at different temperatures for 0.5h and
TiO, (P-25) under visible light irradiation.

3.2. Visible light photocatalytic activity

The visible light photocatalytic activities of the as-prepared TiO,
photocatalysts and reference sample P-25 were evaluated by the
degradation of MO solutions. No degradation of MO was observed
in the absence of a photocatalyst under visible light illumination.
The MO concentration after the adsorption-desorption equilib-
rium in the presence of the as-prepared TiO, and P-25 decreased
about 11% and 6.8%, respectively, and this MO adsorption on the
photocatalyst was eliminated when the photocatalytic activities
of the as-prepared TiO, and P-25 were evaluated. Fig. 10 shows
the relationship between c/cy of MO and photodegradation time
in the presence of P-25 and the as-prepared TiO, heat-treated at
different temperatures for 0.5h under visible light irradiation. It
can be found that the photocatalytic activity of P-25 is the same
as that of the sample TiO,(150°C, 0.5h), while obviously lower
than those of the other as-prepared TiO, samples, i.e., TiO,(200°C,
0.5h),Ti0,(250°C,0.5h), Ti02(270°C,0.5 h)and TiO,(300°C, 0.5 h),
revealing that these as-prepared TiO, samples possess higher
visible light photocatalytic activity than P-25. The heat-treating
temperature of the as-prepared TiO, greatly affects its visible
light photocatalytic activity. With the heat-treating temperature
increasing from 150°C to 270°C, the visible light photocatalytic
activity of the as-prepared TiO, increases, and then begins to
decrease at temperatures above 270°C.

The relationships between c/cy of MO and photodegradation
time in the presence of the as-prepared TiO, heat-treated at 270°C
for different time and P-25 are shown in Fig. 11. It is concluded
that the photodegradation efficiency of MO for P-25 is obviously

270°C,20
[270°C,15h
270°C,10 h
04 | 270°C,7 h
270°C,5 min
270°C,2 h
0.2 1270°C,1 h
270°C,10min
270°C,0.5 h

cle,

L I

0.0 0.5 1.0 1.5 20

0.0

Degradation time (h)

Fig. 11. The relationship between c/co of MO and photodegradation time in the
presence of as-prepared TiO, heat-treated at 270 °C for different time and TiO, (P-
25) under visible light irradiation.



156 D. Wang et al. / Journal of Hazardous Materials 192 (2011) 150-159

—=—P2502¢L

1.0 —e—Ti0,(270°C,0.5h) 0.2 g/L
——P2505g/L

0.8} ——Ti0,(270°C,0.5h) 0.5 g/L

——P251.0g/L

06 —o—Ti0,(270°C,0.5h) 1.0 g/L

cle,

04r

02+

n 1 i 1 1 "
0 10 20 30 40 50
Degradation time (min)

0.0

Fig.12. Photodegradation of MO in the presence of TiO»(270°C, 0.5 h) and P-25 with
different concentrations under solar light irradiation.

lower than those for all the investigated as-prepared TiO, samples,
similarly revealing that the visible light photocatalytic activity of
the as-prepared TiO, samples are higher than that of P-25. With
the heat-treating time increasing, the visible light photocatalytic
activity of the as-prepared TiO, dramatically increases and then
gradually decreases. The TiO, nanoparticles show the best visible
light photocatalytic activity at the heat-treating time of 0.5 h.

The photodegradation of MO in the presence of Ti0,(270°C,
0.5h) and P-25 at different photocatalyst concentrations (1 gL-1,
0.5gL-'and 0.2 gL-1)under sunlight irradiation is shownin Fig. 12.
It can be found that the photocatalytic degradation rates of MO in
the presence of TiO,(270°C, 0.5 h) at the investigated concentra-
tions are much higher than those of P-25 under sunlight.

The MO photodegradations catalyzed by TiO,(270°C, 0.5h)
and other visible photocatalysts(such as PPy/TiO;, PANI/TiO,,
P3HT/TiO, N-TiO, and Fe3*-TiO,) reported in literature
[16,31-33,38] have been carried out under the same experi-
mental conditions, and the comparative results on their visible
light photocatalytic activities are shown in Fig. 13. It can be found
that the visible light photocatalytic activity of TiO,(270°C, 0.5 h) is
the best among those of the investigated photocatalysts.

To examine the photocatalytic stability, TiO,(270°C, 0.5 h) was
chosen to carry out the recycling experiments and long time
irradiation experiments under visible light. The regeneration of
the TiO, photocatalyst in the recycling experiments was con-
ducted by suspension filtration to remove the bulk solution and
drying at 100°C for 10h, and then the regenerated TiO, was
reused for the additional photocatalytic experiments. This process
was repeated 10 times (Fig. 14). The visible light photocatalytic
activity of TiO,(270°C, 0.5 h) irradiated under visible light for dif-
ferent time was tested in the long time irradiation experiments
(Fig. 15). It can be found that the photodegradation efficiency of
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0.4 | —=—PANUTIO;
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Fig.13. MO photodegradation catalyzed by TiO,(270°C, 0.5 h), PPy/TiO,, P3HT/TiO,
PANI/TiO,, N-TiO; and Fe3*-TiO, under visible light irradiation.
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Fig. 14. Results of recycling experiment for TiO,(270°C, 0.5 h).
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Fig. 15. Results of long time irradiation experiment under visible light for
Ti0,(270°C, 0.5h).

MO slightly decreases with the recycling runs, and remains almost
constant after five successive cycles, which is more than 70% of
that of the first recycling run. The similar results are obtained from
Fig. 15, in which the photodegradation efficiency of MO slightly
decreases with the irradiation time under visible light, and is
almost unchanged after 600 h of irradiation time for the investi-
gated sample. The above results indicate that the as-prepared TiO,
nanoparticles show excellent photocatalytic stability.

3.3. Discussion

During the preparation of TiO, gel by hydrolysis reaction of
tetrabutyl titanate, some butyl groups would theoretically remain
in the gel state of TiO, due to the incomplete hydrolysis of tetrabutyl
titanate. The probable structure of the TiO, gel can be depicted in
Scheme 1.

H H
)
o 0
—O0—Ti— O—‘l‘i—O—Ti—O—
b4
—O—T — O—Ti— O—— CH;CH;CH;CHz
o o
| |

Scheme 1. The probable structure of TiO, gel.
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Table 3

Apparent optical thickness, average LVRPA and kinetic constants kr for as-prepared TiO, nanoparticles and P-25.

Samples P-25 Ti02(270°C, 5 min) Ti05(270°C, 0.5 h) Ti05(270°C, 2 h) Ti05(270°C, 10h)
Incident radiation flux, Io (W m~2) 9.6 9.6 9.6 9.6 9.6
Thickness of suspension, § (mm) 15 15 15 15 15
Extinction coefficient, o+« (m? kg1) 1168 1360 1503 1398 1248
Absorption coefficient, k (m? kg~1) 8 200 343 238 88
Scattering albedo, @ 0.9932 0.8529 0.7718 0.8298 0.9295
Apparent optical thickness, Tapp 3.09 12.29 15.57 13.43 8.95
Absorbed radiant power, W,p,s (W) 0.01118 0.03473 0.03919 0.03656 0.02840
Average LVRPA (Wm~3) 116.4 361.8 408.3 380.9 295.9

kexp (D7) 0.0221 0.366 1.031 0.421 0.152
10% kr (m3h-1w-1) 0.1899 0.1012 0.2525 0.1105 0.5137

According to the structure of Ti-O-CH,-CH,-CH,-CHs3 in
Scheme 1, carbon atom in butyl group actually replaces Ti atom in
TiO, to form some defects in the TiO, gel, which is a kind of carbon
doping, i.e., carbon self-doping. When the TiO, gel is heat-treated
at the investigated temperatures, a series of complex reactions can
take place for the butyl groups in TiO, to form the carbonaceous
residue. Therefore, the characteristicresults of FTIR, Raman and XPS
clearly show the evidence of carbonaceous residue or elemental
carbon and not butyl groups, confirming the conclusion of carbon
self-doping. Similarly results were obtained by Park et al., who also
reported that TiO, prepared at lower temperatures (<300 °C) pos-
sesses a carbon self-doping structure [37]. TiO, with this carbon
self-doping structure exhibits visible light photocatalytic activity.
Therefore, carbon self-doping in the as-prepared TiO, may be one
of the reasons for enhancing its visible light photocatalytic activity.

In the heat-treating process of the as-prepared TiO,, the bond
of C-0 in the Ti-O-CH,-CH,;-CH,-CH3 group can be broken. The
increment of heat-treating temperature or time can be favorable
to the O-C bond breakage, leading to the improved crystallinity
and size of TiO; crystals and decreased specific surface area of TiO,
nanoparticles, which can be supported by the results of XRD and N,
sorption analysis. Meanwhile, other reactions, such as the dehydro-
genation of n-butyl group -CH,-CH,-CH,-CH3 in the presence of
TiO,, could also occur at the investigated processing temperatures.
If the dehydrogenation of -CH,-CH,-CH,-CH3 exactly occurs, the
dehydrogenated groups from -CH,-CH,-CH,-CH3 may be the vis-
ible light sensitive groups, such as the groups containing the double
bond ~CH=CH-. The results of FTIR and Raman reveal that the dou-
ble bond —~-CH=CH- exists in the as-prepared TiO,. The as-prepared
TiO, containing the photosensitive organic groups can easily absorb
and be excited by visible light to generate the electron/hole pairs.
Therefore, the photosensitization of the photosensitive organic
groups on the surface of the as-prepared TiO, may be another major
reason for enhancing its visible light photocatalytic activity.

The actual photocatalytic activity of the as-prepared TiO, under
visible light irradiation depends on the combined effects of the
above two factors, i.e., carbon self-doping and visible photo-
sensitive groups in the as-prepared TiO,. The increment of the
amount of the visible light photosensitive groups is favorable to
the visible light photocatalytic activity of the as-prepared TiO-,
whereas the decrement of the degree of carbon self-doping and
amount of visible light photosensitive groups is unfavorable. When
the heat-treating temperature increases from 150°C to 270°C,
the content of visible light photosensitive groups in the as-
prepared TiO, obviously increases because the dehydrogenation
of -CH,-CH,-CH;-CH3 can more easily occur in the presence of
TiO, (the color of the as-prepared TiO, dramatically changes from
white to deep), while the degree of carbon self-doping, crystal crys-
tallinity and specific surface area slightly change because of the
difficulty of the C-O bond breakage in the range of investigated
temperatures. The increment of the content of visible light pho-
tosensitive groups is the major factor affecting the visible light
photocatalytic activity. Therefore, the visible light photocatalytic

activity of the as-prepared TiO, increases. However, when the heat-
treating temperature increases from 270°C to 300 °C, the breakage
of C-0 bond in Ti-O-CH,-CH,-CH,-CH3 can easily occur and
gradually becomes the major reaction, leading to a considerable
decrement of the degree of carbon self-doping and amount of visi-
ble light photosensitive groups (The color of the as-prepared TiO,
changes from deep to light), thus, the visible light photocatalytic
activity of the as-prepared TiO, decreases. If the heat-treating tem-
perature is over 400 °C, the structure of Ti-O-C hardly exists in TiO,
nanoparticles because of the breakage of the C-O bond. Both car-
bon self-doping and visible light photosensitive groups disappear,
so that the visible light photocatalytic activity of TiO, prepared at
higher temperature (>400°C) is very low.

The effect of heat-treating time on the visible light photo-
catalytic activity of the as-prepared TiO, is similar to that of
heat-treating temperatures. When the heat-treating time increases
from 5min to 0.5h, the amount of visible light photosensitive
groups visibly increases, whereas the other factors do not greatly
change. Therefore, the increment in the amount of visible light
photosensitive groups is the major factor affecting the visible
light photocatalytic activity of the as-prepared TiO,, leading to
the increased visible light photocatalytic activity. When the heat-
treating time increases from 0.5 h to 15 h, the breakage of the C-0O
bond in Ti-O-CH,;-CH,-CH;-CH3 gradually becomes the major
reaction while the dehydrogenation of ~-CH,-CH,-CH;-CH3 slows
down, the degree of carbon self-doping and amount of visible
light photosensitive groups dramatically decreases, leading to the
decrement of the visible light photocatalytic activity of the as-
prepared TiO,. When the heat-treating time is more than 15h,
both the breakage of the C-0 bond and the dehydrogenation hardly
occur, and all the affecting factors change little, thus, the visi-
ble light photocatalytic activity of the as-prepared TiO, barely
changes.

The photodegradation system investigated in this work is a
typical slurry suspension. According to the theory and calculation
method described in literature [39-41], we chose four as-prepared
TiO, samples (TiO,(270°C, 5min), Ti0,(270°C, 0.5 h), Ti0,(270°C,
2h) and Ti0,(270°C, 10h)) and P-25 to determine the apparent
optical thickness (tapp), which is a dimensionless and important
parameter for designing the photodegradation reactor. To calculate
Tapp, the extinction coefficient (o + «) and absorption coefficient («)
of the as-prepared TiO, must be known. The two parameters can
be obtained by the method reported in literature [45]. The values of
extinction coefficient, absorption coefficient and apparent optical
thickness are listed in Table 3. It can be found from Table 3 that
the values of 7,pp for the as-prepared TiO; are in the range of those
reported in literature [41], and much higher than that for P-25.

The local volumetric rate of photon absorption (LVRPA) is
another important parameter for the photoreaction, which can be
used to estimate the photodegradation kinetics according to the
following equation:

R = kr(LVRPA)™c"
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Table 4

Apparent optical thickness, average LVRPA and kinetic constants kr for TiO, (270°C, 0.5 h) and the other visible photocatalysts reported in literature.
Samples Ti02(270°C, 0.5 h) TiO2/PANI TiO /PPy TiO,/P3TH N-TiO, Fe3*-Ti0,
Incident radiation flux, Io (W m~2) 9.6 9.6 9.6 9.6 9.6 9.6
Thickness of suspension, § (mm) 15 15 15 15 15 15
Extinction coefficient, o+« (m? kg') 1503 1302 1315 1321 1294 1286
Absorption coefficient, k (m? kg~1) 343 142 155 161 134 126
Scattering albedo, @ 0.7718 0.8909 0.8821 0.8781 0.8964 0.9020
Apparent optical thickness, Tapp 15.57 10.86 11.25 11.43 10.61 10.35
Absorbed power, W,p,s (W) 0.03919 0.03248 0.03316 0.03346 0.03202 0.03153
Average LVRPA (Wm3) 408.3 3383 3455 348.6 333.6 3285
kexp (D7) 1.031 0.185 0.238 0.257 0.156 0.136
10°kr (m3 h—' w-1) 2.525 0.5469 0.6889 0.7372 0.4676 0.4141

Table 5

Apparent optical thickness, average LVRPA and kinetic constants kr for TiO, (270°C, 0.5 h) and P-25 under solar radiation.
Samples Ti0,(270°C, 0.5h) P-25 TiO,(270°C, 0.5h) P-25 TiO,(270°C, 0.5h) P-25
Concentration of TiO, (kgm—3) 1.0 1.0 0.5 0.5 0.2 0.2
Incident radiation flux, Iy (W m~2) 26 26 26 26 26 26
Thickness of suspension, § (mm) 15 15 15 15 15 15
Extinction coefficient, o+« (m? kg') 1808 1470 1808 1470 1808 1470
Absorption coefficient, k (m? kg~1) 518 180 518 180 518 180
Scattering albedo, @ 0.7135 0.8776 0.7135 0.8776 0.7135 0.8776
Apparent optical thickness, Tapp 27.12 22.05 13.56 11.02 5.42 441
Absorbed power, W,p,s (W) 0.1136 0.0907 0.1134 0.0905 0.1115 0.0808
Average LVRPA (Wm~3) 1183 945 1183 944 1163 842
kexp (h71) 4.782 2.184 4.392 1.722 2.874 1.206
103k (m3 h-Tw-1) 4.042 2311 3.713 1.824 2.471 1.432

where k7 is the kinetic constant, c is the concentration of the pho-
todegraded compound, m and n are the reaction orders with respect
to the average LVRPA and c, respectively. The average values of
LVRPA, calculated by the method reported in literature [39-41],
are listed in Table 3. The relationship between In(cp/c) and reac-
tion time (not shown here) shows that the MO photodegradation
catalyzed by the as-prepared TiO, and P-25 is the first-order reac-
tion, and the apparent rate constant kexp can be obtained from
this relationship (Table 3). On the basis of the reported results
[40,41], we can suppose that m=1.0 to estimate the value of ky
from Kkexp =k7(LVRPA) (Table 3). It can be found that the values of
kr for the as-prepared TiO, are greatly higher than that for P-25,
indicating that the separation efficiency of photogenerated elec-
trons and holes for the as-prepared TiO, may be higher than that
for P-25.

Similarly, the values of 7app, average LVRPA and kr for
TiO,(270°C, 0.5 h) and the other visible photocatalysts (P3HT/TiO5,
PANI/TiO,, PPy/TiO,, N-TiO, and Fe3*-TiO,) under visible light
irradiation were calculated and listed in Table 4. It can be found
that the values of t,pp are in the same range as those reported in
literature [40], and the value of kr for TiO2(270°C, 0.5 h) under vis-
ible light irradiation is the highest among those of the investigated
samples, furtherrevealing that TiO,(270°C, 0.5 h)is one of excellent
visible photocatalysts.

The solar light includes UV and visible light, so the absorp-
tion coefficients (k) for TiO2(270°C, 0.5h) and P-25 under solar
light are much higher than the corresponding values under vis-
ible light (Table 5). According to literature [40,41], the values of
Tapp, average LVRPA and kr for TiO,(270°C, 0.5 h) and P-25 at dif-
ferent concentrations (1gL-1, 0.5gL-! and 0.2gL-1) under solar
lightirradiation were calculated and listed in Table 5. Table 5 shows
that the values of tapp dramatically decrease with the decrement
of photocatalyst concentration, and are in the same range as those
reported in literature [40] at the photocatalyst concentration of
about 0.5gL~1, indicating that the optimal photocatalyst concen-
tration could be 0.5gL~! under solar light irradiation. The values
of kr for TiO,(270°C, 0.5 h) are still much higher than those for P-
25, but the improving degree (about twofold) is obviously less than

that (about 13-fold) under visible light irradiation because P-25 can
absorb UV light under solar light irradiation. Therefore, TiO,(270°C,
0.5 h)is a promising photocatalyst candidate under visible and solar
light.

4. Conclusions

Highly efficient visible light TiO, photocatalyst was prepared
by the sol-gel method at lower temperatures (<300 °C) with tetra-
butyl titanate, ethanol absolute and acetic acid glacial as the major
feeds, and characterized by XRD, TEM, FTIR, UV-vis DRS, XPS,
Raman Spectra and DSC-TGA. Results show the as-prepared TiO,
nanoparticles possess an anatase phase and mesoporous structure
with carbon self-doping and visible photosensitive organic groups.
The visible light photocatalytic activity of the as-prepared TiO5 is
greatly higher than those of the commercial TiO, (P-25) and other
visible photocatalysts (such as PPy/TiO,, PANI/TiO,, P3HT/TiO5,
N-TiO, and Fe3*-Ti0,) reported in literature, and its photocat-
alytic stability is excellent. The heat-treating temperature or time
obviously affects the visible light photocatalytic activity of the
as-prepared TiO,. With the increment of the heat-treating temper-
ature or time, the visible light photocatalytic activity increases and
then decreases. The improvement in the visible light photocatalytic
activity of the as-prepared TiO, can be attributed to carbon self-
doping and photosensitization of the visible photosensitive organic
groups existing in the as-prepared TiO,. The changes in the visible
light photocatalytic activity of the as-prepared TiO, with the heat-
treating temperature or time can be explained by the combined
effects of carbon self-doping and photosensitization of the visible
photosensitive groups on its visible light photocatalytic activity.
TiO,(270°C, 0.5 h) can be an excellent photocatalyst candidate for
the degradation of the organic contaminants under visible and solar
light irradiation.
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