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Semiconductor photocatalysis has been intensively studied
in recent years and has been shown to be an effective
method for solving the serious environmental pollution and
energy shortage problems. Among various semiconductor
photocatalysts, titania has attracted more and more attention
because of its biological and chemical inertness, strong oxi-
dation and reduction power, and long-term stability against
photocorrosion. However, the high recombination rate of the
photoinduced electron-hole pairs and narrow light-response
range for TiO, significantly reduces its photocatalytic per-
formance. To enhance the photocatalytic performance of
TiO,, some modification methods including doping, noble
metal deposition, surface sensitization, and coupling of two
semiconductors have been proposed.

This special issue contains 14 papers, which are mainly
related to pollutant decomposition and environmental purifi-
cation. Among them, 5 papers are about doping of TiO,,
3 papers deal with the composite of two semiconductors,
3 papers are devoted to TiO, nanoparticles, 2 papers focus
on TiO, nanotube array films, and 1 paper is related to
mesoporous membranes. A brief summary of all fourteen
accepted papers is provided below.

In “The photocatalytic property of nitrogen-doped TiO,
nanoball film,” the authors describe the fabrication and
photocatalytic performance of N-doped TiO, nanoball film
by anodic oxidation method. The results indicate that N-
doping greatly enhances visible light absorption of TiO, and

reduces nanoball diameter. N-doped TiO, nanoball films
exhibit a stronger photocatalytic activity than pure TiO,
films.

The paper “photocatalytic degradation of methyl violet
with TiSiW ,0,,/TiO,” reports the photocatalytic degrada-
tion of methyl violet using TiSiW,,0,,/TiO, as a novel
ecofriendly catalyst under simulated natural light irradiation.
The results demonstrate that at optimal conditions, the
degradation rate of methyl violet is as high as 82.4% after
3h simulated natural light irradiation. The photocatalytic
reaction of methyl violet can be expressed as first-order
kinetic model.

The paper “The synergistic effect of nitrogen dopant and
calcination temperature on the visible light-induced photoac-
tivity of N-doped TiO,” presents the synergistic effect of
nitrogen content and calcination temperatures on the pho-
tocatalytic performance of TiO, catalysts prepared by solgel
method. The results indicate that N-doping enhances the
visible light photocatalytic activity of TiO,. N-dopant retards
the anatase to rutile phase transformation. Nitrogen atoms
are incorporated into the interstitial positions of the TiO,
lattice. The N-doped TiO, catalyst prepared with ammonia
to titanium isopropoxide molar ratio of 2.0 and calcined at
400°C shows the best photocatalytic activity.

The paper “Characterization and photocatalytic activity of
TiO, nanotube films prepared by anodization” describes fab-
rication of TiO, nanotube (TNT) array films by anodization



method in NH,F electrolyte solution. Photocatalytic decom-
position of methylene blue indicates that the reaction rate
constants by TNT films are higher than P-25 films at
comparable thickness. Reaction rate constants by TNT films
increase with increasing film thickness, but the enhancement
is retarded when the length of TNT reaches 2200 nm due to
the limited penetration of incident UV light.

The paper “Dyes degradation with Fe-doped titanium nan-
otube photocatalysts prepared from spend steel slag” reports
fabrication of the TiO, nanotube (TNT) and Fe-doped TNT
photocatalysts. The decolorizing efficiency decreases with
increasing initial MB concentration, and a higher efficiency
is observed under UV-light illumination. However, excessive
Fe loading reduces the efficiency, and 1.13 wt% Fe loading is
found to be the optimal addition.

The paper “Fabrication and photocatalytic property of
one-dimensional SrTiO;/TiO,_ N nanostructures” describes
preparation and photocatalytic performance of one-dimen-
sional SrTiO;/TiO,_,N, nanostructures by the hydrother-
mal method. As compared with the TiO,_ N, nanoparti-
cles, the absorption performance of SrTiO,/titanate nan-
otubes or SrTiO,;/TiO,_,N, nanorods is depressed. The
SrTiO;/TiO,_ N, nanorods present better photocatalytic
activity than the TiO,_, N nanoparticles or nanorods.

In “Synthesis of nanostructured anatase mesoporous mem-
branes with photocatalytic and separation capabilities for water
ultrafiltration process,” the mesoporous anatase membranes
are fabricated for water ultrafiltration (UF) process with
photocatalytic and physical separation capabilities. Photo-
catalytic activity of the membranes is evaluated by the
photodegradation of methyl orange. The anatase membranes
exhibit good homogeneity, with the surface area of 32.8 m*/g,
the mean pore size of 8.17 nm, and the crystallite size of
9.6 nm. The methyl orange removal efficiencies by the meso-
porous membrane based on physical separation and coupling
photocatalytic technique are 52 and 83%, respectively.

In “Correlation of photocatalysis and photoluminescence
effect in relation to the surface properties of TiO,:Tb thin
films,” the structural, optical, photoluminescence, and pho-
tocatalytic properties of TiO, and TiO,:(2.6 at. % Tb)
thin films are investigated and compared. Optical properties
measurements indicate that the incorporation of Tb into
TiO, matrix does not change significantly the thin films
transparency. The incorporation of 2.6 at. % Tb increases the
photocatalytic activity more than two times as compared to
undoped TiO,.

The paper “photoelectrocatalytic performance of benzoic
acid on TiO, nanotube array electrodes” reports the adsorp-
tion, degradation rate, and reaction characteristics of benzoic
acid degradation by analyzing the changes in the photogen-
erated I-t profiles. This work will provide new insights into
the degradation characteristics, reaction mechanism, and
reaction kinetics of aromatic organic compounds on the TNA
electrode surface.

The paper “Photocatalytic degradation of 2,4-dichloro-
phenol using nanosized Na, TicO,5/TiO, heterostructure parti-
cles” reports preparation of Na, TigO,;/TiO, composite par-
ticles by a reverse microemulsion method. The photocatalytic
activity of the samples is evaluated by degradation of
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2,4-dichlorophenol (2,4-DCP) under 40 W ultraviolet lamp
irradiation. The results show that the synthesized nanobelts
Na,Ti;O,5/TiO, heterostructures have typical width from
80 to 100 nm, thickness less than 40nm, and length up
to 5um. Such Na,TigO,;/TiO, composite particles exhibit
better photocatalytic activity than P25-TiO,.

In  “Nanocrystalline N-doped TiO, powders: mild
hydrothermal synthesis and photocatalytic degradation of
phenol under visible light irradiation,” N-doped TiO, powders
are prepared using technical guanidine hydrochloride, titanyl
sulfate, and urea as precursors by hydrothermal method. The
UV-visible absorption spectra show that the absorption edge
of the N-doped TiO, powders red shifts into the visible light
region.

In “Release of volatile compounds from polymeric micro-
capsules mediated by photocatalytic nanoparticles,” a suitable
method is proposed for the solar-activated controlled release
of volatile compounds from polymeric microcapsules bonded
with photocatalytic nanoparticles. These reservoirs can find
potential application including controlled release of insec-
ticides, repellents, or fragrances. The surface of the micro-
capsules is functionalized with TiO, nanoparticles. Upon
ultraviolet irradiation, redox mechanisms are initiated on the
semiconductor surface, resulting in the dissociation of the
polymer chains of the capsule wall and, finally, volatilization
of the encapsulated compounds.

In “Synthesis, characterization, and photocatalysis of well-
dispersible phase-pure anatase TiO, nanoparticles,” high-
purity anatase TiO, nanoparticles are fabricated by an
improved sol-hydrothermal method. The photocatalytic per-
formance of TiO, nanoparticles is evaluated by using pho-
tocatalytic degradation of X-3B and X-BR solutions. The
results indicate that the as-prepared TiO, exhibits higher
photocatalytic activity than P25. Also, the as-synthesized
TiO, can settle down and be separated easily after the
photocatalytic reaction.

The paper “Physicochemical study of photocatalytic activity
of TiO, supported palygorskite clay mineral” reports the
influence of physicochemical parameters, namely, the pho-
tocatalyst loading, dye concentration, and pH of polluted
solutions on the degradation efficiency of Orange G (OG)
solutions in the presence of clay mineral containing TiO,.
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TiO, has been studied most commonly because it has high stability, nontoxicity, high catalytic activity, and high conductivity.
Many studies have shown that TiO, would generate electron-hole pairs illuminated with UV and surround more energy than that
before being illuminated. In this study, the titanium nanotube (TNT) photocatalysts were prepared to increase the surface area
and adsorption capacity. The Fe TNT was also prepared from a slag iron since many slag irons cause waste treatment problems. In
this study, a different Fe loading was also assessed since TNT doped with metals can be used to improve the degradation efficiency.
Furthermore, five kinds of dye concentration, including 10, 20, 100, 200, and 400 ppm, and five kinds of Fe-doped content, including
0, 0.77, 1.13, 2.24, and 4.50%, were tested. Different kinds of reaction time and dye species were also assessed. In this result, Direct
Black 22 was the most difficult to be degraded, although the concentration was decreased or the dose amount was increased. The
degradation efficiency of 10 ppm Direct Black 22 was below 40% with 0.04 gL' TN'T under 365 nm UV irradiation.

1. Introduction

About 15% of the total world production of dyes is lost during
textile dyeing when dyes are released as textile effluents
[1]. Dyes are widely used in the textile industry and cause
polluted water. The disposal of this colored wastewater into
the environment leads to many ecological problems as well
as diminished natural aesthetics [2]. How to efficiently solve
this urgent environmental issue has become a challenging
and indispensable topic of modern research.

The traditional methods for treating dye wastewater
include adsorption, coagulation, and biological treatment,
but they do not have good performance [3]. In contrast,
photocatalytic degradation is considered to be an efficient and
economical alternative for controlling dye wastewater. Cur-
rently, several new photocatalysts, most impregnated with
metal oxide and composite metal oxide semiconductors have
been used to overcome the drawbacks of TiO,, which has low
surface area and adsorption capacity [4]. The photocatalysts
commonly used are TiO,, ZnO, WO;, CdS, ZnS, SrTiO;,
and Fe,O;, with TiO, being frequently reported as the most

active in organic degradation experiments [5]. For example,
in suitable irradiation sunlight, using titanium dioxide can
decrease costs significantly [6]. Photocatalysts have several
obvious advantages in technique, including cleaner air, an
extraction stream, and carbon adsorption. In these processes,
oxygens occur OH" hit, and a rate constant is higher than
the oxidation of a normal state ten billion times. Ultraviolet
irradiation can be obtained from sunlight or a simulated light
source.

The photocatalytical activity of the S-TiO, photocatalyst
at 400°C for the photodegradation of L-acid is better than
that of pure TiO, [7]. A novel In’"-doped TiO, and
TiO,/In,S; nanocomposites for photocatalytic degradation
of environmental pollutants and stoichiometric degradation
of warfare agents is prepared using homogeneous hydroly-
sis with urea and thioacetamide [8]. Through high-energy
ball-milling technique, the nanostructured (20nm) TiO,
photocatalysts with different quantities of Cr doping were
synthesized for 3 hours [9]. Early studies primarily focused
on TiO,-based photocatalysts, though TiO, only responds



to ultravisible (UV) irradiation, which accounts for only
about 4% of all solar energies which greatly hinders wider
application [10].

In our experiment, TiO, was chosen for modification into
TNT (titanium nanotube) because it shows relatively high
chemical stability, exhibits high activity for photocatalysis,
and is relatively inexpensive [11]. This study used hydrother-
mal methods to modify the titanium dioxide into TNT. The
largest difference is in the structure and surface area. The
former is a spherical particle with a surface area of 50 m* g "
The latter is a mesoporous tube shape with a surface area
of roughly 400m?®g™'. The surface area, closely related to
adsorption efficiency, is about eight times that of TiO,
manufactured using the hydrothermal method [12]. Further,
TNT can simultaneously generate photodegradation and
adsorption in wastewater. TNT has vast pore structures and
large surface areas owing to its unique tubular nanostructure
[13]. This mesoporous catalyst is suitable for treating high dye
concentrations in wastewater.

In this study, TNT was doped with different Fe contents
to increase its absorption visible light. The Fe was extracted
from slag iron in steel plant to reuse the iron. The aim of
this study was to investigate the performance of TNT and Fe
TNT for methyl blue (MB), Direct Blue (DB22), and Reactive
Black (RBK5) removal using a photocatalytic reaction. In
particular, factors such as doped Fe content, light source,
initial dye concentrations, and dye species were assessed to
establish the optimum operating conditions. Furthermore,
the reaction kinetics analysis was also investigated in this
study.

2. Materials and Methods

2.1. Preparation of TNT. Commercial TiO, (P25) nanoparti-
cles (5 g) were mixed in an aqueous 10 M NaOH solution and
charged into a Teflon-lined autoclave. The autoclave was then
oven-heated at 135°C for 3 days. The precipitate was filtered,
and the pH value of the slurry was adjusted with a diluted
0.1 M HNO; by washing. The final products were obtained by
filtration with subsequent drying at 100°C overnight. Finally,
the TNT samples were obtained through calcination at the
temperatures of 400°C.

2.2. Preparation of Fe TNT by Photodeposition. An appro-
priate amount of TNT suspension solution was weighed in
a Pyrex glass container and then purged with nitrogen for
2h to remove any dissolved oxygen (DO) from the solution.
Then an appropriate amount of Fe solution was weighed and
mixed with 10 mL methanol and dissolved in TNT solution.
Photodeposition was performed for 12 h under a continuous
nitrogen purge using a 254-nm ultraviolet light. Once the
Fe-TNT suspension solution was formed, the subsequent
clearing was applied using methods similar to those used with
the TNT photocatalyst.

2.3. Characterization of TNT and Fe TNT. A UV spec-
trometer (Hitachi, U-3900) was applied to analyze the
reflectance spectra of TNT samples, ranging from 200 nm
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to 800 nm in wavelength. High-resolution transmission elec-
tron microscopy (HR-TEM, JEOL, EM2100 High Resolution
TEM) was used for morphological observations of the TNT.
Specifically, surface areas and pore volumes of the derived
nanotubes were determined by N, adsorption/desorption
isotherm (Micromeritics, BET ASAP 2020N).

2.4. The Performance Assessment of TNT and Fe TNT. The
photocatalytic degradation of MB, DB22, and RBK5 for
initial concentrations (10, 20, 100, 200, and 400 ppm), Fe-
doped content (0, 0.77, 1.3, 2.24, and 4.50%) and light
source (254 nm UV, 365 nm UV, 380 nm, and 490 nm) was
determined by means of UV-Vis spectrophotometer analysis
through indication of color disappearance. A calibration
curve of methyl blue solution was obtained at 600nm
wavelength in order to correlate the concentration of MB at
different reaction times by converting the absorbance of the
sample to MB concentration. During the reaction time the
solutions were centrifuged at 300 rpm to mix the dye well.

2.5. Kinetics Analysis. Pseudo-first-order reaction kinetics
is the most commonly used kinetic expression to explain
the kinetics of the heterogeneous catalytic processes. The
Pseudo-first-order expression that explains the kinetics of
heterogeneous catalytic systems is given by (1) [14]

~dC _ K,KC
dt  1+KC’

)

where K, is the reaction rate constant (mol dm ™' min™),
K is the adsorption coeflicient of the reactant on catalyst

(mol dm_3)71, and C is the concentration of the solute (ppm
ormgL™h).

Pseudo-first-order expression reduces to first-order equa-
tion when C is small:

_m%) -kt ®)

where k; = K,.K.
Yielding half-life, ¢,,,(min) can be calculated as below
(Habibi et al., 2005) [15]:

069 o
1/2 kl .

3. Results and Discussion

3.1. UV-Visible Spectrum. In order to determine the photo
absorbance properties, the commercial Fe TNT and TNT
were analyzed by UV-Vis for wavelengths of 200-800 nm. The
band gap (E, eV) of the six samples was calculated by (4) [16]
as follows:
1240

E=— 4
3 (4)

where A is the wavelength of UV absorption thresholds.
After calculation, P25, TNT (0% Fe TNT), and 1.13% Fe
TNT had band gaps of 3.20, 3.10, and 2.7 €V, respectively,
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FIGURE 1: The UV absorption of P25 and Fe-doped TNT.
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FIGURE 2: XRD spectra of the different Fe-doping catalyst.

as shown in Figure 1. The results showed that less energy
was needed for reacting with pollutants with the 1.13% Fe
TNT. It was found that the Fe-doped TiO, can get higher
photocatalytic activity with visible light than that of P25. The
differences between photocatalytic activity of different Fe-
doped TiO, and pure TiO, were illustrated in Figure 7 and
described later.

The TNT surface can be blocked with increasing the Fe
content. It causes the surface of Fe TNT and band gap to
decrease because the amount of Fe increases with increasing
red shift.

X-ray diffraction was used to identify the Fe-TNT struc-
tures and compositions, as shown in Figure 2. From JCPDS-
ICDD database, Fe particle was indentified with five root

3
3200 -
Fe
3150
i 3100 A
iz 4
3
3
O 3050 A
3000 -
2950 T T T T T T T T
730 720 710 700
Binding energy (eV)

FIGURE 3: XPS spectra of the 4.50% Fe-TNT catalyst.

significantly diffraction peaks at (104), (110), (024), (116),
and (214) crystal surface.

The peaks of Fe 2p3/ 2 can be decomposed into two
contributions corresponding to the different oxidation of
iron, respectively. The main contribution is attributed to Fe**
ions (binding energy at 709.1eV), and the other is to Fe*"
ion (binding energy at 710.9 eV) [17]. However, the Fe cannot
be detected with no element diffraction peak since the Fe
content is too small as shown in Figure 3.

The typical tube structure of the TNT was shown in the
TEM image. The tube size, judged from the TEM image,
ranged from 5-10nm and was smaller than the results of
Park et al. [18], but similar to the results of Song et al. [19].
The end of the tube was open, which is extremely critical
for TNT absorption and photocatalysis ability [20]. This
shows that the hydrothermal method successfully changed
the p25 nanopowder into nanotubes. As observed in Figure 4,
the nanotubes were scrolls which can be explained by the
hydrothermal mechanism.

3.2. N, Adsorption and Desorption Analyzer. The catalyst
surface area was determined by an accelerated surface area
and porosimetry analyzer (ASAP 2000) from Micromeritics
company using nitrogen at a constant temperature (-196°C).
The data obtained from the N, adsorption and desorption
analyzer showed that the surface area of the TNT was
331 m* g ', which was larger than that of 4.50% Fe TNT.

3.3. Degradation of MB

3.3.1. The Effect of Initial Concentration. The temperature
and catalysis loading were controlled at 25°C and 0.04 gL™",
respectively, to test the effect of initial concentration. Five
kinds of concentrations, including 10, 20, 100, 200, and
400 ppm (mg L"), were assessed to understand the effects of
initial concentrations on the degradation of MB. The effect
of initial concentration on degradation efficiency is shown in
Figure 6.
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FIGURE 4: TEM images of (a) TNT and (b) 2.24% Fe TNT.
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It can be seen that the photodegradation efficiency of
methylene blue was inversely proportional to its concentra-
tion, which means that the lower the dye concentration, the
higher the efficiency of the dye photodegradation [21]. In
addition, the degradation efficiency of the MB decreased with
increasing solution concentration [20].

3.3.2. The Effect of Dye Species. The three types of dyes were
analyzed in this study. The degradation results under UV
light are shown in Figure 5. After 180 min, the degradation
efficiency of MB reached 99%, but the degradation efficiency
of RBK5 was only 68% under 254 nm with and 0.04 gL™" of
1.13% Fe TNT. These phenomena can be explained by the
chemical structure of RBKS5.

The test results under illuminated UV light with the three
types of dyes are shown in Figure 7. The photodegradation
efficiency of the three dyes ranked in order was MB, RBKS5,
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FIGURE 6: The effect of initial concentration on degradation effi-
ciency under 254 nm UV and 1.13 % Fe-TNT of 0.04 gL ™.

and DB22. The MB degradation efliciency reached almost
100% after 180 min, whereas, the DB22 decolorizing efficiency
was only 38% after 180 min because the chemical bonds of
DB22 are longer. To increase degradation efficiency, length of
exposure to UV light needs to be increased.

3.3.3. The Effect of Fe Content. The photocatalytic degrada-
tion of methylene blue (MB, 10 ppm) by 0.77-4.5 wt% Fe-
doped TNT was conducted under a 14-W UV and visible
light. The power of a 14-W UV and visible light is a very
low source compared to conventional visible sources or solar
light at 300-500 watts [22]. The 1.13% Fe TNT displayed the
best properties in this experiment, as shown in Figure 8.
The photodegradation efficiency abruptly decreased to 62%
due to an agglomeration and sedimentation of the catalyst
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particles when the Fe content exceeded 4.50%. This caused an
increase in the particle size and a decrease in a specific surface
area which lead to a decrease in the number of surface active
sites [23].

El-Sharkawy et al. [24]. indicate that MB was not
degraded completely when irradiated with UV in the absence
of catalyst after 25 hr. This study has the same r.

3.3.4. The Effect of Light Source. There are four kinds of light
sources, including 254 nm UV, 365 nm, 380 nm, and 490 nm
light, for assessing the effect of light sources. The decolorizing
efficiency reached almost 100% after 180 min of illumination
time under 254 nm UV, as shown in Figure 9. Decolorizing
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FIGURE 9: The effect of light source on degradation efficiency for
10 ppm MB removal and catalysts loading of 0.04 gL ™" with 1.13%
Fe TNT.
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10 ppm MB, RBK5, and DB22 with 0.13 gL'1 catalyst under 254 nm
light source.

efficiency reached 90% after 180 min under near visible light
(A = 380nm). In addition, the decolorizing efficiency was
95% under 365nm UV. Several minutes were spent before
each reaction to maintain the temperature stability. The
temperature was kept at 25°C by constant temperature water
bath circulation system.

3.3.5. Kinetic Analysis. The photocatalytic degradation of
MB, RBK5, and DB22 dyes as a function of the irradiation
time was observed to follow an exponential decay as depicted
in Figure 10. These results suggest that the photodegradation
reaction follows the pseudo-first-order reaction kinetics.
The pseudo-first-order reaction rate constant and half-life



TABLE 1: Pseudo-first-order kinetic parameters of different dyes.

Catalyst R’ k, (min™") t,/, (min)
MB 0.993 0.014 49.5
RBK5 0.937 0.005 21.0
DB22 0.947 0.002 18.3

parameters for MB dyes are listed in Table 1. The values of
R? for different dyes show that a good compliance with the
pseudo-first-order equation and the regression coefficients
for the linear plots all exceeded 0.94.

4. Conclusion

In this study, the characterization of TNT and Fe TNT
prepared using a hydrothermal and photodeposition method
was performed. The time of decolorization increased with an
increase in the initial MB concentration. The decolorizing
efficiency decreased with increasing initial MB concen-
tration, and a higher efficiency was obtained under UV-
light illumination. However, excessive loading decreased the
efficiency, and 1.13% weight Fe loading was found to be the
optimal addition. Fe TNT using different Fe loadings was well
characterized by the pseudo-first-order kinetic model.
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Na, TigO,5/TiO, composite particles were synthesized through the hydrolyzation of tetrabutyl titanate in a reverse microemulsion
and characterized by thermogravimetry and differential scanning calorimetry (TG-DSC), X-ray diffraction (XRD), and
scanning electron microscope (SEM). The photocatalytic property of Na,TigO,;/TiO, was evaluated by degradation of 2,4-
dichlorophenol(2,4-DCP) under 40 W ultraviolet lamp (A = 365nm) irradiation and compared with commercial P25-TiO, in
the same condition. The results showed that the synthesized nanobelts Na, Ti;O,5/TiO, heterostructures had typical width from
80 to 100 nm, with thickness less than 40 nm and length up to 5 ym. Such Na, Ti O,,/TiO, nanosized particles exhibited better
photocatalytic activity than that of P25-TiO,, and the degradation rate of 2,4-DCP with initial concentration of 0.02 g/L reached

99.4% at the end of 50 min.

1. Introduction

Chlorophenols, as significantly harmful environmental pol-
lutants [1-3], are of high toxicity, recalcitrance, bioaccumula-
tion, and persistence in the environment. These compounds,
which have been widely used as insecticides, bactericides,
herbicides, fungicides, and wood preservative, are difficult to
be biodegradated [4, 5]; thus, they are environmental residue.
Chlorophenols are considered to be harmful for human
health [6, 7] and have been listed as priority pollutants by
the US EPA and the EU. Conventional processes [8-10],
such as physical, chemical, and biological methods, are used
to remove chlorophenols. These techniques, however, are
difficult to degrade such refractory biodegradation organic
pollutants completely. In recent years, several advanced oxi-
dation processes (AOPs) are put forward for the degradation
of chlorophenols [11, 12], including electrochemical anodic
oxidation [13, 14], Fenton oxidation [15, 16], and photocat-
alytic oxidation [17, 18]. Such AOPs generate free radicals,
which have strong oxidation capability; thus, the organic

pollutants can be destructed easily. Photocatalytic oxidation
is one of the AOPs widely used to degrade organic pollutants
into harmless final products.

The present researches focusing on the materials of pho-
tocatalytic oxidation are semiconductors included oxides [19,
20], sulfides [21], nitrides [22], and oxynitrides [23]. These
semiconductors provide a promising strategy for environ-
mental pollutants control or hydrogen generation. One of
the most important photocatalysts is titanium dioxide (TiO,)
[24, 25], which has been known as the most preferable
photocatalyst due to its stability, nontoxicity, and low cost.
However, there are disadvantages, such as low separation rate
of the photoexcited electrons and holes, which lead to the
limited quantum efficiency of TiO,. Therefore, many scholars
have been devoted to prepare a TiO, photocatalyst that
is capable of efficient generation and separation of photo-
induced electron-hole pairs. These investigations include
doping with cation or anion ions, coupling TiO, with other
semiconductors [26], depositing precious metal, and so on.
For example, Yu et al. synthesized novel carbon self-doped



TiO, sheets with exposed {001} facets, which exhibited an
excellent absorption in the whole visible-light region, due to
the exposed {001} facets which were much more reactive than
the thermodynamically more stable {101} surface [27].

It was reported [28, 29] that alkali titanates, general for-
mula as A,0-nTiO, (3 < n < 8, A = Li, Na, K), exhibited
good photocatalytic activity and ion conductivity. Accord-
ing to Billik et al. [30], Na,TigO,; could be prepared by
mechanochemical reaction of the TiC,,-Na,SO,-10H,O-
Na, CO; mixture followed by a molten salt synthesis.

The present work is based on the idea that heterostruc-
tures of Na,Ti;O;; coupling with TiO, would perform
outstanding photocatalytic properties. To our knowledge,
Na,TizO,; is hard to be obtained at the temperature lower
than 800°C. Since the costs are high and the process of
crystallization is difficult to control, we proposed a simple
and rapid method to obtain such heterostructures. In this
paper, x-Na,Ti;O,5/TiO, (x = 0, 1.0, L5, 2.5) composite
particles were synthesized in reverse microemulsions system
at room temperature and ambient pressure followed by
heat treatments from 500°C to 800°C. The photocatalytic
activity of these samples was evaluated and compared with
the commercial P25-TiO, on the degradation of 2,4-DCP
in aqueous solution under ultraviolet light irradiation. The
forming conditions of Na, TigO,3/TiO, heterostructures and
their photocatalytic property were discussed based on char-
acterization results.

2. Materials and Methods

2.1. Preparation of Na, TigO,5/TiO, Composite Particles. The
nanostructured Na,Ti;O,;/TiO, photocatalyst was synthe-
sized by a microemulsion approach. The n-hexanol (chem-
ically pure, CP) was considered as both the oil phase
and the cosurfactant, and cetyltrimethylammonium bromide
(CTAB) (CP) was chosen as the surfactant. Sodium hydroxide
(CP) solution with specific molar concentration of 0, 1.0, 1.5,
and 2.5 mol/L, respectively, acted as the water phase.

Stock solutions of n-hexanol and CTAB with a quality
ratio of 2:1 were mixed under stirring. Sodium hydroxide
solution was added drop-wise to the glass vial containing the
mixtures aforementioned, and the mass of sodium hydroxide
solution was 10% of the bulk quality. After stirring for 60 min,
a steady microemulsion was obtained. A desired amount of
Ti(OBut), (CP) was injected into the microemulsion. The
resultant suspension was stirred for 120 min until it became
milk white. In the system, the quality ratio of CTAB to
Ti(OBut), was 2.5:1. The solid products were separated in
a centrifuge at 4000 rmin~' and washed with anhydrous
ethanol (AP) to remove the organic compounds and sur-
factants from the particles and dried in an oven at 105°C
for 12h. The obtained precursors were calcined for 3h at
500, 600, 700, and 800°C, respectively. The final products
were milled before characterization. Samples were labeled
as x-Na,TigO,5/Ti0,, where x = 0, 1.0, 1.5, and 2.5mol/L
was the molar concentration of NaOH. All the products
were synthesized at room temperature and ambient pressure
without thermal treatment, if not otherwise stated.
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2.2. Characterization of Na, TisO,5/TiO, Composite Particles.
X-ray powder diffraction (XRD) patterns were recorded on
a Bruker D8 ADVANCE X-ray diffractometer with Cu K«
radiation (A = 0.15406 nm) at a high voltage of 40kV with a
step 0f 0.02°. The particle size and morphology were observed
on a field emission scanning electron microscope (FESEM,
LEO 1530 VP, Germany). The TG analysis of precursors was
measured by an STA449¢/1/41G thermal analyzer (Netzsch,
Germany).

2.3. Photocatalytic Studies. The photocatalytic reaction was
conducted in a 200mL cylindrical glass vessel fixed in
the XPA photochemical reactor (Nanjing Xujiang Machine-
electronic Plant). The XPA reactor consists of a magnetic
stirrer, quartz cool trap, and a condenser to keep the
reaction temperature steady and to prevent the evaporation
of water. A 40 W Hg lamp (365nm) was used as the UV
light source. 2,4-Dichlorophenol (2,4-DCP) with certain
concentration(0.02 g/L) was used as reactant.

Prior to illumination, various quantities of photocat-
alyst powder were dispersed in 200 mL reaction solution
and stirred in the dark for 30 min in order to obtain an
optimally dispersed system and to ensure complete adsorp-
tion/desorption equilibration. Subsequently, the Hg lamp was
turned on, and the catalysts began to decompose 2,4-DCP.

During the course of illumination, 1.0 mL of suspensions
was withdrawn periodically from the reactor and filtered
(Millipore Millex25 0.45 mm membrane filter) previously to
HPLC measurements.

The concentrations of 2,4-DCP were monitored with a
high performance liquid chromatography (HLPC, Shimadzu,
Japan) equipped with a UV detector (SPD-10AV) and a
Symmetry CI8 column (250 mm x 4.6 mm). Mobile phase:
methanol (HPLC grade) and water (80:20, volume); flow
rate: 1.0 mL/min; injection volume: 20 uL; absorbance detec-
tion: 284 nm. The concentration of the remaining 2,4-DCP
was measured by its area of characteristic peak (A). The
degradation ratio (X) of the reactant was calculated using
X(%) = 100(A, — A,)/A,.

3. Results and Discussion

3.1 Characterization of Na, TigO,5/TiO, Composite Particles.
The TG-DSC curves for 1.5-Na, Ti;O,5/TiO, precursor are
shown in Figure 1. The TG results indicate that the sample lost
weight slowly from 25 to 80°C, which could be attributed to
the volatilization of physically absorbed oil phase and water.
There is a sharp weight loss from 80 to 270°C due to the
evaporation of water and the desorption of hexanol (boiling
point 156°C), and this is supported by the exothermic peak
at 119°C in the DSC curve. As the temperature increases
from 270 to 320°C, the sample exhibits further and faster
weight loss, which corresponds to the burning of residual
surfactant, and this could be explained well by an exothermic
peak detected in the DSC curve at 272°C. Beyond 320°C, the
curve becomes almost flat, implying that the weight of the
precursor has little changed. Combining with the DSC curve,
phase transition may be the mainly occurring at this process.
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FIGURE 1: TG-DSC curves of 1.5-Na, TigO,;/TiO, precursor.

The DSC curve of the precursor shows two main exother-
mic peaks: one of which is the evaporation of water and oil
phase, and the other is the decomposition of surfactant as
discussed earlier. Three endothermic peaks appear at 341,
406, and 566°C, which could be ascribed to the crystallization
of TiO, from amorphous to anatase, and from anatase to
rutile, and the crystallization of Na, Ti;O,;, respectively.

The typical SEM images of 1.5-Na,TicO,;/TiO, are
presented in Figure 2. As can be seen in Figure 2(a), the
1.5-Na, TigO,3/TiO, precursor without heat treatment is
amorphous and bonding loosely, appearing to be large and
bubbles-like, which might reflect the situation of the water
droplet in the microemulsion. While the precursors were cal-
cined at 500 or 600°C, the loose bubbles-like structures break
into small particles, and the diameter was less than 100 nm.
Comparing with Figures 2(b) and 2(c), particles calcined at
600°C dispersed better than that at 500°C. Subcircular and
well-crystallized particles with diameter of around 50 nm
were obtained in Figure 2(c). Combining with XRD pattern,
it can be known that the precursors were dehydrated and
they would be transformed into the crystalline anatase and
Na, TigO,3, under calcinations at 500 and 600°C, respectively.

The SEM micrographs of Na,TigO,; powders calcined
at 700 and 800°C are shown in Figures 2(d) and 2(e). The
belt-like morphology of the product calcined at 700°C is
well documented in the SEM image shown in Figure 2(d).
Na,Ti;O,; nanobelts have typical width from 80 to 100 nm,
thickness less than 40 nm, and length up to 5 ym. The phase
of the obtained sample was supported by XRD. It is also found
that the nanobelts were fractured under calcination at 800°C,
though the fragments have higher degree of crystallinity, as
shown obviously in Figure 2(e).

Figure 3 shows the XRD patterns of 1.5-Na, TicO,;/TiO,
precursor and the composite particles which were calcined
for 3h at 500, 600, 700, and 800°C, respectively. As can be
seen, no characteristic diffraction peaks are observed from
the pattern of precursor, indicating that the precursor is
amorphous. The XRD pattern of 1.5-Na,TigO,;/TiO, cal-
cined at 500°C shows a strong peak at 20 = 25.34° and a

weak one at 20 = 27.50°, implying that TiO, is crystallized
as the anatase and rutile phase coexistence after calcined at
500°C. Curves of 1.5-Na, TigO,;/TiO, calcined at 600-800°C
show that Na,Ti;O,; could be obtained by calcining the
microemulsion-resulted precursor at relatively low tempera-
ture (<800°C). The pattern of 1.5-Na, TigO,5/TiO, calcined at
600°C shows the characteristic diftfraction peak of both rutile
and Na,TigO,;; however, the samples calcined at 700, and
800°C have no characteristic diffraction peak of TiO,.

Although the formation mechanisms of the titanate
nanobelts are still under debate, we believe that the formation
of Na, TizO,; nanobelts may be affected by the crystallite size
or chemical activity of the precursor and the condition of
crystallization. In our work, the precursor is considered to
be Ti(OH),. Under heat treatment, —-OH from the surface
of Ti(OH), combined with each other to produce H,O and
-O-Ti-bond. With the calcined temperature increase and
the existence of Na*, more ~-OH were removed and Na-
O-Ti-bonds were formed, which means that Na,TisO;;
were formed. As it was supported by SEM and XRD, at
the temperature of 600°C, the crystallization of Na,Ti O,
which are the prerequisites for the nanobelts formation
was obtained. According to Dominko et al. [31], Na,Ti;O;
crystallizes in a monoclinic crystalline structure with con-
tinuous tunnel channels along ¢ axis (Figure 4). Such tunnel
channels suppressed the possible delamination into sheets or
nanotubes [30].

In a word, the amorphous precursor forms anatase and
rutile phase at 500°C, and the anatase phase transits into rutile
phase at 600°C; meanwhile, Na, TigO,; crystal formed. How-
ever, when the temperature is higher than 600°C, no TiO,
exists. Thus, the optimum temperature for heterostructure
particles is 600°C.

3.2. Degradation Activities of Na, TigO,5/TiO,. In this inves-
tigation, 2,4-dichlorophenol(2,4-DCP) was chosen as a rep-
resentative model pollutant (C, = 20mg/L, 200mL) to
study the adsorption and photocatalytic activity of the
Na, Ti;O,5/TiO, composite particles (10 mg) under UV-light
(40 W Hg lamp) irradiation and the results can be seen in
Figure 5. The degradation efficiency of 2,4-DCP increased
with time. After 50 min UV-light irradiation, the degradation
rate reached 99.4%, 96.0%, 83%, and 56.2%, by the pho-
tocatalyst synthesized in 1.5, 1.0, 0, and 2.5 mol/L sodium
hydroxide solution, respectively, while the commercial P25
has the degradation rate of 76.9%, and the degradation rate
of 11.5% was obtained without any photocatalysts.

The different molar ratios of Na,TigO,3/TiO, have sig-
nificant differences in photoactivity. While the ratio raises
from 0 to 1.5, the degradation rate raises obviously; however,
the 2.5 sample has the weakest activity. The sample of 1.5-
Na, TigO,5/TiO, has the best efficiency for decomposing
2,4-DCP, which is about 1.3 times higher than commercial
P25. Thus, 1.5-Na, TigO,3/TiO, was chosen as the standard
photocatalyst.

Figure 6 shows the photoactivity of 1.5-Na, TicO,;/TiO,
calcined at different temperatures. After 50 min UV-light
irradiation, the degradation rate reached 99.4%, 83.8%,
56.3%, and 37.2%, by the photocatalyst calcined at 600, 500,
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FIGURE 2: SEM image of Na, Ti;O,5/TiO, composite particles. (a) 1.5-Na, TigO,;/TiO, precursor; (b) 1.5-Na, TigO,;/TiO, calcined at 500°C;
(c) 1.5-Na, TigO,,/TiO, calcined at 600°C; (d) 1.5-Na, TizO,5/TiO, calcined at 700°C; (e) 1.5-Na, TizO,5/TiO, calcined at 800°C.

700, and 800°C, respectively. The commercial P25 has the
degradation rate of 76.9%, and the blank experiment showed
the degradation rate of 11.5%.

Combining with SEM and XRD characterization, the
temperature of calcinations determines the crystal line, the
morphology, and the components of the photocatalyst. At
500°C the component of the photocatalyst mainly is TiO,.
Such photocatalyst formed by anatase and rutile exhibits a
general photoactivity. At 600°C Na, TigO,5/TiO, heterostruc-
ture formed and the particles were well crystalline. These
microstructures improve the separation efficiency of pho-
togenerated electrons and holes, increase the contact area,

and allow more efficient transport for the reactant molecules
to get to the active sites on the framework walls, enhance
the adsorption of light, and reduce the reflection of light.
Therefore, the photocatalytic activity was enhanced.

In order to observe the photo degradation process of 2,4-
DCP, the concentrations of possible intermediates, such as
phenol, 4-CP, and 2-CP, were measured with HPLC. Figure 7
represents these three intermediates generation from the sys-
tem. It is clear that 2,4-DCP was not completely mineralized
and was residue as phenol and chlorophenol; meanwhile,
the concentration of phenol is much higher than 4-CP
and 2-CP. After 40 min photoreaction, the concentration
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at 800°C.
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FIGURE 4: Schematic representation of the crystal structure of
Na, TigO,; along a-axis [31] (octahedral: Ti-Og; spheres: Na).

of these three intermediates reduced obviously, indicating
that Na, TigO,5/TiO, heterostructure is capable of degrading
phenol and chlorophenol.

4. Conclusions

Nanobelts Na,TigO,3/TiO, heterostructure particles were
synthesized in an n-hexanol/CTAB/sodium hydroxide solu-
tion reverse microemulsion. The samples were investigated by
TG-DSC, XRD, and SEM. The results show that such belt-like
photocatalyst has typical width from 80 to 100 nm, thickness
of less than 40 nm, and length up to 5 ym. The photocatalytic
activity of photocatalysts synthesized by 1.5 mol/L sodium
hydroxide solution and calcined at 600°C for 3h gave the
greatest degradation rate towards 2,4-DCP. In summary, it
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Na, TigO,5/TiO,; (d) commercial P25; (e) 2.5-Na, TigO,;/TiO,; (f)
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FIGURE 7: Variation of (a) phenol; (b) 4-CP; (c) 2-CP concentration
during the photo degradation.



was proved that the heterostructure particles had higher
photocatalytic activity than the common TiO,.
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Nitrogen-doped TiO, powders have been prepared using technical guanidine hydrochloride, titanyl sulfate, and urea as precursors
via a mild hydrothermal method under initial pressure of 3MPa, 150°C holding for 2h without any postheat treatment for
crystallization. The nanocrystalline N-doped TiO, powders were composed of anatase TiO, by XRD. The grain size was estimated
as about 10 nm, and the BET specific surface area of the powder was measured as 154.7 m*/g. The UV-visible absorption spectra
indicated that the absorption edge of the N-doped TiO, powders had been red shifted into the visible light region. The photocatalytic
performance of the synthesized powders was evaluated by degradation of phenol under visible light irradiation. And the effects of

the catalyst load and the initial pH value on the photodegradation were also investigated.

1. Introduction

Water pollution has become a major problem in recent
years. The biological, chemical, and physical-chemical water
treatment methods are often ineffectively or environmentally
incompatible [1, 2]. Heterogeneous photocatalytic oxidation
has been considered as one of the effective methods to treat
the pollutants in water through the photo-generated hydroxyl
radials and super oxygen species [3, 4]. TiO, photocatalyst
has attracted much attention due to its low cost, high stability,
nontoxicity, and environmental friendly properties [5, 6].
However, TiO, can only be excited by UV light (A < 387 nm,
accounts only about 5% of sunlight) because of its large
band gap of 3.2 eV for anatase which limits its application in
practical use. Many methods have been adopted to extend
its optical response to visible light (accounts about 45% of
sunlight), such as doping with impurities [7-10], sensitizing
by dyes [11], and coupling with semiconductors [12].

Doping TiO, with various elements is the most effec-
tive way to narrow its band gap. Among these dopants,
nitrogen has attracted much attention in recent years due
to its small ionization energy, comparable atomic size with

oxygen, metastable center formation, and enhanced UV-
Vis photocatalytic performance [7]. Many works on the
preparation of N-TiO, by physical or chemical methods
have been published [13-22]. Among these methods, N-
TiO, powders were mainly prepared either by calcination of
TiO, powders under nitrogen containing atmosphere or by
postheat treatment of the Sol-Gel/hydrothermally prepared
amorphous TiO, with nitrogen agents at high temperature
for both doping nitrogen atoms into the TiO, lattice and
crystallization. However, calcination under high temperature
may cause agglomeration and abnormal growth of crystals
which results in small surface area and decreases the number
of photoactive sites. So, it is necessary to seek an appropriate
route to synthesize N-TiO, effectively under mild conditions.
However, it is not so easy to dope nitrogen into TiO, under
mild hydrothermal conditions because the bond energy
between Ti-O is greater than that of Ti-N bond [23]. Some
researchers have tried to synthesize N-TiO, powders by one-
step hydrothermal method without postheat treatment in a
relatively lower temperature [24]. It was found that N-TiO,
could be synthesized through one-step hydrothermal method
at 150°C for 8h [25]. N-TiO, nanoparticles were prepared
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FIGURE I: XRD patterns of the undoped and N-doped TiO, powders.

by using Degussa P25 and triethanol amine as precursors
via hydrothermal method at 140°C holding for 24 h [26].
So, it always needs longer reaction time in the one-step
hydrothermal method to prepare N-doped TiO,.

In this paper, well crystallized N-doped TiO, powders
with enhanced visible light absorption have been prepared by
a mild hydrothermal method at 150°C holding for 2 h without
any postheat treatment for crystallization. The photocatalytic
performance of the synthesized powders was evaluated by
degradation of phenol in aqueous solution under visible light
irradiation.

2. Experimental

N-doped TiO, powders were prepared via a hydrothermal
method at 150°C holding for 2 h. Technical grade TiOSO, -
2H,0, CO(NH,), and CH;N; - HCI were used as received
and without any further purification. In a typical synthesis
process, titanyl sulfate (1M), urea (L.5M), and guanidine
hydrochloride (3 M) were dissolved in 1L distilled water
and stirred for 30 min, and then the mixed solution was
transferred into an autoclave with an internal volume of 2 L.
The initial pressure was set at 3 MPa, and the stirring speed
was fixed at 300 r/min. The autoclave was heated to 150°C
holding for 2 h. The obtained suspension was centrifuged and
washed with deionized water until no SO,>~ was detected in
the washes. After drying at 90°C in air, the yellow colored N-
doped powders were obtained. The white undoped TiO, was
also synthesized under the same processing parameters.

The synthesized N-doped powders were characterized
by X-ray diffraction, Brunauer-Emmett-Teller (BET), Trans-
mission electron microscopy, UV-Visible diffuse reflectance
spectra, and X-ray photoelectron spectroscopy. The pho-
tocatalytic activity of N-doped powders was evaluated by
photodegradation of phenol in aqueous solution under 400~
650 nm visible light irradiation with illuminant intensity
of 15.54 mW/cm®. Firstly, 0.25g of N-doped powders were
mixed into 100 mL phenol aqueous solution with a concen-
tration of 25 mg/L, and then the suspension was stirred in the
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dark for 2h to reach the balance of adsorption/desorption.
The balanced concentration of phenol was treated as the
initial phenol concentration. Then, the light was turned on
to start photodegradation. The suspension was sampled at an
interval of 2h and centrifuged to remove the N-doped TiO,
particles. The concentration of phenol was measured on a
UV-Visible spectrophotometer (TU-1901) at the wavelength
of 270 nm to obtain the absorbance of the solution.

3. Results and Discussion

Figure 1 shows the XRD patterns of the synthesized pure
and N-doped TiO, powders. All the peaks are corresponding
to those of anatase. The intensity of the peaks of N-TiO,
is slightly weakened compared with that of undoped TiO,.
From the line broadening of the (101) diffraction peak by
Scherrer’s method, the grain sizes of undoped and N-doped
TiO, are about 9.7 and 10.0 nm, respectively. The specific
surface areas for undoped and N-doped TiO, are 150.6 and
154.7 m*/g, respectively.

Figure 2 shows the TEM micrograph of N-doped TiO,
powders. The particles are approximately spherical in shape
and 10nm in size, which is consistent with the results
calculated by Scherrer’s method.

The UV-Visible absorption spectra of undoped and N-
doped TiO, powders are shown in Figure 3(a). It is clear
that N-doped TiO, powders exhibit stronger visible light
absorption while the undoped TiO, can absorb only UV
light. The straight-line extrapolation method was used to
determine the light absorption edge of the powders, as
indicated in Figure 3(a). The absorption edge of the undoped
TiO, is approximately 390 nm while that of N-doped TiO, is
around 420 nm. According to the equation E 9= 1240/A (eV),
the band gap energies of the undoped and N-doped TiO, are
3.18 and 2.95 eV, respectively. As TiO, has been considered
as an indirect semiconductor [27, 28], the band gap energy
of the samples can be estimated by Kubelka-Munk function
[29, 30], as shown in Figure 3(b). Band gap energy calculated
from the intercept of the tangent lines in the plots are 3.10 and
2.90 eV for undoped and N-doped TiO,, respectively, which
is in accordance with the UV-Vis results.

The concentration and the electronic state of nitrogen at
the surface of the N-doped TiO, powders were measured
by XPS, as shown in Figure 4. The XPS survey spectra as
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FIGURE 3: (a) UV-Visible absorption spectra of undoped and N-doped TiO, powders and (b) plots of («hv)** versus photoenergy of the

synthesized samples.

indicated in Figure 4(a) show that the surface of N-doped
TiO, is composed of Ti, O, N, and carbon. The concentration
of nitrogen is about 1.6% (atomic percent). Yang et al. [31]
suggested that when the doping concentration of nitrogen
was less than 2.1% (atomic percent), an isolated N2p states
would be created above the O2p valance band, which might
contribute to the visible light sensitivity. Figure 4(b) shows
the binding energy of Nls located at both 396.0 and 399.9 eV.
The weaker peak located at 396.0 eV can be attributed to the
Ti-N bond which indicates that nitrogen atoms have been
incorporated into the lattice of TiO, [32, 33]. The stronger
peak located at 399.9 eV can be assigned to Ti-O-N linkage
which is considered as the interstitial nitrogen atoms in the
lattice of TiO, and has been reported in many literatures [34-
36].

The photodegradation of phenol aqueous solution under
different conditions is shown in Figure 5. In order to confirm
any possible self-degradation of phenol under visible light
irradiation, the light irradiation of phenol solution with the
same illumination intensity was processed. It can be seen
in Figure 5 that the phenol concentration remains almost
unchanged with the elapse of irradiation time. That is, the
phenol will not be degraded by the visible light irradiation.

The effect of the phenol adsorption by the catalysts on the
photocatalytic degradation process has been investigated by
stirring the phenol-catalysts suspensions in the dark for 10 h.
The concentration of phenol was decreased only 2% during
the 10 h black stirring as indicated in Figure 5. So, the decrease
of the concentration of the phenol caused by the adsorption
of the catalysts can be ignored. Forty-seven percent of phenol
hasbeen degraded by N-TiO, powders while that by undoped
TiO, is 15%. N-doped TiO, exhibits better photoactivity than
that of undoped TiO,, which indicates that nitrogen doping
has improved the photocatalytic activity of TiO, in the visible
light region.

Catalyst load is an important factor that affects the pho-
tocatalytic degradation of phenol. The influence of the load

of photocatalyst was performed by varying the amount of N-
doped TiO, from 0.1 to 2.0 g, as indicated in Figure 6. The
maximum photocatalytic degradation is obtained when using
0.25g N-doped TiO, powders. Further increase or decrease,
the amount of catalysts will reduce the photodegradation. The
results are in agreement with the data published by other
researchers [37, 38]. When the amount of the charged catalyst
is too high, turbidity will hinder the light penetration and
enhance the light scattering [39]; thus, the photocatalytic
activity of the catalyst will be reduced due to the decreased
light intensity. Besides, the aggregation of particles increases
with the increase of the amount of the photocatalyst which
may also decrease the total active sites for the adsorption
of photos and phenol [34], resulting in the decrease of
photodegradation.

The pH value of the aqueous solution affects the surface
charge of the catalyst as well as phenol. The effect of
pH value on photodegradation of phenol was investigated
in the range of 4 to 10 by adjusting the solution with 1
mol/L HCl and NaOH, as shown in Figure 7. The maximum
photodegradation is observed at pH = 4, and it can reach
81% after 10 h of visible light irradiation. The similar results
were also reported in [40]. Figure 8 shows the zeta potential
of N-doped TiO, in phenol aqueous solution at different
pH values. The isoelectric point of N-doped TiO, particle
is 6.4. According to the isoelectric point of N-doped TiO,,
the following reactions may occur on the surface of N-doped
TiO, at different pH values:

TiOH + H" — TiOH,", (1)
TiOH + OH™ — TiO™ + H,0. (2)

That s, the surface of N-doped TiO, will be positively charged
at pH < 6.4 and negatively charged at pH > 6.4. As the
dissociation constants (pK,) of phenol are 9.96 (t = 25°C)
[41], the phenol will mainly exist as neutral species when
pH value is less than the pK,, while it will be negatively
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FIGURE 6: Effects of N-doped TiO, powders load on the photodegra-
dation of phenol at pH = 6.

charged when the pH is larger than the pK,. That is,
phenol molecules can be scarcely adsorbed on the surface
of N-doped TiO, particles due to the columbic repulsion
between them as the surface of N-doped TiO, particles and
phenol molecules are both negatively charged when pH =
10. Therefore, very little phenol could be decomposed. At
the case when pH < 10, phenol is primarily presented in
neutral molecular form while the surface of TiO, particles
are positively (or negatively when pH > 6.4) charged. The
electrostatic attraction between TiO, particles and phenol
molecule increases the amount of adsorbed phenol and then
enhances the photodegradation. Besides, agglomeration has
also been considered as one of the key factors that affect
the photocatalytic activity. When the pH is relatively low,
large repulsive forces between the TiO, particles may occur
due to the positive charges caused by the reaction (1); thus,
the dispersion of the TiO, particles in the suspension could
be improved and the photocatalytic performance could be
enhanced as well due to the decreased agglomeration of the
particles. Therefore, the better photodegradation occurs at
the case when pH value is 4.

The photodegradation of phenol is complex and may
produce complex intermediates such as toxic aromatic inter-
mediates as reported in many researches [42, 43]. Gen-
erally, phenol is firstly oxidized to aromatic intermediates
such as hydroquinone, catechol, benzoquinone, and 4, 4'-
dihydroxybiphenyl, and then phenyl rings of theses aromatic
intermediates break up to form aliphatic acid which is further
oxidized to short-chain organic acid such as oxalic acid,
acetic acid, and formic acid. Finally, they are decomposed to
carbon dioxide and water completely [11, 37]. The aromatic
intermediates always have colors. For example, the color of
the mixture of catechol and hydroquinone aqueous solution is
pink, while that of m-dihydroxybenzene and benzoquinone
are yellow and brown, respectively [44]. The absorption peaks
corresponding to aromatic intermediates and ring cleavage
products have been detected in the UV-Vis absorption spectra
of phenol degradation by researchers [45, 46]. However,
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in our experiments, the solution after photodegradation
is colorless, and no clear absorption peaks corresponding
to aromatic intermediates and ring cleavage products are
detected in the spectra, as shown in Figure 9, which indicates
that there is little photodegradation intermediates produced
in the photodegradation of phenol process and the good
photocatalytic performance of our samples.

4. Conclusion

N-doped TiO, was successfully synthesized by a mild
hydrothermal method at 150°C and holding for 2h without
any postheat treatment for crystallization. The grain size of
the powders was about 10 nm, and the specific surface area
of N-doped TiO, was 154.7 m*/g. The absorption edge of N-
doped TiO, had been shifted to 420 nm, and the band energy
was about 2.90eV estimated by Kubelka-Munk function
after nitrogen doping. Nitrogen atoms have been successfully
incorporated into the lattice of TiO,. The amount of catalyst
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FIGURE 9: UV-Vis absorption spectra of phenol degradation with
0.25 g N-doped TiO, at pH 4.

and pH value was optimized as 0.25g and 4, respectively,
for better photocatalytic performance in our experiment
conditions. The photodegradation reached 81% after 10 h of
visible light irradiation.
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The photoelectrocatalytic performance of benzoic acid on TiO, nanotube array electrodes was investigated. A thin-cell was used to
discuss the effect of the bias voltage, illumination intensity, and electrolyte concentration on the photoelectrocatalytic degradation
efficiency of benzoic acid. The photogenerated current-time (I-f) profiles were found to be related to the adsorption and the
degradation process. The relationship between the initial concentration and the photocurrent peaks (I;,,) fits the Langmuir-type
adsorption model, thus confirming that the adsorption of benzoic acid on TiO, nanotube arrays (TNAs) was single monolayer
adsorption. At low concentrations, the I-t profiles simply decay after the initial transient peak due to the sufficient holes on the
TNAs which would oxidize the benzoic acid quickly. However, the I-t profiles varied with increasing benzoic acid concentrations
because the rate of diffusion in the bulk solution and the degradation of the intermediate products affect the photoelectrocatalysis

on the electrode surface.

1. Introduction

For nearly three decades, the photocatalytic and photo-
electrocatalytic degradation of organic substances on wide-
bandgap semiconductive TiO, nanomaterials have drawn
considerable attention because of their high photocatalytic
efficiency, nontoxicity, nonphotocorrosiveness, favorable bio-
logical and chemical inertness, and low cost [1-5]. However,
conventional TiO, nanoparticles also exhibit defects such as
a high electron-hole recombination rate, low photocatalytic
degradation efficiency, and difficult follow-up process [6].

To overcome these defects, considerable effort has been
devoted to improving the photocatalytic ability of TiO,
catalysts, including the synthesis of new TiO, structures [7-
11]. TiO, nanotube arrays (TNAs) have gained attention and
have been successfully applied to the photoelectrocatalytic
degradation of a variety of organic pollutants because of
their peculiar architecture, large surface area, high adsorption
capacity, easy teleportation, and highly efficient degradation
of organics [12-15].

Traditional studies on the photoelectrocatalytic oxidation
of organic compounds were mainly performed in bulk

reactors, wherein the pollutant concentration was repeatedly
determined over a certain period via absorption spectropho-
tometry [16-18]. However, this method limits the in-depth
investigation of the reaction mechanism because of the
relatively large body solution and long diffusion channel [19].
The use of a thin-cell with a small-volume cavity facilitated
the study of the adsorption characteristics of organic sub-
stances and their interactions with the catalyst because of the
subsequent increase in the ratio of the photoanode area to
the organic solution volume. These studies led to the rapid
completion of the exhaustive redox reaction [19, 20].
Benzoic acid was typical aromatic ring acid compound. It
was the most commonly used food preservative and antibac-
terial agent [21]. It was also extensively used in the printing
and dyeing industry (as a mordant of dyeing and printing)
as well as in the pharmaceutical (as the intermediate) [22],
steel (as an antirust agent) [23], and other industries [24]. In
addition, benzoic acid is the intermediate metabolic product
of various aromatic compounds and also the degradation
intermediate product of many complex refractory organics
[25]. However, few reports on the photoelectrocatalytic per-
formance of benzoic acid compounds have been released.



In this paper, the photoelectrocatalytic performance of
benzoic acid on TNA electrodes was investigated using a
thin-cell reactor. The adsorption properties, microcosmic
degradation process, and reaction characterization of benzoic
acid on TNAs were investigated by analyzing the change in
the photogenerated current-time (I,;,-t) profiles. The result of
this study provides a solid foundation for future research into
the reaction mechanism and reaction kinetics of aromatic
organic compounds on TNA electrode surfaces.

2. Materials and Methods

2.1. Materials. Titanium sheets (0.25 mm thick, 99.9% purity)
were purchased from Sumitomo Chemical (Japan). Unless
otherwise indicated, reagents were obtained from Sinopharm
Chemical Reagent Company and were used as received.
High-purity deionised water was used in the preparation of
all solutions.

2.2. Preparation of TiO, Nanotube Array Electrode. The
preparing method of TiO, nanotube array electrodes has
been published in our previous work [18]. Hence, only key
points of the fabrication process were summarized here.
The electrolyte contain 0.1 mol/L NaF, 1 mol/L NaHSO, and
0.2 mol/L trisodium citrate, also with NaOH added to adjust
the pH. The TiO, nanotube array electrodes are prepared
under constant stirring for 4 h. After anodization, the as-
prepared sample was washed with high-purity deionized
water and dried at room temperature. Then it was annealed
in a laboratory muffle furnace at 500°C to crystallize in
the air ambience. X-ray diffraction (Bruker, D8 ADVANCE,
Germany) analysis showed that the crystal structure of TNA
is anatase [18].

2.3. Apparatus and Methods. All experiments were per-
formed at room temperature in a three-electrode electro-
chemical cell with a quartz window (0.82 cm?). The thickness
of the spacer was 0.1 mm, which defined the cell volume of
8.2 uL. The structure of thin-cell reactor has been reported in
our previous paper [18]. The TiO, nanotube array electrode
was used as a working electrode; a saturated Ag/AgCl
electrode and a platinum foil were used as the reference and
the counter electrodes, respectively. Also 2 mol/L NaNO; was
chosen as the supporting electrolyte in the experiment. The
supply bias and work current are controlled by a CHI (CH
Instrument, Inc., CHI601d, USA) electrochemical analyzer;
2W LED UV lamp (365 nm) was chosen as UV light source.
The light intensity in experiment was measured by UV-A
ultraviolet irradiator.

3. Results and Discussion

3.1. The Photocurrent-Time Profile Property and Net Charge
Determined in Thin-Cell. In the photoelectrochemical reac-
tion, the oxidation of organic compounds at the electrodes

International Journal of Photoenergy

can be represented by the following electrode reaction equa-
tion:

C,H,,0;NX, + (2y - j)H,0

— yCO, +gX  + kNH,
1)
+(4y-2j+m-3k)H"

+(dy-2j+m-3k-q)e,

where X represents the halogen atom. The numbers of
carbon, hydrogen, oxygen, nitrogen, and halogen atoms in
the organic compound are represented by y, m, j, k, and g.

Faraday’s law can be used to quantify the concentration
by measuring the charge passed if the organics is completely
oxidized. That is,

Qpet = J‘ Idt =nFVC, (2)

where I is the photocurrent from the oxidation of the organics
and t is the time elapsed upon illumination; Q,., is the
direct measure of net charge of the organics; 7 is the number
of electrons transferred and C is the concentration of the
organics, while the volume (V) and the Faraday constant (F)
are known constants.

Figure 1 shows a set of typical photocurrent-time profiles
in the exhaustive mode in thin-cell at the fixed applied bias
potential of 2.5 V. Figures 1(c) and 1(d) show the photocurrent
response of a blank solution of 2.0 mol/L NaNO; and a
2.0 mol/L NaNOj; solution containing 0.4 mmol/L benzoic
acid in a thin-cell in the absence of illumination (electro-
catalytic performances). The results show that there is no
photocurrent under dark conditions which indicate that the
benzoic acid in thin-cell cannot be oxidized. Figure 1(a)
shows the typical photocurrent response of a blank solu-
tion of 2.0 mol/L NaNO; under the illumination conditions
(7.9 mW/cm?). The even photocurrent (I,,,,) observed for
the blank solution originated from the stable oxidation of
water. Figure 1(b) shows the photocurrent response of a
2.0mol/L NaNOj; solution containing 0.4 mmol/L benzoic
acid in a thin-cell under the same illumination (7.9 mW/cm?).
The total photocurrent (I, ) observed for the benzoic
acid solution was the total of two different components:
one originates from the photoelectrocatalytic oxidation of
benzoic acid, whereas the other was from water oxidation,
which was the same as I, (Figure 1(a)). When the I, .,
decreases to the level of I, .\, the oxidation of organics was
finished. Hence, the processes of the photoelectrochemical
reaction in thin-cell were described by the change of I-t
profile.

The net charge which originated from the oxidation
of organics was defined as Q,., which can be obtained
by subtracting Qpp,, from Q.. The net charge which
obtained by (2) was defined as ThQ,,,. Because the change
of net charge is directly related to concentration of organics
during the photoelectrochemical reaction. The degradation
efficiency (DE) of the photoelectrochemical reaction can be
defined as the ratio of Q,,, to ThQ,,,, which can be used in
describing the property of thin-cell.
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FIGURE 1: Typical photocurrent-time responses obtained from the
thin-cell (a) 2.0mol/L NaNOj; solution under illumination; (b)
2.0 mol/L NaNO; with 0.4 mmol/L benzoic acid under illumination;
(¢) 2.0 mol/L NaNO; solution under no illumination; (d) 2.0 mol/L
NaNOj; with 0.4 mmol/L benzoic acid under no illumination.

According to (1), the stoichiometric oxidation of benzoic
acid can be represented as

C,H(O, + 12H,0 — 7CO, + 30H" +30e".  (3)

That is, if the complete mineralisation of benzoic acid has
been achieved, 1mol of benzoic acid requires 30 mol of
electrons. The relationship between the net charge and the
concentration should be written as follows with the cell
volume, V' = 8.2 uL, being used:

ThQ,,., = 30FVC = 0.0237C. (4)

Hence, the ThQ,., of 0.2mmol/L, 0.4mmol/L, and
0.8 mmol/L were 0.00474 mC, and 0.00948 mC, 0.01896 mC.

3.2. Effect of Photoelectrocatalytic Degradation on
Benzoic Acid

3.2.1. Effect of the Bias Voltage. The cyclic voltammograms
of a 2.0mol/L NaNOj solution is shown in Figure 2. The
photocurrent increases with the bias voltage, indicating that
the bias voltage can improve the electronic transmission per-
formance of TNAs in the thin-cell. This increase may affect
the photoelectrocatalytic degradation efficiency of benzoic
acid. In the low-bias voltage range (<2 V), the photocurrent
rapidly increases with the bias voltage, thus demonstrating
that the photogenerated electrons cannot be completely
exported to the external circuit. When the bias voltage is
between 2 and 4V, the photocurrent appears in a saturated
platform, indicating that the photogenerated electrons have
been completely exported and that the recombination of
electrons and holes has been restricted. After the platform
becomes saturated (>4 V), the photocurrent again increases
with the bias voltage and can cause the water molecules
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FIGURE 2: Cyclic voltammograms of a 2.0 mol/L NaNO; blank
solution in a thin-cell reactor based on the TNA electrodes under
illuminations of 7.9 mW/cm?.

to decompose when the bias voltage reaches the oxygen
evolution potential of the TNA electrode. The results in
Figure 3 support this view.

Figure 3 shows the photocurrent-time profile of benzoic
acid (0.4mmol/L) degradation at different bias voltages
and under 79 mW/cm? ultraviolet (UV) illuminations. As
show in Figure 3, when the bias voltage is below 3V, the
degradation time of benzoic acid decreased as the bias voltage
increased. This was indicated that the increase in the bias
voltage can also improve the degradation rate of benzoic acid
on TNAs. However, the photocurrent curve continuously
increases when the bias voltage is 4 V, which leads to failure
in identifying the reaction termination using a computer.
This result indicates that the degradation of benzoic acid is
significantly perturbed by the water decomposition when the
bias voltage is too high.

Table 1 shows the Q,, value and degradation efficiency
(DE) of benzoic acid under different bias voltages. When the
bias voltage is below 2V, the DE of benzoic acid increases
with the bias voltage, indicating that the application of a
bias voltage can enhance the photoelectrocatalytic capability
of TNAs for benzoic acid. When the bias voltage is set
between 2 and 3V, the degradation efficiency of benzoic
acid exceeds 99.5%, indicating that the benzoic acid is
completely degraded. The Q,, value remains stable in this
condition, indicating that the value of Q,,., is related only to
the transferred electronics during the photoelectrocatalytic
oxidation. Therefore, the bias voltage should be set within the
electrochemical window (2V to 3V).

3.2.2. Effect of Light Intensity. Figure 4 shows the photocur-
rent responses of a 2 mol/L NaNO; blank solution containing
benzoic acid (0.4 mmol/L) under different light intensities.
The more intense the light, the shorter the time for complete
degradation, indicating that an increase in the intensity of
light is conducive to promoting the photoelectrocatalytic
degradation rate.
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FIGURE 3: Photocurrent responses of a 2mol/L NaNO, blank
solution containing benzoic acid (0.4 mmol/L) in the thin-cell
reactor based on the TNA electrodes at different fixed applied bias
potentials under bias voltages under illuminations of 79 mW/cm?.

Figure 4 shows that the photocurrent increases with the
light intensity, indicating that the increases of light intensity
can improve the electronic transmission performance of
TNAs. The photocurrent-time curve shapes vary with the
light intensity, demonstrating that the light intensity affects
the photoelectrocatalysis of benzoic acid on TNAs.

Table 2 shows that the Q,., and degradation efficiency
of 0.8 mmol/L benzoic acid increase with the light intensity
when the light intensity is below 5.53 mW/cm?. This result
indicates that benzoic acid is not completely mineralized
because of the insufficient light intensity not inducing enough
electron-hole pairs of TNAs in the thin-cell.

However, the Q, ., of benzoic acid at low concentrations
(0.2 and 0.4 mmol/L) and at 0.8 mmol/L under sufficient
light intensity (above 5.53 mW/cm®) remain comparatively
constant, confirming that Q,,, is not related to the light
intensity but is associated with the transferred electrons in
the photoelectric catalytic oxidation when benzoic acid is
completely mineralized.

3.2.3. Effect of Electrolyte Concentration. The transfer of
electrons in the thin-cell reactor was affected by the elec-
trolyte solution. The voltammograms of 0.4 mmol/L ben-
zoic acid with different NaNO; concentrations under light
(79 mW/cm?) are shown in Figure 5. The photocurrent
rapidly increases with the voltage when the NaNO; concen-
tration is below 1mol/L, indicating that the photoinduced
electrons are not completely exported to the external circuit.
When the concentration exceeds 1.5 mol/L, the photocurrent
exhibits a saturated platform, indicating that the photo-
generated electrons are completely exported and that the
recombination of electrons and holes is restricted. The higher
the electrolyte concentration, the stronger the conductivity.
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TABLE 1: Q,, value and degradation efficiency (DE) under different
bias voltages.

Bias voltage (V) 1 1.5 2 2.5 3
Qe (MC) 0.008511 0.009048 0.009433 0.009469 0.009443
DE (%) 90.20 95.45 99.50 99.88 99.61
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FIGURE 4: Photocurrent responses of a 2 mol/L NaNO, blank solu-
tion containing benzoic acid (0.4 mmol/L) in the thin-cell reactor
based on the TNA electrodes at the fixed applied bias potential of
2.5V under different light intensities.

Table 3 shows that Q,., gradually increases with the
electrolyte concentration and is lower than ThQ,. when
the NaNO; electrolyte concentration is below 1 mol/L. These
results indicate that benzoic acid cannot be completely
degraded because of the insufficient number of hole on
TNAs. When the NaNO; electrolyte concentration exceeds
1.5 mol/L, Q,,, remains stable and close to ThQ,,.,, indicating
that benzoic acid has been completely degraded because of
the sufficient number of holes in this condition.

3.3. Photoelectrocatalytic Degradation Property and Mecha-
nism of Benzoic Acid. The photocurrent response profiles of
benzoic acid for seven different concentrations in the thin-
cell reactor are shown in Figure 6. A comparison between
Qe and ThQ,., shows that the different concentrations
of benzoic acid have all been completely degraded in a
photoelectrocatalytic manner.

The relationship between the initial organic concentra-
tions and I, was used to analyze the adsorption prop-
erties of benzoic acid on TNAs because the I, value
corresponds to the initial degradation rate according to
the principle of photoelectric catalysis. Figure 6(a) shows
that the peak photocurrent (Iy,,) increases with C,. At low
organic concentrations, Iy, is proportional to Cy, possibly
because of the photohole capture process during benzoic acid
mineralization. However, as the benzoic acid concentration
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TABLE 2: Q,, value and degradation efficiency (DE) of different concentrations of benzoic acid under varying light intensities.
Concentration Light intensities
1.58 3.16 5.53 7.9 11.85 15.8
(mmol/L) (mW/cm?)

02 Qe (mC) 0.009423 0.009434 0.009421 0.009467 0.009449 0.009409
. DE (%) 99.47 99.52 99.38 99.86 99.67 99.25
0.4 Qe (mC) 0.009471 0.009454 0.009513 0.009470 0.009406 0.009433
. DE (%) 99.90 99.72 100.34 99.89 99.21 99.50
0.8 Qe (mC) 0.008552 0.009075 0.009434 0.009445 0.009466 0.009429
. DE (%) 90.21 95.73 99.52 99.63 99.85 99.46
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FIGURE 5: Voltammograms of different concentrations of NaNO,
blank solution containing benzoic acid (0.4 mmol/L) in the thin-
cell reactor based on the TNA electrodes under illumination of
79 mW/cm?.

TABLE 3: Q,,, and degradation efficiency of 0.4 mmol/L benzoic
acid with different NaNO, concentrations under illumination of
7.9 mW/cm” and a fixed applied bias voltage of 2.5 V.

Electrolyte

. 0.5 1 1.5 2
concentration (mol/L)
Q,et (MC) 0.008112 0.009260 0.009415 0.009436
DE (%) 85.57 97.68 99.31 99.54

increases to a certain level, photohole generation becomes
the rate-limiting step, and the increase in I,;, begins to slow
down.

The relationship between Iy, and C, was simulated using
a computer as follows:

4x107° x 106C,

I, = R*=0.9945. (5
oph 1+ 106C, ©)

+0.0003,

The data (4) fit the Langmuir adsorption isotherm. These
results confirm that the adsorption behavior of benzoic acid
on the TNAs is that of a monolayer adsorption.

FIGURE 6: Photocurrent response profiles derived from the pho-
toelectrocatalytic oxidation of different concentrations of benzoic
acid in the thin-cell reactor based on the TNA electrodes. (a)
Relationship between the initial concentration (C,) and the net peak
photocurrent (I,,,) of the TNA electrode for benzoic acid.

The photocurrent response profiles of benzoic acid at
seven different concentrations are shown in Figure 6. The
degradation I-t profiles all show decay to a stable value. How-
ever, this decay varies with increasing concentrations, thereby
illustrating the disparities in the photoelectrocatalytic process
as well as the mechanism of benzoic acid degradation at
different concentrations.

At low concentrations (0 mmol/L to 0.02 mmol/L), the
transient photocurrent rapidly reaches its peak at the initial
stage because of the rapid degradation of the benzoic acid
originally adsorbed on the TNA surface. The photocurrent
then begins to decrease because of benzoic acid mineraliza-
tion. After a certain period, the photocurrent finally reaches a
stable value and overlaps with I, ... This result indicates that
the photoelectrocatalytic degradation of benzoic acid in the
thin-cell reactor is complete.

When the benzoic acid concentration reaches an interme-
diate level (0.07 mmol/L to 0.1 mmol/L), the curve continues
increasing after the initial peak, possibly because of the



degradation of the intermediates. Figure 6(a) shows that the
adsorption of the electrode surface has not reached saturation
at that point, indicating that the number of photogenerated
holes on the electrode surface is sufficient. Thus, the rapid
oxidation of intermediate products, which can be more easily
oxidized than benzoic acid, may have caused the current to
increase.

As the concentration increases to levels above 0.2 mmol/L
(0.1mmol/L, e.g.), the I-t profiles can be divided into five
major processes: a rapid increase to the transient pho-
tocurrent spikes, a continuous increase, a rapid decrease,
a reincrease, and a decrease to a stable value. Meanwhile,
Figure 6(a) shows that the adsorption on the TNAs has
reached saturation, indicating that the holes on the TNA
electrode surface cannot oxidate all benzoic acid on the
TNAs simultaneously. This photoelectrocatalytic process can
be explained as follows. In the initial stage, the benzoic acid
molecule on the surface of the TNA electrode is rapidly
oxidized, and the photocurrent rapidly reaches the initial
peak. After the first oxidization, the resting benzoic acid
absorbed on the TNA surface at elevated concentrations as
well as the intermediate products is oxidized, which results
in the continuous increase of the curve for benzoic acid after
the initial peak. The benzoic acid concentration cannot be
supplemented in time because the rate of adsorption may be
slower than the speed of degradation. Therefore, the optical
current rapidly decreases. After a certain period, the area
covered by the benzoic acid absorbents begins to increase,
which results in a re-increase in the current. Afterward, the
benzoic acid concentration decreases, which results in the
decrease in the photocurrent. These findings indicate that
when the benzoic acid concentration is high, the diffusion
of benzoic acid in the bulk solution of the reactor as well as
the degradation of intermediate products from benzoic acid
decomposition would affect the photoelectrocatalysis on the
electrode surface.

4. Conclusions

The photoelectrocatalytic performance of benzoic acid on the
TiO, nanotube array electrode was investigated using a thin-
cell reactor. The adsorption, degradation rate, and reaction
characteristics of benzoic acid degradation were discussed
by analyzing the changes in the photogenerated I-t profiles.
The result of this paper provides a solid foundation for future
research into the degradation characteristics, reaction mech-
anism, and reaction kinetics of aromatic organic compounds
on the TNA electrode surface.
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One-dimensional SrTiO,;/TiO, N, nanostructures were prepared by the hydrothermal method and investigated by X-ray
diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and ultraviolet-visible
diffuse reflectance spectroscopy (UV-vis DRS) measurements. The photocatalytic activities of the prepared samples were
evaluated by photodegrading the methylene blue (MB) solution. According to the characterizations, the intermediate product of
SrTiO,/titanate nanotubes was presented after hydrothermal processing of the TiO,_.N, nanoparticles with the mixed solution of
NaOH and Sr(NO;),. The final product of SrTiO5/TiO,_ N, nanorods was obtained after calcining the intermediate. As compared
to the TiO,_ N, nanoparticles, the absorption performance of SrTiO,/titanate nanotubes or SrTiO,/TiO, N, nanorods was
depressed, instead of improving it. The mechanisms of the absorption property changes were discussed. The SrTiO,/TiO, N,
nanorods presented better photocatalytic activity than the TiO,_, N, nanoparticles or nanorods. However, due to overmuch

adsorption, the SrTiO,/titanate nanotubes gave ordinary photocatalytic performances.

1. Introduction

TiO, has been extensively investigated for several decades in
photocatalysis and photovoltaic areas. Anatase-type TiO, has
attracted great interest as one of the most promising photo-
catalysts due to its impressed advantages such as high degra-
dation capability, chemical stability, and low cost. However,
the application potential of TiO, photocatalyst is restricted
for its low quantum efficiency which is mainly caused by
its low light absorption efficiency and high photogenerated
charge carrier recombination rate. One-dimensional (1D)
nanostructures can facilitate transport of charge carriers and
minimize the loss of charge carriers at grain boundaries [1-3].
Hence, the charge carrier recombination of TiO, is expected
to be held back by fabricating 1D nanostructure. Another
efficient method to increase the charge separation efficiency
of TiO, is modifying the photocatalyst with some other semi-
conductors because of the charge carrier transfer between
valence or conduction band of two different semiconductors
[4-6].

Recently, TiO, photocatalyst was reported to be modified
by various materials such as graphene [7], Fe;O, [8], Cq,

[9], CdS, and Bi,S; [10], by which the photocatalytic activity
of TiO, was enhanced. Moreover, to further improve the
photogenerated charge carrier seperation rate, some semi-
conductors were coupled with prepared 1D nanostructures
(such as nanotube, nanofiber, and nanorod). Zhai et al.
reported high photoactivities in the visible light responsive
graphene/titanate nanotubes photocatalysts fabricated by
hydrothermal method [11]. Yi et al. fabricated the silver
nanoparticles, decorated nanobranched TiO, nanofibers, and
presented that the photocatalytic degradation rates of silver
loaded on nanobranched TiO, nanofibers were 1.6 and 1.7
times as those of pure TiO, nanofibers in the presence of
methylene blue and methyl orange, respectively [12].
Cubic-perovskite-type SrTiO;, a multimetallic oxide se-
miconductor with a band gap of 3.4 eV comparable to TiO,,
has drawn considerable interest because of its applications
in storage batteries, thermoelectric property, solar cell, and
photocatalysis [13-16]. SrTiO; is a good candidate for cou-
pling TiO, and improving the photocatalytic performance of
the photocatalyst because its conduction band edge is more
negative than TiO,. Due to the potential differences between



the band edges of these two semiconductors, the photogener-
ated electrons transfer from the conduction band of SrTiO,
to that of TiO,. Conversely, the photogenerated electrons
transfer from the conduction band of SrTiO; to that of TiO,.
Then the photogenerated charge carriers can be efficiently
separated by these processes, resulting in the enhancement
of the photocatalytic property in the photocatalyst. Recently,
some research work about SrTiO;/TiO, photocatalysts has
been reported [17-19]. On the other hand, it has been
extensively reported that N-doping could obviously improve
the photocatalytic activity of TiO, [20, 21]. In this work,
we fabricated one-dimensional SrTiO;/TiO,_, N, nanostruc-
tures by the hydrothermal method. The photocatalyic activity
for the degradation of methylene blue (MB) solution in the N-
doped TiO, was greatly enhanced after coupling with SrTiO;.

2. Materials and Methods

2.1. Sample Preparation. Anatase nanocrystalline TiO,_, N,
was synthesized by a simple sol-gel method as our previous
work described [22]. Different amounts of Sr(NO;), were
dissolved in 40 mL of 10 mol/L NaOH solution. Then 0.78 g
N-TiO, powder was dispersed into the mixture solution to
form a suspension which was heated at 180°C for 24 h under
hydrothermal condition in a PTFE-lined stainless steel vessel.
The observed sediment at the bottom of the vessel was washed
with 0.1 mol/L HCI solutions until pH is less than 7, followed
by washing with DI water and drying at 80°C in air overnight.
The dried powder was milled and calcined at 400°C under
air for 2h. SrTiO;/N-TiO, samples with different ratios of
SrTiO; were then prepared.

2.2. Characterization and Measurements. X-ray diffraction
(XRD) patterns were recorded on a DX-2500 diffractome-
ter (Fangyuan, Dandong) with Cu Ke radiation with A =
0.154145 nm. Transmission electron microscopy (TEM) mea-
surements were carried out on a JEOL-2010 TEM at an accel-
eration voltage of 200 kV. X-ray photoelectron spectroscopy
(XPS) measurements were recorded on an Axis Ultra system
with monochromatic Al Ko X-rays (1486.6 ev) operated at
45 W and 15 kV with a background pressure of approximately
5.0x107° Torr. A survey spot size and 40 eV pass energy were
used for the analysis. Emitted photoelectrons perpendicular
to the sample surface were collected. The binding energy of
all investigated elements was referenced by the C Is peak
at 284.8 eV of the surface adventitious carbon, respectively.
The diffuse reflection spectra were obtained on an UV-vis
spectrophotometer (Varian Cary 5000) using BaSO, as the
reference standard and were converted to the absorbance data
through the Kubelka-Munk method.

Photocatalytic experiments were carried out in an inner-
irradiation-type reactor. A cylindrical reaction cell was used
to contain the reaction solution, and a 500 W long-arc
xenon lamp surrounded with a water cooling system was
fixed in the center of the reaction cell. 30mg of pho-
tocatalyst was suspended in 200 mL of a methylene blue
(MB) solution (10 mg/L) under stirring magnetically. The
mixture was kept in the dark for 30 minutes to establish an
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F1Gure 1: XRD patterns for the uncalcined ((a): 1%; (b): 2%; (c): 5%)
and calcined ((d): 1%; (e): 2%; (f): 5%) samples with different Sr/Ti
ratios.

adsorption-desorption equilibrium before the light radiation.
The amount of MB in the solution was determined on the
basis of its characteristic optical absorption at 665 nm using
a visible light spectrophotometer (Model: 723C) based on
Lambert-Beer’s law.

3. Results and Discussion

3.1. Crystal Structure and Morphology. The XRD patterns
of the uncalcined and calcined samples are presented in
Figure 1. The main diffraction peaks at about 9.1°, 24.3°, 28.0°,
and 48.3° in the patterns of the uncalcined samples (Figures
1(a), 1(b), and 1(c)) are designated to the protonic titanate
phase [23]. Additionally, with the increase of the Sr/Ti ratio,
the intensity of the diffraction peaks contributed by SrTiO,
at about 32.3°, 46.4°, 575°, and 67.6° gradually increases.
From Figures 1(d), 1(e), and 1(f), it can be found that main
crystalline phases in the calcined samples involve the anatase
and SrTiO; phase. Figure 2 shows the morphologies of the
uncalcined and calcined samples. From the TEM results
as shown in Figures 2(a), 2(b), and 2(c), it is found that
the uncalcined samples are all composed of nanotubes with
lengths about 200-300 nm and diameters about 10 nm. After
the calcination, the nanotubes in the uncalcined samples
morph into nanorods with diameters of 510 nm and different
lengths as Figures 2(d), 2(e), and 2(f) show.

3.2. XPS Measurements. Figure 3 shows the XPS spectra of O
Is, N Is, Ti 2p, and Sr 3d for the SrTiO;/TiO,_,N, with the
Sr/Ti ratio of 5%. After fitting the result of O Is XPS, it can
be found that two peaks centered at 529.8 eV and 531.2 are
observed in the O Is XPS peak, attributing to bulk oxygen
bonded to titanium and surface hydroxyl oxygen in TiO,,
respectively [22, 24]. From Figure 3, a similar broad peak
from 397 eV to 403 eV is displayed in the XPS pattern of N
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FIGURE 2: TEM images of the uncalcined ((a): 1%; (b): 2%; (c): 5%) and calcined ((d): 1%; (e): 2%; (f): 5%) samples with different Sr/Ti ratios.

Is state with our previous work where the broad N Is peak in
the XPS pattern of the (Y, N)-codoped TiO, was attributed
to the formation of the O-Ti-N (substitutional N) and Ti-
O-N (interstitial N) structures in the lattice of TiO, during
the nitridation process [22]. The XPS result of N Is also
indicates that N still exists in the lattice of TiO, after the
hydrothermal process. As shown in Figure 3, two peaks at
458.6 and 464.6 eV are observed in the spectrum of Ti 2p,
which corresponds to the 2p;;, and Ti 2p, ), states of Ti*",
respectively [22]. By fitting the XPS result of Sr 3d, two peaks
at about 133.0 and 134.7 eV are revealed, assigning to the Sr
3d electronic states in the Sr'TiO; perovskite material and SrO
complexes, respectively [24-26].

3.3. UV-Vis Spectroscopy. Figure 4 shows the UV-vis spectra
of the uncalcined and calcined samples. It can be observed
that all the absorption spectra in Figure 4 exhibit typical
absorption behavior of the wide band gap oxide semicon-
ductor, having an intense absorption band with a steep edge.
From the spectra, the absorption edges of the uncalcined
(SrTiOs/titanate) samples with the Sr/Ti ratio of 0%, 1%, 2%,
and 5%, respectively, lie at 390.9, 392.5, 408.4, and 396.7 nm as
shown in Figure 4 (curves (a)-(d)). The absorption edges of
the calcined (SrTiO;/TiO,_, N, ) samples with the Sr/Ti ratio
of 0%, 1%, 2%, and 5%, respectively, lie at 424.5, 408.9, 418.8,
and 402.1 nm (see curves (e)-(h) in Figure 4). Compared with
the absorption edges of uncalcined samples, the absorption
edges of the calcined samples shift slightly toward lower
energy, respectively, which can be attributed to the differ-
ences of band structure and morphologies between titanate
nanotubes and anatase nanorods. On the other hand, slight
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FIGURE 3: XPS spectra of O Is, N Is, Ti 2p, and Sr 3d for the
SrTi05/TiO,_ N, with the Sr/Ti ratio of 5%.

—X" X

red shifts can be observed in the SrTiO;/titanate samples
after decorating titanate with SrTiO;. However, different
absorption edge blue shifts occur in the SrTiO;/TiO,_, N,
samples as compared to the undecorated TiO,_ ,N,. The
origins of absorption edge shifts after the decoration of
SrTiO; are still under discussion. It is known that the N-
doping in TiO, nanoparticles can result in obvious visible
photocatalytic activity because the band narrowing and
oxygen vacancies caused by the N-doping can greatly extend
the optical absorption range to visible light region. The inset
of Figure 4 shows the absorption spectrum of the TiO,_, N
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FIGURE 4: UV-vis absorption spectra of the uncalcined ((a): 0%; (b):

1%; (c): 2%; (d): 5%) and calcined ((e): 0%; (f): 1%; (g): 2%; (h): 5%)
samples with different Sr/Ti ratios.

nanoparticles which reveals that the absorption edge lies
at 426.0 nm, and a broad absorption shoulder is observed
from 380 to 550 nm. According to the calculational results by
Dong et al. [27], the highest localized state for the sub-
stitutional N state is 0.14 eV above the top of the valence
band and 0.73 eV for the interstitial N state. N-doping simul-
taneously favored the formation of oxygen vacancy whose
electronic states are located 0.8 eV below the conduction band
minimum. Herein, in our opinion, the absorption edge at
426.0 nm can be attributed to the electron transition from
the substitutional N states to the conduction band, and the
absorption shoulder is contributed by the electron transition
between the valence (or conduction) band and the oxygen
vacancy (or interstitial N) states. It should be noted that the
absorption shoulder is not presented in the spectra of the
uncalcined or calcined samples, indicating the decrease or
vanishing of oxygen vacancies and interstitial N after the
hydrothermal process.

3.4. Photocatalytic Activity. The photocatalytic activities of
the prepared samples were evaluated by monitoring the
degradation of MB solution, where the concentration of MB
was obtained from the linear relation between the absorbance
and the concentration of MB solution. Figure 5 displays the
degradation rate of MB as a function of light irradiation time
without any photocatalyst (the blank test) and over the pho-
tocatalysts of TiO,_, N, nanoparticles, TiO,_,N, nanorods,
and SrTiO;/TiO,_, N, nanorods with different amounts of
SrTiO; and SrTiO;/titanate nanotube with 5% Sr/Ti ratio.
Firstly, the TiO,_,N, nanorods sample presents a similar
photocatalytic performance with the sample of TiO, N
nanoparticles even though the photoabsorption efficiency of
the former is obviously lower than that of the latter. According
to the C/C,, values of these two samples after 30 of minutes
dark reaction, the adsorption capability of the TiO,_,N,
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FIGURE 5: Photodegradation of MB under light irradiation without
any photocatalyst (blank) and over the prepared photocatalysts.

nanorods is better than that of the nanoparticles. Moreover,
as described above, the charge carrier recombination of TiO,
is expected to be held back by fabricating 1D nanostructure.
The above two factors are both positive to the photocatalytic
activity of TiO,_, N, nanorods. Secondly, the photocatalytic
property of TiO,_,N, nanorods was greatly enhanced after
the decoration of SrTiO; as shown in Figure 5. With the
increase of the amount of SrTiO;, the photocatalytic proper-
ties of the SrTiO;/TiO,_, N, samples are improved gradually.
Here, the visible light photodegradation experiments using
a light source with a UV cut were also performed which
revealed that there was almost no visible light photocatalytic
activity in the samples of SrTiO;/TiO,_,N.. This result is
expected; after all, the decoration of SrTiO; cannot enhance
the visible light absorption in the TiO,_ N, photocatalyst.
As described above, SrTiO; is a good candidate for coupling
TiO, to improve the photocatalytic performance of the
photocatalyst because the photogenerated charge carriers can
be efficiently separated after the modification of SrTiOj.
As a result, better photocatalytic properties were presented
in the composite samples than the sample of TiO,_  N,.
Lastly, as Figure5 shows, the photocatalytic activity of
the SrTiO;/titanate nanotubes is obviously inferior to the
other samples even though its adsorption capability is best
among all the samples. From the C/C, values of all the
samples after the dark reaction, the adsorption capability
of the nanotubes is obviously more prominent than the
other samples. Generally, the better adsorption capability will
indicate a better photocatalytic performance in a type of
photocatalyst. However, overmuch adsorbed degrading dye
will cover the photocatalytic active sites existing on the pho-
tocatalyst surface which is detrimental to the photocatalytic
activity of photocatalyst. Herein, in our opinion, overmuch
adsorption on the nanotubes surface causes the decrease of
photocatalytic property in the SrTiO5/titanate sample.
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4. Conclusions

In summary, SrTiO;/TiO,_,N, nanostructures were fabri-
cated by the hydrothermal method and characterized by
XRD, TEM, XPS, and UV-vis DRS measurements. After
hydrothermal processing of the TiO,_, N, nanoparticles with
the mixed solution of NaOH and Sr(NOs;),, SrTiO,/titanate
nanotubes were obtained and presented ordinary photocat-
alytic performances even though their adsorption properties
were greatly improved, indicating that overmuch adsorp-
tion is detrimental to the photocatalytic activity of pho-
tocatalysts. After calcining the SrTiOj/titanate nanotubes,
SrTiO,/TiO,_, N, nanorods were produced and showed
greatly enhanced photocatalytic activities even though their
optical absorption performances were depressed as compared
to the TiO,_,N,. The mechanisms about the absorption
and photocatalytic properties in the prepared samples were
discussed in detail.
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Titanium dioxide nanotube (TNT) arrays were prepared in electrolytes containing fluoride by anodic oxidation. Different
preparation parameters were investigated in order to evaluate their effects on length and inner diameter of nanotube, including
weight ratio of glycerol to water, anodization voltage, electrolysis time, bath temperature, and electrolyte solution pH. The well
defined and highly ordered TNT arrays were formed in electrolyte containing 40, and 20% water. The inner diameter of TNT was
observed to increase as anodization voltage increased across the range of 10-40 V. The length of TNT was affected simultaneously
by both anodization voltage and electrolysis time. The inner diameter and length depend on bath temperature below 60°C. The
morphology of TNT was well defined and highly ordered only at electrolyte solution pH of 6 across the pH range of 2-10.
Photocatalysis of methylene blue showed that reaction rate constants by TNT films were higher than P-25 films at comparable
thickness. Reaction rate constants by TNT films increased as film thickness increased, but the enhancement was retarded when the

length of TNT reached 2200 nm which appeared to be the limited penetration of incident UV light.

1. Introduction

In the past decade, considerable attention has been focused
on using nanocrystalline TiO, as a photocatalyst for the
degradation of organic pollutants [1]. The photocatalyst tita-
nium dioxide is a wide bandgap semiconductor, correspond-
ing to radiation in the near-UV range. An electron-hole pair
formation occurs within the conduction and valence bands
of TiO, after the absorption of UV radiation. The positive
hole is apparently able to oxidize a water molecule to hydroxyl
radical [2]. The hydroxyl radical, in turn, is a powerful
oxidant. The oxidation of organic contaminants seems to
be mediated by a series of reactions initiated by hydroxyl
radical on the TiO, surface. However, recombination of the
separated electron and hole can occur either in the volume
or on the surface of the semiconductor particle accompanied
with heat releasing [3].

Highly ordered TiO, nanotube (TNT) arrays have been
regarded as potential superior photocatalyst due to their
valuable high surface area structure. The one-dimensional

nanostructures with tubular symmetries possessed low
recombination of light-induced electron-hole pairs and high
photocurrent conversion efficiency [4]. Quan et al. [5], and
Wang et al. [6] indicated that TNT attached to the parent
titanium substrate improved the transport of the photo-
induced electrons from photoanode to cathode and enhanced
the photocatalytic activity of TNT.

In recent years, numerous researchers have paid their
attention on developing new techniques for fabrication of
TNT, such as template [7], hydrothermal [8] and anodic
oxidation method [9]. The electrochemical oxidization and
chemical dissolution rates of TiO, were the keys to fabri-
cate TNT by anodic oxidation method. The thin layer of
TiO, was formed on the titanium surface in the onset of
anodization. The pores could be observed on the surface
of TiO, layer after the localized dissolution of the TiO, by
fluoride ions. When the pores became deeper, the electric
field at the bottom of pores was increased to enhance the
electrochemical oxidization and chemical dissolution rates of
TiO, and to form the tubular structure of TiO,. The length



of TNT remained constant when electrochemical oxidization
rate and chemical dissolution rate reached dynamic balance
(10].

Although various studies on the preparation of TNT
had been reported, this study widely investigated the effects
of various preparation parameters on length and inner
diameter of TNT. These parameters included weight ratio
of glycerol to water, anodization voltage, electrolysis time,
bath temperature, and electrolyte solution pH. Photocatalytic
efficiency was affected by diameter and length of TNT. Alivov
and Fan [11] reported on the performance of dye sensitized
solar cells (DSSCs) based on different diameters of TNT
filled with TiO, nanoparticles. It is shown that the efficiency
of DSSCs significantly increased with relative increasing of
diameter of TNT. Macdk et al. [4] revealed that higher light-
induced photocurrent can be achieved by TNT with longer
tube length.

As to our knowledge there was comparatively little
research on the preparation parameter of electrolyte solution
pH and the comparison of photocatalysis efficiency among
comparable thickness of TNT films and P-25 films. In order
to examine the relation between photocatalysis rate and the
length of TNT film, photocatalytic reactions of methylene
blue with various thicknesses of TNT and P-25 films were also
performed.

2. Experimental

2.1. Preparation and Characterization of TiO, Nanotube
Arrays. A 25 x 15mm Ti foil (99.53%) was subsequently
immersed in acetone, isopropanol, methanol and deionized
water for 10 minutes to remove the impurities and then dried
at room temperature. Ti and Pt foils connected by Pt wire
were used as anode and cathode, respectively. The glycerol
solution containing 0.5 wt% NH,F and water content ranging
from 0 to 90 wt% was used as electrolyte and transferred to an
electrolytic reactor along with electrodes for the anodization
of Ti foil. Anodization voltage and electrolysis time were
controlled by a programmable DC power supply (CDP-
350-005PB, Chyng Hong Electronic) across the range of
10-70 V and 1-8 hours, respectively. Bath temperature was
controlled via a water jacket with a thermostatic circulating
water bath (BL-720, Yihder Technology). Electrolyte solution
pH was adjusted among 2 to 10. The complete preparation
parameters are listed in Table 1. The anodized Ti foils were
put into a muffle furnace at different temperatures ranged
from 200 to 800°C for 3 hours to induce crystallization.
Because of the TNT films calcined at 600°C presented
the best photocatalytic activity (as experimental procedure
described in Section 2.2), the calcination temperature of
600°C was chosen in all experiments in this study. The
surface dimensions of anodized Ti foil were determined by
a field-emission scanning electron microscopy (JSM-6500F,
JEOL).

2.2. Photocatalytic Activity Tests. The photocatalytic reaction
system was composed of a photoreactor, UV-LED lamp,
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TABLE 1: Experimental design matrix for preparation of TNT.

Statveerol | Anodization Elecrolysis DI F RS
to water voltage (V) time (hours) Q) pH
1:9 30 2 40 6
2:8 30 2 40 6
4:6 30 2 40 6
6:4 30 2 40 6
8:2 30 2 40 6
10:0 30 2 40 6
6:4 10 2 40 6
6:4 20 2 40 6
6:4 40 2 40 6
6:4 50 2 40 6
6:4 60 2 40 6
6:4 70 2 40 6
6:4 30 1 40 6
6:4 30 4 40 6
6:4 30 6 40 6
6:4 30 8 40 6
6:4 30 10 40 6
6:4 30 2 10 6
6:4 30 2 20 6
6:4 30 2 50 6
6:4 30 2 60 6
6:4 30 2 80 6
6:4 30 2 40 2
6:4 30 2 40 4
6:4 30 2 40 8
6:4 30 2 40 10

dye solution flask, peristaltic pump, and UV-Vis spectropho-
tometer and operated in recirculation mode. Silicone pipes
connected the above equipment for circulation of the dye
solution. The peristaltic pump transported methylene blue
solution from the dye solution flask to photoreactor and
recycled back to the dye solution flask. Major components
of the photoreactor were made entirely of teflon. The pho-
toreactor contained two hollow fillisters at the top fixture
and the bottom fixture, respectively. The photocatalyst film
(TNT or Degussa P-25) was attached under the top fixture. A
quartz plate was mounted on the bottom fixture to penetrate
the UV light. A UV-LED lamp with wavelength of 365 nm
and irradiation power of 2mW/cm® was put under the
photoreactor. Dye solution was pumped through the flow
channel hold between the top fixture and the bottom fixture.
The initial concentration of methylene blue solution was
10 mg/L for all experiments. The photocatalytic reactions
were carried out with various thicknesses of TNT and P-
25 films. The TNT films were prepared by anodic oxidation
method, and the P-25 films were prepared by dipcoat-
ing of suspension [12]. Concentrations of methylene blue
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FIGURE 1: Top view of SEM images of TNT synthesized at different weight ratios of glycerol and water: (a) 1:9, (b) 2:8, (c) 4: 6, (d) 6:4, (e)

8:2,and (f) 10:0.

were determined at the desired intervals of reaction time by
a UV-Vis spectrophotometer (Spectra Academy, K-MAC).

3. Results and Discussion

3.1. Effect of Weight Ratio of Glycerol to Water. Effect of
glycerol and water ratio on the dimensions of fabricated TNT
is illustrated in Figure 1. Anodization was carried out at 30 V
for 2 hours in electrolyte solution containing glycerol, water,
and 0.5 wt% NH,E The water content in electrolyte solution
is 90, 80, 60, 40, 20, and 0%, respectively. Anodization

process was performed at electrolyte solution pH of 6 and
bath temperature of 40°C. TiO, with tubular structure was
observed in glycerol electrolyte with water content of 40 and
20% (Figures 1(d) and 1(e)). Hence, the glycerol/water ratio of
60 : 40% was chosen to perform those anodizations at various
anodization voltages, electrolysis time, bath temperature,
and electrolyte solution pH. Partially well-formed TNT or
collapsed TNT prepared by water contents of 90, 80, 60,
and 0% was also shown in Figure 1. The result is consistent
with the research finding by Valota et al. [13]. They proposed
that electric current densities increases as water content
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FIGURE 2: Top view of SEM images of TNT synthesized at different anodization voltages: (a) 10V, (b) 20V, (c) 30V, (d) 40V, (e) 50 V, (f) 60 V,
and (g) 70 V.



International Journal of Photoenergy

NTUST S 5 00 100nm WD 10.3

14m WD 105mm

NTUST X43,000  100nm WD 105mm

(b)

1im WD 10.3mm

(d)

FIGURE 3: Front view of SEM images of TNT synthesized at different anodization voltages: (a) 10V, (b) 20V, (c) 30V, and (d) 40 V.

increase and high electric current densities further result in
the collapse and dissolve of TNT.

3.2. Effect of Anodization Voltage. Figure 2 illustrates SEM
images for the influence of applied anodization voltage on
the fabrication of TiO, nanotube arrays. These samples were
prepared at water contents of 40 wt% in glycerol containing
0.5wt% NH,E anodization voltage ranged from 10-70V,
electrolysis time of 2 hours, electrolyte solution pH of 6, and
bath temperature of 40°C. The TNT structure was observed
at applied anodization voltage of 10-40V but disappeared
above 50 V. As shown in Figures 2 and 3, Inner diameter
and length of TNT prepared with applied anodization voltage
of 10-40 V were determined by SEM cross-section images.
Figure 4(a) illustrates that the average inner diameter of TNT
was ranged from 50 to 210 nm and increased almost linearly
with the increasing applied anodization voltage from 10 to
40V. Average length of TNT was also linearly increased
from 608 to 2100 nm with the increasing applied anodization
voltage but decreased above 30 V.

Applied anodization voltage and fluoride concentration
in electrolyte solution are proposed to play important roles
during anodization to carry out electrochemical oxidation
and chemical dissolution reactions. Lee et al. [14] recorded

current-time curves during anodization with 20 V at water
contents of 30 wt% in glycerol containing different amounts
of NH,E The current densities increased with increasing the
fluoride content in the range of 0-2%. They proposed that
the dissolution reaction of the anodic oxide is induced by F~
ions. The growth of TNT is a result of competition between
electrochemical oxide formation and chemical dissolution of
oxide by fluoride ions. In this study, anodization of Ti foil was
conducted in electrolyte solutions containing 0.5 wt% NH,F,
indicating that the chemical dissolution rate of TiO, coating
was supposed to be roughly the same for all experiments
regarding to the anodization of Ti foil, while the electro-
chemical oxidation rate to form TiO, layers was varied with
different applied anodization voltages. Hence, the growth of
TNT was mainly determined by applied anodization voltage.

Some similar results were reported in the literature. Gong
etal. [9] fabricated TNT in 0.5-3.5% HF solutions by applying
various anodization voltages. The length of TiO, nanotube
was approximately 500 nm, and the average inner diameter
was 25 to 65nm. Macak et al. [15] studied the effect of
anodization voltage on the fabrication of TNT by anodiza-
tion in water/glycerol solution (50:50vol%) containing
0.27 M NH,F. The authors indicated that the inner diameter
was linearly increased with increasing anodization voltage.
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FIGURE 4: Dimensional control of titanium dioxide nanotube arrays with different preparation parameters of (a) anodization voltage, (b)

electrocatalysis times, and (c) bath temperature.

The length of TNT fabricated with anodization voltage less
than 20 V was found to be increased with anodization voltage
and then gradually approached to a constant value with
continuously increasing anodization voltage.

3.3. Effect of Electrolysis Time. Figure5 illustrates SEM
images for the influence of electrolysis time ranged from
1 to 10 hours on the fabrication of TiO, nanotube arrays.
These samples were prepared at water contents of 40 wt%
in glycerol containing 0.5wt% NH,F, anodization voltage
of 30V, anodization time of 2 hours, electrolyte solution
pH of 6, and bath temperature of 40°C. Figures 5 and 4(b)
depict the relationship between the dimensions of TNT
and electrolysis duration periods. The average length of
nanotube increased with increasing anodization time, but the
average inner diameter of nanotube was not affected with
anodization time for experiments conducted with the same
applied anodization voltage. The length of TNT rapidly grew

to 1900 nm at the first hour then was enhanced with growth
rate of 126 nm/hour for anodization duration periods from
the second to the sixth hour, and thereafter the length of TNT
decreased drastically to less than 1400 nm at the eighth hour.

As shown in Figures 5(e) and 5(f), at the eighth hour the
length of TNT decreased drastically. At the tenth hour the
structure of nanotube arrays could not stay highly ordered
and vertically oriented due to collapse of nanotubes. These
observations indicate that the anodization of Ti foil has
three stages in this study. At the first stage (the first hour),
the formation and erosion of titanium dioxide layer arose
simultaneously. TNT layer was established initially with a
very fast speed. A very high current density at the initial 50
seconds of anodization showed the fast formation of an oxide
layer. At the second stage (the second to the sixth hour), the
growth of TNT slowed down due to high electric resistance
gradually induced by thicker oxide layer; meanwhile, the
chemical erosion also slowed down due to the long diffusion
path of corrosion agents. The results arose in a slow growing
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100nm

FIGURE 5: Front view of SEM images of TNT synthesized at different electrocatalysis time: (a) 1hr, (b) 2hr, (c) 4hr, (d) 6 hr, (e) 8 hr, and (f)

10 hr.

rate of nanotubes layer at the second stage. Finally, at the third
stage of longer anodization time, the erosion rate was a little
faster than the inhibited growth of oxide layer and caused
the collapse of nanotubes as anodization time increased. It is
assumed that the length of nanotube is continually increased
with anodization time until the rates of electrochemical
oxidization of Ti foil and chemical dissolution of TiO, film
reached dynamically equilibrium.

The experimental results are consistent with Cai et al. [16].
With the application of anodization voltage higher than 30 V,
the length of TNT was rapidly enhanced with growth rate

greater than 300 nm/hour for anodization time less than 4
hours, and thereafter growth rate was decreased drastically
to less than 60 nm/hour. For experiments conducted with
lower anodization voltages, the length of TNT was gradually
increased at steady growth rate of about 40 nm/hour even
for anodization time of 12 hours. Normally, the decrease of
tube length after a long time of electrolysis in our study
(Figure 4(b)) is less reported in the literature. Crawford et al.
[17] prepared TNT by anodization in a NaF electrolyte and
indicated that the length of TNT increased with increasing
anodization time for anodization time less than 2 hours
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FIGURE 6: Top view of SEM images of TNT synthesized at different bath temperatures: (a) 10°C, (b) 20°C, (c) 40°C, (d) 50°C, (e) 60°C, and

(f) 80°C.

and remained constant thereafter. Macak and Schmuki [18]
and Kim et al. [19] examined the effect of anodization time
on the dimension of TNT and revealed that the tube diameter
and wall thickness were not varied with anodization time.

3.4. Effect of Bath Temperature. Effect of bath temperature
on the dimensions of fabricated TNT is illustrated in Figures
6 and 7. These samples were prepared at water contents of
40 wt% in glycerol containing 0.5wt% NH,F, bath temper-
ature ranged from 10 to 80°C, anodization voltage of 30V
for 2 hours, and electrolyte solution pH of 6. The TNT
was observed at bath temperature ranged from 80 to 40°C
but disappeared below 20°C. As shown in Figure 4(c), inner

diameter and length of TNT prepared with bath temperature
from 40 to 80°C were determined by SEM cross-section
images. Figure 4(c) showed that average inner diameter of
TNT increased from 170 to 210 nm as bath temperature
increased from 40 to 50°C but had comparable diameters as
bath temperature was above 50°C. Average length of TNT was
inversely decreased from 2100 to 940 nm with increasing bath
temperature but had comparable lengths as bath temperature
was above 60°C.

Unlike anodization voltage and electrolysis time, the
effects of bath temperature and electrolyte solution pH only
attracted a few researchers’ attention. Lim et al. [20] examined
the effect of bath temperature on the dimension of TNT
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FIGURE 7: Front view of SEM images of TNT synthesized at different bath temperatures: (a) 10°C, (b) 20°C, (c) 40°C, (d) 50°C, (e) 60°C, and

(f) 80°C.

and found that TNT can still be fabricated at 35°C; however,
the tube length decreases whereas tube diameter increases
with elevated temperature from 10 to 35°C. Some different
results were reported by various studies. Macak and Schmuki
[18] anodized Ti in mixture of glycerol and water (50:50)
containing 0.5wt% NH,F at various bath temperatures of
20, 40, 60, and 80°C with 20V for 6 hours. Their result
showed that the length of TNT increased as bath temperature
increased.

There are some differences between the literature and
our study including electrolyte composition, anodization

voltage, and electrolysis time, and therefore the results of
these studies are different. It appears that TNT could form
at low bath temperature for a longer electrolysis time, but
our study performs 2 hours of electrolysis time and only
gets a random oxide layer. On other hands, our result is
consistent with the study of Mor et al. [21]. They studied
the TNT prepared at different bath temperatures by 10V
anodization in an electrolyte of 0.5% HF and acetic acid
mixed in a 7:1 ratio. The result shows that the length of the
nanotubes increases from 120 nm to 224 nm with decreasing
bath temperature from 50°C to 5°C. The electric density
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FIGURE 8: Top view of SEM images of TNT synthesized at different electrolyte solution pH: (a) 2, (b) 4, (c) 6, (d) 8, and (e) 10.

of anodization bath will increase with rising bath tempera-
ture. At the same time, the electric field formed in titanium
anode will also increase. High electric current density and
appropriate chemical etching will match up and make a fast
transform of oxidize layer to nanotubes at the initial oxidizing
stage. The nanotubes formed in this situation got a bigger
diameter and a longer length.

3.5. Effect of Electrolyte Solution pH. Figure 8 illustrates SEM
images for the influence of electrolyte solution pH on the
fabrication of TiO, nanotube arrays. These samples were

prepared at water contents of 40 wt% in glycerol containing
0.5wt% NH,E, electrolyte solution pH ranged from 2 to 10,
anodization voltage of 30 V for 2 hours, and bath temperature
of 40°C. The results showed that a flaky layer was formed at
pH 2 (Figure 8(a)). Nanotube structure is produced at PH 4,
but nanotube was not formed around the entire Ti foil. There
was some flaky oxidizing layer structure disperses behind
the nanotube structure (Figure 8(b)). At PH 6, well-defined
and highly ordered TNT was formed (Figure 8(c)). At PH 8,
nanotube structure was not well developed (Figure 8(d)). At
PH 10, a fine concave and convex porous surface was formed
(Figure 8(e)). Electrolyte solution pH influences oxidation
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FIGURE 9: Photocatalytic reaction rate constants of TiO, nanotube
arrays film and P-25 film as a function of film thickness.

rate and chemical etching rate of oxidizing layer. It will
further control the surface morphology of TiO, film and
whether TNT will be formed or not.

At too low pH, chemical etching rate of fluorine ion was
too big. Drastic chemical etching on surface resulted in a deep
flaky layer, and TNT was unable to be formed. As electrolyte
solution pH roses gradually, oxidation and chemical etching
rates reached a dynamic equilibrium and promoted the form
of TNT. At too high pH, oxidation rate of titanium slowed
down but the chemical etching rate slowed down even more
and resulted in a concave and convex porous surface. Macak
et al. [22] proposed that transition and diffusion of H" ion
at low pH resulted in acidic solution accumulated in the
bottom of concave. Chemical etching of the accumulated
acidic solution caused a deep flaky layer. Cai et al. [16]
proposed that high pH caused a low oxidation rate. It needs
much time to establish the dynamic equilibrium between
oxidation of titanium and chemical etching of oxide layer.

3.6. Comparison of Rate Constants for TNT Film and P-
25 Film. This study compared the effect of thicknesses of
TNT film and P-25 film on the photocatalysis rates of
methylene blue. Figure 9 showed the photocatalytic reaction
rate constants of 10 mg/L methylene blue with comparable
thicknesses of TNT film and P-25 film under illumination
of UV-LED in a recirculation flow system as described
in Experimental section. The photocatalytic reaction rate
constants with TNT film thicknesses of 1900, 2100, 2200,
2530nm are 1.26 x 107, 1.52 x 107, 1.81 x 107>, and
1.90 x 10> min ™", respectively. As lengths of TNT increased
the reaction rate constants increased, but the enhancement
was retarded when the length of TNT reaching 2200 nm
appeared to be the limited penetration of incident UV light.
The photocatalytic reaction rate with TNT film was higher
than P-25 film at above the film thicknesses range.

1
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FIGURE 10: Photocatalytic reaction rate constants of different thick-
nesses of P-25 film ranged from 1400 to 14000 nm.

This result is similar to Macak et al’s [23]. They prepared
TNT film with different tube lengths of 500, 2500, and
4500 nm to study photocatalytic reaction of methylene blue
and acid orange 7. The result showed that the photocatalytic
reaction ratio is better for TNT films than 2500 nm thickness
of P-25 film. Furthermore, the photocatalytic reaction ratio
had a positive dependence on the length of nanotubes. Wu
et al. [24] studied the photoelectrocatalytic degradation of
methylene blue. A reaction rate constant of 2.97 x 10> min™"
was observed at alow bias level of 0.6 V. Because of the electric
field enhancement, the reaction constant of photoelectro-
catalysis is bigger than that of our study on photocatalysis. As
shown in Figure 10, the photocatalytic reaction rate constants
of different thicknesses of P-25 film ranging from 1400 to
14000 nm had no obvious variation. It could be proposed that
only the top layer of particle-packed P-25 film contacts with
dye solution and results in photocatalytic reaction. Other P-
25 below the top layer has no contribution to photocatalysis.
On other hand, because of the porous structure of TNT film,
the dye solution has more opportunities to contact with TiO,.
The porous nanotube structure causes the photocatalysis rate
constants to increase as the lengths of TNT increase.

4. Conclusion

In summary, self-organized TNT films were synthesized
using anodization method in NH,F containing electrolyte.
The growth of TNT was mainly determined by applied
anodization voltage rather than bath temperature. The inner
diameter of TNT was mainly determined by the anodization
voltage while the length of TNT was affected by both anodiza-
tion voltage, and anodization time. With the photocatalysis of
methylene blue, It was found that the best well-defined, highly
ordered, and uniformed TNT film was prepared in glycerol
electrolyte with water content of 40%, anodization voltage of
30V, electrolysis time of 6 hours, bath temperature of 40°C,
and electrolyte solution pH of 6. The photocatalytic reaction
rate constants with TNT film thicknesses ranged from 1900
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to 2530 nm were higher than with P-25 film at comparable
thicknesses.
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The synergistic effect of nitrogen content and calcinations temperature on the N-doped TiO, catalysts prepared by sol-gel method
was investigated. The phase and structure, chemical state, optical properties, and surface area/pore distribution of N-doped TiO,
were characterized using X-ray diffraction spectrometer, high-resolution transmission electron microscope, X-ray photoelectron
spectroscopy, UV-vis diffusion reflectance spectroscopy, and Brunauer-Emmett-Teller specific surface area. Finding showed that
the photocatalytic activity of N-doped TiO, was greatly enhanced compared to pure TiO, under visible irradiation. N dopants could
retard the transformation from anatase to rutile phase. Namely, N-doping effect is attributed to the anatase phase stabilization. The
results showed nitrogen atoms were incorporated into the interstitial positions of the TiO, lattice. Ethylene was used to evaluate
the photocatalytic activity of samples under visible-light illumination. The results suggested good anatase crystallization, smaller
particle size, and larger surface are beneficial for photocatalytic activity of N-doped TiO,. The N-doped TiO, catalyst prepared with
ammonia to titanium isopropoxide molar ratio of 2.0 and calcinated at 400°C showed the best photocatalytic ability.

1. Introduction

Titanium dioxide (TiO,) is an effective photocatalyst due to
its inexpensiveness, chemical stability, nontoxicity, biologi-
cal and chemical inertness, and long-term stability against
photo-corrosion and chemical corrosion [, 2]. In the last
two decades, many works have been done on expanding
and augmenting the utility of TiO, in heterogeneous pho-
tocatalysis (e.g., water purification, air cleaning, and water
splitting for the production of hydrogen) [2-5], self-cleaning
surfaces [6], inactivation of bacteria and fungi [7, 8], solar
cells [9], anticorrosive coatings [10], and Li-ion batteries [11].
TiO, has three phases in nature, brookite (orthorhombic),
anatase (tetragonal), and rutile (tetragonal). It is amorphous
at temperature up to 300°C, becoming anatase and rutile
typically at 350 and 800°C, respectively [3]. Anatase powder
with good crystallinity, small grain size, and high specific

surface area is desirable as long as the photocatalytic activity
is concerned. However, its wide band gap of 3.2 and 3.0eV
for anatase and rutile polymorphs, respectively, requires UV
light for the excitation of electron-hole pairs. It only uses 4-
5% of the UV light in the solar irradiation. To utilize solar
energy effectively, many attempts have been made to modify
the properties of TiO,, such as doping with transition metal
ions [12-14] or nonmetal anions [3, 15-23], and sensitization
with organic dyes [24, 25]. Among the nonmetal-doping
TiO, photocatalysts, the simplest and most feasible TiO,
modification approaches for achieving visible-light-driven
photocatalysis seem to be N-doping, that is, doping nitrogen
atoms into interstitial (or substitutional) sites in the crystal
structure of TiO,. Sato [4] was the first to report on nitrogen-
doped TiO,. It was treated with various nitrogen sources
such as urea, ammonia, ammonium chloride, and nitric
acid. Asahi et al. have prepared TiO,_, N, films whose



absorption activity not only was shifted toward the longer
visible wavelength but also had higher thermal stability and
less recombination centers of charge carries than the metal-
doped TiO, [5]. However, to date, little research has been
conducted on gaining in-depth information on the properties
of the interstitial (or substitutional) N-doped TiO,, as well as
its photocatalytic activity. Different dopants result in TiO, of
different properties and consequently alter the photocatalytic
activity of the materials. Currently, few works have focused
on the synergistic effects of nitrogen dopant and calcination
temperature on the characteristics and visible-light-induced
photoactivity of N-doped TiO, [6].

In this study, we focused on sol-gel synthesis process for
the preparation of nitrogen-doped TiO, catalysts (N-TiO,)
because the wet processes have the advantages of low cost,
ease of scale-up, and stablility for practical applications. The
effects of N atom and calcination temperature on the struc-
tural, optical, and photocatalytic properties of N-TiO, were
assessed. The gel samples were calcined at 400, 500, 600, 700,
and 800°C. The photocatalysts were characterized using X-
ray diffraction (XRD), high-resolution transmission electron
microscope (HRTEM), X-ray photoelectron spectroscopy
(XPS), UV-vis diftusion reflectance spectroscopy (UV-vis
DRS), Brunauer-Emmett-Teller (BET) specific surface area
(Sgpr)> and thermogravimetric-differential thermal analysis
(TG-DTA). The transition from amorphous to anatase and
rutile phases at different calcination temperatures was also
explored. Ethylene was chosen as a probe reactant because
it is structurally simple, has relatively high reactivity, and is
the parent compound of many widespread volatile organic
compounds (VOCs) of environmental concern (e.g., TCE and
tetrachloroethylene). The object of this study is to investigate
the synergistic effects of nitrogen content and calcination
temperatures in the synthesis process of N-doped TiO,
prepared by sol-gel process and to investigate the influence
of ethylene on photocatalytic decomposition.

2. Materials and Methods

2.1. Preparation of N-Doped TiO, Catalyst. Titanium iso-
propoxide (TTIP, C,,H,30,Ti, 97%, Aldrich), a highly re-
active alkoxide, was used as precursor. Aqua ammonia
(NH,OH) was used as nitrogen source. A given amount of
aqua ammonia was added to the distilled water while being
stirred until it completely dissolved at room temperature.
Then, the solution was added dropwise to a constant amount
of titanium isopropoxide as to obtain an aqua ammonia
to TTIP molar ratio (A/T) of 1:1; the TiO, sample was
designated as N-TO,. While the mixture was being stirred
vigorously, the urea solution was introduced to the TTIP.
Hydrolysis and ploycondensation reactions occurred. The
reactant was stirred continuously for one hour after all aqua
ammonia solution was dissipated. The sol was aged in air for
24 hr to allow further hydrolysis. The final sol was left on the
bench top to allow thickening. After aging, the sol was dried
at 70°C for 24 hr to evaporate the solvent. The residual xerogel
was crushed to fine powder before calcined in a furnace at
400, 500, 600, 700, and 800°C, respectively, for 3 hr. Pure
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TiO, powder was also prepared without the presence of aqua
ammonia following the same procedures as described above.
The nitrogen-doped samples were labeled AxTy, where x
and y refer to the aqua ammonia to TTIP molar ratio (A/T)
and calcining temperature, respectively. For example, A20T4
means the N-TiO, prepared with A/T molar ratio 2.0 and
calcinated at 400°C.

2.2. Characterization. The Sypp of the samples was deter-
mined using nitrogen adsorption method measured with a
Micromeritics ASAP 2020 adsorption apparatus. Pore size
and pore volume were calculated by the BJH isotherm. The
crystallization behavior and stability of N atoms in N-TiO,
were monitored using a TG-DTA (STA 6000, PerkinElmer),
while the sample was being heated from room temperature
t0 1000°C at 10°C/min. The morphology, structure, and grain
size of the samples were characterized by a high-resolution
transparent electromicroscopy (HRTEM, JEM-2010, JEOL).
To study the optical response of N-TiO, samples (A = 200-
800 nm), UV-vis DRS (U3900H, Hitachi) were recorded
using a spectrophotometer with an integrating sphere attach-
ment and Al,O; was used as the reference. The chemical
environment information and the N concentration of all of
the samples were measured by X-ray photoelectron spectra
(XPS) (PHI 5000, VersaProbe/Scanning ESCA Microprobe
with a Cg, ion gun). All samples were collected in vacuum and
transferred to the main ultrahigh-vacuum (UHV) chamber
for measurements. The shift of binding energy due to relative
surface charging was corrected to the C Is level at 285¢V as
an internal standard. The XPS peaks were assumed to have
Gaussian line shapes and were resolved into components by a
nonlinear least-squares procedure after proper subtraction of
the baseline. The crystallinity and phase of the samples were
analyzed by XRD (PANalytical X’Pert-Pro MPD PW3040/60)
with Cu-Ka radiation at a scan rate of 0.05° 1/s in the range
from 20 to 80°.

2.3. Photooxidation Performance. The experiment setup and
operating conditions for photocatalytic activity tests were
the same as those reported previously [7]. The catalyst was
prepared by depositing suspension of the as-prepared catalyst
at the bottom surface of the reactor that was subsequently
dried at ambient condition. The obtained catalyst film density
on the bottom surface of reactor was kept at 4 mg/cm®. The
experiment setup and operating conditions for photocat-
alytic activity tests were the same as those in our previous
reports [7]. The photocatalytic activity experiments of the
as-prepared catalysts for the oxidation of ethylene in gas
phase were performed at room temperature using a 250 mL
photocatalytic reactor. Air with 60% relative humidity was
passed through the reactor with the sample inside for 1hr
to reach equilibrium, and then a desired amount of ethylene
was injected into the reactor with a gastight syringe. The
ethylene inside the reactor was taken at regular intervals with
gas-tight syringe and analyzed using gas chromatographs
(PerkinElmer, Clarus 500, USA) equipped with a flame
ionization detector (FID) and a thermal conductivity detector
(TCD) detection. The GC instrument was equipped with an
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Elite-Plot-Q capillary column (Agilent Technologies). The
ethylene was allowed to reach adsorption equilibrium with
the catalyst in the reactor prior to irradiation. Two 500-
W horizontal halogen lamps (9.5cm in length, PHILIPS)
were used to simulate the solar light. The lamp equipped
with a cut-off filter (A > 400nm) was vertically placed
outside the photocatalytic reactor. Light intensity at the
catalyst surface was 16 mW/cm?. Blank experiments using
an uncoated (no catalyst) glass plate had no effect on the
ethylene concentration and did not generate any carbon
monoxide or carbon dioxide (see supplementary material
online at http://dx.doi.org/10.1155/2013/268723). The photo-
catalytic activity of the catalyst can be quantitatively evaluated
by comparing the apparent reaction rate constants.

3. Results and Discussion

3.1. Thermal Analysis. To investigate the process of phase
transformation of titanium(IV)-oxide-hydroxide to titanium
oxide and the effect of nitrogen doping content on the
transformation from anatase to rutile, thermoanalytic tech-
niques including TGA and DTA were conducted. Typically,
the hydrothermal weight loss is attributed to a multistep
of polycondensation of titanium(IV)-oxide-hydroxide and
phase transformation of anatase into rutile or brookite from
room temperature to 700-800°C as shown in Figure 1 and
Table 1. DTA measurements established the transformation
of TiO,(OH), into TiO, including two endothermic and

one exothermic peaks from room temperature to 398°C
(Figure 1). A sharp endothermic peaks at 105°C due to the
release of absorbed water, while the other minor peak at
253°C is referred to as the desorption of organic. There
was a corresponding weight loss from TGA of about 19.8
and 9.4 wt%, respectively. In the region mentioned above,
the finely exothermic peak around 276°C is ascribed to the
thermal decomposition of unhydrolyzed TTIP with about
0.8 wt% weight loss. The weak thermal effect at 276-730°C
is accompanied by obvious exothermic peak at 451°C which
can be assigned to the crystallization of the amorphous phase
to anatase. At around 730°C, an obvious exothermic peak
was observed owing to the oxidation of carbon residue and
evaporation of chemisorbed water, which can be assigned
to the phase transformation from anatase titania to rutile
TiO,. It can be concluded from the DTA result that the as-
prepared TiO, sample was amorphous. According to TGA,
the weight loss roughly consists of three distinct stages. The
first stage was up to 276°C, over which the mass loss is the
greatest. A mass loss of up to 30% was observed, which is
attributed to the evaporation of the physical adsorbed water
and the release of organic. The second stage is from 276 to
451°C, where the mass loss is about 1.7%. This corresponds to
the thermal decomposition of unhydrolyzed TTIP. The third
stage is from 451 to 730°C and the mass loss is about 0.7%,
which is attributed to the removal of chemisorbed water. At
about 730°C, no mass loss was observed. The exothermic
peaks of N-TiO, prepared at 0.5, 1.0, and 2.0 A/T ratios
were at 710, 720, and 730°C, respectively (Table 1). The results
indicated that nitrogen atoms doped in TiO, could prevent
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FIGURE 1: TG-DTA curve of N-TiO, samples prepared with 2.0
ammonia/TTIP ratio.

phase transition of anatase to rutile, because as far as pure
TiO, was concerned, most TiO, particles were transformed
into rutile at 700°C.

3.2. Phase and Structure. The characteristics of N-TiO, at
various calcination temperatures and molar ratios of A/T
are summarized in Table 1. Figure 2 shows the XRD pattern
of the N-TiO, samples at various A/T ratios and annealed
at different temperatures. The presence of peaks (20 =
25.44°,38.06°, and 48.24") was regarded as an attributive
indicator of anatase titania, and the presence of peaks (20 =
27.54°,36.14°, and 41.20°) was regarded as an attributive
indicator of rutile titania. The diffraction peaks for the anatase
(JCPDS no. 21-1272) and rutile (JCPDS no. 21-1276) phases are
marked with “A” and “R;” respectively, and the corresponding
diffraction planes are given in parenthesis. No N-derived
peaks were detected in all the patterns. This may be caused by
the lower concentration of the doped species, and the limited
dopants may have moved into either the interstitial positions
or the substitutional sites of the TiO, crystal structure, which
is consistent with [8, 9]. The average grain size was estimated
at 28-131 nm, comparable to that from the HRTEM image.
A comparison of XRD patterns clearly shows that nitrogen
doping significantly changes the crystalline size and the
crystal structure of TiO,.

The transformation from the amorphous to the crys-
talline form of TiO, usually requires temperatures close
to 300°C [8]. For the samples prepared with 2.0 A/T and
calcinated at 400-500°C (Figure 2(a)), the intensities of
the anatase peak are increased and the width of the (101)
plane diffraction peak becomes narrower as the calcination
temperature increases, implying an improvement and growth
in crystallinity. Increasing the temperature to 800°C, the
intensity of anatase peak decreases, but the rutile peaks
appear, suggesting the transformation of anatase to rutile
phase. The average crystalline size was 32, 85, and 103 nm
and the mass percentage of anatase was 90, 60, and 6% for
samples prepared at 2.0 A/T and calcination temperature
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TaBLE 1: Characteristics for N-TiO, at various ammonia/TTIP molar ratios under different calcination temperatures.

XRD BET TG-DTA TEM Optical properties

Sample® 1b>hase ratio bCrystallitecsize Surface arca (m?/g) A® — RS Temp. ("C) Size (nm) Agi Egi Ay Egy

A’% R% A’ (nm) R (nm) (nm) (nm) (nm) (nm)
A00T4 90 10 32 — 93 703 11+ 392 3.16 — —
A05T4 89 1 28 — 108 710 12+1 392 3.16 505 2.46
Al10T4 90 10 28 — 119 720 12+1 391 317 506 2.45
Al15T4 87 13 29 . 119 728 1I+1 388 3.20 513 2.42
A20T4 90 10 32 — 98 730 12 + 390 3.18 510 2.43
A25T4 90 10 37 — 98 728 12+1 392 3.16 515 2.41
A30T4 92 8 37 — 86 729 12+1 392 3.16 514 2.41
A00T5 94 6 46 — 50 703 13+ 402 3.08 — —
AO05T5 89 11 46 98 64 710 13+1 404  3.07 503 2.47
Al10T5 90 10 41 87 68 720 15+ 400 3.10 508 2.44
AI5T5 91 9 40 — 71 728 15+£2 396 3.13 517 2.40
A20T5 94 6 45 — 62 730 15+£2 394 3.15 513 2.42
A25T5 94 49 — 55 728 17+£2 397 312 507 2.45
A30T5 94 6 47 — 53 729 17 + 397 312 510 2.43
A00T6 34 66 106 156 7 703 24 + 420 2.95 — —
A05T6 14 86 86 128 8 710 40+3 422 2.94 — —
A10T6 14 86 81 132 9 720 40+ 4 425 2.92 — —
A15T6 22 78 79 141 14 728 35+£3 424 2.92 — —
A20T6 60 40 85 184 17 730 34+3 415 2.99 — —
A25T6 78 22 90 184 16 728 35+4 416 2.98 — —
A30T6 74 26 97 169 12 729 36+4 415 2.99 - -
A00T7 6 94 131 177 2 703 80+5 424 2.92 . —
A05T7 3 97 95 148 5 710 145 + 10 428 2.90 — —
A10T7 3 97 102 149 6 720 145 £ 10 429 2.89 — —
A15T7 3 97 92 159 6 728 150 + 11 428 2.90 — —
A20T7 6 94 103 163 4 730 170 £13 428 290 — —
A25T7 15 85 108 178 8 728 60+ 6 426 2.91 — —
A30T7 15 85 117 182 6 729 60+6 427 2.90 — —
A00T8 1 99 — 174 3 703 200 +17 424 2.92 — —
A05T8 1 99 — 161 3 710 190 £ 15 428 2.90 - -
A10T8 1 99 — 159 3 720 160 £ 13 429 2.89 . —
A15T8 1 99 — 171 3 728 170 + 15 428 2.90 — —
A20T8 1 99 — 164 2 730 160 = 14 428 2.90 — —
A25T8 3 97 106 184 4 728 200 +18 427 2.90 — —
A30T8 3 97 127 179 3 729 170 £15 429  2.89 — —
# AXXTY: ammonia/TTIP molar ratio = 0.XX; calcination temperature = Y00°C.
b Anatase.
“Rautile.

of 400, 600, and 700°C, respectively. The maximum mean
size of anatase and rutile crystallites was observed at 800°C.
Results agreed with those reported that the crystalline size
grows and the content of anatase diminishes as calcination
temperature increases [8, 10-13]. For the samples prepared at
0.5 A/T, the anatase peaks appear at temperatures 400 and
500°C. Increasing the temperature to 500°C, the intensity of
anatase peak decreases, but the rutile peaks appear. When
temperature is increased further to 600°C, rutile becomes
a main phase. In this case, the anatase-to-rutile phase
transformation temperature is between 400 and 500°C. XRD

patterns of samples prepared at 3.0 A/T and annealed at
700°C show both anatase and a rutile phase, indicating that
anatase-to-rutile phase transformation is shifted to higher
temperature. It can be seen that the presence of nitrogen
can restrain the formation and growth of TiO, crystal phase,
thereby retarding the anatase-to-rutile phase transformation.
This result is further supported by the appearance of rutile
in XRD patterns of sample prepared at 0.5 and 1.5 G/T
at 600°C and disappearance for samples prepared at G/T
greater than 2.0 at 600°C (data not shown). Compared
with P25, the peak position of the (101) plane of N-doped
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FIGURE 2: XRD patterns of N-TiO, samples prepared (a) at various calcination temperatures and (b) with various ammonia/TTIP ratios.

TiO, shifted slightly to higher 20 value, and the peak was
broader as N/T ratio increases, suggesting distortion of the
crystal lattice of TiO, by the incorporation of nitrogen. The
crystalline sizes of samples calcinated at 400°C and pre-
pared at 0.5, 1.5, 2.0, and 3.0 A/T were 28, 29, 32, and
37 nm, respectively. The average crystalline size of samples
increases with increase in A/T, revealing that nitrogen can
enhance the growth of N-TiO, crystals. Results agreed with
those reported that the crystalline size grows as nitrogen
to Ti proportion increases [14]. The results reveal that the
phase transformation temperature of anatase to rutile was
progressively increased when the amount of N dopant was
increased. Clearly, calcination temperature and A/T ratio play
a significant role in the formed crystal structure and particle
size (Figure 3). Higher temperature favors the growth of rutile
structure and produces N-TiO, nanoparticles with larger
particle size. Thus, a fine control of calcination temperature
and A/T ratio is crucial for obtaining a pure phase of N-TiO,.

Further insights into the effect of calcination and doping
on the morphology and structure of the N-TiO, samples can
be obtained from HRTEM image (Figure 4). The selected
area electron diffraction pattern and TEM confirmed its
highly crystalline anatase or rutile structure. The observed
d-spacing from HRTEM image is 3.522 A and is comparable
to 3.52 A previously reported for (101) crystallographic plane
of undoped anatase [15-18]. The HRTEM image showed
the nanocrystallines with primary grain size around 11-
200nm. From the TEM images, the particles in N-TiO,
samples are monodispersed. The crystalline form aggregates
with a mesoporous structure. The formation of mesoporous
structure is similar to that reported in the literature [19,
20]. First, monodispersed amorphous titanium oxide sol
particles are formed by the hydrolysis processes. Then the
monodispersed sol particles are crystallized and aggregated
under calcination treatment to form mesoporous crystalline.
Based on the HRTEM results, the calcination temperature

Anatase (%)

I
0400 500 600 700 800

Calcination temperature (°C)
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5
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FIGURE 3: The anatase content of N-TiO, samples as a function of
the various ammonia/TTIP molar ratios.

significantly changes the size of particles (Table 1). The grain
size of crystalline is in consistent with the calculated value
obtained from XRD patterns (Tablel). The grain size of
samples increases with the calcination temperature. Morpho-
logical observation by TEM and XRD calculations reveals
that the large particle size of A20T8 was mainly caused by
agglomeration and the growth of crystallite size.

3.3. Surface Area and Pore Size Distribution. Typical nitrogen
adsorption-desorption isotherms of N-TiO, photocatalyst
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FIGURE 4: TEM images of N-TiO, prepared (a)-(e) at various calcination temperatures with 2.0 ammonia/TTIP ratio and (f) the selected

area electron diffraction of A20T4.

are shown in Figure 5. The Sy of N-TiO, prepared with 2.0
A/T ratio at calcined 400, 500, 600, 700, and 800°C was 98,
62, 17, 4, and 2 m?*/g, respectively. Obviously, the values of
Sgrr and pore volume of N-TiO, prepared with the same A/T
ratio decreased with increasing calcination temperatures.
Such phenomenon could be attributed to the collapse of the
mesoporous structure, the growth of TiO, crystallites, and
the removal process of nitrogen core by high-temperature
calcination. Consequently, N-TiO, calcined at 800°C has the
least Sy r. Based on the results obtained, the hysteresis loop of
N-TiO, is significantly shifted in direction of higher relative
pressures as calcination temperature increases, indicating
much larger mesorpore. The average pore size of N-TiO,
increased with increasing calcination temperature due to the
formation of slit-like pores [21].

The N-TiO, samples obtained at various calcination
temperatures gave different nitrogen adsorption isotherms
(Figure 5), implying differences in their porous structure.
The N-TiO, samples prepared at low calcination temperature
(i.e., 400 and 500°C) exhibited a type IV isotherm and a
type H2 hysteresis loop at lower relative pressure region,
which are typical characteristics of mesoporous structure
with ink bottle pores. Note that the adsorption branches of
these isotherms resembled type II, indicating the presence of
some macropores. Otherwise the N-TiO, samples prepared

at higher calcination temperature (i.e., 600-800°C) exhibited
a type V isotherm and a type H3 hysteresis loop at higher
relative pressure. The hysteresis loop at lower relative pressure
region (0.4 < P/P, < 0.8) was attributed to a smaller mes-
opore, while that at the higher relative pressure (0.8 <
P/P, < 1.0) was of larger mesopores. Thus samples prepared
at high calcination temperature (>600°C) had a wide pore
size distribution in the mesopores scale. The isotherm of N-
TiO, prepared at higher calcination temperature was below
that of lower calcination temperature (Figure 5), indicating
lower surface area and pore volume of the former. Further
observation from Table 1 indicated that Sy for the N-TiO,
samples at the same A/T ratio increased with increasing
calcination temperature (Figure 5(c)). Results reveal that
all N-TiO, samples calcined at various temperatures show
monomodal pore size distributions and mesopores may be
assigned to the pores among interaggregated particles (data
not shown). With calcination temperature increasing, there
is a significant tendency of pore size distribution toward to
the bigger pore size. The increase of pore size is due to the
corruption of smaller pores during calcination as the smaller
pores endured much greater stress than the bigger pores.
Formation of bigger crystalline aggregation upon increase
in temperature could form bigger pores also. Consequently,
the pore size increases while the pore volume decreases with
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FIGURE 5: Nitrogen adsorption and desorption isotherms of N-TiO, samples (a) calcined at various temperatures, (b) prepared with various
ammonia/TTIP molar ratios; the surface area as a function of calcination temperature.

calcinations temperature increasing. Based on the TEM and
BET results, the mesopores of TiO, were decreased due
to the heat shrinkage of calcination. The results indicated
that calcination at high temperature and in the presence of
nitrogen atoms will help to improve the thermal stability
of the photocatalyst. While the calcination temperature was
increased, both the specific surface area and the pore vol-
ume of N-TiO, samples decreased. This indicated that the
average pore size increased while the pore volume and the

specific surface area decreased with calcination temperature
increasing.

3.4. Optical Properties. 'The typical UV-vis diffuse reflectance
spectra of N-TiO, are shown in Figures 6(a) and 6(b). It can
be seen that nondoped TiO, (P25) has only one light sharp
edge (A = 410 nm) which can be assigned to the band gap
of TiO,, while part of N-TiO, showed two absorption edges
and a noticeable shift to the visible light region as compared
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FIGURE 6: The typical UV-vis DR spectra of N-TiO, samples: (a) prepared with 2.0 ammonia/TTIP molar ratio and calcined at various
temperatures; (b) prepared with various ammonia/TTIP molar ratios and calcined at 400°C.

to that of the TiO, (i.e., P25). This phenomenon should be
ascribed to either the nitrogen doping and/or sensitization
by a surface-anchored group. The calcination temperature
and A/T ratio are the crucial factor that can further affect
the absorption as seen in Figure 6. Similar phenomenon
had been reported by previous publications [17, 22-25]. The
absorption edges of the N-TiO, samples show continuous
red shift as the calcination temperature changes from 400
to 700°C, which can be assigned to the intrinsic band gap
absorption of TiO,. The shift is too minor to be observed
when the calcination temperature changes from 500 to 600°C,
which is possibly caused by the synergetic effect of the loss of
the nitrogen and the increase of the TiO, crystallinity during
the calcination process. The absorption threshold (A ,) can be
determined using the onset of the absorption edges by the
section of the fitting lines on the upward and outward section
of the spectrum (shown in the graph inserted in Figure 6)
[23]. Table1 lists the determined A g (nm) and the derived
band gap energy values. The band gap of N-TiO, (E,) was
calculated using the E;, = 1240/A, equation. It also can be
seen that N-TiO, samples have two characteristic light
absorption edges. One of them corresponds to the band gap
of TiO, (A, =390~430 nm) while the other originates from
the N-induced midgap level (A,, = 505~517 nm). The color
of the samples was different with calcination temperature
and A/T ratio. The color of N-TiO, samples prepared with
2.0 A/T ratio and calcinated at 400, 600, and 700°C was
vivid yellow, yellow, and white, respectively. There is no A,
when N-TiO, calcinated above 600°C. It can be ascribed to
the amount of N dopant decreased. The color of N-TiO,
prepared with 0.0, 1.0, 2.0, and 3.0 A/T ratio and calcinated
at 400°C was white, pale yellow, yellow, and vivid yellow,

respectively. The phenomenon that the A/T ratio increases
the shifting of the spectra towards visible region was clearly
observed (Figure 6(a)). The absorption threshold (A g) was
increased with increasing A/T ratio. It reveals that more
nitrogen doping in the matrix of TiO, structure results in a
shift of absorbance region toward visible light wavelength.
This is possible attribute to the nitrogen incorporated into
TiO, lattice and formation of new electronic state above

valence band caused by nitrogen doping to generate a red
shift.

3.5. Analysis of Chemical State. The chemical states of doping
impurity are critical to the optical property, band gap, and
photocatalytic activity of nitrogen-doped TiO,. To investigate
the chemical states of the doping nitrogen, XPS spectra were
applied to examine three regions: the Ti 2p core level near
460 eV, the O 1Is core level near 530 eV, and the N 1s core level
near 400 eV. Figure 7 shows the experimental observation of
surface chemical composition and the electronic structures
of N-TiO, samples using XPS. XPS peaks showed that the N-
TiO, contained only Ti, O, N elements and a small quantity of
carbon. The presence of carbon was ascribed to the residual
carbon from the precursor solution and the adventitious
hydrocarbon from the XPS instrument itself. In Figures 7(a)
and 7(b), the binding energy (BE) peaks corresponding to
N Is core levels for N-TiO, are observed one major peak at
400 eV. The N 1s peak at 400 eV is ascribed to the presence
of the oxidized nitrogen species, and the nitrogen may be
incorporating into the interstitial positions of the TiO, lattice
and to form a Ti-O-N structure [26, 27]. No other N 1s peaks
were detected in N-TiO, samples. As shown in Figure 7, N 1Is
peak at 400 eV slightly decreased with increasing calcination
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FIGURE 7: XPS survey and core level spectra of (a)-(b) N Is, (c)-(d) Ti 2p, and (e)-(f) O Is of N-TiO, samples.

temperature. This is different from the N-TiO, prepared by
flame oxidation, in which nitrogen partially substitutes the
oxygen sites in the TiO, [28]. The preparation method plays
an important role in determining the nitrogen state in TiO,
band structure [26, 29, 30]. Depending on the nitrogen source

and experimental conditions N species are incorporated into
TiO, in interstitial form or substitutional form [31, 32]. The
interstitial N-doping is favored when the doping is carried
out under oxygen-rich conditions and the substation-type N-
doping occurs under reducing conditions [31-33]. Therefore,
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from the atomic N 1s XPS spectra the interstitial sites (400 eV)
were observed under air atmosphere.

The XPS spectra of Ti 2p regions are shown in Figures
7(c) and 7(d). The peaks at around 458.5 and 464.2 eV for
P25 are ascribed to Ti 2p;/, and Ti 2p,, of TiO, (data not
shown). The line separation between Ti 2p, ,and Ti 2p; , was
5.7 eV, which is consistent with the standard binding energy.
According to Figure 7, all spectra of Ti 2p,, are symmetry.
The spectra of Ti 2p,, are consistent of single state and the
banding energy of peaks is 458.0-458.3 eV which shows a
redshift of 0.5eV compared to the binding energy of Ti*"
in P25. This suggests that Ti’* was present in N-TiO, and
the distance of peaks between Ti 2p,,, and Ti 2p;/, is 5.7-
5.9 eV. The 396 eV peak is assigned to the atomic b-N state
and generally proves the presence of TIAN bonds formed
when N atoms replace the oxygen in the TiO, crystal lattice
[30]. The peak characteristic for Ti-N (396 eV) is not present,
indicating the absence of the TiN phase in the N-TiO,
samples [34]. The results show that the binding energies of Ti
2p peaks shift to lower energies with a negative shift of ~0.5 eV
for the N-TiO, due to the N doping [27]. The lower binding
energy than a typical Ti 2p signal of Ti*" oxidation state sug-
gests that titanium cation has a considerable interaction with
the doped nitrogen and thus TiO, lattice is modified [27,
35]. Nitrogen doping accompanies the formation of oxygen
vacancies and/or Ti** defects, resulting in slight shifts of the
Ti 2p peak toward the lower binding energy [36-38]. Hence,
the red shifts of the Ti 2p peak in comparison with P25 are
used to highlight the successful nitrogen doping into the TiO,
lattice. The XRD results did not indicate the formation of
TiN bonds. Therefore, results indicate that the titanium atom
bonds with oxygen but not nitrogen. Thus, a shift toward
lower binding energy of Ti 2p and the binding energy of N
Is upon nitrogen addition indicate that the nitrogen can be
indeed incorporated into the interstitial positions of TiO,
lattice and the formation of Ti-O-N bonding by partially
interstitial with a carbon atom.

The incorporation of nitrogen into the oxide lattice
should influence the BE of O 1s as well. The XPS spectra of the
O Is core level consists of the one peak (Figures 3(e) and 3(f)),
at around 529.3-529.5 eV, which is ascribed to Ti-O bond
in the TiO, lattice [30]. The O 1s core level moved toward
lower energy state from 529.6 eV in P25 to 529.4eV in N-
TiO, prepared with A/T ratio 3.0 and calcined at 400°C. The
peak shifts by ~0.2 eV which might be related to the creation
of oxygen vacancies as a result of the nitrogen doping. The
shifting of bind energy in both N Is and O 1Is region indicates
that nitrogen was incorporated into the lattice. The shifts of
Ti 2p,,, and O 1s peaks are due to the introduction of oxygen
vacancies into the TiO, lattice [32]. The presence of nitrogen
dopant facilitates the formation of oxygen vacancies. The
aforementioned results clearly indicate that nitrogen doping
is accompanied by oxygen vacancy formation. The optical
transitions between the dopant and dopant-induced level and
Ti3d orbital explain the observed visible light absorptions of
N-TiO, nanomaterials. The observed two absorbance edge
features in the UV-vis spectra are directly related to the above
modification of the electronic states from the dopants.
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3.6. Visible Light Photocatalytic Activity. To explore the pho-
tocatalytic activity of different N-doped TiO, at different
calcination temperatures and A/T ratios, the degradation
of ethylene under visible light with a cut-off wavelength
of 400 nm was investigated. Carbon dioxide started being
formed immediately after the visible light was turned on and
ethylene was almost totally converted to CO, in all mea-
surements. It is obviously that the N-TiO, shows significant
progress in the photodegradation of ethylene compared to
P25 in visible light system. P25 has no obvious photocatalytic
activity (less than 1%) under visible light irradiation. Results
suggest modification of TiO, provides visible-light-sensitive
photocatalyst, which can be applied to the photooxidation
of ethylene gas, as the band gap of TiO, was modified by
nitrogen doping, evidenced by XPS and UV-visible DRS
results. Figure 8 shows the activity of N-TiO, catalysts in the
presence of visible light for photodegradation of ethylene.
The reaction rate increases with the increase in the A/T ratio
from 0.5 to 2.0, and then decreases in A/T ratio from 2.0
to 3.0. The enhancement of photocatalytic activity can be
ascribed to an obvious improvement in anatase crystallinity
and larger surface area. For the sample prepared with A/T
ratio 2.0 and 3.0, however, the removal efficiency decreased
rapidly, which can be due to its less surface area. The
photocatalytic ability of N-TiO, samples calcinated at 400,
500, and 800°C is also examined. It was found that the
photocatalytic activity decreased with increasing calcination
temperature. The enhancement of photocatalytic activity
can be ascribed to an obvious improvement in anatase
crystallinity at 400°C calcination temperature. Good anatase
crystallization is beneficial for reducing the recombination
rate of the photogenerated electrons and holes due to the
decrease in the number of the defects [39]. Zhao and Yang
showed that for photocatalytic oxidation application, anatase
is superior to rutile: (a) the conduction band location for
anatase is more favorable for driving conjugate reactions
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illumination.

involving electrons, and (b) very stable surface peroxide
groups can be formed at the anatase during photo-oxidation
reaction but not on the rutile surface [40]. For the sample
calcined at 800°C, the removal efficiency decreased rapidly,
which can be due to its fewer amounts of anatase and
small Sgpp. The result indicates that higher specific surface
area, smaller crystallite size, and good anatase crystallization
will promote the photocatalytic activity in visible light. The
results indicate the N-TiO, catalyst prepared with A/T ratio
2.0 and calcinated at 400°C shows the best photocatalytic
ability.

3.7. The Formation Mechanism of N-Doped TiO,. For the
pure TiO,, the energy of the visible light is not sufficient
to excite electrons from the valence band (VB), as the
intrinsic band gap of pure TiO,. Based on the results of UV-
vis DRS, XRD, and XPS, the nitrogen atoms were weaved
into the crystal structure of TiO, with structure as Ti-O-
N. N-TiO, was active in the visible light irradiation for
the degradation of ethylene. The following explanation for
the photocatalytic activity of N-TiO, in the visible light
spectra can be considered. The nitrogen existing at interstitial
positions of TiO, lattice induces localized occupied states and
forms midband gap, leading to the red shift of absorption
edge and photocatalytic activity under visible light irradiation
[41]. The electron (e”) can be excited from the N-impurity
level to the conduction band (CB). The exited electrons are
trapped by O, adsorbed on the catalyst surface, producing
O, " superoxide anion radicals. After a series of reactions
(1)-(12), ethylene molecules are finally mineralized into CO,.
DEFT calcinations and experimental results indicate that N-
doping favored the formation of O vacancy (subband level
O,), which was below the bottom of the conduction band
[42-47]. Therefore, the electrons (e”) are excited from the
N-impurity level bond to the subband level (O,) and then
recombine with the hole (h") as proved in Figure 9. The
holes and electrons react with OH™ and O, molecules on the
catalyst surface to form "OH radicals and O, " superoxide
anion radicals, respectively. The protonation yields the HOO®
radicals, which after trapping electrons combine to produce
H,0,. The O, " radicals then interact with H,O adsorbed to
produce more “OH radicals. These “OH radicals then react
with gaseous ethylene and mineralize it;

TiO, —Y > h' + e )

S-H,0 +h" — S-OH" + H" (2)
S-OH +h" «— S-OH" 3)
§-0,+e —§'-0," (4)

S-OH +§'-0,”" — S-HO," +§'-0" (5)
§'-0, — 28'-0 (6)

S'-0+e” —§'-0" 7)

S-H,0 +8'-O™" — S-OH" + S-OH~ (8)
S-HO," + S-HO," — S-H,0, + O, )
S-H,0, — 25-OH" (10)
S-C,H, + S-OH" «— $-C,H,OH 1)

S-C,H,OH + $'-0, — intermediates — CO, + H,0
(12)

4. Conclusions

The observed changes in the UV-vis DRS, XRD, and XPS
spectra are providing consistent structural information for
Ti-O-N formation; that is, the nitrogen can be incorporated
into the interstitial positions of TiO, lattice, which leads to
the enhanced photocatalytic activity in N-TiO, samples. It
is concluded that the photocatalytic oxidation reactivity of
N-TiO, under visible light illumination is mainly due to the
presence of localized occupied states caused by interstitial
nitrogen and the electron/hole pairs generated under visible
light irradiation. It has been found that N dopant retarded
the anatase to rutile phase transformation by forming Ti-O-
N incorporated into the interstitial position of TiO, lattice.
Moreover, the transformation temperatures of anatase-to-
rutile progressively slightly increase when N dopant content
is increased. The photocatalyst, N-TiO, prepared with A/T
ratio 2.0 and calcinated at 400°C, shows the highest photo-
catalytic activity in the oxidation of ethylene. This N-TiO,
provides an effective visible-light-responsive photocatalyst
for future industrial applications in pollution control.
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High-purity anatase TiO, nanoparticles were prepared using an improved sol-hydrothermal method. The as-prepared sample was
characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), Brunauer-Emmett-Teller (BET), and UV-vis
diffuse reflectance spectra. TEM results showed that the average particle size of all TiO, particles was calculated to be (10 + 1) nm.
The XRD analysis indicated that the present sample was fully crystallized and appeared to be highly phase-pure anatase. The BET
analysis showed that the as-prepared sample had a very large specific surface area of 186.25 m*/g. The photocatalytic performance
of TiO, nanoparticles was evaluated by photocatalytic degradation of X-3B and X-BR solutions. The degradation results revealed
that the as-prepared TiO, showed slightly higher photocatalytic activities than P25. Whereas, the as-synthesized TiO, can settle
down and be separated easily after the photocatalytic reaction finishes.

1. Introduction

Titanium dioxide (TiO,) is a versatile material with novel
properties suitable for a number of technologically important
applications, such as catalysis, white pigment for paints or
cosmetics, electrodes in lithium batteries [1], dye-sensitized
solar cells [2], and photocatalyst [3]. Although TiO, has wide
potential application in environmental management and
environmental protection, the low photocatalytic efficiency
and the difficulty to separate greatly hinder its process of
industrialization [4, 5]. Therefore, the key important aspect
for the application of TiO, photocatalyst is to enhance the
photocatalytic efficiency and the separation efficiency.

TiO, has three nature crystallographic phases: anatase,
rutile, and brookite. Among the three main crystal phases
of TiO,, rutile is the most thermodynamically stable phase,
whereas anatase and brookite are metastable phases and easily
transformed into rutile by thermal treatment. Anatase TiO,
is generally considered to be more active than rutile phase
for TiO, photocatalyst [6]. Anatase TiO, with higher crys-
tallinity is preferred for photocatalysis, due to that the higher
crystallinity offers fewer defects acting as recombination
sites between photo-generated electrons and holes often [7].

The physicochemical properties of the three phases are very
different from each other, and they are closely related to the
synthesis conditions. Anatase is the most thermodynamically
stable among the three nanocrystalline phases if the size of the
particles is less than 11 nm, brookite is the most stable phase
between 11 nm and 35 nm, and rutile is the most stable when
all the sizes are larger than 35nm [8]. Thus, the synthesis
conditions are very important and the synthesis parameters
such as the crystal structure, surface morphology, and phase
stability should be controlled and optimized.

The reported synthesis methods for TiO, nanoparticles
include gas phase method and liquid phase method. The gas
phases method is very complex and high energy consumption
[9], although the prepared TiO, has a good monodispersity,
a high purity, and a small size. The advantage of simple
technical devices, low cost, and easy control for the liquid
phase method make it widely used. The hydrolysis, sol-
hydrothermal, microemulsion, sol-gel, and liquid deposition
are the most common liquid phase methods. Among these
methods, the TiO, particles prepared by sol-hydrothermal
method have good crystal model, small size, and are not
easy to agglomerate. These advantages lead sol-hydrothermal
method to attract vast attention in the past ten years.



The disadvantage of this method is that the TiO, particles
need high-temperature heat treatment.

Herein, we improve the sol-hydrothermal method syn-
thesis process which does not require high-temperature treat-
ment, and pure anatase TiO, nanoparticles with nanosize
are obtained. XRD, BET, and TEM analyses were carried out
to elucidate the as-synthesized product. The photocatalytic
activity of TiO, under UV light irradiation was evaluated by
degradation reactive brilliant red X-3B and reactive brilliant
blue X-BR aqueous solution. This study may provide useful
information and an effective approach for the preparation of
high-purity anatase TiO, nanoparticles.

2. Experimental

2.1. Chemicals. The chemicals included dehydrated alco-
hol (CH;CH,OH, Anhui Ante Biochemistry Co., Ltd.,
AR), ammonium bicarbonate (NH,HCO;, Shanghai no. 4
Reagent and H.v Chemical Co., Ltd., AR), tetrabutyl titanate
(C,6H560,Ti, Shanghai Star Chemical Co., Ltd. US., AR),
P-25 (Evonik Degussa Corporation, Parsippany, NJ, USA).
All the chemicals used in the experiments were of analytical
purity grade with no further purification. Deionized water
was used throughout the whole experiment.

2.2. TiO, Powder Synthesis. The anatase TiO, nanoparticles
were prepared by an improved simple sol-hydrothermal
method. Tetrabutyl titanate (C,sH;cO,Ti) was used as the
titanium source. Initially 4 mL tetrabutyl titanate was added
to 60 mL ethanol solution under constant stirring at room
temperature. Then 80 mL deionized water was dropped into
the solution under vigorous stirring. The obtained mixed
solution was oyster white and kept under constant stirring
for 30 min. The obtained mixture and 2.0 g ammonium
bicarbonate were transferred into a 200 mL Teflon-linear steel
autoclave and maintained at 160°C for 12h and then cooled
to room temperature naturally finally. This produced a snow-
white colored product which was rinsed thoroughly with
deionized water and dehydrated alcohol. The white product
obtained was dried at 50°C for 12 h. Finally, the powder was
collected and transferred to a mortar and grinded to a fine
powder which was used for further investigation.

2.3. Characterization. X-ray power diffraction (XRD) pat-
terns of the samples that performed the phase identification
were recorded on a D/max 2550Pc automatic diffractome-
ter of polycrystalline (Cu K« radiation, Rigaku-D/MAX-
2500/PC, Japan) that operated at 40keV and 100 mA over
the range of 20° < 26 < 90° at a scanning rate of 0.02°/s.
The surface areas (Sppp) of the samples were analyzed by
a multipoint Brunauer-Emmett-Teller (BET) method using
nitrogen adsorption/desorption isotherm measurements at
-196°C on an ASAP 2010 nitrogen adsorption apparatus
(Micromeritics Instruments, USA). The particle size and
shape were observed using transmission electron microscopy
(TEM), which was equipped with an energy-dispersive X-ray
spectrometry (EDS) and which was conducted with a Tecnai
G2 F30 S-Twin electron microscope (Tecnai G2 F30 S-Twin,
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FIGURE 1: XRD patterns of the as-synthesized TiO,.

Holland) using a 300 kV accelerating voltage with 0.20 nm
point resolution. In addition, transmittance measurements
were performed using an UV-vis spectra, obtained at room
temperature with an UV-vis spectrophotometer (UV-2550,
Shimadzu, Japan), with BaSO, as the reflectance standard
between 240 nm and 800 nm.

2.4. Photodegradation Experiment. The degradation of reac-
tive brilliant red X-3B (X-3B) and reactive brilliant blue
X-BR (X-BR) using anatase TiO, powder as photocatalyst
in aqueous solution was examined by UV-vis absorption
spectroscopy (TU-1810, Beijing, China). The light source
employed in photoreactions was a 300 W Xe lamp (Beijing
perfect light Corporation, Beijing, China). 100 mg of as-
prepared TiO, catalyst was added into 400 mL aqueous solu-
tion containing 20 mg/L X-3B or 50 mg/L reactive brilliant
blue X-BR in a glass reactor. The solution was magnetically
stirred for 20 min to reach the adsorption equilibrium of dye
on TiO, nanoparticles according to our previous study. Then
it was irradiated by UV light. TiO, nanoparticles free dye
solutions were obtained by centrifugation at 12,000 rpm. The
photocatalytic activity of Degussa P25 was also measured
as a reference to be compared with that of the synthesized
catalysts. The degradation efficiency of catalysts after various
intervals of time can be calculated using the following
equation:

Ay—A
0"t x100, (1)
AO

degradation efficiency (%) =

where A, and A, are the initial absorbance and the
absorbance after various intervals of time (t), respectively.
All the experiments were done at room temperature of about
25°C.

3. Results and Discussion

3.1. X-Ray Diffraction. The XRD pattern of the as-synthesized
sample was shown in Figurel. The peaks of the powder
materials are identified to corresponding (101), (004), (200),
(105), (211), (204), (116), (220), (215), and (303) crystal planes.
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All diffraction peaks are well defined and can be perfectly
assigned to the anatase TiO, (JCPDS-21-1272). The anatase
TiO, nanoparticles were known to be very photoactive and
practical for water treatment and water purification [10]. No
characteristic peaks associated with other crystalline forms
were detected in the XRD pattern, indicating the anatase
phase-pure nature of the product. The average crystallite size
of as-prepared sample was calculated to be around 10 nm
from the peak broadening.

3.2. Transmission Electron Microscopy. Transmission elec-
tron microscopy (TEM) was used to characterize the mor-
phology and the average size of the synthesized TiO,
nanoparticles. Typical low- and high-magnification TEM
images of as-prepared TiO, sample were shown in Figure 2.
The images shown in Figures 2(a) and 2(b) revealed that the
as-prepared TiO, nanoparticles were not only uniform but
also well dispersible. The well dispersible TiO, nanoparticles
may be attributed to the decomposition of ammonium
bicarbonate (NH,CI). When tetrabutyl titanate is hydrolyzed
into TiO,, NH,Cl is decomposed into NH;, H,O, and CO,
and large amounts of bubbles are produced in the mixed
solution. Large amount of energy is released when the bubbles
burst which is similar to the cavitations effect produced by
ultrasound [11]. The energy produced by the burst of bubbles
will prevent the agglomeration of synthesized TiO, [12].

The average particle size of the TiO, particles was cal-
culated to be (10 £ 1) nm from Figures 2(c) and 2(d). The
minimum and maximum particle sizes were lying close to
average particle size. The particles size calculated from the
TEM images was well consistent with the XRD values.

3.3. BET Surface Area Analysis. The typical plot of N,
adsorption-desorption isotherm and pore size distribution
curves of as-prepared TiO, sample was shown in Figure 3(a).
The sample exhibited isotherm of type IV (BDDT classifi-
cation) with hysteresis loops of type H3 at relative pressure
range of 0.65-1.0, indicating the presence of mesoporous
structure [13]. The corresponding pore size distribution of the
sample was shown in Figure 3(b). The pore size distributions
indicated that TiO, presented a relatively narrow distribution
ranging from 5nm to 25nm. Taking into account the mor-
phology of the material observed by TEM, the small pores
should be the intra nanoparticles pores. The BET surface
area of the prepared TiO, nanoparticles was 186.25 m>/g
and the BET surface area of commercial P25 was 50 m*/g.
A larger surface area provides more surface active sites for
the adsorption of the reactive molecules, which leads the
photocatalytic process to be more efficient [14]. We can draw
the conclusion that the nanoparticles prepared by us might
have good photocatalytic activities.

3.4. UV-Vis Absorption Spectra of X-3B Solution Degraded by
Synthesized TiO,. The UV-vis absorption spectrum of the X-
3B aqueous solution degraded by UV-irradiation using as-
prepared TiO, as catalyst was shown in Figure 4. The results
clearly demonstrated that the X-3B aqueous solution exhib-
ited four significant absorption peaks at 280 nm, 315nm,

375nm, and 535 nm, respectively. According to the theory
of spectrum, we speculate that the absorption characteristic
peak at 280 nm belongs to the aromatic functional group
which represents benzene and naphthyl of X-3B. The absorp-
tion characteristic peaks at 315 and 375nm represent Azo
bond of X-3B. The strongest absorption characteristic peak
at 535nm is caused by conjugated structures which makes
the X-3B solution appear to have the characteristic red. The
results indicate that the Azo bond is easy to be broken by the
influence of UV light and TiO,. Due to that the Azo bond
is unstable, the color of X-3B solution can change easily. In
this study, the concentration of X-3B was found to be less
than 1% after 80 min of UV irradiation. In other words, the
degradation rate was more than 99% within 80 min.

3.5. Photocatalytic Activities. Generally speaking, the high
photocatalytic degradation rate corresponds to the high
photocatalytic activity. The photocatalytic ability of as-
synthesized sample was evaluated by UV-degradation X-
3B and X-BR solutions. Figure 5 illustrates the degradation
rate of X-3B and X-BR in the presence of the obtained
TiO, and the commercial P25. The results exhibit that the
obtained TiO, reveals slightly higher photocatalytic activities
than P25. The best degradation rate of X-3B and X-BR for
the obtained TiO, reaches 99.5% and 96.08%, respectively.
Actually, it is very difficult to find a photocatalyst showing
higher photocatalytic activity than P25 used as a standard
titania photocatalyst [15]. As is our known, the activity of
semiconductor photocatalysts depends on the specific surface
area, composition, crystal size, and so on. TiO, has three well-
known crystallographic phases in nature: anatase, rutile, and
brookite. According to the reference reported, the anatase
phase possesses the best photocatalyst. The phase ratio of
anatase to rutile for commercial P25 used in our paper was
80 to 20 and the specific surface area was 50 m*/g. However,
our synthesized TiO, was phase-pure anatase TiO, and the
specific surface area was 186.25 m*/g. The pure anatase phase
and relative high specific area endow the synthesized TiO,
relative higher photocatalytic activity. What should be noted
is that the synthesized TiO, can settle down and be separated
easily by simple decantation in one step compared with the
commercial P25. The results indicate that the prepared TiO,
can be prepared easily and has a well promising application
prospect in photocatalysis field.

The proposed photocatalytic process illuminated with
UV light for TiO, may be as the following. When TiO,
solution is irradiated by UV light, the conduction band
electrons (e-) and valence band holes (h+) are generated
on TiO, surface as long as the light energy equals or
exceeds the band gap energy [16]. The holes can react with
surface hydroxyl ions or water molecules producing hydroxyl
radicals (¢<OH), and electrons can react with adsorbed oxygen
molecules yielding superoxide anion radicals («O,”) [17],
which act as the oxidizing agents and the additional source
of hydroxyl radicals. The hydroxyl radicals are the strongest
oxidizing agent which can react with dye molecules and lead
to the purification of dye wastewater.



International Journal of Photoenergy

(a)

20 “nm
et Er————Tee

(d)
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FIGURE 5: Photocatalytic degradation rate curves of different dye molecules as a function of irradiation time under UV light: (a) X-3B, (b)

X-BR.

4. Conclusions

A facile method for the synthesis of pure-phase anatase TiO,
nanoparticle has been developed. Compared with most of the
prior arts, the prepared sample does not need to calcine at
high temperature for this method, which can reduce energy
consumption and production cost efficiently. Analysis by
different characterization techniques (XRD, TEM, BET, and
UV-vis) indicated that the as-prepared TiO, was pure-phase
anatase and uniformly dispersed. The photocatalytic activity
of the prepared sample was assessed using X-3B and X-BR
solutions and compared with that of the commercial P25.
The results indicated that X-3B and X-BR molecules were
degraded effectively and the degradation rate reached 99.5%

and 96.08%, respectively, within 80 mins. And the prepared
sample shows slightly better photocatalytic activity than that
of P25. What is more is that the synthesized TiO, can settle
down and be separated easily.
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The photocatalytic degradation of methyl violet using TiSiW,,0,,/TiO, as a novel eco-friendly catalyst under simulated natural
light irradiation was investigated. The physical characterizations were carried out by TG/DTA, FT-IR, XRD, and UV-visible spectra.
The effects of the initial methyl violet concentration, the solution pH, and catalyst dosage on the photocatalytic degradation rate
of methyl violet were also examined. The results demonstrated that at optimal condition (initial concentration of methyl violet is
20 mg/L, catalyst dosage is 0.3 g, and the pH is 5.5), the degradation rate of methyl violet is as high as 82.4% after 3 h under simulated
natural light irradiation. The reaction of photocatalysis for methyl violet can be expressed as first-order kinetic model.

1. Introduction

With the remarkable steady growth of people’s living stan-
dard, organic dyes, which have been widely used in industry
have become a concern because of their byproducts that
constitute a serious risk for human health due to their high
toxicity [1, 2]. However, they are difficult to be treated through
generic chemical methods and biological techniques, such
as condensation, ultrafiltration, membrane separation, bac-
terial, and adsorption [3, 4]. Hence, the treatment of organic
pollutants has become a serious problem in environmental
and chemical fields [5, 6]. It is noteworthy that the new
opportunities and challenges in water treatment have led
to the development of photocatalytic oxidation technology,
which has the potential to completely oxidize organic com-
pounds to CO,, H,0, and other inorganic substances [7-
9]. Photocatalytic oxidation technology with semiconductor
materials such as TiO,, TiOX, Fe,O;, and SrTiO; as the
catalyst has been investigated widely by several authors [10-
13]. Among these functional materials, TiO, has received
the greatest interest in the field of photocatalysis technology.
TiO, used in photocatalytic water treatment has many excel-
lent properties such as high activity, chemical stability, and
nontoxicity. Other than these, photocatalytic activity of TiO,

can be turned by various chemical methods to obtain visible
light response [14].

Polyoxometalates (POMs) constituted by transition met-
als in their highest oxidation states and oxoanions have been
extensively studied as catalysts for a wide range of reactions.
They have the similar photochemical characteristics with
TiO, and can be activated by the light in the near ultraviolet
(UV) or the visible region, and hence they are also used as
photocatalysts in wastewater treatment [15]. POMs should be
supported on a support like molecular sieves, carbon, or
transition metal oxide to overcome their shortcomings, such
aslow surface area (1-10 m*/g), low thermal stability, and high
solubility, which limit their industrial application. TiO, was
also an ideal support because of its higher surface area,
chemical inertness, controlled porosity, and well dispersal for
POMs while retaining the structure [16].

Since nearly 5% of the solar energy incident on the Earth’s
surface lies in the ultraviolet light region, it is essential to use
natural light efficiently to drive photocatalytic oxidation of
organic dyes. In order to achieve the goal, we attempt to
develop novel functional materials with a visible light re-
sponse. In this paper, the preparation of TiSiW,,0,,/TiO,
composite was reported, and the photocatalytic degradation



of methyl violet with the catalyst under simulated natural
light irradiation was investigated.

2. Experimental

2.1. Preparation of Catalyst. The catalyst was prepared using
Ti(OH), and H,SiW,,0,,-21H,0 as the starting materials.
H,SiW,04,-21H,0 (10.0 g, 3.0707 mmol) was dissolved in
40 mL of water, and the solution was heated to near 100°C.
Then, Ti(OH), (1.0 g, 8.6260 mmol) was slowly added to the
boiling solution, and the resulting mixture was refluxed for
3 h. In this process, water was added to the solution to prevent
it from searing. After drying at 100°C for 12h, the white
catalyst was obtained.

2.2. Characterization. The thermal stability of the catalyst
was examined by means of DTA with a Netzsch STA 449
thermal analysis system at a heating rate of 10°C/min from
20 to 700°C in air atmosphere. The FT-IR spectra of the
samples in KBr matrix were recorded on a Nicolet 5700 FT-
IR spectrometer in the range 400-4000cm™'. The X-ray
powder diffraction pattern of the samples was measured by a
Bruker AXS D8-advanced diffractometer (Bruker, Germany)
employing Cu K, radiation.

2.3. Activity Test. For the evaluation of catalyst activity, the
catalyst was suspended in an aqueous solution of methyl
violet in a Pyrex reactor. The photoreactor was designed
with a light source surrounded by a quartz jacket. Simulated
sunlight irradiation was provided by a 500 W xenon lamp
(Nanjing Xujiang Electromechanical Factory, China) and the
intensity of the lamp was 1200 yumol-m™*s™". Solution pH
was adjusted with dilute aqueous HCl and NaOH solutions.
The system was cooled by circulating water and maintained
at room temperature. Before irradiation, the suspensions
were magnetically stirred in the dark for 30 min to reach
the adsorption-desorption equilibrium of organic dyes on
catalyst surface. At given time intervals, about 3 mL sus-
pension was continually taken from the photoreactor for
subsequent methyl violet concentration analysis after cen-
trifuging. Decreases of the methyl violet concentrations were
monitored via a UV-visible spectrometer (Hitachi U-3010,
Japan). The degradation yield of organics was calculated by
the following formula:

Ay -
Degradation yield (%) = ( 0
A,

A
> x100, (1)

where A and A referred to the absorbance of RhB before and
after reaction, respectively.

3. Results and Discussion

3.1. Characterization of the Catalysts. The DTA curve of the
catalyst is shown in Figure 1. The pyrolysis proceeds mainly
in three steps. The endothermic peaks on the DTA curve at
about 98.3°C correspond to the loss of the adsorbed water.
The broad endothermic peak at about 258.8°C is associated
with the loss of coordination water in HPA, and the loss
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FIGURE 1: DTA curve of the catalyst.

is complete at 350°C, which is the activation temperature
of TiSiW,,0,,/Ti0,. Finally, TiSiW,,0,,/TiO, starts to de-
compose and its Keggin structure collapses, as seen from the
sharp exothermic peak at 563.6°C.

IR spectra of TiO,-xH,0O, H,SiW,,0,,-xH,0, and
TiSiW,,0,,/TiO, are shown in Figure 2. The infrared spectra
characteristic absorption peaks of TiO, are explored at
1401 cm™" and of H,SiW,,0,,-21H,0 at 1631, 984, 935, 785,
and 549 cm ™. In the infrared spectrum of TiSiW ,0,,/TiO,,
the absorption bands at 1618, 1021, 984, 928, 885, 791, and
543cm™’ can be assigned to the bending vibrations of H-
O-H bond and the stretching vibrations of Si-O-Si, W-Od,
Si-O, W-Ob-W, W-Oc-W, and Si-O-Si bonds, respectively.
The stretching vibrations of Ti-O at 140lcm ™ in titanium
hydroxide decrease in the composite of TiSiW,,0,,/TiO,.
Similar bands in the region of 935-543 cm™" confirmed the
presence of red shift of absorption peaks at the base of
H,SiW,,0,,-21H, 0. These indicate that the Keggin structure
of H,SiW,,0,,-21H, O [17] was maintained after compound-
ing at the surface of support.

XRD spectra of TiO,, H,SiW,,0,,-xH,0, and
TiSiW,0,4,/TiO, are shown in Figure 3. The X-ray powder
patterns of TiO, calcinated at 350°C for 3h show the
anatase structure. The comparison of XRD patterns with
H,SiW,04y-21H,0O reveals that the salt TiSiW,,0,, also
shows the Keggin structure [17], which is in accordance with
the results of IR spectrum analysis.

3.2. Investigation of Photocatalytic Activity of Catalysts

3.2.1. Comparison of Photocatalytic Activity of Catalysts. In
order to observe the catalytic activity of TiSiW,,0,,/TiO,,
comparison of photocatalytic activity of catalysts was carried
out at the initial methyl violet concentration of 20 mg/L, pH
5.5, and 0.3 g of catalyst. The results showed that, after 2.5h
irradiation under the same conditions, no obvious methyl
violet degradation was observed without any catalyst or light.
However, in the presence of TiSiW,,0,,/TiO, without any
light, the degradation yield of methyl violet is about 11.9%,
while with TiSiW,,0,,/TiO, under simulated natural light
irradiation the degradation yield can reach to 70.5%. So the
photodegradation reaction of methyl violet in the presence
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of TiSiW,,0,,/TiO, under simulated natural light irradiation
is more effective than that of TiSiW,,0,,/TiO, without any
light.

3.2.2. Effect of the Initial Concentration of Dye. To investigate
the influence of initial concentration on the degradation
efficiency of methyl violet, the initial concentration was
varied from 5 to 40 mg/L, keeping the other experimental
conditions constant.
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FIGURE 4: Effect of the initial methyl violet concentration on the
photocatalytic degradation rate of methyl violet.

As can be seen in Figure 4, the degradation rate decreased
with increase of initial concentration of methyl violet. This
might be due to the excessive adsorption of the methyl violet
molecules on the surface of catalyst at higher concentration.
Moreover, light through the solution is reduced significantly.
The results indicated that the degradation rate gradually
increased with increase of the initial concentration of dye
from 5 to 20mg/L. However, the degradation efficiency
gradually decreased with increase of the initial concentration
of dye from 20 to 40 mg/L. Thus, the efficiency of degradation
was decreased in the higher concentration. From the practical
point of wastewater treatment, the initial concentration of the
20 mg/L is more appropriate.

3.2.3. Effect of pH. It is well known that the pH of the solution
is one of the most important parameters in the photocatalytic
degradation of organic compounds. This is attributed to the
fact that the pH not only determines chemical properties of
the photocatalyst but also influences adsorption behaviour of
the pollutants. Therefore, the effect of pH on the degradation
of methyl violet was studied at pH range from 3.5 to 7.5.

As shown in Figure 5, the most effective pH condition is
at 5.5. This may be ascribed to the fact that the pH value could
influence the amount of hydroxyl radicals (OH') formed and
the stable of H,SiW,0,,. So the optimum pH of the solution
is 5.5.

3.2.4. Effect of Catalyst Dosage. The catalyst dosage is also
an important parameter for optimizing the operational con-
ditions. Therefore, the effect of catalyst dosage on the degra-
dation of methyl violet was investigated in the catalyst dosage
from 0.15 to 0.60 g, and the result shown was in Figure 6. The
results indicated that the degradation rate gradually increased
with increase of catalyst dosage from 0.15 to 0.30 g. However,
the degradation efliciency gradually decreased with increase
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FIGURE 6: Effect of catalyst dosage on the photocatalytic degradation
rate of methyl violet.

of catalyst dosage from 0.30 to 0.60 g. This may be attributed
to the fact that the surplus catalyst can scatter the photons in
the photoreaction system.

3.2.5. Kinetic Analysis. It is well known that the photodegra-
dation of organic dyes mainly follows first-order kinetics.
The kinetics of photocatalytic degradation of methyl violet
was also studied under optimized conditions. The results are
shown in Figure 7.

The results showed that the photocatalytic degradation
of methyl violet over TiSiW,,0,,/TiO, under simulated
sunlight irradiation can be described by the first-order kinetic
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model, In(C,/C,) = kt, where k is the rate constant (h™),
C, is the initial concentration, and C, is the concentration
of dye at time ¢. It can be seen from Figure 7 that the plots
represented a straight line. The correlation constant for the
line was 0.992. The rate constant was 0.6 h™".

3.2.6. Comparison of Photocatalytic Activity of Catalysts. The
photodegradation rate of TiSiW,,0,,/TiO, was compared
with those of Co-SBA-15 [18], Fe-doped anatase TiO, [19],
TiO,, and H,SiW,0,, and the results are shown in Table 1.

The catalytic activity of TiSiW,0,,/TiO, is much higher
than that of H,SiW,0,, and TiO, under simulated natural
light irradiation. This might be ascribed to the synergistic
effect between H,SiW,,0,, and TiO,. It was also observed
that TiSiW,,0,,/TiO, shows a higher photocatalytic effi-
ciency of degradation dyes than Co-SBA-15, and Fe-doped
anatase TiO,. The results indicate that TiSiW,,0,,/TiO, has
an excellent photocatalytic performance with a degradation
of methyl violet more than 82% in 3h, suggesting that the
catalyst TiSiW,,0,/TiO, has an excellent application in
environmental protection.

4. Conclusion

The photocatalytic degradation of methyl violet using
TiSiW,,0,4,/TiO, as a novel eco-friendly catalyst under sim-
ulated natural light irradiation was investigated. The results
demonstrated that at optimal condition (initial concentration
of methyl violet is 20 mg/L, catalyst dosage is 0.3 g, and the
pH is 5.5), the degradation rate of methyl violet is as high as
82.4% after 3 h under simulated natural light irradiation. The
reaction of photocatalysis for methyl violet can be expressed
as first-order kinetic mode.
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TiSiW,,0,,/TiO, 03g Initial concentration 20 mg/L, pH is 5.5, within 3 h simulated 82.4%

natural light irradiation
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This study deals with the influence of physicochemical parameters, namely, the photocatalyst loading, dye concentration, and
pH of polluted solutions, on the degradation efficiency of Orange G (OG) solutions containing TiO, nanoparticles supported on
palygorskite clay mineral (TiO,-Pal). The TiO, photocatalyst attached to natural palygorskite fibers was elaborated by colloidal sol-
gel route. It exhibits the anatase structure that is the most photoactive crystallographic form. The highest performances of supported
photocatalyst on OG degradation were found using an optimum amount of TiO,-Pal around 0.8 g-L™", which corresponds properly
to ca. 0.4 g-L™" of TiO,. This amount is interestingly lower than the 2.5 g-L™" generally reported when using pure unsupported TiO,
powder. The photodegradation rate increases by decreasing OG initial concentration, and it was found significantly higher when
the OG solution is either acidic (pH < 4) or basic (pH = 11). For OG concentrations in the range 5 x 107°-5 x 107 M, the

kinetic law of the OG degradation in presence of TiO,-Pal is similar to that reported for unsupported TiO, nanopowder. It follows

a Langmuir-Hinshelwood model with a first-order reaction and an apparent rate constant of about 2.9 x 10> min™".

1. Introduction

Heterogeneous photocatalytic oxidation recently has emerg-
ed as an efficient alternative process for wastewater treat-
ment [1-5]. The principle of this technique relies on the
creation of reactive species as holes (h") and hydroxyl radi-
cals (OH") upon irradiating a semiconductor oxide with an
energy source (hv) higher than its energy band gap [1, 5].
In optimized processes, the reactive species so-generated are
able to induce complete mineralization of organic pollutants
into CO, and H,O [1]. TiO, anatase is the most active semi-
conductor oxide in photocatalysis and is besides widely used
owing to its numerous advantages, namely, nonharmfulness,
low cost, and chemical inertness [1]. However, its use in the
form of nanopowder (e.g., commercial Degussa P25 powder)
raises several problems such as agglomeration of the particles
during the process, which reduces photocatalytic efficiency.
Additionally, recovering of micron sized aggregated parti-
cles from water decontaminated by TiO, slurry needs to
implement costly microfiltration processes [1, 4, 6, 7]. To
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overcome these drawbacks, researches focus on improving
photocatalytic activity by the development of TiO, supported
photocatalysts in particular starting with natural materials as
support.

Among the support materials envisaged, clay minerals
are considered promising owing to their interesting inherent
properties as their adsorption capacity, high surface area,
multiscale porosity, and ability to be bound to chemical
compounds [6-9]. In this respect, we reported recently the
immobilization of TiO, anatase nanoparticles (NPs) with
an average size of 10 nm onto particle surfaces of beidellite
[10] and fiber surfaces of palygorskite [11] via a colloidal
sol-gel route. Beidellite and palygorskite were both natural
clay minerals sampled in Morocco from Agadir basin and
Marrakech High Atlas regions, respectively. They were puri-
fied, characterized, and functionalized to be used as catalytic
support [12, 13]. Preliminary photocatalytic tests for the
degradation of Orange G dye (OG) were promising. In
comparative tests with Degussa P25 powder, the TiO,-Pal
photocatalyst exhibited a higher activity.



Because the optimization of experimental conditions is
very important in designing a slurry reactor for effective and
efficient use [4], we have investigated in the present work
the effects of physicochemical parameters on photocatalytic
activity of TiO, supported palygorskite fibers in order to find
out the best conditions permitting an efficient removal of OG
dye. This pollutant was selected as model compound because
it is widely used in the textile industry.

2. Experimental Details

2.1. TiO, Supported Palygorskite Photocatalyst. The principle
of the synthesis method is first to modify palygorskite with
surfactant to afford an organophilic functionalization advan-
tageous to the hydrolysis and polycondensation of titanium
precursor. Thus, upon annealing, the amorphous hydroxo-
oxo Ti-based thin film grafted on the palygorskite surface
is converted into TiO, nanoparticles uniformly distributed
onto palygorskite fiber surfaces with a high conformal cov-
erage.

In summary, TiO, supported palygorskite composite
material (labeled TiO,-Pal) was prepared starting from Na*-
exchanged purified palygorskite (Na*-Pal) isolated from raw
clay picked up in Marrakech High Atlas region (Morocco)
[11]. The supported photocatalyst was elaborated according
to a colloidal sol-gel procedure in two steps described in
detail elsewhere [11]. Briefly, the synthesis route first involved
the preparation of organopalygorskite (CTA"-Pal) by ion
exchange of Na*-Pal aqueous dispersion (1wt.%) with 0.2 g of
hexadecyltrimethylammonium bromide (CTAB). Thereafter,
5cm’ of titanium tetraisopropoxide (TTIP) in isopropanol
was added to 1g of CTA*-Pal dispersed in 7 cm’ of isopro-
panol, and it was hydrolyzed by adding some water droplets,
and afterwards it was condensed to give rise to the gel pre-
cursor CTA"-Pal-Ti. Thereafter, the annealing at 600°C for
1h converted CTA"-Pal-Ti into TiO,-palygorskite nanocom-
posite (TiO,-Pal).

TEM and in situ XRD versus temperature analyses
demonstrated the good conformal coverage and wrapping of
palygorskite fibers with remarkably stable TiO, anatase NPs
that exhibited an average size of ca. 10 nm (Figure 1) [11].

2.2. Photocatalytic Tests. The photocatalytic activity was eval-
uated by measuring the decomposition rate of Orange G
(OG) aqueous solutions containing a dispersion of the sup-
ported photocatalyst. The degradation reaction was carried
out in a batch quartz reactor (40 x 20 x 36 mm?) placed in a
thermostated chamber (25°C) under the UV light of a lamp
(HPLN Philips 125 W) emitting at 365 nm. The reactor was
irradiated with a photon flux of 1 mW-cm™ by adjusting the
distance to the lamp so that it simulates the UV intensity
of solar spectrum on the earth [14]. This lamp was chosen
because the OG absorption is negligible at this wavelength
and, as a result, the direct photolysis of the OG aqueous solu-
tion (without photocatalyst) was found negligible for more
than 24 h. The dispersion was agitated with an inert Teflon
magnetic stirrer.

Even though the OG dye adsorption is generally negli-
gible on our clayey materials, the photocatalyst dispersed in
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OG aqueous solution was first cautiously kept in the dark
inside a thermostated chamber for approximately 1h before
starting the irradiation with UV light. To determine the
dye concentration, aliquots were taken from the mixture at
regular time intervals and centrifuged at 12 500 rpm for 5 min.
The OG concentration in the supernatant was determined
by measuring the absorbance at 480 nm using a UV-VIS-
NIR spectrophotometer (Perking Elmer lambda 19) and by
applying Beer-Lambert’s law. More details on this test are
reported in [15].

3. Results and Discussion

3.1 Influence of Photocatalyst Amount. Figure 2 depicts the
variation of OG concentration versus irradiation time upon
photocatalytic tests without and in presence of different
amounts of TiO,-Pal nanocomposite. In the absence of
the photocatalyst, the OG concentration remains constant
confirming that OG photolysis is quite negligible using our
UV source. In the presence of supported photocatalyst, the
removal of OG is confirmed by the decrease of its concen-
tration when irradiation time increases. This degradation
tends to be even more important as the photocatalyst amount
increases. For instance, 96% of OG has been removed from
a 10°M aqueous solution after 90 min using 1.5g-L™" of
supported photocatalyst. This is more clearly shown by
depicting the initial rate (R;) deduced from the slope of linear
parts in the early stages versus photocatalyst amount (Figure
3) in agreement with a pioneering report [1]. Indeed, below a
photocatalyst amount of ca. 0.5g-L™", the initial degradation
rate of OG increases with the increase of supported photo-
catalyst concentration. This reveals a heterogeneous catalytic
regime [1]. However beyond 0.5 g-L ™", the initial degradation
rate of OG reaches a plateau and becomes independent of
photocatalyst quantity.

Another illustration reveals a critical amount of the sup-
ported photocatalyst; this is the influence of the photocatalyst
quantity on the time required to degrade for instance 60%
of OG (tgy,,)- Figure 4 reveals that below 0.8 g-L™" the t,
time decreases by increasing the amount of photocatalyst
and it practically stabilizes beyond this threshold value.
This indicates that even if the initial degradation rate R;
does not vary significantly for catalyst amount ranging
from 0.5 to 0.8 g-L™" (Figure 3), the photocatalytic efficiency
still increases with the catalyst amount up to the critical
quantity of 0.8 g'L_1 (Figure 4). For nanocomposite amounts
lower than 0.8 g-L™", the increase of OG photodegradation
with the catalyst amount could be explained by a photons
flux in excess with respect to the specific surface area of
particles dispersed in the reacting media so that all the
TiO,-Pal particles are exposed to radiation. However, for
higher photocatalyst amounts (>0.8 g-L™"), both shadowing
effects can occur and particles can aggregate which in turn
reduces the interfacial area between the solution and the
photocatalyst. Thus the number of active sites on the catalyst
surface is decreased [16]. In other words, an excess of particles
results in a screening effect masking part of the photosen-
sitive surface [1] and increases opacity of the solution and



International Journal of Photoenergy

- 0364 —

g
_0242 £
- 0.190 2
N0.170 &
No.148

(c)

(d)

F1GUREe 1: TEM micrographs of pristine palygorskite Na"-Pal (a) and TiO,-Pal (b) samples. Selected area electron diffraction pattern indexed
with anatase (c) of a TiO,-Pal sample and high resolution electron micrograph (d) showing a nodular anatase NP (8-12 nm in diameter) and

the {101} planes with a reticular distance of ca. 0.3 nm [11].

light scattering [16] yielding to lower degradation rate of
OG.

ICP analysis of TiO,-Pal supported photocatalyst gave a
TiO, content of ca. 47 wt.%. Therefore, the optimum con-
centration of nanocomposite TiO,-palygorskite photocat-
alyst determined herein at 0.8g-L™" properly corresponds
to 0.37g-L™" of TiO, attached to palygorskite fibers, since
the nanocomposite contains 47 wt.% of anatase. This TiO,
amount of ca. 0.4g-L™" is significantly lower than the opti-
mum concentration (2.5g-L™") previously reported in the
case of unsupported TiO, slurry [1]. Interestingly this result
indicates that photodegradation efficiency could be achieved
with lower amount of TiO, when it is immobilized onto paly-
gorskite fibers in comparison with which is required for
unsupported TiO,.

The time dependence of logarithmic plot log(C,/C)
corresponding to the degradation of an OG solution (10> M)
with a TiO,-Pal catalyst loading of 1g-L™" reveals a linear

variation (Figure 5). This behavior is similar to that of unsup-
ported TiO, powder slurry and suggests a first-order reac-
tion. The apparent rate constant deduced from the slope is
around 2.9 x 1072 min ™.

3.2. Influence of Initial OG Concentration. Figure 6 shows OG
degradation curves as a function of initial dye concentration
using a TiO,-palygorskite loading of 1g-L™". It is shown
that the lower the initial dye concentration, the faster the
OG removal. Indeed, after 75 min of irradiation, a total OG
degradation is observed for a 5 x 10°°M solution, while
only 87%, 83%, and 57% of OG degradation were recorded
for initial dye concentration of 107, 3 x 107%, and 5 x
107 M, respectively. As beforehand evidenced, OG photo-
lysis is negligible (Figure2). Therefore, the decrease of
OG photodegradation by increasing its initial concentration
could be explained by significant absorption of photons flux
by the dye. Photocatalysis is a heterogeneous process that
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FIGURE 3: Variation of initial rate (R;) of OG photodegradation ver-
sus the supported photocatalyst amount.

requires the combination of both photons and adsorption
on catalytic sites. If photons flux decreases on the surface
of supported photocatalyst due to absorption by the dye
solution the efficiency of electron-hole photogeneration will
also decrease and subsequently the formation of the required
highly oxidant species, for example, OH" and O,"", will be
reduced at the surface of photocatalyst [16].

Moreover, the photocatalysis kinetics generally follows a
Langmuir-Hinshelwood mechanism with a reaction rate (R)
varying proportionally with the coverage 0 according to [1, 4]:

)

R:k@:k( Kc )

1+ KC
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FIGURE 4: Influence of the supported photocatalyst amount on the
time required to degrade 60% of OG (t ).

| |
254 Y =00293X - 0.1046
R* = 0.9927
2.0
9 5.
S
B0
=
1.0
0.5 1
0.0 -! T T T T T T
0 15 30 45 60 75 90
t (min)

FIGURE 5: Logarithmic variation of OG relative concentration
versus UV illumination time determined for a TiO,-supported
palygorskite loading of 1g-L™" (C, = 107> M).

where C is the pollutant concentration, k the rate constant,
and K the equilibrium constant. Hence, the number of avail-
able catalytic sites decreases as the dye concentration
increases, which in turn reduces OG photodegradation rate.
As all OG solutions considered herein are diluted (C <
107> M), the term KC becomes <1 and consequently R = k -
K-C. The reaction between photogenerated electron-hole and
OG species (supposed to control the process) has an appar-
ent first order as beforehand evidenced (Figure 5) [1, 4].

3.3. pH Effect of the Solution. The pH effect on photocatalytic
degradation rate of OG solution (107> M) containing 1g-L™"
of TiO,-supported palygorskite was studied by varying the
pH from 2 to 11 by adding NaOH (basic pH) or HCI (acidic
pH) (Figure 7(a)). The dependency on the pH is more clearly
shown in Figure 7(b). The initial degradation rate of OG is
high both for acidic pH (<4) and basic pH (=11). For median
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from aqueous solution.

values, the rate decreases by increasing pH from 4 to 8, then
it increases to reach the highest level in the basic range.

This may be ascribed to the pH effect on surface charge
properties of TiO, nanoparticles wrapping palygorskite fibers
(Figure 1). Indeed, in pH range 6-8, which includes the point
of zero charge PZC (pH,,) of TiO, [17, 18], TiO, NPs sur-
faces are not charged, since they are mainly formed of neutral
hydroxyl TiOH groups [19]. Hence, electrostatic interactions
between particles are minimized and their agglomeration in
the form of clusters is favored. This agglomeration reduces the
transmission and absorption of light [20] and hence causes
the decrease of dye degradation efficiency. Nevertheless, in
strongly basic pH, TiO, nanoparticles surfaces are negatively
charged in the form of TiO™ as a result of deprotonation
of surface hydroxyl groups (TiOH) [19]. Consequently, elec-
trostatic repulsions occur between particles, favoring their
dispersion and hence the transmission and absorption of light
which in turn enhance degradation rate of the OG dye. The
same phenomenon likely occurs in acidic pH, but in this
case, TiO, nanoparticles surfaces are positively charged in
the form of TiOH," due to surface hydroxyls protonation
[19]. In this case, besides the stability of TiO,-Pal dispersion,
the adsorption of anionic species as OG molecules is likely
much favored on positively charged surfaces sites of TiO,-Pal
nanoparticles [21], which further improve the performance in
photocatalysis.

4. Conclusion

This study shows that the photoactivity of TiO, NPs sup-
ported on palygorskite fibers depends on catalyst amount,
OG dye concentration, and pH of the polluted solution.
The photodegradation of OG was found to be the highest
for an optimum photocatalyst loading of ca. 0.8 g-L™". This
corresponds to TiO, loading of only 0.37 g-L™!, which is sig-
nificantly lower than literature data reported for unsupported
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FIGURE 7: effect of pH: (a) photocatalytic OG degradation versus UV
irradiation time as a function of the pH of aqueous solutions; (b)
influence of pH of OG solutions on initial photocatalytic rate (R;).
"Ih(; TiO,-Pal loading was 1g-L™" and initial OG concentration was
10" M.

TiO, nanopowders. The OG photocatalytic decomposition
increases by decreasing the initial OG concentration of the
polluted solution, and it is significantly improved by acidic
and basic pH. These data are important to design and imple-
ment a slurry photoreactor and to determine its optimum
operating conditions.
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In this work, the nanostructured anatase mesoporous membranes were prepared for water ultrafiltration (UF) process with
photocatalytic and physical separation capabilities. A macroporous substrate was synthesized from «-Al,O,, then a colloidal
titania sol was used for the preparation of the intermediate layer. Also, the membrane top layer was synthesized by deposition
and calcination of titania polymeric sol on the intermediate layer. The characterization was performed by DLS, TG-DTA, XRD,
BET, FESEM, TEM, and AFM techniques. Also, the filtration experiments were carried out based on separation of methyl orange
from aqueous solution by a membrane setup with a dead-end filtration cell. Photocatalytic activity of the membranes was evaluated
by methyl orange photodegradation using UV-visible spectrophotometer. The mean particle size of the colloidal and polymeric sols
was 14 and 1.5 nm, respectively. The anatase membranes exhibited homogeneity, with the surface area of 32.8 m*/g, the mean pore
size of 8.17 nm, and the crystallite size of 9.6 nm. The methyl orange removal efficiency by the mesoporous membrane based on
physical separation was determined to be 52% that was improved up to 83% by a coupling photocatalytic technique. Thus, the UF

membrane showed a high potential due to its multifunctional capability for water purification applications.

1. Introduction

Nowadays, due to the rapid industrialization, the demand
for high-quality water has increased. The wastewater that
usually consists of fine particles, microorganisms, or organic
pollutants has seriously polluted the drain water [1]. Also,
industrial dyes have been recognized as one of the largest
sources of water contamination [2].

Physical separation technique is an effective technology
for the removal of water pollutants. Compared with con-
ventional treatment technology, membrane processes can
provide easy operational control, low energy costs, potential
material recovery, and more compact assembly [3, 4]. How-
ever, the membrane’s inherent shortcoming that the pollu-
tants could merely be separated from water without further
degradation makes it prone to cause secondary pollution.
Thus, it needs to make an attempt with regard to its potential

for degradation of pollutants to overcome the drawback of
filtration [5].

Photocatalytic degradation of toxic organic compounds
has received a great attention for the past several years
[6]. Hence, removal efficiency of pollutants can increase by
coupling photocatalytic technique with separation process.
Separation and photocatalytic processes can be promising
technologies for the purification of wastewater. These pro-
cesses can be coupled together to produce photocatalytic
membranes [7, 8]. Among different materials for this object,
titania has received significant attention due to its high water
flux, chemical stability, high photocatalytic activity [9, 10],
strong oxidizing power, cost effectiveness, long-term stability,
and especially energy band edges, which well match the redox
potentials of water [11]. These properties cause promising
application of titania membranes for water treatment [12,
13]. Although titania has been known as the most effective
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material for these objects, among different forms of titania,
anatase is the most photoactive one [14-16]. Stabilization of
anatase phase with high effective surface area is an important
object in the synthesis process of titania membranes. Studies
show the sol-gel method such as colloidal and polymeric ones
can be a suitable route for the synthesis of the nanostructured
anatase membranes with high effective surface area [7, 8, 17].

In the present work, the nanostructured anatase mem-
branes were prepared by deposition and calcination of the
polymeric titania sol on the colloidal titania-coated alumina
substrates and then were characterized by DTA-TG, XRD,
FESEM, TEM, AFM, BET, and UV-Vis spectroscopy. Also, the
photocatalytic and separation capabilities of the mesoporous
anatase membranes were evaluated by the determination
of the removal efficiency of methyl orange based on its
concentration changes in aqueous solution.

2. Experimental Procedures

2.1. Materials. Granulate powder of a-Al,O; (KMS-92, Mar-
tinswerk) with chemical composition shown in Table 1 was
chosen as raw material for the preparation of the membrane
substrate.

Titanium tetraisopropoxide (TTIP, Merck 821895), iso-
propanol (IPA, Merck 109634), nitric acid (65% solution,
Merck 100456), hydrochloric acid (37% solution, Merck
100317), and deionized water as raw materials as well as hydr-
oxypropyl cellulose (HPC, Aldrich 435007) and polyvinyl
alcohol (PVA, Acros 821038) as binders were used for the
preparation of the colloidal and polymeric titania sols.
Methyl orange (MO, Merck 101322) with chemical for-
mula of C,,H;,N;NaO;S (see Figure 1) and molar mass of
327.34 g/mol was used as the model pollutant for investigation
of photocatalytic decolorization and separation capabilities of
the synthesized anatase membranes.

2.2. Membrane Preparation

2.2.1. Alumina Substrate. To prepare the membrane sub-
strate, a-Al,O; granulate powder was shaped into a disk with
17 mm in diameter and 2 mm in thickness using a uniaxial
press under the pressure of 150 psi. The sintering process was
carried out with a heating rate of 10°C/min up to 1000°C and
was then followed with a rate of 5°C/min up to 1380°C. Also,
the retention time at the maximum temperature was set to be
1h.

2.2.2. Membrane Interlayer. The membrane interlayer was
prepared by the deposition of the colloidal titania sol on
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TABLE 1: Chemical composition of «-Al,O; powder.

Oxides ALO;, SO, CaO MgO Fe,0O; Na,O
Weight (%) 92 3.6 2.5 L5 <0.2 <0.1

the alumina substrate. The colloidal sol was obtained by
hydrolysis of TTIP via the addition of an excess H,O
([H,O]/[Ti] > 4). A solution of TTIP in IPA was added
dropwise to a solution of water in IPA while stirring at high
speed. Then, the alcohol was removed from the solution by
rotary system and the washed product was dispersed in water
to achieve the Ti concentration to 0.4 mol/lit. The solution
was peptized with acid by adjusted pH to 1.5 and was refluxed
at about 70°C for 20 h, which resulted in a semiopaque titania
dispersion. Then, the sol was poured in beaker glass and
subsequently was held for 30 min in an ultrasonic bath to
break the weakly agglomerated particles. Finally, a clear blue
stable sol was obtained. Consequently, a solution of HPC and
PVA was added to the obtained sol as binder. For applying the
titania layer, the colloidal sol was deposited on the alumina
substrate for four steps by dipcoating process at a constant
rate of 6 mm/min and immersion time of 30s. Also, the
unsupported gel layer was prepared by pouring the colloidal
sol in a petri dish. Both the supported and unsupported gel
layers were dried at room temperature for 48 h then were
heat-treated at different temperatures for 1h with a heating
rate of 1°C/min. Finally, the colloidal titania-coated alumina
substrates were prepared.

2.2.3. Membrane Top Layer. Membrane top layer was pre-
pared by the deposition of polymeric titania sol on the inter-
mediate layer. First, the polymeric sol was obtained by hydrol-
ysis of TTIP via the addition of a less than equivalent amount
of H,O ([H,O]/[Ti] < 4) in order to obtain a precipitate-
free polymeric sol. A solution of water and hydrochloric
acid as a catalyst in IPA was added dropwise to a solution
of TTIP in IPA during high speed stirring. The molar ratio
for TTIP:IPA: H,O: HCI of the final sol was 1:31:0.8:0.23,
respectively. Stirring was continued for 4 h to get a stabilized
sol. Finally, the obtained transparent sol was deposited on
the colloidal titania-coated alumina substrates for four steps
by dip-coating process with a constant rate 6 mm/min and
time immersion of 30s. Also, the unsupported gel layer was
prepared by pouring the polymeric sol in a petri dish. The
supported and unsupported polymeric titania gel layers were
dried at room temperature for 24 h. Finally, heat treatment
was done at different temperatures for 1 h with a heating rate
of 1°C/min.

2.3. Characterization. The substrate porosity was measured
according to the ASTM C373-88 standard by the Archimedes
method. The mechanical strength of the substrate was mea-
sured according to ASTM C1505-01 by SANTAM universal
testing machine, STM-400 series. Particle size distribution
of the prepared colloidal and polymeric titania sols was
determined by dynamic light scattering technique (DLS,
753600, Malvern). Thermal properties of the dried gels
were characterized by thermogravimetry and differential
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TABLE 2: The optimized preparation conditions and the properties of alumina substrates.
Material Size Pressure Heat treatment Strength Pore diameter AWA'! MOP?
Diameter Thickness
a-Al, O, 17 mm 2mm 150 psi 1380°C, 1h 38 MPa 1-3 um 15% 40%

1Average water absorption. “Mean open porosity.

Feed tank —

Pressure —L
(5 bar)

Methyl orange
(high concentration)

Module —Titania membrane

Methyl orange

Permeate tank— (low concentration)

FIGURE 2: Schematic image of a membrane setup with a dead-end
filtration cell used for filtration experiments.

thermal analysis (TG-DTA, PERKINELMER) in a nitrogen
flow with a heating rate of 7.5°C/min up to 900°C. The
phase composition and the average crystallite size of the
membranes were identified using X-ray diffraction technique
with Cu Ko wavelength (Philips PW1800). The morphology
of the samples was characterized by field emission scanning
electron microscopy (FESEM, WEGA\\TESCAN) and trans-
mission electron microscopy (TEM, EM 208, Philips) with an
accelerating voltage of 30 kV and 100 kV; respectively. Surface
roughness and morphology of the prepared membranes were
evaluated by atomic force microscopy (AFM, DualScope C-
26, DME). Also, N,-sorption measurements (Belsorp mini II,
BEL Japan, Inc.) were performed to determine the Brunauer-
Emmett-Teller (BET) surface area and the pore size of
the membrane top layer. The separation experiments were
carried out using a membrane setup with a dead-end filtration
cell under 5-bar pressure according to Figure 2.

Moreover, the feed solution containing 20 mg/L of MO
aqueous solution was transported through membrane mod-
ule, and then concentration of the permeate solution was
determined by recording UV-Vis absorption spectra using
UV-visible spectrophotometer (Agilent, 8453). Also, the pho-
tocatalytic activity of the membranes was measured by the
photodegradation of MO aqueous solution. The prepared
membrane in an MO solution (20 mg/L) was irradiated by
a UV source (Sunny, 360-415 nm, 125 W), and then removal
efficiency was evaluated by determination of concentration
changes of MO solution by UV-visible spectrophotometer.
Also, water permeation measurements were carried out
using the as-prepared membrane setup. The feed side of

the membrane was kept at a constant pressure of 5 bar
and the permeate side was set at atmospheric pressure. The
permeation flux was measured at room temperature using the
following [18]:

Permeation flux = % - At )

where Q is the quantity of permeate (cm”), A is the effective
membrane area (m?), and At is the sampling time (h).

Effective area of the membrane in the module was 1.76 cm?.

3. Results and Discussion

3.1. Substrate. Alumina was chosen as a membrane substrate
due to high chemical stability in acidic and basic environment
[19, 20]. FESEM images of the surface and cross-section of the
prepared «-Al,O; substrate are shown in Figure 3.

Based on FESEM results, the distribution pore size of the
alumina substrate is in the range of 1-3 ym that can be a
macroporous substrate according to [IUPAC [21]. The support
pore size should be large enough to build a pore size gradient
from the support through the membrane layer. The gradient
in the pore size effectively prevents early clogging of the mem-
brane during its performance [7]. The mechanical strength of
the substrate was determined to be 38 MPa according to the
three-point bending test. Also, the mean open porosity and
average water absorption of the substrate were determined
to be 40% and 15%, respectively. The optimized preparation
conditions as well as the properties of alumina substrates are
given in Table 2.

3.2. Membrane Interlayer

3.2.1. Particle Size Distribution. Particle size distribution of
the colloidal titania sol according to Figure 4 is in the range
of 9-50 nm with a mean particle size of 14 nm.

In colloidal sol-gel route due to the presence of excess
water, hydrolysis occurs fast and leads to the formation of
relatively large particles that can easily cover the surface of
alumina substrates without infiltration.

3.2.2. Thermal Analysis. The thermogravimetry and differ-
ential thermal analysis were used to obtain qualitative and
quantitative information about the effects of heat treatment
on the colloidal titania such as the combustion temperature
of the organic compounds and the decomposition of hydroxyl
groups as well as to determine the optimum calcination
temperature of the intermediate layer. DTA-TG curves of the
dried colloidal titania gel are given in Figure 5.
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FIGURE 5: The thermogravimetry and differential thermal analysis
of the dried colloidal titania gel.

According to Figure 5, the thermogravimetric curve fol-
lows 19% weight loss during two steps. The first step extends
up to about 130°C that is attributed to the removal of
adsorbed water corresponding to endothermic peak [22-24].
The second step extends up to 420°C that is according to the
expulsion of organics and the dehydroxylation of Ti(OH),.
This step is along with TiO, phase transition according to
exothermic peaks at 220 and 300°C. The former corresponds

A
g
=
é
L
=
450°C
Dried
10 20 30 40 50 60 70 80
Position (26)
A: Anatase
R: Rutile

FIGURE 6: XRD patterns of the dried and calcined colloidal titania
gels.

to the removal of organics and the latter can be due to phase
transition from amorphous to anatase. Finally, the weight loss
ends at about 420°C which can be a minimum calcination
temperature for intermediate layer according to the complete
removal of the organics.

3.2.3. Phase Analysis. The XRD patterns of the dried and
calcined colloidal titania gels are shown in Figure 6. The
strongest peaks of anatase and rutile phases are located at
26 = 25.3° (101) and 27.4° (110), respectively [25].

According to Figure 6, phase structure of the dried
colloidal titania gel is anatase while during calcination and
by increasing the temperature, anatase peaks become sharper
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and then rutile peaks are formed. Based on XRD results,
at 450°C, titania is fully crystalline in the anatase form
while rutile phase peaks are seen at 550°C. Several factors
should be considered to select an optimum temperature for
the calcination of membrane interlayer. First, the organic
additives and hydroxyl groups should be completely removed
and, second, titania should remain in the anatase form with a
minimal crystallite size. Based on XRD and TG-DTA results
as well as considering the above factors, the calcination of the
intermediate layer was carried out at 450°C for L h. Also, a low
heating rate (1°C/min) was chosen to prevent cracking of the
interlayer during sintering process.

3.2.4. Microstructural Analysis. The top surface and cross-
section FESEM images of the colloidal titania-coated alumina
substrates are shown in Figure 7.

According to Figure 7(a), it can be seen that the surface of
the alumina substrate is completely covered with the colloidal
titania, implying that a continuous layer was formed on
the surface. Also, it can be estimated that the thickness of
the colloidal titania layer is about 2.5 um (see Figure 7(b)).
Our researches showed that the layer thickness increases
with increasing the sol concentration and the dipping steps.
Although few researchers mentioned that addition of PVA
is sufficient for dipping solution [26, 27], others added both
HPC and PVA to colloidal sol for dipping process [7, 28].
Alem et al. reported that PVA as a single additive that causes
flocculation of the titania sol, but in combination with HPC
no flocculation occurs. HPC hinders the interaction between
PVA and titania and therefore can prevent flocculation of
the sol. Also, Sekuli¢-Kuzmanovi¢ reported that a high PVA
content causes flocculation of the colloidal titania sol, and
a high HPC content decreases the viscosity of sol [29].
In the present work, a crack-free layer was achieved by
addition of both HPC and PVA additives to the colloidal
titania sol during four-step coating with the dipping time
of 30s. Therefore, the drying process was performed in a
high humidity atmosphere, and then calcination process was
carried out at an optimized temperature of 450°C for 1 h with
a low heating rate of 1°C/min.

3.2.5. AFM Analysis. AFM micrographs showing the surface
morphology of the colloidal titania-coated alumina substrate
are given in Figure 8.

Figure 8 shows that the surface is quite rough at the
micrometer scale, with a granular structure consisting of
interconnected grain particles. The particles build up high
mountains and deep valleys that seem to allow a better ability
to absorb membrane top layer.

3.3. Membrane Top Layer

3.3.1. Particle Size Distribution. As shown in Figure 9, the
particle size distribution of the polymeric titania sol is in the
range of 1-3 nm with the mean particle size of 1.5 nm.

The polymeric titania sol has much smaller parti-
cles (nanometer-sized) compared to the colloidal one (see
Figure 4). Thus, the deposition of the polymeric titania sol on

TABLE 3: Phase analysis results of the polymeric titania membrane
at different calcination temperatures.

Temperature (°C) 450 550 650
Phase Anatase Anatase Anatase
Crystallite size (nm) 9.6 15.8 31.8

the colloidal titania-coated substrate could produce a defect
free top layer with the small pore size.

3.3.2. Thermal Analysis. The thermogravimetric and DTA
curves of the dried polymeric titania gel are given in
Figure 10.

The thermogravimetric curve follows 45% weight loss
during three steps. The first step that extends up to 210°C can
be attributed to the removal of alcohol and adsorbed water
[29]. The second step to 250°C corresponds to removal of
isopropoxy groups (-OC;H;) [29] and the third step that
extends up to 440°C is attributed to the dehydroxylation of
Ti(OH),. Also, the board exothermic peak seen in DTA curve
can be attributed to TiO, phase transition from amorphous
to anatase. Based on TG curve, the weight loss beyond
440°C is negligible that is in agreement with the literature
[29]. No significant thermal effects of the anatase-rutile
transformation are detected up to 900°C.

3.3.3. Phase Analysis. According to Figure 11, XRD patterns
of the polymeric titania show only anatase phase at different
calcination temperatures.

The crystallite size of the prepared anatase membranes
at different calcination temperatures was determined by
Scherrer’s equation [30, 31] of which results are recorded in
Table 3.

The highest photocatalytic activity of titania is seen in
the anatase form with optimal crystallite size in the range
8-10 nm [32]. Moreover, titania calcined at 450°C shows the
fully crystalline anatase phase with the crystallite size of
9.6 nm. Thus, based on TG-DTA and XRD results, 450°C
temperature was selected as an optimum temperature for
calcination of the membrane top layer. However, the low
calcination temperature of titania makes it possible to prepare
membranes with the reduced pore and crystallite sizes [7].

3.3.4. Microstructural Study. Figure 12 shows the FESEM
micrographs of the cross-section and top surface of the
synthesized anatase membranes. As shown, a crack-free
anatase layer with the thickness of about 0.5 ym is formed
on the top surface of the colloidal titania-coated alumina
substrate.

It is important to control the thickness of membrane top
layer which has a significant effect on membrane permeabil-
ity. The increasing thickness of top layer decreases membrane
permeability as well as increases probability cracking during
drying and calcination steps. Also, an optimum thickness
provides better photocatalytic activity and overcomes the
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FIGURE 9: Particle size distribution of the polymeric titania sol.

irregularities and roughness of the surface. Our observations
indicated that is increasing time and number of dipping
steps increases top layer thickness. In the present study, an
optimum thickness (about 500 nm) was obtained with four-
step coating and dipping time of 30s.

Also, TEM images in Figure 13 show that the membrane
top layer consists of large particles that are agglomerations
of smaller particles in nanometer scale (10-20 nm). Also, it
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FIGURE 10: The thermogravimetric and DTA curves of the dried
polymeric titania gel.

can be observed that crystallites are isotropic. According to
Figure 13, the nanoparticles are well crystallized that are in
agreement with XRD results.

3.3.5. AFM. AFM micrographs of surface morphology of the
prepared anatase membrane are shown in Figure 14.
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FIGURE 12: FESEM micrographs of (a) cross-section and (b) top
surface of the synthesized anatase membrane.

The surface plot shows that the prepared anatase mem-
brane has rough surface consisting of interconnected gran-
ular particles. As revealed by AFM, the membrane top layer
shows the pores in the range of 20-200 nm that is categorized
in UF membranes group according to IUPAC. The high
surface roughness of the synthesized anatase membrane
allows a good ability to absorb photons for photocatalytic
activity.

3.3.6. Nitrogen Adsorption and Desorption. N, adsorption
and desorption isotherms as well as BJH pore size distribu-
tion of the unsupported anatase membranes were obtained
by BET method (see Figure 15).

As shown in Figure 15(a), N, hysteresis loop closes at a
relative pressure, p/p,, of around 0.4 that it is associated with
capillary condensation. The nature of adsorption isotherm
displays a type IV adsorption isotherm with a hysteresis
loop classified as type H, according to IUPAC [33], showing
that major fraction of the pores are in the mesopore region.
The adsorption and desorption isotherms do not coincide
over a certain region of external pressures. At low pressures,
first an adsorbate monolayer is formed on the pore surface,
which is followed by the multilayer formation. The concept
of monolayer adsorption works only on the perfect planar
surface. A real surface possesses some degree of roughness,
which makes adsorption to progress not homogeneously. The
amount of molecules adsorbed on the external sample surface
is negligible in comparison to that on the pore wall. The onset
of the hysteresis loop usually marks the beginning of the
capillary condensation in the pores. At the external pressure
corresponding to the upper closure point of the hysteresis
loop, the pores are completely filled with liquid [34]. Based
on this analysis, BET specific surface area, pore volume, and
mean pore diameter of the unsupported anatase membrane
were determined to be around 32.8 m*/g, 0.067 cm’/g and
8.1762 nm, respectively. Figure 15(b) shows the BJH pore size
distribution curve of the unsupported anatase membrane
calculated from the adsorption curve. It is found that the
anatase membrane has a relatively narrow pore distribution
in the range of 1-9 nm with a maximum at around 3.55 nm.
According to IUPAC, pores in the range of 2-50nm are
categorized into mesopores [35]. The results obtained of BET
method are summarized in Table 4.

Thus, based on BET analysis, the prepared anatase mem-
branes are classified as mesoporous membranes.

3.3.7. Photocatalytic Properties. Photocatalytic activity of the
nanostructured anatase mesoporous membranes was eval-
uated by the absorbance changes of MO aqueous solution
under UV radiation after 30 minutes according to Figure 16.

The MO removal efficiency was estimated by applying the
following:

Removal efficiency (%) = x 100, (2)

(G -0)
C
where C, is the original MO concentration and C is the
residual MO concentration in the feed solution [36]. So,
the MO removal efficiency by the photocatalytic capability
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FIGURE 14: AFM micrographs (a) 2D and (b) 3D of the surface morphology of the nanostructured anatase membrane.

of the nanostructured anatase membranes was determined
to be 61% after 30 min UV irradiation. It seems that the
high roughness of membrane top layer (according to the
AFM results in Figure 14) provides a better ability to capture
the incident photon energy since a larger surface extension
facilitates the photodegradation process. In fact, this surface
not only enables the adsorption of a greater number of
pollutant molecules but also creates a rough environment
that causes a multiple light reflection and thus increases the
amount of absorbed photons for photodegradation.

3.4. Membrane Experiments. The physical separation capa-
bility of the prepared anatase membranes was evaluated by
direct measurement of MO concentration in the feed solution
after passing through membrane at 5-bar pressure in constant
time (see Figure 2). Figure17 compares concentration of
MO solution after passing through the membrane substrate,
interlayer, and top layer.

Based on physical separation capability, the MO removal
efficiency in the presence of alumina substrate, interlayer,
and top layer was determined to be 4%, 20%, and 52%,
respectively.

TABLE 4: The properties of the unsupported anatase membrane
obtained of BET analysis.

. Total pore Mean pore Pore
Specific surface . o
area (m? /g) Vohgme diameter distribution

(cm’/g) (nm) (nm)
32.8 0.067 8.1762 1-9

Moreover, permeation flux in the presence of the mem-
brane substrate, interlayer, and top layer was measured under
5-bar pressure according to (1) that the results are seen in
Figure 18.

According to Figure 18, the alumina substrate shows a
high permeability, while permeability considerably decreases
in the presence of interlayer with 2.5 ym thickness. Moreover,
the results indicate that depositing the top layer with 0.5 ym
thickness on the interlayer has a small effect on the perme-
ability reduction. Based on this experiment, the permeation
flux was calculated to be 1470, 1069, and 935 cm’/hm” for the
membrane substrate, interlayer, and top layer, respectively.
The decreasing permeation flux can be attributed to the
reduction of pores size. Permeation experiment is one of
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the most important methods for finding the structure and
morphology of prepared membranes. Permeation flux is
obviously affected by membrane structure and subsequently
by preparation variables [37].

By coupling physical separation with photocatalytic tech-
nique, the MO removal efficiency was remarkably improved
up to 83%, while it was 61% and 52% with individual pho-
tocatalysis and separation techniques, respectively. Figure 19
compares MO removal efficiency by the different techniques
using the anatase mesoporous membrane.
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FIGURE 18: Permeation flux in the presence of substrate, substrate +
interlayer and substrate + interlayer + toplayer.

As observed, the anatase membrane synthesized in this
work showed a high potential due to its multifunctional capa-
bility consisting of photodegradation and physical separation
in water purification process.

4. Conclusion

In this research, the nanostructured anatase mesoporous
membranes were prepared for water UF process with pho-
tocatalytic and physical separation capabilities. A colloidal
titania sol was deposited on «-Al,O; substrates as the mem-
brane interlayer. Also, membrane top layer was synthesized
by deposition and calcination of titania polymeric sol on the
intermediate layer. The mean particle size of the colloidal
and polymeric titania sols was determined to be 14 and
L5nm, respectively. The synthesized anatase membranes
exhibited homogeneity, with the surface area of 32.8 m?/g,
the maximum pore volume of 0.067 cm®/g, the mean pore
size of 8.17 nm, and the crystallite size of 9.6 nm. The removal
efficiency of methyl orange based on physical separation
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FIGURE 19: MO removal efficiency in the presence of anatase
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by the mesoporous anatase membrane was determined to
be 52% that by coupling photocatalytic technique, it was
improved up to 83%. Thus, the prepared UF membranes
showed a high potential due to its multifunctional capability
such as photodegradation and physical separation for water
purification applications.
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In this paper structural, optical, photoluminescence, and photocatalytic properties of TiO, and TiO,:(2.6 at. % Tb) thin films have
been compared. Thin films were prepared by high-energy reactive magnetron sputtering process, which enables obtaining highly
nanocrystalline rutile structure of deposited films. Crystallites sizes were 8.7 nm and 6.6 nm for TiO, and TiO,:Tb, respectively.
Surface of prepared thin films was homogenous with small roughness of ca. 72 and 2.1 nm in case of TiO, and TiO,:Tb samples,
respectively. Optical properties measurements have shown that the incorporation of Tb into TiO, matrix has not changed
significantly the thin films transparency. It also enables obtaining photoluminescence effect in wide range from 350 to 800 nm,
what is unique phenomenon in case of TiO, with rutile structure. Moreover, it has been found that the incorporation of 2.6 at. %
of Tb has increased the photocatalytic activity more than two times as compared to undoped TiO,. Additionally, for the first time
in the current state of the art, the relationship between photoluminescence effect, photocatalytic activity, and surface properties of

TiO,:Tb thin films has been theoretically explained.

1. Introduction

In the recent years there has been a continuous increase
of the application possibilities of various metal oxide thin
films with certain properties. Thin films play a key role in
the development of innovative technologies, for example, in
ophthalmic or protective coatings. One of the most important
coating materials is titanium dioxide (TiO,). It is caused by
its many advantages like high transparency, high refraction
index, thermal, chemical, and mechanical stability, and high
photocatalytic activity [1-6].

Proper selection of technological process parameters
can influence the TiO, crystal structure (brookite, anatase,
rutile, or amorphous) and the crystallites sizes. Depending
on the type of the crystal structure titanium dioxide may
exhibit different properties, for example, optical, electrical,
and chemical. Also doping the TiO, with various materials
influences its structural, optical, and electrical properties
[7-9]. Moreover, the properties of thin films based on
titanium dioxide can be further modified by the application
of postprocess annealing [10-12]. The changes are then caused

mainly by the increase in the crystallites sizes and as a result of
the structure phase transformation, which usually takes place
in elevated temperature.

Some desired properties of titanium dioxide can be
obtained by doping with rare earth elements (REs). The
application of the Res especially enables obtaining the pho-
toluminescence effect. In practice, such materials can be
used, for example, as light emitters in displays or in medical
diagnostics. During the past two decades, a dynamic increase
in interest of doping such oxides like SiO,, ZrO,, SnO,,
ZnO, and TiO, with lanthanides has been observed [9, 12-
23]. In the present paper TiO, doped with terbium (Tb) has
been described. Terbium is an f-electron element with the
oxidation states of +3 and +4. The doping of oxides with
terbium gives a broad photoluminescence spectrum with the
maximum emission at the wavelength range corresponding
to green light. However, there are rare examples in literature
resources of light emission observed from terbium-doped
TiO, thin films [24]

Incorporation of lanthanides into TiO, matrix also allows
the modification of surface properties, what is crucial in



photocatalysis processes. Photoinduced carriers formed in
the matrix can undergo the recombination process, which
reduce the photocatalytic activity. Carriers can be also
intercepted by the trapping centers, which allows to avoid
the recombination, or take part in reaction of pollutants
decomposition and form oxidizing compounds. According
to Ligiang et al. [25], photocatalytic activity of TiO, depends
directly on amount of generated carriers, but its efficiency is
determined by process of separation, recombination, capture,
and transfer of carriers to the surface. It results from the
fact that all oxidizing and reducing processes take place
at the surface of TiO, [4, 26, 27]. Only pollutants, which
are in contact with TiO, crystallites, can be decomposed.
Significant factor in photocatalytic reaction is oxygen amount
adsorbed at TiO, surface, because it inhibits the carriers
recombination [28]. Also holes play significant role, because
reaction based on those kinds of carriers is characterized by
high quantum efliciency, particularly in oxidizing reaction
of TiO, surface [28]. Active oxygen, hydroxide radicals, and
hydrogen peroxide are the most reactive species formed in
photocatalysis process.

For the purpose of the present work, thin films have been
manufactured by magnetron sputtering method. In industrial
application, sputtering processes are commonly used for
deposition of thin oxide films [29-34]. These methods allow
for deposition of films on the basis of infusible materials
in relatively simple and cost-effective way. Additionally,
magnetron sputtering gives the opportunity to control struc-
ture and stoichiometry of manufactured thin films. Huge
advantage of this process is the possibility of deposition of
dielectric, semiconductor, and metal films on large surfaces
with different shapes. Proper selection of the magnetron
sputtering process parameters enables the densification of
thin-film crystal structure. The use of the modified process
can result in nanocrystalline structure of deposited films
with crystallites sizes varied from few to several nanometers
[35, 36]. Densification of the structure is obtained by an
increase in the sputtered species energy, that condenses at
the substrate surface. This can be obtained by, for example,
decrease of working gas pressure, increase in magnetron
powering conditions, and application of voltage bias to the
substrate.

In this paper, the influence of 2.6 at. % of Tb dopant on
structural, optical, and photocatalytic properties of TiO, has
been presented. Due to the lack of such description in the
current state of the art, novel theoretical explanation of the
relationship of photoluminescence effect and photocatalytic
activity and the surface properties of TiO, doped with
terbium has been presented.

2. Experimental

Titanium dioxide thin films doped with terbium have been
deposited by high-energy reactive magnetron sputtering
process (HERMS) [36-38]. Thin films were deposited in
pure oxygen plasma (without argon as a working gas) by
sputtering of metallic titanium target. Doping was obtained
by sputtering of Ti-Tb mosaic target. Several sets of TiO,
thin films doped with different amount of terbium were
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prepared. Samples consisted of 2.6 at. % of Tb were selected
for further investigation due to simultaneous existence of
photoluminescence and photocatalytic effects. Thickness of
TiO, and TiO,:Tb thin films was equal to 377 nm and 585 nm,
respectively. The amount of the terbium dopant has been
analyzed using energy-dispersive spectrometer.

X-ray diffraction (XRD) measurements were performed
with the aid of Dron-2 powder diffractometer with Fe-filtered
Co Ko radiation. Average crystallite sizes were determined
using the standard Sheerer formula. Surface morphology of
deposited samples was examined by atomic force microscope
UHV VT AFM/STM Omicron operating in contact mode.

Optical properties of TiO,:Tb thin films were investigated
on the basis of transmission spectra. Transmission is the basic
parameter defining the transparency level of the thin films
and is defined as the ratio of light passing through the sample
to the light incident the sample.

Emission properties of TiO,:Tb thin films deposited on
silica substrates were investigated by the photoluminescence
(PL) method. For photoluminescence measurements UV
argon laser with the excitation wavelength of 302 nm was
used. Thin films were measured at room temperature.

The influence of terbium doping on photocatalytic prop-
erties of nanocrystalline TiO, thin films was estimated
based on phenol decomposition reaction. The experimental
setup consisted of a UV-Vis light source (6 x 20 W Phillips
lamps with intensity of UV and Vis radiation: 183 W/m?and
167 W/m?, resp.) and cylindrical reservoir which contained
100 mL of solution with the phenol concentration of 10 mg/L.
To avoid the heating of the solution, the reaction temperature
was controlled by circulation of water through the jacket
at constant temperature of ca. 15°C. All experiments were
carried out under agitation with a magnetic stirrer operating
at 500 rpm in order to provide a good mixing of the sus-
pension. No external oxygen supply was used. The phenol
concentration was calculated from the absorption peak at
270 nm by means of a calibration curve. After 30 minutes of
premixing at constant temperature, lights were switched on to
initiate the reaction. To determine the change of the phenol
concentration, samples of phenol solutions were withdrawn
regularly every 60 minutes for 5 hours from the reactor.
The final transparent solution was poured into a quartz
cuvette and analyzed by UV-Vis spectrophotometer, in the
wavelength range of 200-700 nm.

3. Results

As it was mentioned above, doping with lanthanides can
result in modification of structural properties of TiO, thin
films in a wide range. The significant role plays the amount
of the dopant incorporated into titanium dioxide matrix. By
selection of the dopant amount the specified crystal structure
of TiO, directly after deposition process can be obtained. In
Figure 1 results of XRD measurements of undoped TiO, and
TiO,:Tb deposited on silica substrates have been presented.
Broad peaks in the XRD patterns have shown that both
thin films had nanocrystalline structure. Undoped TiO, have
rutile structure with crystallites sizes of 8.7 nm. Doping with
2.6 at. % of terbium the TiO, matrix resulted in 25% decrease
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FIGURE 1: XRD measurements results of (a) undoped TiO, thin
film, (b) TiO,:Tb thin film, and (c) standard patterns for TiO,-rutile
structure. D: crystallite size.

of crystallites sizes to 6.6 nm; however, the structure was still
the rutile [37, 39, 40]. No diffraction peaks of Tb or Tb-O
compounds have been found. These indicate that Tb (or its
compounds) particles were too small to be detected by XRD
or that Tb ions were incorporated into TiO, nanocrystals.
Taking into account the ionic radius of Th*>* the latter is less
probable. It is more reasonable to assume that Tb dopant is
localized at the surface of TiO, nanocrystals.

Structure densification is clearly seen on AFM images
presented in Figure 2. Despite nanocrystalline structure, as-
deposited thin films are very homogenous with small surface
roughness. Root mean square (RMS) value is 3 times lower
in case of terbium-doped titanium dioxide in comparison
to undoped matrix. It was 7.2 and 2.1 for TiO, and TiO,:Tb
thin films, respectively. Symmetrical shape of grains size
histogram in Z direction testifies about homogenous distri-
bution of grains in deposited thin films.

Influence of terbium doping on transparency of TiO,
thin films was determined on the basis of transmission
characteristics presented in Figure 3(a). Visible minima and
maxima are connected with light interferences. Measure-
ments have shown that the incorporation of Tb into TiO,
matrix with the rutile structure has not changed significantly
the transparency of the thin films. Moreover, doping has
shifted the cutoff wavelength through longer wavelengths.

Transmission measurements results allow for estimation
of absorption coeflicient, and on this basis the width of optical
energy gap (E;pt) has been determined. Characteristics,
which were used to define optical energy gap, are presented

in Figure 3(b). Results have shown that lower Egp ! value was
obtained for TiO,:Tb and was equal to 2.96 V.

As the result of TiO, matrix excitation with ultravio-
let illumination, the photoluminescence spectrum in wide
emission range, from 350 to 800 nm, has been observed
(Figure 4). This spectrum is the superposition of six emission
lines of various wavelengths, which corresponds to radia-
tive recombination of carriers from different energy levels.
Characteristic emission lines of Tb** ions, which occur at
the wavelength of: 418 nm, 431nm, 491nm, 545nm, and
619, correspond to electron transitions between *D,-"Fs,
°D,-"F,, °D,-"F¢, °D,~"Fs, and °D,-’F, levels, respectively.
Moreover, light emission at 370 nm is connected with defect
states transitions of titanium dioxide. Photoluminescence of
terbium ions in TiO, matrix with rutile structure is unique
phenomenon. Sheng et al. [24] have confirmed that such
unique phenomenon was obtained only by authors of current
paper.

Kinetics of photocatalytic decomposition of organic
compounds at the TiO, surface is usually consistent with
Langmuire-Hinshelwood relationship [27, 41, 42]:

dc kKc
= —— = 1
’ dt  1+Kc M

where r is oxidizing rate, ¢ is solution concentration, t is
exposure time, k is reaction rate constant, and K is absorption
coefficient.

For solutions with low initial concentration ¢, (at
10~? mol level) the above equation can be simplified as follows
14, 28, 41]:

ln<c—°):k-K-t:kRRC~t @)
C

or
¢ = ¢, - exp (~kgrct) (3)

where kppe is corrected reaction rate constant and ¢ is
solution concentration after time ¢.

The value of corrected reaction rate constant can be deter-
mined from slope of In(c/c,) characteristic in the function of
light exposure ¢.

Results of phenol decomposition have shown that inves-
tigated thin films were photocatalytic. Photocatalytic activity
was determined under the exposure to UV light based on
dependence ofIn(c/c,) in time function. Measurement results
for TiO, and TiO,: (2.6 at. % Tb) thin films have been
shown in Figure 5. Those results were used to calculate phenol
decomposition as thin film’s photocatalytic activity, which
can be defined as

w - 100%, (4)
p

where p is area of thin film.

By the reason of small sample size of approximately 1cm?,
the phenol decomposition was estimated as %/cm?. It has
been found that the incorporation of 2.6 at. % of Tb has
increased the photocatalytic activity more than two times as
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compared to undoped TiO, matrix. After five hours TiO,
doped with terbium has decomposed ca. 4.7% of phenol,
while, in the same time, undoped TiO, has decomposed just
2.2% of phenol. Such results are unique in case of TiO, with
the rutile structure. Corrected reaction rate constant was also
two times higher for TiO,:Tb in comparison to TiO, thin
film.

4. Discussion

Nanocrystalline TiO, thin film doped with Tb exhibits
photoluminescence properties and increased photocatalytic
activity in comparison to undoped nanocrystalline TiO, thin
film with rutile structure. From the state of the art it is

well known that materials with nanocrystalline structure
composed of crystallites in size of less than 10 nm exhibit
higher photoluminescence or photocatalytic activity as com-
pared to materials with larger crystallites [43-45]. In case of
materials with such nanocrystalline structure, the influence
of quantum size effect on luminescence properties was first
described by Bhargawa et al. [46]. According to the literature
[43-45], both specific energylevels and the decrease of energy
band gap in nanocrystalline oxide matrix can be observed
as size of the crystallites is in the range from 2 to 10 nm.
Size of the crystallites has an essential influence on series
of different properties of metal oxides connected with the
degree of the surface area development. Similarly, as in case
of photoluminescence, also photocatalytic activity of the thin



International Journal of Photoenergy

x10°
10

TiO,: (2.6 at. % Tb)

Agxc = 302nm

PL (counts)

=T T T
300 400 500 600 700 800 900
A (nm)

FIGURE 4: TiO,:Tb thin film photoluminescence spectrum under
the excitation of Ar laser.

0~ I~
\\\\\!
ANURENUU |
-0.01 - \<§‘ Tel
TN B kgge = -0.0045

—0.02 o PN
3 C o ...
<$ .
= N
= —0.03 .

L kne = 00092

~0.04 - NSy

~0.05 - NN

~0.06 . . . . .

0 1 2 3 4 5 6

Time (hours)

m TiO, rutile
& TiO,: (2.6 at. % Tb) rutile

FIGURE 5: Photocatalytic activity of TiO, and TiO,:Tb thin films
with rutile structure exposed to UV light time function based on
dependence of In(c/c,).

films based on TiO, is the highest for matrix composed of
crystallites in size that ranges from 5 to 10 nm [42, 43, 47].

In current state of the art only one article [25] can be
found, which tries to describe mutual relationship between
the photocatalysis and the photoluminescence. The key
factor for conjunction of photoluminescence effect and the
decomposition of pollutants, which proceeds at the surface
of material, is the oxygen vacancies concentration [25]. These
defects are the trapping centers, which inhibit recombination
and simultaneously enables on efficient joining electrons
with oxygen. Moreover, they are active centers for surface
absorption of water particles and OH™groups, which are
necessary for carrying out of the photocatalytic reaction.

One of the main limits for these both effects is relatively
low total quantum efficiency connected with high level of

recombination of the electron-hole pairs generated at the
TiO, surface [25]. Therefore, increasing of light emission
intensity or photocatalytic activity of thin films based on TiO,
can be obtained by, for example, decrease of crystallites size
[48, 49] or by doping [8, 50, 51]. It is because, for nanomateri-
als, diffusion rate is much larger than recombination rate. The
most often, thin films with high photocatalytic activity exhibit
weak photoluminescence effect, which is connected with low
carriers recombination efficiency [52, 53]. However, in the
current state of the art there are also examples of materials
characterized by strong photoluminescence effect and high
photocatalytic activity [54, 55]. It indicates that these results
are inconsistent, and explanation of reasons of such different
interpretations needs much more detailed analysis of carriers:
excitation and recombination mechanisms. For TiO,:(2.6%
at. % Tb) strong photoluminescence and high photocatalytic
activity have been found simultaneously; hence, it is neces-
sary to elaborate on the model, which takes into consideration
the relationship between these two phenomena.

Explanation of relationship between photoluminescence
effect and photocatalysis phenomenon needs the complex
analysis of different types of recombination, which occurs in
titanium dioxide [25, 56-59]. In such material, electrons and
holes are generated under the photoexcitation. Photoexcited
electrons transit to the conduction band and fill the energy
levels, which correspond to excitation energy. These carriers
can easily recombine and return to valence band in different
ways, and their energy can be emitted as photons or phonons.
Excited electrons can transit directly to valence band with
release of energy in the form of light emission. This type of
direct transitions can take place also in case of electrons with
higher energy than E ; however, transfer of carriers proceeds
then directly from levels situated above the bottom edge of
conduction band. The recombination process can also occur
via sublevels in energy band gap (defect states of the matrix)
and it is an indirect radiative transition.

In case of photoluminescence effect, which is present as
the result of direct radiative recombination, lower recombina-
tion of generated carriers causes the decrease of light emission
intensity. However, this process simultaneously increases the
photocatalytic activity of the semiconductor [53]. Whereas,
in case of indirect radiative recombination, the relation
between photoluminescence effect intensity and photocat-
alytic activity depends on the type of the incorporated
dopant. According to Ligiang et al. [25], lower recombination
cause smaller photoluminescence intensity and higher pho-
tocatalytic activity of semiconductor. Although, sometimes
also the increase of defects amount and oxygen vacancies
at the thin film surface allow to obtain higher intensity of
photoluminescence and photocatalytic activity [25]. Such
relations can be applied for analysis of TiO, thin films doped
with rare earth elements, in which emission levels are below
defect states of the matrix. For prepared TiO,:(2.6 at. % Tb)
thin film, none of the abovementioned explanations can be
accepted as a basis for analysis of relation between pho-
toluminescence and photocatalysis phenomena. Therefore,
it was necessary to elaborate on individual model, which
takes into consideration properties of prepared thin films and
mechanisms occurring during both discussed processes.
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The abovementioned processes proceed at the titanium
dioxide nanograin surface with rutile structure. Under the
exposure to light, generated electrons in matrix pass from the
valence to conduction band and take part in reaction with
oxygen adsorbed at the film surface, creating oxygen radicals
(0,") [28]. On the other hand, holes from valence band take
part in reaction with water and hydroxide groups (OH™)
adsorbed at the surface. Consequently hydroxide radicals
(OH") are formed [28]. Moreover, electrons trapped by the
matrix’s defect states also can take part in process of oxygen
radicals formation, which is caused by considerably shorter
time of diffusion than recombination in case of nanograins.
In the following stages, at the surface of nanocrystalline
film, the decomposition of contaminations proceeds with
the participation of oxygen (O,") and hydroxide (OH")
radicals. Final products of these reactions are CO, and
H,O.

Doping TiO, matrix with 2.6 at. % of terbium allows
obtaining thin film with photoluminescence properties,
which exhibits two times higher photocatalytic activity as
compared to undoped titanium dioxide. The incorporation
of terbium dopant causes increase in the number of energy
levels to which electrons generated in TiO, matrix can
be transferred. Therefore, photocatalytic rate increases and
favorably influences thin film activity. In Figure 6 scheme of
processes proceeding at the TiO,:Tb surface with the rutile
structure is presented.

In case of photocatalysis process, presence of terbium at
the surface causes changes of the surface energy parameters.
Both terbium ions on +3 and +4 oxidation states can accept
and return electrons. Presence of these ions facilitates the

transfer of carriers, which is necessary in photocatalysis
reaction.

Briefly, based on structural and optical properties analysis
of the TiO,:Tb thin films, it was found that the incorporation
of terbium dopant during high-energy reactive magnetron
sputtering process allowed for preparing of homogenous,
densely packed films, which were composed of crystallites in
size of 6.6 nm. Such small crystallites sizes and significantly
higher degree of order of film structure (in comparison
to undoped titanium dioxide) favorably influence both dis-
cussed phenomena by the increasing of active area. Smaller
crystallites size causes that the range of transition to make for
electrons is also smaller [25, 42, 43]. Therefore, the probability
of carrier transfer between the TiO, crystallites and Tb
ions localized at the surface is large. Except nanocrystalline
structure, the key role for both phenomena plays amount of
the dopant, which should be incorporated into TiO, matrix in
high-energy deposition process. It is necessary to incorporate
the sufficient amount of the dopant to obtain the suitable
number of the ions at the +3 oxidation state.

5. Conclusions

In present paper analysis of the influence of 2.6 at. %
terbium dopant on the TiO,:Tb thin films properties has
been outlined. Thin films deposited in high-energy reactive
magnetron sputtering process were homogenous and densely
packed. TiO,:Tb film had rutile structure with crystallites size
of 6.6 nm.

Investigations of photocatalytic properties have shown
that doping with terbium favorably influence the increase
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of TiO, matrix surface activity. Moreover, based on optical
properties analysis, it was found that terbium did not deterio-
rate the high transparency of TiO,, but influence the position
shift of cutoft wavelength and width of optical band gap.
The incorporation of terbium allowed for obtaining photo-
luminescence effect of Tb*>* in TiO, matrix with the rutile
structure, which is unique and has not been reported yet by
other authors. TiO,:Tb after 5 hours of the photocatalytic
activity investigation has decomposed two times more phenol
as compared to undoped TiO,.

Results of investigations have shown that, to increase the
photocatalytic activity of TiO,:Tb thin films the presence of
Tb?" at the surface of TiO, nanocrystals is necessary. The
addition of terbium to TiO, matrix caused that additional
energy levels have appeared and favorably influenced energy
transfer mechanism. Thanks to terbium doping of titanium
dioxide, it was possible to obtain effective photoinduced
carriers transfer mechanism, which is necessary requirement
for the presence of both phenomena: photocatalysis and
photoluminescence.
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In this study we propose a suitable method for the solar-activated controlled release of volatile compounds from polymeric
microcapsules bonded with photocatalytic nanoparticles. These reservoirs can find applications, for example, in the controlled
release of insecticides, repellents, or fragrances, amongst other substances. The surfaces of the microcapsules have been
functionalized with TiO, nanoparticles. Upon ultraviolet irradiation, redox mechanisms are initiated on the semiconductor surface
resulting in the dissociation of the polymer chains of the capsule wall and, finally, volatilization of the encapsulated compounds.
The quantification of the output release has been performed by gas chromatography analysis coupled with mass spectroscopy.

1. Introduction

Microencapsulation and release has been an area of growing
interest in the last years due to the many application per-
spectives, like in pharmaceutical products for drug controlled
release, such as of insulin and other proteins, or cosmet-
ics [1-3]. Different approaches of microencapsulation have
been reported in the last decade. The complex coacervation
method is a technique that has been used to produce poly-
meric microcapsules [4, 5]. This process uses the interaction
of different polymers with opposite charges to form insoluble
complexes and originate a phase separation. The encapsula-
tion is achieved by the deposition of such complexes around
a hydrophobic core. Despite the simple fabrication and ease
of use in time-release and thermal-release applications, this
method presents a significant number of disadvantages like
wide-size distributions, weak shell wall, and low kinetics
of shell wall formation [6, 7]. Solvent evaporation is one
of the most popular processes to achieve encapsulation. A
core material, solid or liquid, and capsule wall material

are mixed in a water-immiscible solvent and the resulting
solution is emulsified in an aqueous solution [8, 9]. After
solvent evaporation, the solid microcapsules are produced.
However this method requires quite complex processes and
is expensive. Hence, interfacial polymerization emerged as
an easy method to prepare microcapsules. It allows a high
degree of control over the physical/chemical properties using
mild reaction conditions [10]. This method involves the
condensation reaction between two monomers dissolved in
immiscible solvents at the interface, creating a thin polymer
film. Due to its intrinsic advantages, this method was used in
this work and the relationship between the properties of the
water/oil phase and the polymeric capsule wall was carefully
studied. It is well known that the experimental conditions
are an important factor for controlling shape, permeability,
and physical properties of the microcapsule [11,12]. Dodecane
was used as oil phase and also as model organic volatile
compound in which acyl chloride monomer was dissolved.
An amine was dissolved in the water phase, resulting in the



formation of polyamide film at the interface; as exemplified
in Figure 1 [13].

The immobilization of titanium dioxide nanoparticles in
microcapsules can offer a wide range of practical applica-
tions and combines the main advantages of photocatalytic
reactions with the possibility of controlled release by solar
activation. These photoactive nanomaterials can be deposited
onto several types of surfaces, including tents, curtains,
and windows, amongst other surfaces [14]. Semiconductor
photocatalysts have attracted a great deal of attention because
of their potential applications for removing toxic organic and
inorganic pollutants [15, 16].

The main objective of this work was to produce polymeric
microreservoir systems for the controlled release of volatile
compounds (e.g., insecticides, deodorants, fragrances, etc.)
upon solar activation. The TiO, nanoparticles were synthe-
sized by a modified sol-gel method and its microstructure was
characterized by X-ray diffraction for different calcination
temperatures. The controlled release of the encapsulated
dodecane was studied in the presence of TiO, catalysts
with and without ultraviolet (UV) irradiation. In order
to extend the semiconductor absorbance into the visible
light region, aiming to reduce the semiconductor band gap,
the TiO, nanoparticles were doped with nitrogen anions
(17].

2. Experimental

2.1. Materials. Titanium (IV) isopropoxide (>99%, Sigma-
Aldrich), propyl alcohol (>98%, Sigma-Aldrich), trieth-
ylamine (>99%, Sigma-Aldrich), hydrochloric acid (37%,
Sigma), poly(vinyl alcohol) (>98%, Sigma-Aldrich), ethyl-
enediamine (>99.5%, Sigma-Aldrich), dodecane (>99%,
Sigma-Aldrich), and sebacoyl chloride (>95%, Sigma-Aldr-
ich) were used as received. Commercial TiO, P25 powder was
purchased from Degussa and used as reference photocatalytic
material.

2.2. Synthesis of the N-Doped TiO, Powders. The N-doped
TiO, nanoparticles were synthesized by a modified sol-gel
method [18]. Triethylamine was used as nitrogen source
for the attempted anionic doping of the TiO, lattice. In a
typical procedure, a solution was prepared with water and
propyl alcohol (1:10) at pH 2.4 (adjusted by addition of HCI).
N-doped TiO, nanoparticles were prepared by dissolving
I1mL of titanium isopropoxide in 1.25 mL of solution under
vigorous stirring followed by a dropwise addition of 3 mL
of nitrogen precursor. The reaction was carried out under
gentle stirring for two days to attain the particle doped with
nitrogen.

After the sol-gel synthesis, the N-doped TiO, nanopar-
ticles were collected by repeated centrifugation and washed
with propyl alcohol. Amorphous powders were first annealed
at 80°C in a conventional electric oven for 8h and later
calcined at 300°C, 500°C, 700°C, and 800°C during 2h to
produce nanometric powders. The resulting samples were
named considering the calcination temperature as NP300,
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NP500, NP700, and NP800, respectively. The sample without
any thermal treatment was identified as NPRT.

2.3. Photocatalytic Activity. The photocatalytic oxidation of
methylene blue (MB) in the presence of the N-doped TiO,
nanoparticles under UV irradiation was investigated in order
to evaluate the photocatalytic activity at different calcination
temperatures [19-22]. The same procedure was performed for
the reference TiO, P25 powder.

In a typical experiment, 2 mg of photocatalyst was sus-
pended in aqueous methylene blue solution (107> M) in a
quartz cell (40 mm x 40 mm x 10 mm) at pH 72 [23, 24].
The suspension was irradiated with a high power LED source
(Thorlabs, 700 mA) with an excitation centered at 365 nm
(UV-A). The averaged irradiance was ~4 mW-cm 2.

The absorbance of the MB was monitored at intervals of
5 min using a spectrophotometer (ScanSpec UV-Vis, ScanSci)
in the range of 300-900 nm. The rate of photodegradation of
MB was analyzed by monitoring the intensity variation of the
main absorption peak at 665 nm.

The kinetics of photocatalytic degradation of MB is a
pseudo-first-order reaction and can be expressed according
to the equation [24, 25]:

C
In <C—0> = —kt, (1)

where C represents the dyes concentration at the time ¢,
which is proportional to its optical absorbance, and k is the
first-order rate constant of the reaction.

2.4. Detection of Hydroxyl Radicals. Photoluminescence
technique (PL) was used for the detection of hydroxyl
radicals ("OH) produced during the photocatalysis reaction.
Coumarin was chosen as molecular probe, which readily
reacted with ‘OH radicals to produce a highly fluores-
cent subproduct, 7-hydroxycoumarin (7HC), which shows
a strong PL signal at 456 nm [26]. At room temperature,
5mg of photocatalyst powder was dispersed in 4mL of
10~ M coumarin aqueous solution in a quartz cell (40 mm x
10mm x 10 mm). The pH was adjusted to 3.3 with a HCl
0.1M solution. Initially, the coumarin solution with the
modified N-Ti0, and reference P25 particles was kept in dark
for 30 min to establish adsorption-desorption equilibrium.
After this stabilization period, and at given intervals of
UV irradiation, the suspension was centrifuged and then
analyzed on a FluoroLog-3 fluorescence spectrophotometer
with an excitation wavelength of 332 nm. The measurements
were performed at room temperature and the emission and
excitation slits were set to 2.0 nm.

2.5. Polymeric Microcapsules. The microcapsules were pre-
pared by using an adapted method based on interfacial
polycondensation in an ultrasonic bath at a frequency of
30kHz [13, 27, 28]. The encapsulation of dodecane into the
microcapsules was achieved by the reaction between sebacoyl
chloride and ethylenediamine, in presence of poly(vinyl)
alcohol (PVA) as a surfactant. 415uL (6.2 x 10~% mol) of
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FIGURE 1: Scheme of the polymerization reaction.

ethylenediamine was added to the 25mL of the 2% PVA
solution. In the organic phase, 1.5mL of dodecane and
265uL (1.2 x 107> mol) of sebacoyl chloride were added
drop by drop to the previous solution. The water/oil emul-
sion was emulsified for 5min under the same ultrasonic
conditions followed by 5 minutes under magnetic stirring
at 300 rpm. The resulting microcapsules were rinsed sev-
eral times with deionized water to remove the unreacted
amine.

2.5.1. Characterization Methods. The gas chromatography
coupled with mass spectrometry (GC-MS) analysis of dode-
cane output release from within the microcapsules was
performed using a Varian 4000 Performance apparatus,
equipped with a CP8944 VEF-5 column and an ion trap mass
spectrometer as detector. The carrier gas was helium, at a flow
rate of ImL-min~". Column temperature was initially 40°C,
and then gradually increased to 270°C at 8°C-min”". For GC-
MS detection an electron impact ionization system was used
with ionization energy of 70 eV.

The crystalline structure of the photocatalysts was char-
acterized by X-ray diffraction analysis (XRD, Bruker D8 Dis-
cover diffractometer) using Cu K, radiation. The morpholog-
ical properties of microcapsules were studied using a scan-
ning electron microscope (SEM, NanoSEM-FEI Nova 200)
at SEMAT/UM. Fourier-transform infrared spectroscopy
(FTIR) of vacuum-dried microcapsules loaded with opti-
mized N-doped TiO, nanoparticles (at 30°C for 5 days) was
performed at 132 scans and with a 4 cm ™" resolution between
500 and 4000 cm™", using a JASCO 4200 FTIR spectropho-
tometer, operating in the ATR mode (MKII Golden Gate
Single Reflection ATR System).

3. Results and Discussion

3.1. XRD Analysis. Figure 2 shows the XRD patterns of the
prepared N-doped TiO, photocatalyst powders annealed at
300, 500, 700, and 800°C. The powders without calcination
(curve a) exhibit an amorphous structure, with only minor
traces of the most prominent anatase diffraction peaks.
Therefore, the thermal treatment process is necessary to
convert the amorphous TiO, into a crystallized structure.
For samples annealed at 300°C (curve b), clear diffraction
peaks appear at 25.2° and 37.8°, which are attributed to (101)
and (004) lattice planes of the anatase structure, revealing
the formation of crystalline anatase phase at an early stage
of the heat treatment; the peak observed at 35" is ascribed
to Ti (100) planes. At this temperature no evidence of rutile
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F1GURE 2: XRD patterns of the N-doped TiO, powders calcined at
(a) room temperature (b) 300°C (c) 500°C, (d) 700°C, and (e) 800°C.
A: anatase; R: rutile.

phase is discerned. Moreover, upon increasing the calcination
temperature, the intensity of these anatase diffraction peaks
also increases. However, for the highest temperature of 800°C
(NP800—curve e) the diffraction peak associated with the
rutile phase (110) at 27.5° is more prominent, albeit lower
than anatase preferential growth, indicating the starting
transition of anatase phase to a more stable rutile phase.
The diffraction pattern obtained for sample NP700 (curve
d) is similar to the reference P25 material (not shown).
The anatase average crystallite domain size varies very little
with calcination temperature, increasing from 30 nm in its
as-synthesized state to 50 nm for the highest temperature
thermal treatment. At 800°C the rutile domain size is smaller
than that corresponding to anatase, having a value of ~37 nm.

3.2. Evaluation of the Photocatalytic Activity of the
TiO, Powders

3.2.1. Adsorption of Methylene Blue on TiO, Nanopowders.
Comparative studies of the adsorption of methylene blue
on the synthetized nanocatalyst powders were performed.
A solution of methylene blue (107> M) was stirred with the
different TiO, nanoparticles (0.15 g-L ") in the dark to ensure
complete surface adsorption of dye. The change in methy-
lene blue concentration was investigated by monitoring the
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FIGURE 3: UV-vis absorption variation at 665 nm measured in the
dark of MB (107° M, pH 7.2) solution as a function of time for nano-
TiO, powders annealed at different temperatures. This experiment
has also been performed for the P25 reference powder.

maximum of absorbance of this dye at 665 nm, as plotted
in Figure 3. An important change can be observed after 10
minutes, where the absorbance of methylene blue drops from
2.33 to values lower than 1.85, approximately 20% of the initial
concentration value.

These results indicate that the TiO, nanoparticles stro-
ngly adsorb the methylene blue molecules at the surface. This
can be explained by the pH effect on methylene blue/TiO,
nanoparticle suspensions. The pH of the solution influences
significantly the characteristics of the TiO, surface charge.
Point of zero charge (PZC) is the value of pH at which the sur-
face charge is zero. The knowledge of PZC of titania (PZC =
6.8) helps to predict the type and nature of the charge transfer
that occurs preferentially. Since the photocatalytic assays were
performed at pH higher than the reference PZC of titania,
the surface of TiO, nanoparticles has a negative charge and
there is an electrostatic adsorption between negative-charged
surfaces of TiO, and methylene blue cations that carry a
positive charge (2) [29-31]:

TiOH + OH™ «— TiO™ + H,O. )

Thus, Figure 3 further indicates that 30 minutes was sufficient
to reach the adsorption equilibrium between methylene blue
and TiO, nanoparticles. Therefore, for all photocatalytic
experiments, the dye solutions with TiO, nanoparticles were
first stirred in the dark for 30 min before UV-A irradiation
assays.

3.2.2. Photocatalysis Assays. The photocatalytic reaction is
very sensitive to the catalyst surface. The MB reacts with
electrons and superoxide anions generated on the modified
TiO, particles under UV irradiation. The photocatalytic
degradation reactions of MB on UV were investigated using
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FIGURE 4: Photodegradation of MB (107> M, pH 7.2) solution as a
function of UV-A irradiation time for TiO, powders annealed at
different temperatures and reference P25.

TABLE 1: Rate constant (k) and degradation (%) of the MB (107° M,
pH 7.2) solution for TiO, powders annealed at different tempera-
tures.

Degradation (%) of MB solution

Samples k values (min™) affer 120 min,
NPRT — 2
NP300 L6 x107° 16
NP500 6.0x107° 40
NP700 2.4 %1072 95
NP800 1.5x 107 85
TiO, P25 17 x 107 88

the prepared N-doped TiO, powders at different calcination
temperature. In order to compare their UV light activities, the
experiments were also carried out using the TiO, powders
without thermal treatment and the reference TiO, P25 in
the same way as using the N-doped TiO,. The evolution of
MB concentration with time for each sample at 665nm is
presented in Figure 4.

The photocatalytic degradation is a pseudo-first-order
reaction and its kinetics, k values (1), and the degradation
(%) of MB showing the catalytic activity of each sample
are given in Table 1. Although MB was quickly degraded
during UV-A irradiation for all the nanoparticles with
thermal treatment, it is evident that NP700 showed the
highest photocatalytic activity. The increased photocatalytic
efficiency of the powders annealed at higher temperatures
can be related to the surface morphology and crystal struc-
ture. This effect is attributed to the higher content of the
crystalline anatase phase for the samples calcined at 700°C
compared to those at 300 and 500°C. According to the
XRD results, the phase transformation from amorphous TiO,
to anatase was not complete at 300°C. At 800°C, some of
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FIGURE 5: (a) Photoluminescence spectra of coumarin solution (10 mol L7}, pH 3.3) after UV-A irradiation and (b) the time dependence of
the photoluminescence intensity of 7-hydroxycoumarin at 456 nm, in the presence of the NP700 powder.

anatase phase starts to transform to the more stable but
photocatalytically less active rutile phase. The photolysis
experiments (not shown), in the absence of TiO, catalyst
or samples without pre-treatment, revealed that the self-
degradation of MB was almost insignificant under UV-A
illumination.

3.3. Photoluminescence of Coumarin. Under ultraviolet irra-
diation the valence-band electrons of TiO, are excited to
conduction band, leading to the formation of photogenerated
electrons (e”) and holes (h*) pairs. In aqueous medium “OH
radicals are generated by the reaction between photogener-
ated holes and H, O. Related reactions may be summarized as
follows:

TiO, + hy — h* +e7,
0,+e —'0,, (3)
H,0 +h" —" OH + H".

The detection by coumarin fluorescence is based on the
fact that its hydroxylation generates various subproducts, in
which only one is strongly fluorescent, 7-hydroxycoumarin,
as follows:

Coumarin + OH — 7-Hydroxycoumarin. (4)

After the correction of the coumarin PL signal, which is
almost negligible, the 7-hydroxycoumarin fluorescence signal
can be used to determine the quantity of "OH generated
in reaction. Figure 5 shows the changes of PL spectra from
a coumarin solution with UV-A irradiation time in the
presence of NP700. It is evident that a gradual increase in the
fluorescence occurs over the time at ~456 nm. This signal can
be related to 7-hydroxycoumarin and suggests that fluores-
cent product was formed during TiO, photocatalysis due to
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FIGURE 6: Photoluminescence spectra of coumarin solution
(10 mol L%, pH 3.3) after 120 min of UV-A irradiation in the
presence of N-TiO, powders annealed at different temperatures.

the specific reaction between hydroxyl radical and coumarin.
It is clearly seen in Figure 5(b) that the fluorescence intensity
increases linearly with the irradiation time.

In order to investigate the effect of temperature annealing
on the formation rate of radicals, PL experiments were
performed in same conditions of NP700 for all N-doped
TiO, prepared by sol-gel method. After 2 h of irradiation PL
spectra were recorded and compared (Figure 6).

It is clear that the NP700 sample yields a higher PL
intensity, implying a high formation rate of 7HC and *OH.
It is interesting to note that the PL intensity decreased when
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FIGURE 8: Scanning electron microscopy micrographs of dodecane-loaded polyamide microcapsules (a) with N-doped TiO, nanoparticles
adsorbed onto its surface and (b) microcapsule degradation upon UV-A irradiation.

NP800 was used. This can be explained by the fact that
NP800 contains a two-phase mixture of anatase and rutile,
which can be related to the increase of the recombination in
photogenerated electrons and holes and subsequently block
of *OH production on the TiO, surface. The *OH formation
rate on rutile phase is much lower than that on anatase
phase. The observed PL signal was lower for calcined powders
at temperatures below 700°C, meaning that a prominent
anatase phase is directly correlated with enhanced "OH
production.

3.4. FTIR-ATR Analysis of Polyamide Microcapsules. The
FTIR spectrum of the synthesized polyamide microcapsules
functionalized with TiO, is presented in Figure 7.

Figure 7 presents the absorption band related with
—-C=0 stretching vibration of the secondary amide group at

1630 cm™" and the corresponding N-H stretching vibration
at 1544cm™', which shows the success of the interfacial
polymerization, with formation of polyamide.

The spectral region between 3500 and 3060 cm™" cor-

responds to the -NH stretching vibration of the primary
and secondary amines, which could be related to the excess
of amine used. The large band at 3310 cm™ is ascribed to
the —-C=0 characteristic band. The peaks from 2970 cm™
to 2830cm™" are attributed to the TiO, showing that the
nanoparticles were successfully adsorbed on the surface.

3.5.  SEM Analysis of Polymeric Microcapsules. Figure 8
shows a SEM micrograph of the microcapsules (a) with
N-doped TiO, powders adsorbed onto polymeric wall and
(b) microcapsule degradation upon UV-A irradiation. The
resulting microcapsules have sizes ranging from 20-100 ym
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and spherical shape with a porous surface. The results
presented in Figure 8(b) suggest that the microcapsule wall
collapses after 2 h under UV-A irradiation. This can be related
to the photocatalyst-driven oxidation-redution mechanisms
that are developed on the catalyst surface and subsequent
‘OH radicals production that initiate the dissociation and
subsequent breach of the polymeric wall.

3.6. Evaluation of Dodecane Release by GC-MS. The GC-
MS analysis of the UV-A-irradiated samples containing
dodecane-loaded microcapsules adsorbed with TiO, nano-
particles on the surface revealed the presence of dodecane
as a principal compound from the output yield. In order to
compare the results with a commercial sample of TiO, P25,
GC-MS experiments were performed only for the sample
NP700, since it showed the best results in the photocatalysis
and photoluminescence assays discussed before (Figures 4
and 6). Figure 9 shows the chromatograms obtained by GC-
MS for irradiated microcapsules in the presence and absence
of photocatalyst nanoparticles, while Figure 10 demonstrates
the UV-A illumination effect on the output release of
dodecane from within the aforementioned microcapsules
adsorbed with the photocatalyst nanoparticles.

From the analysis of Figures 9 and 10 it is demonstrated
that the integrated area of dodecane peak is much higher
when the microcapsules are adsorbed with the photocatalyst
nanoparticles and under UV-A irradiation. These results
strengthen the fact that under UV-A irradiation the surface
of photocatalyst develops oxidation-reduction processes that
originate the cleave of chemical bonds and thus the collapse
of the polymeric capsule, yielding the release of the volatile
compound (dodecane).

Figure 11 shows the output release concentrations in ppm
of dodecane from the polyamide microcapsules, for different
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(Dod) from the polyamide microcapsules, for different samples and
experimental conditions.

samples and experimental conditions. Due to the fact that
these polymeric capsules may have some porosity, since the
synthesis process is not fully optimized, it was found that
dodecane can be released slowly either without the presence
of the TiO, nanoparticles or in its presence but without
UV-A irradiation. The irradiation of the microcapsules with
UV-A alone, in absence of titanium dioxide, is expected to
degrade the polymeric wall, releasing the dodecane. However,
upon the UV-A irradiation, the release rate of the volatile
agent is much higher. The results obtained for the NP700
and TiO, P25 confirm that nanoparticles prepared in this
work present similar efficiency when compared with the
commercial sample.

4. Conclusions

A simple method was developed for the synthesis of a stable
nanocrystalline N-doped TiO, photocatalysts by a modified



sol-gel method, which were adsorbed on dodecane-loaded
polyamide-based microcapsules. The effect of annealing tem-
perature on the photocatalytic activity of the nanoparticles
under ultraviolet irradiation was investigated. It was found
that photocatalytic activity of these nanoparticles is strongly
dependent on the calcination temperature. The nanoparticles
calcined at 700°C revealed the highest photocatalytic activity
upon degrading methylene blue under UV-A irradiation.
Furthermore, the formation of *OH radicals on the photo-
catalyst surface under UV-A irradiation was also monitored
by fluorescence experiments. In the same way of MB degra-
dation, the N-doped TiO, powders calcined at 700°C form
a higher number of hydroxyl radicals on its surface than
powders annealed at lower and higher temperatures (800°C).
This result can be related to the more stable and prominent
anatase phase in this sample, in detriment to rutile formation
at a higher temperature.

This work has shown that polyamide based microcapsules
with TiO, adsorbed on the surface can be successfully used
to trigger the release of a model organic volatile compounds
by UV-A irradiation. By means of GC-MS experiments it
was possible to identify and quantify the amount of volatile
compound released.

The proof of concept presented in this work can be
extended to afford the preparation of microcapsules loaded
with organic compounds that can be released in a controlled
manner through UV-A irradiation.
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TiO, nanoball films of nitrogen doping and no doping were prepared by anodic oxidation method. The nitrogen-doped samples
exhibited significant enhanced absorption in visible light range, narrowing band gap from 3.2 eV to 2.8 eV and the smaller nanoball
diameter size. The concentrations of methyl blue reduce to nearly 44% after 4-hour photodecomposition test by nitrogen-doped
sample. It is indicated that there may be two main reasons for the enhanced photocatalytic activity: the increase of O vacancy and
photocatalytic reactivity surface area in nitrogen-doped samples.

1. Introduction

Due to the strong photocatalytic activity, antiphotocorrosion
ability, biologic compatibility, and chemical stability of TiO,,
TiO, has become the most promising photocatalyst [1-4].
However, the wideband gap of TiO, (3.2 eV for the anatase
phase and 3.0 eV for the rutile phase) needs ultraviolet (UV)
light for electron-hole separation, which is only 5% of the
natural solar light [5]. It is of great significance to enlarge
the TiO, absorption band border to visible light range and
to improve the photocatalytic efficiency of the TiO, that can
be used in visible light irradiation.

Recently, it was recognized that compared with metal
doping (Ca**, Sr**, and Ba®") [6], transition metal ions (Fe>*,
Cr®", Co’*, and Mo [7-10]), rare earth cations (La’*, Ce’",
Er3+, Pr3+, Gd3+, Nd3+, and Sm3+) [11], and some nonmetal
doping (C [12], S [13], and F [14, 15]), nitrogen-doped TiO,
exhibited a valid process for narrowing the band gap and
demonstrated a more appropriate solution for extending the
photocatalytic activity of TiO, into the visible region [16-
22]. Macak et al., and Shankar et al., and Allam and El-Sayed
pointed out that the morphology, crystallinity, composition,
and illumination geometry of nanotube arrays were critical
factors in their performance as photoelectrodes [23-25]. TiO,
nanostructure materials displayed high performance for their
potential in improving photocatalytic activity because of their
high surface area.

In this work, the N-doped nanoball films were prepared
and their photocatalytic activities were evaluated by the
degradation of methyl blue under visible light irradiation.

2. Experimental

The titanium foils (0.6 mm thick, 99.5% purity, and cut in
lcmx2cm) were used as the substrates for the growth
of the TiO, nanowire arrays. The titanium sheets were
cleaned by sonicating in 1:1 acetone and ethanol solution,
followed by being rinsed with deionized water and dried
in airstream. The anodization was carried out in a two-
electrode electrochemical cell with a graphite sheet as the
cathode at a constant potential 60 V. A DC power supply
(WYK-6010, 0-60V, and 0-10 A) was used to control the
experimental current and voltage for 1.2h. The electrolyte
contained 0.5wt% NH,E 5mL H,O, and 195mL ethylene
glycol. After anodization, the specimens were cleaned in 10%
HCI by ultrasonic immediately for 20 minutes and dried
in airstream. Postannealing in air at 700°C was employed
to transform the amorphous titania to nanocrystalline TiO,
and remove most of the organic and inorganic species
encapsulated in the arrays. Nitrogen doping was carried out
by annealing the samples in ammonia atmosphere at 520°C.
The reagents—acetone (CH;COCHj;), ethanol (C,H;OH),
ammonium fluoride (NH,F), and ethylene glycol (C,H¢O,)
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FIGURE 1: XRD patterns of nitrogen-doped and undoped TiO,
nanoball films.

were of analytical grade without further purification. The
water used in all the experiments was deionized water.

The crystal structures of samples were characterized by
X-ray diffraction (XRD, Bruker AXS D8 Advance diffrac-
tions) using Cu K, radiation. The surface morphologies and
thickness of the nanoball films were observed by scanning
electron microscopy (SEM, S-4800). The X-ray photoelectron
spectroscopy (XPS) experiments were performed on a VG
MultiLab 2000 spectrometer to obtain the information on
chemical binding energy of the TiO, nanoballs which was
calibrated with the reference to the C 1s peak at 284.6¢eV.
The UV-visible absorption spectra were measured using a
Cary 5000 UV-Vis-NIR spectrophotometer; BaSO, was used
as a reflectance standard in a UV-visible diffuse reflectance
experiment. The photocatalytic activities under visible light
irradiation were evaluated by the degradation of methyl
blue irradiated by a 450 W xenon lamp. In the process, a
TiO, nanoball film with dimensions of 0.5 cm x 0.5 cm was
immersed into a quartz colorimetric cuvette filled with 3 mL
10 mg/L methylene blue (MB) solution and placed below
xenon lamp. The distance between the film and the lamp is
10 cm distance. And the intensity of the light incident on the
samples is measured about 900 mW/cm®. The solution in the
photoreactor was placed in dark for 30 minutes to reach the
absorption-desorption equilibrium of the dye molecules on
the sample surface. After 30-minute visible-light irradiation
and 5-minute waiting, the content of methyl blue was mea-
sured by Cary 5000 UV-Vis-NIR spectrophotometer and the
deionized water was used as a reflectance standard. Then the
process was repeated for 8 times to get degradation data.

3. Results and Discussion

Figure 1 shows the XRD patterns of nitrogen-doped and
undoped TiO, nanoball films. For the pure sample annealed
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at 700°C, an anatase characteristic diffraction peak appears
at 25.38" and a rutile diffraction peak appears at 27.48°,
which are in well accordance with the (101) diffraction peak
position of anatase TiO, (JCPDS 21-1272) and the (110)
diffraction peak position of rutile TiO, (JCPDS 21-1276). The
contents of rutile phase and anatase phase are calculated by
the XRD results, using the method described by Zhu et al.
[26]. The calculation results indicate that both films contain
major anatase phase with minor rutile (about 20% content)
and the titanium substrate peaks showing up without other
phases. The smaller full width at half maximum (FWHM)
(A6 = 0.134°) of (101) peak of pure TiO, samples indicates
a larger crystallite size of undoped nanoballs compared with
nitrogen-doped samples (A8 = 0.161).

SEM images of pure and nitrogen-doped TiO, nanoball
films are shown in Figure 2. It is found that for both films
with the pure nanoball particles and nitrogen-doped nanoball
particles, the shape of the nanoballs does not show any
obvious change after the treatment in NH; flow at 520°C.
But it can be seen that the size of nitrogen-doped nanoball
(the ball diameter is about 50 nm and the film thickness
is about 500 nm) is obviously smaller than undoped TiO,
nanoballs (the ball diameter is about 100 nm), in accordance
with the XRD results. The doping of N element may retard
the growth of nanoballs, which is similar with the report in
papers [27, 28].

In order to get the composition and the chemical states
information, XPS measurements were performed. Figure
3(a) shows the XPS survey spectrum of the nitrogen-doped
sample, where the peaks at 458.86 €V, 530.01 eV, 399.69 ¢V,
and 284.7 eV correspond to the binding energy of Ti2p3/2,
O 1s, N 1Is, and C s, respectively. The C 1s peak is a signal
of adventitious elemental carbon as reported in other works
[17, 29, 30]. The existence of N element and the entering of
N ion into the structure of anatase TiO, within the limits of
instrumental error were confirmed.

To further investigate the N 1s core level states, the XPS
spectrum of N 1s core level electron for N-doped sample
is measured and is shown in Figure 3(b). Although, the N
doping in TiO, has been reported by many papers, the XPS
peak of N 1s has still been under debate. Typically, there
are two forms of N doping. One is the substitutional doping
(O-Ti-N) in which the N atom is bound to Ti atoms directly
and replaces the lattice oxygen atoms with a binding energy
of N about 396 eV; the other one is the interstitial doping
(Ti-O-N) in which the N atoms are bound to lattice oxygen
atoms and locate in the TiO, lattice interstice with a binding
energy of N of about 400 eV [31-36]. In this work, the N 1s
XPS spectrum has a major peak at 399.56 eV which can be
assigned to the substitutional nitrogen atoms in the anatase
lattice of TiO,, and a minor peak at 395.95eV which can
be ascribed to the contributions of the nitrogen atoms in
the interstitial sites forming the Ti-O-N oxynitrides. The
doping content of N is 1.98%, calculating from the N 1s peaks
spectrum. In this work, the doped N atoms are inclined to be
in the substitutional sites forming the N-Ti-O oxynitrides,
and after the N atoms in the substitutional sites forming the
N-Ti-O oxynitrides become saturated (the content is close
to 1.53%), the excessive N atoms were then present in the



International Journal of Photoenergy

x10°

351

Intensity (10° a.u.)

— o
— n ) [ w
T T T T T

I
w
T

(=}
T

0 200 400 600

Binding energy (eV)
@

800 1000 1200

399.56eV
395.95eV

1.1F

Intensity (a.u.)

1.1F

1.1F

390 395 400 405
Binding energy (eV)

(b)

FIGURE 3: XPS spectra of nitrogen-doped TiO, nanoball film. (a) Survey; (b) N 1s peaks.

substitutional sites forming the N-Ti-N structure, as it was
reported in paper [37].

Figure 4(a) illustrates the UV-Vis absorption spec-
troscopy of undoped and N-doped TiO, with the wavelength
in the range of 200-800 nm. The undoped TiO, samples
exhibit the characteristic spectrum of TiO, with its funda-
mental absorption sharp edge around 380 nm. However, the
nitrogen-doped samples exhibit the absorption edge around
440 nm. This absorption edge shifted toward visible light
range indicates that a significant enhancement of absorption
visible light range is observed. According to the equation
A = 1240/Eg, the band gaps of the pure and N-doped TiO,
are 3.23eV and 2.82¢V, respectively. These band gaps are
determined by fitting the absorption spectra data according
to the equation (ochv)2 = B(hv — Eg) (« is the absorption
coeflicient; hv is the photo energy; B is a constant number;

Eg is the absorption band gap energy). Figure 4(b) illustrates

the (ochv)l/ % versus hv curves. As it can be seen, the band
gaps of the pure and N-doped TiO, are 3.2eV and 2.8eV
individually, which are in accordance with the results in
Figure 4(a) and similar to those reported in [38]. The band
gap energy of the nitrogen-doped samples has been narrowed
compared with undoped sample. The reason for this change
has been discussed elsewhere [39]. For the presence of
nitrogen atoms in the lattice, the results of density functional
theory (DFT) calculations [37] have shown a large decrease
in the formation energy for oxygen vacancies. It has been
reported that oxygen vacancy induced by N doping or self-
doping plays an important role in the photocatalytic activity
of TiO, catalyst by trapping the photoinduced electron and
acting as a reactive center for the photocatalytic process. And
it is known that N has a lower valence state than O so that the
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incorporation of N must promote the synchronous formation
of oxygen vacancies for the charge equilibrium in TiO, [40].
That is to say, for nitrogen-doped TiO,, the increase of visible
light response for N-doped TiO, is attributed to both oxygen
vacancies and the N 2p states.

Figure 5 shows the concentrations of methyl blue pho-
todegraded in an aqueous solution under visible light irradi-
ation by insert a filter (A < 400 nm) between the Xe-lamp
and the samples by the pure TiO, and nitrogen-doped TiO,.
The blank test without photocatalyst is carried and the result
is shown in Figure 5 as a compared data. The concentration of
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methyl blue decreases to nearly 44% in 4 hours for nitrogen-
doped samples, while for the pure TiO, nanoball film, almost
no photocatalytic activity has been observed. The methyl
blue degradation rate constants of the nitrogen-doped sample
(3.657 x 10°° min') is much higher than that of the pure
sample (0.128 x 107 min’l), calculated from Figure 5. For
the nitrogen-doped sample, the size of nanoball diameter
is about 50 nm which is only half of the size of undoped
nanoball, the surface area to volume ratio associated with
the nanosize of titania crystals increased, which assures the
higher total amount of the surface active sites available for
adsorption of reactant molecules and facilitates the mass
transfer, hence enhancing the photocatalytic efficiency [41-
45]. At the same time, after nitrogen doping, the visible light
absorption band as evidenced in Figure 4 can be reasonably
thought to arise from the localized states of N 2p above the
valence band and also concomitant oxygen vacancy states
below the conduction band [41]. Hence, as the results show
that nitrogen-doped sample has a superior photocatalytic
property than pure sample under visible light irradiation.

4. Conclusions

In conclusion, TiO, nanoball films were synthesized by an
anodic oxidation method. The nitrogen doping could signifi-
cantly enhance absorption in visible light range, narrowband
gap from 3.2eV to 2.8eV and reduce nanoball diameter
compared with that of the pure samples. The N-doped TiO,
nanoball films possess a stronger photocatalytic activity for
catalyzing the degradation of methyl blue. The concentration
of methyl blue reduces to nearly 44% in 4 hours for nitrogen-
doped sample. The increasement of O vacancies and surface
area for photocatalytic reactivity may be the important two



International Journal of Photoenergy

reasons for the increase of photocatalytic activity in the
nitrogen-doped TiO, nanoball films.
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