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self-modification of mesoporous
titania nanoparticles for enhanced photoactivity:
effect of microwave power density on formation of
oxygen vacancies and Ti3+ defects†

N. F. Jaafar,a A. A. Jalil,*bc S. Triwahyonoa and N. Shamsuddinc

Mesoporous titania nanoparticles (MTN) were successfully prepared by a microwave (MW)-assisted method

under various power densities. The catalysts were characterized by XRD, FT-IR, surface area analysis, TEM,

and ESR. The characterization data indicated that higher power density increased the crystallinity and

surface area of the MTN while decreasing the particle size and band-gap energy of the TiO2.

Significantly, MW heating played an important role in formation of oxygen vacancies (OV) and Ti3+ site

defects (TSD). The MTN (T1–T3) with 0.12, 0.37, and 0.56 W g�1 power density were found to degrade

84%, 88%, and 96% of 2-chlorophenol (2-CP) under visible light, respectively, compared to 69% by

commercial TiO2. Besides narrowing the band gap, the OV and TSD also acted as electron acceptors

that hindered the electron–hole recombination, as well as facilitated the charge carrier migration. The

kinetics study over T3 showed that adsorption was the controlling step in the 2-CP degradation, which

followed a pseudo-first-order Langmuir–Hinshelwood model. The photocatalytic reaction was still

stable, even after five cycle runs without severe catalyst deactivation. This study demonstrates that the

uniform heat distribution provided by MW is able to produce MTN that are rich with OV and TSD that are

effective under visible light irradiation.
1. Introduction

The release of chemical contaminants produced by the indus-
trial and agricultural sectors puts a large burden on the envi-
ronment due to their toxicity and harmful effects, particularly to
human health and aquatic life. Most of the aromatic
compounds, such as benzene, xylene, chlorophenol, methyl
orange, and malachite green, are hard to degrade and can cause
fatal chronic diseases.1–3 Accordingly, many treatment methods
have been used, including adsorption, coagulation, ion
exchange, and electrochemical degradation, in order to avoid
the environmental impact caused by the harmful and recalci-
trant pollutants.4–7 However, these methods have several weak-
nesses, such as the large generation of secondary products and
sludge production, as well as being costly and time
consuming.8,9 Consequently, research activities focusing on
developing methods for green and eco-friendly treatments are
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vital. The Advanced Oxidation Process (AOP) is a promising
method, which usually uses heterogeneous photocatalytic
inorganic semiconductors.10 The aim of AOP is to reduce the
chemical contaminant and toxicity in wastewater that is to be
reintroduced into streams, or at least into conventional and
simple sewage treatment.

Recently, mesoporous materials, such as TiO2, SnO2, Al2O3,
SiO2, and Fe2O3,4,11–16 have attracted much attention due to their
high surface area and tunable pore diameter.17,18 Their
numerous morphologies and compositions, including nano-
particles, powders, thin lms, bers, and monoliths, make
them favorable for various applications, such as environmental
energy, biotechnology, and medicine.19 Much effort has been
made in development of transition metal oxides, especially
TiO2, due to its potential for solving many serious environ-
mental problems despite its drawbacks, including a high elec-
tron–hole recombination rate and a wide band gap that has
restricted its efficiency.20

Nowadays, self-modied mesoporous titania nanoparticles
(MTN) containing oxygen vacancies (OV) and Ti3+ site defects
(TSD) are one of the strategies in light-absorption modication
for TiO2 to increase its photocatalytic performance.21 In fact,
various methods have been studied to synthesize the MTN,
including high-temperature hydrogenation, sol–gel, plasma
treatment, vacuum activation, and e-beam irradiation.22–25
RSC Adv., 2015, 5, 90991–91000 | 90991



RSC Advances Paper
However, these methods involve reduction conditions, uneven
temperature distribution, and/or long reaction time.

Microwave (MW)-assisted methods have been demonstrated
as being effective in the preparation of mesoporous materials.
This method provides a uniform and fast reaction environment
to produce materials with homogenous and dispersed
morphology.26 Recently, we reported a simple MW-assisted
method for the preparation of mesoporous silica nano-
particles (MSN), and its efficient use in ibuprofen adsorption
and release.27 Besides lessening the conventional synthesis
time, MW could enhance the crystal growth to improve the
hexagonal order and range of silica that led to large surface
areas, pore volume, and pore width.28 Anticipating that
remarkable results could also be obtained from such materials,
herein we report a preparation of MTN using a similar MW-
assisted method, and studied its photoactivity toward degra-
dation of 2-chlorophenol (2-CP). We found that different power
densities gave different concentrations of TSD and OV in the
MTN that affected the photoactivity. The MTN were character-
ized by XRD, FT-IR, surface area analysis, TEM, and ESR, and its
structure is proposed. The photocatalytic performance, kinetics
studies, and proposed mechanism, as well as regeneration of
the catalysts, are also discussed. It is expected that by exploring
this new simple synthesis method for formation of OV and TSD
in TiO2, an understanding of the defect chemistry of metal
oxides could be expanded.
2. Experimental
2.1. Reagents, material and apparatus

Titanium(IV) isopropoxide (TTIP) was bought from Sigma-
Aldrich and commercial TiO2 powder catalyst JRC-TiO2-2 (TC)
was supplied by the Catalysis Society of Japan. Cetyltrimethyl-
ammonium bromide (CTAB), perchloric acid (HClO4), prop-
anol and hydrochloric acid (HCl) were purchased fromMERCK,
Malaysia. Acetone was purchased from HmbG Chemical and
methanol was purchased from RPE Reagent pure Erba. Sodium
hydroxide (NaOH) and ammonium hydroxide (NH4OH) were
purchased from QREC™ and 2-CP from Alfa Aesar, Germany
with 99% purity.
2.2. Preparation of catalyst

Themesoporous TiO2 (MTN) was synthesized by the microwave-
assisted process. 4.68 g of CTAB surfactant was dissolved in
720 mL distilled water, 120 mL propanol and 29 mL of 28%
ammonia solution. The mixture was stirred continuously for
30 min at 323 K in water bath. Aer 30 min, the temperature of
water bath was increased to 353 K followed by addition of
5.7 mL TTIP and this process was continued for 2 h in water
bath in order to dissolve the mixture. The white solution was
transfer into a beaker aer 2 h of stirring and placed in the
microwave. The microwave heating was conducted in
a domestic microwave oven (Samsung ME711K), which can be
operated with power ranging from 100–800 W and a frequency
of 2.45 GHz. The heating was intermittently continued for 2 h in
order to form a sol–gel of the TiO2. The power density of
90992 | RSC Adv., 2015, 5, 90991–91000
microwave were varied with 0.12, 0.37 and 0.56 W g�1 which
then denoted as T1, T2 and T3, respectively. The obtained
product was collected and dried overnight in oven before
calcined at 873 K for 3 h.
2.3. Characterization

The crystalline structures of the catalysts were carried out using
a Bruker Advance D8 X-ray powder diffractometer (XRD) with Cu
Ka radiation (l ¼ 1.5418 Å) at 2q angle ranging from 15� to 85�.
The phases were identied with the aid of the Joint Committee
on Power Diffraction Standard (JCPDS) les. The morphological
properties of the catalysts were examined by transmission
electron microscopy (TEM, JEOL JEM-2100F). The band gap of
the catalysts were measured using UV-Vis diffuse reectance
spectra (UV-Vis DRS) which recorded over a range of wave-
lengths from 250 to 500 nm using a Perkin-Elmer Lambda 900
UV/VIS/NIR spectrometer with an integrating sphere. The
chemical functional groups present in the catalysts were iden-
tied by FTIR spectroscopy (Perkin-Elmer Spectrum GX FTIR
Spectrometer). IR absorbance data were obtained over a range
of wavenumbers from 395 to 4000 cm�1. Nitrogen adsorption–
desorption isotherms were used to determine the textural
properties at liquid nitrogen temperatures using a SA 3100
Surface Analyzer (Beckman Coulter). The Brunnauer–Emmett–
Teller (BET) and non-local density functional theory (NLDFT)
methods were used to calculate surface area and pore distri-
bution, respectively. Prior to measurement, all of the samples
were degassed at 573 K and 0.1 Pa. The chemical oxidation state
of the catalyst was determined using X-ray photoelectron spec-
troscopy (XPS) conducted on a Kratos Ultra spectrometer
equipped with an Mg Ka radiation source (10 mA, 15 kV) over
a range of binding energies from 0 to 800 eV. The surface defect
Ti3+ and oxygen vacancy were also conrmed using JEOL JES-
FA100 ESR spectrometer. The sample was placed about 2 cm
height inside the glass vessel before carried out the ESR
measurement to identify the g-value at room temperature. The
photoluminescence (PL) (JASCO Spectrouorometer) (FP-8500)
with 150 W Xe lamp as excitation source was used to identify
the photochemical properties, optical and electronic structure
of the catalysts.
2.4. Photodegradation of 2-chlorophenol

The photoactivity of the catalysts was tested for the degradation
of 2-CP. The photocatalytic experiments were performed in
a batch reactor xed with cooling system. A 36 W UV lamp
(254 nm) and 39 W metal halide lamp (400 nm) were used for
UV and visible light source, respectively. For photoactivity
evaluation, 0.375 g L�1 of catalyst was added to the 2-CP solu-
tion with a desired concentration (200 mL) and stirred for 1 h in
the dark to achieve adsorption–desorption equilibrium. The
initial pH of the solution was pH 5 and the reaction was carried
out at 303 K. Then, the reaction was carried out for another 6 h
under light irradiation under continuous stirring. The concen-
tration of 2-CP in the solution prior to irradiation was used as
the initial value for the 2-CP degradation measurements.
This journal is © The Royal Society of Chemistry 2015
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During the reaction, aliquots of 2 mL were taken out at
intervals of 30 min and centrifuged in a Hettich Zentrifugen
Micro 120 at 55 000 rpm for 15 minutes before being analyzed
by UV-Vis spectrophotometry (Agilent Technologies, Cary 60 UV-
Vis) for the residual concentration of 2-CP. Each set of experi-
ments was performed triplicates. The adsorption band of 2-CP
was taken at 274.5 nm and the degradation percentage was
calculated using the following equation:

Degradationð%Þ ¼ Co � Ct

Co

� 100 (1)

where Co and Ct are the initial concentration of 2-CP and the
concentration at time t, respectively.

An Agilent Technologies 7820A Gas Chromatograph couple
with an Agilent Technologies 5977E Mass Spectrometer
Detector was used for detection of intermediates formed during
photodegradation of 2-CP for mechanism proposed.
3. Results and discussion
3.1. Physicochemical properties of the prepared catalyst

Fig. 1 shows the XRD pattern of TiO2 prepared under various
microwave power densities. A series of XRD peaks for the
distinctive TiO2 anatase phase was observed (JCPDS le no. 01-
086-1157) at 25.32�, 36.98�, 37.86�, 38.6�, 48.06�, 53.97�, 55.09�,
Fig. 1 XRD diffractrograms of TiO2 prepared under various microwave
power densities.

Table 1 Textural properties of catalysts

Catalyst Particle sizea (nm) Band gapb (eV)
Microporous
volumec (�10�3 c

T1 13.25 3.18 0.47
T2 12.24 3.12 1.15
T3 11.36 3.10 3.88
TC — 3.22 0.00

a Particle size calculated using Debye–Scherrer equation at 2q ¼ 25.32�. b

using t-plot method. d Mesoporous volume determined by a formula: tota

This journal is © The Royal Society of Chemistry 2015
62.76�, 68.87�, 70.33�, 75.14�, and 82.76�, which corresponded
to (101), (103), (004), (112), (200), (105), (211), (204), (116), (220),
(215), and (224) planes, respectively. The peak intensity of TiO2

seemed to increase with increasing power density from 0.12 to
0.56 W g�1, signifying the improvement in their ordering
without changing the structure. In fact, the TiO2 anatase phase
was already formed during the microwave heating as conrmed
by the XRD data obtained before the calcination (Fig. S1†). The
T3 exhibited the highest crystallinity may be due to the
adequate heat distribution that enhanced the structural
arrangement of the TiO2 during synthesis.29 The good adequate
heat distribution at 0.56 W g�1 during the synthesis probably
caused by the higher instantaneous microwave power density
delivery, thus create higher microwave eld which rapidly
increase the temperature once microwaves coupled directly
with the molecules of the entire reaction solution.30

The particles sizes of TiO2 were estimated using the Debye–
Scherrer equation based on the major peak at 2q ¼ 25.32� as
follows,

s ¼ kl

b cos q
(2)

where s is the particle size, l is the wavelength of the X-ray
radiation (Cu Ka ¼ 0.1542 nm), k is the shape factor (k ¼
0.94), b is the line width at half-maximum height, and q is the
angular position of the peak maximum. As shown in Table 1,
the increase in power density seemed to decrease the particle
sizes of TiO2, as well as their band-gap energy, which was esti-
mated using the following equation: E ¼ 1240/l (Fig. S2†).31

Similar growth behavior was reported when nanosized ceria was
prepared by a co-precipitation route.32 This may be due to the
high hydration rate of the CTAB chains upon increasing the
power density that enhanced the interaction with titanium
species in the solution, along with increasing the rate of
hydrolysis and polymerization of the TTIP source.27 The
discrepancy of the band gap shi with the size quantization
effect may be due to the large particle size of the MTN (>10
nm).33 While, the decrease in the band gap of MTN with the
increasing power density most probably because of the bulk
defects induced delocalization of the molecular orbitals in the
conduction band edge (e.g. LUMO) and create shallow/deep
traps in electronic energy, in turn causing the red-shi of the
absorption spectra.
m3 g�1)
Mesoporous
volumed (cm3 g�1)

Total pore
volume (cm3 g�1)

Surface
area (m2 g�1)

0.43 0.44 152
0.41 0.42 161
0.35 0.36 187
0.10 0.10 10.5

Band gap calculated using 1240/l (see Fig. S2). c Microporous volume by
l pore volume � microporous volume.

RSC Adv., 2015, 5, 90991–91000 | 90993



Fig. 2 TEM images of (A) T1 and (B) T3.
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Fig. 2 shows the TEM images of TiO2 prepared under
microwave power densities of 0.12 W g�1 and 0.56 W g�1 for T1
and T3, respectively. The TEM images conrmed that the
particles size of T1 (Fig. 2A) were larger than those of T3
(Fig. 2B), demonstrated that the higher power density produced
smaller particle sizes of MTN. This result is in agreement with
the calculated particle sizes listed in Table 1. According to Cai
et al. (2014),34 heat treatment may inhibit the sintering effect,
which probably decreases the particle size and improves the
crystallinity of the catalyst.

Fig. 3 shows the nitrogen adsorption–desorption isotherm of
the MTN, and their pore size distribution. All the samples
demonstrated isotherm type IV with an H3 hysteresis loop
(Fig. 3A), conrming a typical adsorption prole for meso-
structured material with slit-shaped pores that were non-
uniform in size and/or shape.35,36 The hysteresis loop at P/Po ¼
Fig. 3 (A) Nitrogen adsorption–desorption isotherm and (B) pore
distribution of TiO2 prepared under various microwave power
densities.

90994 | RSC Adv., 2015, 5, 90991–91000
0.6–0.99 is attributed to nitrogen condensation within inter-
particle voids that formed due to textural porosity between
particles.37 Fig. 3B shows that the pore size distribution for all
catalysts was in the range between 1.5 to 30 nm. T1 seemed to
consist of the highest numbers of large pore sizes in the range
20–30 nm, followed by T2 and T3. This result shows that the
rudimentary pore formation favorably occurred in the former
compared to the latter TiO2.38

All the pore structural parameters are shown in Table 1. The
total pore volume slightly decreased and the surface area
increased upon the increase in microwave power density. The
enhancement in heat distribution might balance the hydrolysis
and condensation, which increases the framework cross-linking
for better growth of the smaller pores.39 The decrease in the
number of mesopores may explain the decrease in particle sizes
of MTN that led to its higher crystallinity.40

Next, the chemical properties of the catalysts were conrmed
by FT-IR, and the spectra in the range 3780–395 cm�1 are shown
in Fig. 4. All catalysts showed a band at 1630 cm�1, which is
Fig. 4 (A) FTIR spectra in range 395–2000 cm�1, (B) intensity of Ti–
O–Ti and Ti-OH groups at 450 cm�1 and 1090 cm�1, (C) FTIR spectra
in range 3700–3780 cm�1, and (D) intensity of hydroxyl groups at peak
3740 cm�1 of TiO2 commercial and TiO2 prepared under various
microwave power densities.

This journal is © The Royal Society of Chemistry 2015



Fig. 5 (A) XPS spectra of Ti 2p3/2, (B) O1s region for T3, (C) ESR of TiO2

prepared under various microwave power densities and (D) intensity of
signals at g ¼ 1.99 and g ¼ 1.97.
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attributed to the OH vibration of the surface-adsorbed water
(Fig. 4A).41 The bands observed at 1090 and 450 cm�1 were
assigned to Ti–O–Ti asymmetric stretching and bending vibra-
tion modes, respectively, while the band at 960 cm�1 corre-
sponded to the characteristic band of the titanium tetrahedral
framework.42 The TC showed the absence of both Ti–O–Ti
asymmetric stretching and a tetrahedral framework, verifying
the noteworthy consequence of using microwave heating in the
preparation of MTN. It could also be observed that the intense
wide band of TC at 550 cm�1, which was attributed to the Ti–O–
Ti vibration, was slightly shied to a lower frequency at 450
cm�1 when the microwave was applied, signifying the different
strength of Ti–O bonds due to the presence of oxygen adsorp-
tion, which gave different Ti–O bond saturation on the TiO2

surface.43 For clarity, the band intensities are summarized in
Fig. 4B, based on the height intensity of the related bands in
Fig. 4A. The band at 1090 cm�1 was increased considerably with
the increasing power density, indicating the favorable growth of
the Ti–O–Ti asymmetric stretching with the increasing heat
distribution. The band at 450 cm�1 was slightly decreased when
the power density was increased to 0.56 W g�1, which may be
due to the high-temperature treatment weakening the Ti–O–Ti
network and facilitating the Ti–O bond breakage.44

In order to study the details of the hydroxyl groups involved
in the framework, the MTN were evacuated at 673 K for 1 h prior
to IR measurement, and the results are shown in Fig. 4C, and
Fig. 4D summarizes the band intensities. The sharp band at
3740 cm�1, which is attributed to the hydroxyl groups that
chemisorbed on the surface of the TiO2 framework,45 also
increased with the increasing power density. The increasing
numbers of Ti–O bond breaks by the increasing temperature
may explain this enhancement. The absence of this band in the
TC sample conrmed the signicant property of MTN, which is
expected to give an advantage in the photocatalytic reaction.

XPS analysis is performed to determine the chemical states
of the TiO2. Fig. 5 shows the XPS spectra of Ti 2p3/2 and O1s with
Gaussian ts for the T3 catalyst. The Ti 2p3/2 spectrum (Fig. 5A)
can be xed into four peaks which the peaks at 457.7 and 458.9
eV were assigned to Ti3+, while peaks at 458.35 and 459.3 eV
were attributed to Ti4+.46 The O1s spectrum (Fig. 5B) showed the
existence of Ti3+–O peaks at 530.8 and 532.5 eV, whereas peaks
at 529.5 and 534.5 eV is attributed to Ti4+–O and hydroxide or
hydroxyl group (OH�), respectively.47 These results conrmed
the existence of Ti3+ surface defect (TSD) in the MTN. The
catalysts were also further conrmed by ESR and the results are
shown in Fig. 5C. Two signals were observed at g ¼ 1.99 and g ¼
1.96, which corresponded to oxygen vacancy (OV) and TSD sites,
respectively.48 From the summary of both signal intensities for
each catalyst shown in Fig. 5D, it could be observed that the TC
showed the lowest numbers of both OV and TSD compared to
MTN. The values of both properties for T1 and T2 increased
proportionally with the increasing microwave power density
with an almost equal degree for each property. Signicantly, the
OV for T3 seemed to increase considerably when the power
density increased to 0.56 W g�1. These results signify a good
prospective of the MTN because the photocatalyst depends
mainly on the OV and TSD.49,50
This journal is © The Royal Society of Chemistry 2015
A mechanism for the formation of MTN is proposed as for
the formation of mesoporous silica (Fig. S3†). The CTAB will
create a micellar system, which then being micellar rods and
hexagonal array by the increasing concentration. The subse-
quent addition of a titanium source of TTIP into the prepared
template formed a collection of nanosized spheres that are l-
led with a regular arrangement of pores aer undergoing
hydrolysis and condensation during the MW heating. The
template was then removed by calcination to give a white
powder of the MTN.

Based on the above characterization results, a reaction
mechanism during the MW heating is proposed, as in Fig. 6.
The increasing MW power density provided adequate aging to
enhance the formation of Ti–O–Ti bonds for a tetrahedral
framework, as well as terminal hydroxyl groups, as conrmed by
the FT-IR results. The ESR data also demonstrated that the
higher power density increased the formation of OV and TDS,
whichmight be due to well condensation removedmore surface
oxygen to form OV, while generated electrons were readily
trapped on the Ti4+ sites to form Ti3+.33,51,52 Higher the power
density, the higher the uniformity of the heat distribution,
RSC Adv., 2015, 5, 90991–91000 | 90995



Fig. 6 Proposed mechanism for formation of oxygen vacancy (OV)
and Ti3+ defect sites (TDS).

Fig. 7 (A) Photocatalytic performance of TiO2 commercial and TiO2

prepared under various microwave power densities and (B) photo-
degradation kinetics of 2-CP using T3 at different initial concentrations
(a) 10mg L�1, (b) 30mg L�1, (c) 50mg L�1, (d) 70mg L�1 and (e) 100mg
L�1. [C2-CP ¼ 50 mg L�1, pH ¼ 5, W ¼ 0.375 g L�1, t ¼ 6 h, 30 �C].

RSC Advances Paper
which enhanced the number of oxygen vacancies.53 The TEM,
XRD, and surface area analysis data veried that the increase in
power density decreased the larger pore size and particle sizes
that led to the higher surface area of the MTN. In addition,
increasing power density also lowered the band gap. All these
properties show the great potential of MTN to be used as
a photocatalyst.
Table 2 Percentage degradation at different initial concentration of 2-
CP and pseudo-first-order apparent constant values for 2-CP degra-
dation using T3 [pH ¼ 5, W ¼ 0.375 g L�1, t ¼ 6 h, 30 �C]

Initial 2-CP
concentration, Co Degradation, (%)

Reaction
rate, kapp
(�10�2 min�1)

Initial reaction
rate, ro
(mg L�1 min�1)

10 100 (90 min) 4.44 0.44
30 100 (270 min) 1.67 0.50
50 96 0.72 0.36
70 88 0.56 0.39
100 81 0.43 0.43
3.2. Catalytic testing on photodegradation of 2-
chlorophenol

3.2.1 Performance of the catalysts. The photocatalytic
activity of MTN was tested on the degradation of 2-CP under
both UV and visible light irradiation, and the results are shown
in Fig. 7A. It was clearly observed that all the catalysts showed
better performance under visible light than UV light. T3
demonstrated the highest degradation of 2-CP (96%), followed
by T2, T1, and TC, with 88%, 84%, and 69%, respectively. This
result conrmed the effectiveness of MTN compared to TC
under visible light conditions in this degradation, which is
likely due to their numbers of OV and TSD. The larger values of
both properties, the higher the photoactivity. Both properties
may have acted as electron acceptors, which lessen the elec-
tron–hole recombination and enhances the photoactivity.45,54,55

The TSD and OV could also adsorb O2, which acts as a promoter
in the oxidation of 2-CP for efficient photodegradation.56,57

Under visible light irradiation, the formation of electron–hole
pairs increased due to the excitation of electrons from both
valance band (VB) and TSD. However, this phenomenon did not
to occur under UV irradiation since the energy of the UV
90996 | RSC Adv., 2015, 5, 90991–91000
irradiation is much higher and capable to excite directly the
electron from the VB to the conduction band (CB). Similar
phenomenon was reported in the degradation of dibenzothio-
phene over C/TiO2@MCM-41.58 In addition, the descending
band gap listed in Table 1 for T1–T3, as compared to TC, also
led to a synergistic effect in this photodegradation. Their crys-
tallinity, structure, topology, and surface area also supported
these results.

3.2.2 Kinetic studies. The photocatalytic degradation of 2-
CP under different initial concentrations in the range of 10–100
mg L�1 was investigated over T3, and the results are shown in
Table 2. The 2-CP was completely degraded when the initial
concentrations were 10 and 30 mg L�1 within 90 and 270 min,
respectively. However, increasing the initial concentration
seemed to decrease the degradation, which was most probably
due to the increasing 2-CP molecules inhibiting the light
penetration and reducing the production of active hydroxyl
radical species. The kinetics of degradation of 2-CP over T3 was
then analyzed by the Langmuir–Hinshelwood model,59 and the
This journal is © The Royal Society of Chemistry 2015
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linear plot of ln(C0/Ct) vs. irradiation time is shown in Fig. 7B.
The straight line demonstrates that the photodegradation
follows rst-order kinetics.15 The decrease of kapp values with
increasing initial concentration indicates that the system was
favorable at low concentrations.60

The calculated values of kr (reaction rate constant) and KLH

(adsorption coefficient of reactant) for T3 were found to be
2.7541 mg L�1 min�1 and 0.1497 Lmg�1, respectively. The value
of kr was greater than KLH, signifying that adsorption of 2-CP
was the controlling step of the process.61,62 A comparison study
on photodegradation of various pollutants over mesoporous
TiO2 photocatalysts prepared by different methods was tabu-
lated in Table 3. It clearly shows that the MTN prepared by
microwave-assisted method is comparable with other meso-
porous TiO2 catalysts.

3.2.3 Regeneration of the catalyst. The regeneration of the
catalyst toward 2-CP degradation was carried out by a repeated
experiment over T3 (Fig. 8). The catalyst was still active with only
a slight decrease from 91% to 82% even aer ve repetitions,
which may be due to the decrease in the surface area as
a consequence of heat treatment.70 This result shows that the T3
has great potential to be used as a catalyst for various applica-
tions, especially for photocatalytic degradation of organic
pollutions.

3.2.4 Proposed 2-CP degradation mechanism by MTN. In
order to investigate the mechanism of 2-CP degradation using
MTN, the effect of scavenging agents was studied using three
important active species: sodium oxalate (SO), potassium per-
oxodisulfate (PP), and potassium iodide (PI), as a scavenger for
photogenerated holes (h+), photogenerated electrons, and
hydroxyl radicals adsorbed on the catalyst surface (OHcads),
respectively.71 Fig. S4† shows that the degradation efficiency of
2-CP decreased to 53%, 95%, and 61% by the addition of SO, PP,
and PI, respectively. However, PP did not appear to affect the
degradation at all, demonstrating the minor role of electrons as
compared to the others.

Based on the above results, the possible mechanism for
degradation of 2-CP over MTN is proposed in Fig. 9. Generally,
Fig. 8 Reusability performance of T3 [C2-CP ¼ 50 mg L�1, pH¼ 5,W¼
0.375 g L�1, t ¼ 6 h, 30 �C].
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Fig. 9 Proposed mechanism for degradation of 2-CP using MTN.
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the visible light irradiation led to the photogenerated electrons
being transferred from the VB to the CB (eqn (3)).

TiO2 + hn / TiO2 + hVB
+ + eCB

� (3)

However, in this study, the migration of electrons was
inhibited by the presence of TSD and OV. This was conrmed by
the insignicant scavenger effect of electrons in the photo-
degradation. Instead, the generated holes in the VB play a key
role in oxidizing the H2O or absorbed OH� groups on the
surface of TiO2 to generate OHc (eqn (4) and (5)), support by TSD
which also act as charge-carrier migration.

hVB + H2O / OHc + H+ (4)

hVB + OH� / OHc (5)

The excited electrons on TSD, OV, and CB also participated
in the reduction of O2 to produce superoxide anion radicals,
O2c

� (eqn (6)), which nally generated OHc (eqn (7)) to miner-
alize 2-CP partially or completely (eqn (8)). The details of the
total mineralization of 2-CP to CO2 and H2O is proposed in
Fig. S5.†

O2 + eCB / O2c
� (6)

O2c
� + H+ / OOHc / OHc (7)

OHc + 2-CP / degraded 2-CP (8)

This study shows the signicant roles of TSD and OV in the
TiO2, which contributed synergistic effects to narrowing the
band gap and facilitating the charge carrier migration, while
also being electron acceptors to hinder the electron–hole
recombination.
4. Conclusions

In conclusion, MTN were prepared by a MW-assisted method
under various microwave power densities, and were successfully
used in the photodegradation of 2-CP. The physicochemical
90998 | RSC Adv., 2015, 5, 90991–91000
properties of the MTN were studied via XRD, FT-IR, surface area
analysis, TEM, and ESR. It was clearly observed that higher
power density increased the uniformity of heat distribution and
provided a good aging to enhance the formation of Ti–O–Ti
bonds. The particle sizes of the MTN were reduced, and the pore
structure became smoother. Signicantly, the formation of TSD
and OV also increased because the condensation occurred
during MW heating plays an important role in removing the
oxygen surface to form OV, as well as reducing the Ti4+ to Ti3+

sites. All the prepared catalysts showed better performance
under visible light rather than UV light, with T1, T2, and T3
leading to 84%, 88%, and 96% degradation of 2-CP, respec-
tively, as compared to commercial TiO2 (69%). Besides lowering
the band-gap energy of the catalysts under visible light, the OV
and TSD also eased the charge carrier migration and inhibited
the electron–hole recombination rate to increase the photo-
catalytic efficiency.72,73 The kinetic study indicated that degra-
dation of 2-CP using T3 followed a pseudo-rst-order
Langmuir–Hinshelwood model with the value of kr (2.7541 mg
L�1 min�1) being greater than KLH (0.1497 L mg�1), suggesting
that adsorption was the controlling step in the process. The
regeneration study demonstrated that the photocatalytic
activity was still stable aer ve cycles with only a slightly
decrease in the degradation of 2-CP. Therefore, theMW-assisted
method is may contribute to the synthesis of various meso-
porous materials with distinctive properties for various
applications.
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