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C–N–S–tri doped TiO2 anatase phase was synthesized using a facile, effective and novel sonochemical
method at low frequency (20 kHz) and at room temperature. Titanium butoxide as the titanium precursor
and thiourea as the dopant source were used in the synthesis of the photo-catalyst. The effects of impor-
tant parameters such as thiourea/Ti molar ratio, ultrasound intensity, sonication time and temperature
were studied on the synthesis of tri-doped TiO2. The XPS results confirmed the presence of N, S, and C
in the photo-catalyst. The photo-catalytic efficiency of the synthesized catalyst was studied toward the
removal of Diclofenac as a model pharmaceutical organic pollutant. The results confirmed that the
photo-catalyst synthesized with narrower band gap energy, shorter sonication time and higher ultra-
sound intensity leads to a rapid removal of Diclofenac. The effect of operational variables on the
photo-catalytic activity of C–N–S tri doped TiO2 nanoparticles was studied and optimized using the
Taguchi method as a statistical technique. Additionally, the degradation process followed the pseudo-
first-order kinetics model and the highest apparent rate constant of 0.0632 min�1 achieved in 90 min.
Chemical oxygen demand (COD) analysis confirmed that the mineralization took place completely
(100%) under the optimized conditions in 180 min. Different scavengers were applied during the degra-
dation process and active species such as �OH and O2

�� had key roles in the photo-catalytic process.
� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Recently, the development of new advanced photo-catalysts to
inactivate pathogenic agents in aqueous media [1], degradation of
hazardous materials, environment cleanup [2–4], and the purifica-
tion of polluted water and the air is a matter of growing interest.
Especially, the use of visible-light driven photo-catalysts to utilize
efficiently solar energy is a great challenge for these kinds of treat-
ment. Among all semiconductor materials, titanium dioxide (TiO2)
is widespread used to air and water purification due to its strong
oxidizing power, high chemical stability, low cost, eco-friendly,
ease of availability, and no toxicity [5–7]. However, TiO2 has disad-
vantages such as the quick recombination of the photo-created
electron–hole pairs, long coloration time and low electrochromic
efficiency and large band gap (3.2 eV) which absorbs only 3–5%
of solar light to the excitation [8]. Hence, to overcome this limita-
tion, TiO2 has been modified by the substitution doping of metals
or nonmetals in order to extend its photo-response range and to
improve the photo-catalytic activity under visible light [9–11].

Doping with metal ions lead to extend the spectral response of
TiO2 to the visible light region by reducing the band gap value and
providing defect states in the band gap. But, they do not give sat-
isfactory results due to their thermal instability and often enhance
the charge carrier recombination [12]. Compared with metal ions
doping, nonmetal dopants, such as N [13], F [14], C [15], S [16]
and Cl [17] have been proved to be more appropriate for the acti-
vation of TiO2 in the visible region. This is due to the narrowing of
the band gap, minimizing their role as charge carriers recombina-
tion centers, and environmentally are friendly [10,18].

Relatively, the doping of TiO2 with S, C, N, and F [19,20] have
been extensively investigated for increasing its photo-catalytic
activity under visible light. Among them, N-, S- and C-doped TiO2

nano-materials have been found to be the most dopants.
N-doping results in the change of banding structure of TiO2 due
to the N interstitial doping, N-substitution, and the formation of
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surface oxygen vacancies [21]. Similar to the N doping, carbon
atoms prefer to be interstitial or substitutional to Ti atoms [22]
and sulfur can be doped with replacing either the oxygen as an
anion or the titanium as a cation [23].

Recently, the simultaneous multi-dopants into TiO2 has
attracted more attention, so that could result in higher photo-
catalytic activity under visible and solar light illumination as
reported for the C–N–S tri doped TiO2 [24–26]. This can be attrib-
uted to the synergistic effect of each dopant causing an increasing
surface acidity [27,28], band gap narrowing, a reduction of charge
recombination, red shift in adsorption edge, and also by modifica-
tion of its textural [11,26,29].

It is well specified that the photo-catalytic performance of TiO2

greatly depends on the choice of synthetic route for its modifying,
phase purity, the yields of nonmetal-doped TiO2 nanocrystals, and
high specific surface area. However, many methods such as sol–gel,
hydrothermal, precipitation, microemulsion, solvothermal, micro-
wave, and others have been proven to be impressive and effective
[30,31]. But, they often need some special and expensive instru-
ments, multiple and complex processing steps, harsh conditions,
relatively toxic starting materials to the environment [10], time-
consuming, requires specific pH control, and high temperature
[32,33]. In other words, it is necessary to develop a simple and
environmentally friendly method for the modification of TiO2.
Hence, applying of ultrasound as a simple and more facile
approach is becoming a great challenge for doping TiO2 to improve
its photo-catalytic efficiency. This method reduces the consump-
tion of additional reagents in synthesis [34] and it is environmen-
tally friendly, relatively cheap and easy to operate. In addition, this
method decreases the time of synthesis, controls morphology, and
more important increases the efficiency of nonmetal doping [35].

In the literature, few systematic works can be found regarding
the effects of ultrasound on the activity of nonmetal-TiO2 [36,37].
However, to the best of our knowledge, there is no report in the lit-
erature on the synthesis of N–S–C–tri doped TiO2 photo-catalysts
via the sonochemical method and no study on its photo-catalytic
effects in degradation of Diclofenac (DCF). In this study, we inves-
tigated the synthesis of N–S–C–tri doped TiO2 nano-photocatalyst
via a facile sonochemical route at room temperature. The photo-
catalytic activity of the sono-synthesized samples was carried
out by the degradation of DCF under solar-light irradiation using
different parameters. The sono-synthesized N–S–C–tri doped TiO2

nano-photocatalyst exhibited high efficiency in degradation of
DCF in a short time.
2. Experimental

2.1. Materials

Titanium butoxide (purity 98%), thiourea, urea, sodium sulfate,
potassium persulfate, potassium iodide, 1,4-benzoquinone (BQ),
HNO3, HCl, NaOH and absolute ethanol fromMerck, NaN3 from Rie-
del and Diclofenac sodium (C14H10Cl2NNaO2) from Sigma-Aldrich.
All reagents were in analytical grade and used directly without fur-
ther purification. Ultrapure Milli-Q water from Millipore was used
for the preparation of solutions.
2.2. Synthesis of C–N–S–tri doped TiO2

Nano-crystalline C–S–N–tri doped anatase TiO2 was synthe-
sized by sonication of the ethanol solution of titanium butoxide
and thiourea. In a typical synthesis, 10 mL of titanium butoxide
was added dropwise into 50 mL absolute ethanol under ultrasonic
irradiation at ambient temperature. A white suspension was
formed by dissolving specified amount of thiourea. The suspension
was sonicated at 20 kHz in a Rosset cell at 25 �C and the tempera-
ture was controlled through the circulating water. After sonication
for 10 min, a mixture of 3 mL MQ water, 3 mL absolute ethanol and
1 mL nitric acid was added dropwise to the above suspension and
the translucent colloidal solution became completely transparent.
For more homogenization, the solution was sonicated continuously
for another 5 min. At the end of the sonication, the resulting solu-
tion was set aside for 2 h to obtain the gel. The gel was dried at
80 �C for about 10 h in an oven and calcined at 300, 400 and
500 �C for 3 h in a muffle furnace. The molar ratio of thiourea/Ti
was fixed at 0.05:1, 0.2:1 and 0.5:1. In addition, for comparison,
C-doped TiO2 was synthesized with the same procedure without
adding thiourea. N-doped TiO2 and S-doped TiO2 were synthesized
with the comparable contents of N and S using urea and sodium
sulfate as dopant sources, respectively.

2.3. Characterization methods

The prepared photo-catalysts were characterized by several
techniques. X-ray diffraction (XRD) pattern of samples was col-
lected in the range of 10�–80� using a Bruker-axs, D8 Advance in
scanning step of 0.04�/s, with mono-chromatized Cu Ka irradiance
(k = 1.5406 Å). The X-ray photoelectron spectrum (XPS) was
recorded to investigate the chemical states of the sample with
ESCA PHI 5000 instrument (Al Ka irradiation with 1486.6 eV
energy and Mg Ka irradiation with 1253.6 eV energy). Fourier
transform infrared (FTIR) spectrum was recorded with KBr disks
containing the powder sample with the FTIR spectrometer Thermo
Nicolet (Avatar 370). UV–Vis spectra of all samples were obtained
using a UV–Vis spectroscopy (Unico 2800).

2.4. Photo-catalytic activity

The performance of the as-synthesized samples was investi-
gated by the photo-catalytic degradation of DCF solution under
sunlight irradiation in sunny days in April 2015 with the intensity
of Ev = 750 lx (GPS coordinates: N = 36�180 41.600, E = 59�310 54.200).
In a typical experiment, 50 mL aqueous suspensions of DCF
(25 mg L�1) and 0.05 g of catalyst were placed into a water-
jacketed reactor. Prior to photo-catalytic degradation, the
suspension was stirred in the dark for 30 min to obtain an adsorp-
tion/desorption equilibrium between DCF and nano-photocatalyst.
After that, the suspension was placed under sunlight irradiation. At
given time intervals, samples were withdrawn from the suspen-
sion, centrifuged with a speed of 10,000 rpm for 10 min and
filtered through 0.22 lm Millipore filters to remove particles for
further analysis. Then the supernatant liquid in the photo-
catalytic reaction was analyzed by measuring the maximum absor-
bance of DCF at 275 nm using the UV–Vis spectrophotometer. The
photo-catalytic experiments were carried out under solar light for
90 min. The COD of samples was determined by dichromate
method [38] and it was compared with the initial COD of DCF
solution [39]. The percent of real degradation was calculated using
the following formula:

%degradation ¼ C0 � ½Ct þ Cd�
C0

� 100 ð1Þ

Where Co denotes the initial DCF concentration (mg.L�1), Ct is
the concentration at time t (mg.L�1) in the solution and Cd is the
concentration at time t on the surface of photo-catalyst which
was measured through desorption process (mg.L�1).

Desorption of the DCF from the nanophotocatalyst surface was
carried out by taking 0.05 g of nanoparticles pre-adsorbed with
50 mL of 25 ppm DCF and then dispersed in 50 mL methanol and
stirred continuously at 300 rpm for 30 min in order to ensure
complete desorption. The concentrations of desorbed DCF were
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measured with UV–Vis spectrophotometer at kmax = 275 nm (mea-
suring Cd).

To determine the main photo-induced reactive species in
photo-catalytic degradation of DCF by S–C–N–tri doped TiO2

nanoparticles, the effects of KI (h+ quencher), NaN3 (O2
1 quencher),

1, 4-benzoquinone (BQ) (�O2
� quencher) and Ar-purging and etha-

nol (�OH quencher) were investigated under sunlight. The same
concentration of scavengers (5 mM) was used for the solutions of
the 25 mg.L�1 DCF under optimal conditions.
Table 2
Band gap values for samples with different thiourea-to-
titanium butoxide molar ratios.

Samples Band gap (eV)

CSNT-0.2 2.66
CT-0.2 3.04
NT-0.2 3.02
ST-0.2 3.03
3. Results and discussion

3.1. Optimized synthesis of C–S–N–tri doped TiO2

Different samples were synthesized under different variables
such as thiourea/Ti molar ratio, reaction temperature, sonication
time, and ultrasonic intensity. The performance of the samples
was studied on the degradation of DCF in 90 min under sunlight
irradiation and the results are summarized in Table 1. All samples
were calcined at 500 �C.

In the samples 1, 3, and 4, the effect of thiourea/Ti molar ratio
was investigated on the performance of the synthesized photocat-
alysts. Table 1 shows that DCF degradation increased from 54.76 to
76.48% with an increase in the thiourea/Ti molar ratio from 0.05 to
0.2. The improvement of photocatalytic degradation was attributed
to the presence of N and S in the TiO2 lattice, which caused the for-
mation of a new impurity level owing to the hybridization of the
N2p and S2p levels between the valence and conduction bands of
Table 1
Variables in the synthesis of photocatalysts and their effects in the degradation

Samples Thiourea/Ti molar ratio Reaction temperature (�C) Son

1 0.05:1 25 15
2 0.2:1 25 10
3 0.2:1 25 15
4 0.5:1 25 15
5 0.2:1 10 15
6 0.2:1 40 15
7 0.2:1 25 30
8 0.2:1 25 60
9 0.2:1 25 15
10 0.2:1 25 15
11 0.2:1 25 15
12 0.2:1 25 15
13 0.2:1 25 15

Fig. 1. (a) UV–Vis absorption spectra and (b) plots of (ahm)1/2 versus Eg of the synthesize
ultrasonic intensity: 14.13 W/cm2).
TiO2. Thus, the excitation energy could be reduced to the visible
light range because photogenerated electrons and holes could tra-
vel through this lately formed intermediate level [40]. With an
increase in the thiourea/Ti molar ratio to 0.2, the dopants acted
as electron–hole separation centers, which promoted charge sepa-
ration and enhanced the photo-catalytic efficiency. A decrease in
degradation was observed at thiourea/Ti molar ratio above 0.2. A
high amount of thiourea during synthesis is detrimental to the
photo-catalytic activity because dopant ions will act as recombina-
tion centers [41]. High thiourea content can also decrease the
number of active sites in the catalyst, which results in a lower
photo-catalytic activity [42]. The synthesis of N–S–C–tri doped
TiO2 at higher doping levels became increasingly difficult due to
the requirement of larger formation energy. Hence, for the
subsequent experiments, a thiourea/Ti molar ratio of 0.2:1 was
used during synthesis.

In the samples 3, 5, and 6, the effect of sonochemical reac-
tion temperature was studied on the synthesis of photocatalyst
of DCF.

ication time (min) Ultrasonic intensity (W/cm2) % Degradation

14 54.76
14 66.84
14 76.48
14 49.72
14 44.88
14 25.76
14 54.08
14 47.36
5 50.56
10 57.12
12 62.53
16 69.81
18 67.56

d photocatalysts (sonochemical reaction time: 15 min, reaction temperature: 25 �C,



Fig. 2. (a) FT–IR spectrum, (b) XRD pattern and (c) EDS spectrum of CNST-0.2 nanoparticles.
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at 25, 10 and 40 �C, respectively. According to Table 1, the
percentage of degradation of DCF was increased from 10 to
25 �C and reduced at 40 �C. Thus, the optimum temperature
for the synthesis of the photocatalyst in the selected range
of temperature was 25 �C. The difference in the degradation
of DCF can be attributed to the different effects of cavitation
on the synthesized photocatalyst at different temperatures.
For example, a high temperature leads to a high solvent vapor
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pressure and subsequently reduces cavitation effect and thus
decrease the degradation of DCF.

In order to investigate the effect of sonication time on the syn-
thesis of C–S–N–tri doped TiO2, sonication times of 10, 15, 30 and
60 min were selected without changing any other parameters.
From Table 1, with the increase of the sonication times from 10
to 15 min, the destruction of DFC enhanced and then decreased.
It means that sonication for longer times has a negative effect on
the degradation of DCF. In fact, sonication can promote the doping
of the nanoparticles. The degradation of DCF was maximized in the
case of 15 min sonication time.

For any reactions aided by ultrasound, the effectiveness of
cavitational activity often depends on the ultrasonic intensity
Fig. 3. (a) XPS survey spectrum and high-resolution XPS scan spectra of (b
introduced during synthesis. In this study, the effect of ultrasonic
intensity was investigated by its varying from 5 to 18 W.cm�2 of
the ultrasonic processor. The photocatalytic activity of the synthe-
sized photocatalysts produced at different ultrasonic intensities
was checked on the degradation of DCF as it is listed in Table 1.
The effect of ultrasonic intensity was clearly demonstrated for a
sonication duration of 15 min. The percentage of degradation
was increased from 50.56 to 76.48% by applying an ultrasonic
intensity from 5 to 14W.cm�2, and then it was decreased at higher
intensities (16–18W.cm�2). Accordingly, the degradation effi-
ciency of DCF was maximized using photocatalyst synthesized at
14 W.cm�2. This behavior could be explained by the cavitation
process which strongly influences the nucleation process and the
) Ti2p, (c) O1s, (d) C1s, (e) N1s and (f) S2p of CSNT-0.2 nanoparticles.



Fig. 4. Photocatalytic degradation of DCF using the as-synthesized TiO2

(C0: 25 mgL�1, photocatalyst dosage: 0.05 g, pH: neutral).
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following formation steps of the N–S–C–tri doped TiO2 nanoparti-
cles. It is known that the ultrasonic intensity can influence the
number of cavitation bubbles produced during the sonication.
The number of cavities increases with increasing ultrasonic inten-
sity until it reaches to the certain intensity which is related to the
properties of the medium. Further increasing the intensity pro-
duces less effect which is due to the coalescence of the bubbles.
The produced enlarged bubbles float to the surface of the liquid
and cannot affect more on the process [37].

3.2. Characterization of optimized N–C–S tri doped TiO2

Fig. 1a shows the UV–Vis absorption spectra of different doped
TiO2 photo catalyst samples. The CSNT-0.2:1 photo catalyst exhib-
ited a red shift in the visible-light region with respect to the other
samples. Therefore, it is assumed that the mentioned sample
should possess higher catalytic activity under solar light for degra-
dation of DCF. In addition, the C–N–S tri doped TiO2 synthesized by
using stirring exhibited weak light absorption in comparison to
that of the sono-synthesized photo catalysts. Based on Fig. 1b,
the band gap energies were calculated using the Tauc equation
(Eq. (2)) and summarized in Table 2.

ðahmÞ1n ¼ Aðhm� EgÞ ð2Þ
The band gap of C–N–S tri-doped TiO2 has been narrowed and it

could be attributed to the mixing or overlap of C, N, and S 2p orbi-
tals with O 2p orbitals. The intra gap localized states of C,N and/or
S, and/or the overlap of the C,N and/or S 2p orbitals with the
valence band O 2p orbitals, suggesting that the tri doping of N, S
and C elements narrowed the band gap energy of CSNT-0.2, which
should give rise to the occurrence of the hybridized states located
in the band gap [25,43]. The results indicated that controlling the
addition of thiourea, the elements of simultaneous tri-doped into
TiO2 lattice and especially ultrasound are crucial to obtaining an
optical synergistic effect in doped TiO2. The effect of ultrasound
can be explained by localized hot spots and pressure generated
from acoustic cavitation during sonication that led to increasing
the efficiency of tridoping into the TiO2 lattice [37].

Fig. 2a shows the FTIR spectra of CSNT-0.2:1 photocatalyst cal-
cined at 500 �C. The absorption bands at 3423.60 cm�1 and
1627.64 cm�1 are imputed to the stretching and bending vibra-
tions of the hydroxyl group present on the surface of TiO2 photo-
catalyst, respectively [44]. The stretching vibration of Ti–O band
appeared at 595.52 cm�1 and the peaks at 1204.99, 1145.00 and
1049.72 cm�1 can be attributed to the characteristic frequencies
of a bi-dentate SAO coordinated to Ti4+ [45]. Ammonium ions pro-
duced by the dissociation of thiourea were also found in the titania
prepared using thiourea because of a peak at 1440.83 cm�1 attribu-
table to the deformation mode of ammonium ions [46].

The phase structure of the prepared sample was investigated by
XRD and it is shown in Fig. 2b. It can be seen that CSNT-0.2 displays
only the characteristic peaks of anatase (major peaks at 25�, 38�,
48�, 55�) and no rutile phase is observed (JCPDS file No.
04-0477). The average crystal size was calculated using
Debye-Scherrer equation [47] and it was 6.11 nm.

D ¼ Kk
b cos h

ð3Þ

Additionally, the EDS analysis (Fig. 2c) clearly shows that the
photo-catalyst are composed of Ti and O, as well as C, N and S.
To study the chemical states of the conceivable dopants incorpo-
rated into TiO2, Ti2p, O1s, C1s, N1s, and S2p binding energies are
investigated by XPS spectra. The results are shown in Fig. 3. The
high-resolution spectra of Ti2p3/2 and Ti2p1/2 core levels are given
in Fig. 3b. The binding energy for the Ti2p3/2 and Ti2p1/2 core level
peaks appeared at 461.30 and 467.00 eV, respectively which are
attributed to OATiAO linkages in TiO2. The O1s spectra of CSNT-
0.2 are shown in Fig. 3c. The O1s peak is observed at 532.80 and
535.40 eV. The first peak is basically attributed to the OATiAO
linkage in the TiO2 lattice, and the second peak is related to the
hydroxyl groups (–OH) resulting chiefly from chemisorbed water.
The increase in surface hydroxyl content is beneficial for trapping
much more photo-generated holes and thus preventing electron–
hole recombination [48]. The chemical environment of carbon is
analyzed by the XPS of C1s core levels as shown in the Fig. 3d.
Three peaks are observed for the C1s at 287.60, 289.40 and
291.50 eV. The first peak observed at 287.60 eV is assigned to ele-
mental carbon existent on the surface, which is also in agreement
with the reported studies. The second and third peaks at 289.40,
291.50 eV are attributed to CAO and C@O bonds, respectively
[24]. The high-resolution XPS spectra of N1s core level is shown
in Fig. 3e. Generally, N1s core level in N doped TiO2 shows binding
energy about 396.00 eV that is attributed to substitution effect of
doped N into the TiO2 lattice or b nitrogen [49]. The XPS spectra
of S2p is shown in Fig. 3f. It was found that the substitution of
cationic S-doping at 171.50 eV can be attributed to the S6+ [50]
incorporate into the bulk phase of the TiO2 nanoparticle by replac-
ing Ti4+. The oxidation state of the S-dopant is dependent on the
preparation procedure and sulfur precursors. Previous studies have
reported that if thiourea was used, the replacement of Ti4+ by S6+

would be more favorable than replacing O2� with S2� [51].

3.3. Photo-catalytic activities of different nanoparticles

To perform photo-catalytic experiments, the degradation of DCF
in the prepared photo-catalysts was measured after 30 min of stir-
ring in darkness. The degradation of DCF was 9.44%, 76.48%,
54.76%, 49.72%, 29.83%, 39.63% and 41.73% for photolysis (without
photo-catalyst), CSNT-0.2, CSNT-0.05, CSNT-0.5, CT-0.2, NT-0.2 and
ST-0.2 nanoparticles within 90 min sunlight irradiation, respec-
tively. Fig. 4 shows the degradation for DCF under sunlight irradi-
ation and the first-order kinetic constants and half-life for DCF
degradation are listed in Table 3, for all prepared nanoparticles.
According to the photo-catalytic kinetic data of Fig. 4 and Table 3,
all prepared CSNT nano-materials show higher degradation rates
than CT, NT and ST. This result shows that C–S–N–tri-doping is
effective. Overall, the activity towards photo-catalytic DCF degra-
dation under sunlight irradiation follows the sequence: CSNT-
0.2 > CSNT-0.05 > CSNT-0.5 > ST-0.2 > NT-0.2 > CT-0.2 > photolysis.
It was generally thought that the photo-catalytic activity might be



Table 3
The apparent first-order rate constant kapp and correlation coefficient R2 for DFC
degradation.

Samples C0 (ppm) ka (min�1) t1/2 (min) R2

Photolysis 25 0.0011 627.27 0.9946
CSNT-0.05 25 0.0262 26.33 0.9863
CSNT-0.2 25 0.0632 10.91 0.9896
CSNT-0.5 25 0.0277 24.90 0.9800
CT-0.2 25 0.0071 97.18 0.9899
NT-0.2 25 0.0094 73.40 0.9908
ST-0.2 25 0.0086 80.23 0.9938

Table 4
Controllable factors and their levels.

Parameters Levels

1 2 3

pH 3 6 9
Irradiation time (min) 30 60 90
Dose of photo-catalyst (g) 0.03 0.05 0.07

Table 5
Taguchi orthogonal array table of L9.

Run pH Irradiation time
(min)

Dose of
photocatalyst (g)

% degradation
of DCF

S/N
ratio

1 3 30 0.03 47.96 33.61
2 3 60 0.05 25.76 28.21
3 3 90 0.07 62.88 35.97
4 6 30 0.05 50.74 34.10
5 6 60 0.07 41.45 32.35
6 6 90 0.03 65.32 36.30
7 9 30 0.07 25.89 28.26
8 9 60 0.03 16.25 24.21
9 9 90 0.05 54.44 34.71

Table 6
Response table of S/N ratios: higher is better.

Level pH Irradiation time (min) Dose of photocatalyst (g)

1 32.60 32.00 31.38
2 34.25 28.26 32.35
3 29.07 35.66 32.19
Delta 5.19 7.40 0.97
Rank 2 1 3
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affected by a combination of parameters, such as crystalline struc-
ture, the light absorption specifications, separation rate of
electron-hole pairs, morphology, and the doping concentration of
nanoparticles [52]. According to the above results, CSNT-0.2
nano-photocatalysts showed the highest photo-catalytic activity
to remove DCF from aqueous solution under sunlight irradiation.

A kinetic study was carried out on the photo-catalytic decom-
position of DCF. The Langmuir–Hinshelwood model is usually used
to demonstrate the kinetics of photo-catalytic processes [53]. The
derivation is based on the degradation rate (r), which is repre-
sented as follows:

r ¼ � dC
dt

¼ krKC
1þ KC

ð4Þ

Here kr, K and C are the intrinsic rate constant, adsorption equi-
librium constant and concentration of the compound, respectively.
Supposing that adsorption is weak and the concentration of com-
pounds is low, the equation above can be simplified to the first-
order kinetics presentation with an apparent rate constant (ka):

ln
C0

C

� �
¼ krKt ¼ kat ð5Þ

From the perspective of linear algebra, the plan of ln C
C0
as a func-

tion of reaction time (t) must have linear relationship and its slope
is the apparent rate constant. It was found that the linear relation-
ship was good and rate constant ka declined with increasing initial
concentrations of DFC.

3.4. Effect of operational parameters on the DCF degradation using
Taguchi’s method

Taguchi method is one of the formidable techniques of experi-
mental design that allows optimization with a minimum number
of experiments. This method was applied to reduce the time and
cost for experimental investigations and improve the performance
characteristics. In the DCF degradation, the signal-to-noise (S/N)
ratio was used to analyze the significance of the experimental data
and acquire the optimum condition. In this research, the effect of
three important factors, including pH, irradiation time, and the
dose of photocatalyst was investigated using Taguchi method.
The response parameter of these experiments was the percentage
of degradation of the DCF. The specified level setting values of
the main factors and the L9 matrix were employed to assign the
considered factors. Therefore, 9 experiments should be conducted
in order to study the main effects and interactions. Based on the
Taguchi method, the S/N ratio calculation was selected as ‘‘the
higher is better” as was given by the following equation:

S
N

¼ �10 log
1
n

Xn

i¼1

1
Y2

i

" #
ð6Þ

where Yi represents the experimentally observed value (percent of
degradation) of the ith experiment, and n is the replicated number of
each experiment. The S/N ratio analysis was computed from the
signal-to-noise ratio for each level of process parameters. In this
study, the optimal level of the process parameters was indicated
with the greatest S/N ratio. The diverse levels for the considered
parameters are indicated in Table 4. The L9 design was adapted
which required 9 experiments to complete the optimization pro-
cess. The experimental results and the optimization conditions,
for which the effect of parameters was investigated, are given in
Table 5. In order to assess in which extent each of the selected con-
trol factors is influential on the DCF removal, the corresponding S/N
response table and S/N response graph were determined, according
to Taguchi method, as shown in Table 6 and Fig. 5, respectively. The
response table (Table 6) shows the average of each response
characteristic (S/N ratios) for each level of each factor. The table
includes ranks based on delta statistics, defined as the difference
between the high and the low effect of each factor. The highest rank
is assigned to the highest delta value. In this study, the factor with
the largest impact on the S/N ratio is the irradiation time and that
with the lowest impact is the dose of the photo-catalyst. The 3D
response surface and 2D contour plots, while one parameter was
held constant and the others changing within the experimental
ranges, are obtained. The 3D surface plots are the advantageous
approach in disclosing the influence of parameters and the 2D con-
tour plots help in recognition of the type of interactions between
parameters. The whole response surface and contour plots for
tested parameters are shown in Figs. 6 and 7.

The optimum condition for DCF degradation was selected from
the maximum S/N ratio of each parameter presented in Fig. 5. The
selected conditions were at 90 min of irradiation time under sun-
light, pH of 6 and 0.05 g of the dose of the photo-catalyst,
respectively.

One of the important parameters in the removal of pollutants is
pH, because the surface charge of a substrate could be modified by



Fig. 6. The response surface and contour plots of degradation (%) of DCF as a function of loading photocatalyst CSNT-0.2 and solution pH of DCF.

Fig. 7. The response surface and contour plots of degradation (%) of DCF as a function of loading photocatalyst CSNT-0.2 and irradiation time.
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changing pH of the solution. The pH-value dependence can be
explained on the basis of the TiO2 zero point charge (zpc). The
pHzpc of CSNT-0.2 is obtained 6.78 by drift method. In acidic or
caustic conditions, the surface of photo-catalyst can respectively
become positively or negatively charged. Fig. 5 shows that the
S/N ratio increased with the pH value from 3 to 6 and it decreased
from 6 to 9. For pH values less than pHzpc the surface becomes
positively charged, and for pH values greater than pHzpc the
photo-catalyst surface will be negatively charged, as shown in
the following equations:
TiOH þ Hþ ! TiOHþ
2 ð7Þ
TiOH þ OH� ! TiO� þ H2O ð8Þ
The UV–Vis spectral variations taking place during the degrada-

tion of DCF over CSNT-0.2 photo-catalyst (sample of 3 in Table 1)
and under optimum condition obtained from Taguchi method were
given in Fig. 8a. It is indicated that the reduction of the absorbance
in the ring (s) hydroxylation of DCF (kmax = 275) is a relatively fast
process but, overall degradation requires more time. The



Fig. 5. Effects of solution pH of DCF, reaction time and dose of photocatalyst on the S/N ratio in the removal of DCF.

Fig. 8. (a) UV–Vis absorption spectra of DCF versus time in the presence of CSNT-0.2 photocatalyst, (b) adsorption, desorption, degradation and COD of the DCF versus time in
the presence CSNT-0.2 under solar light irradiation (C0: 25 ppm, 0.05 g catalyst, pH: natural).
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photo-catalytic mineralization of DCF was followed by measuring
the COD during the process. The DCF in solution could be photo-
catalytically degraded in 90 min (Fig. 8b), but the reduction of
COD pursues a gradual decrease and reached 100% in 180 min. In
fact, the adsorption and degradation of the DCF are carried out
simultaneously. When the DCF on the photo-catalyst site



Fig. 9. Schematical representation of the improvement in the photoactivity of
C–S–N–tridoped TiO2 photocatalyst.
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converted to inorganic species under solar radiation, the DCF in
solution is replaced. The light oxidation continues until the total
adsorbed DCF is converted to the mineral species. This may be
due to different rates of competitive adsorption of initial reactant,
intermediate molecules, and by-product on the nano-
photocatalyst surface that would oxidize at different rates from
the parent molecule [54].

3.5. Mechanism of photo-catalytic activity

Radical and hole trapping experiments were planned to investi-
gate the roles of the photo-induced h+ and e� in the prepared
photo-catalyst through the use of appropriate quenchers. Accord-
ing to the photo-catalytic mechanism, the photo-generated elec-
trons is able to be scavenged by oxygen to create O2

��/HO2
�

radical and H2O2. On the other hand, the photo-generated holes
also can be partially captured by OH�or H2O to form �OH radicals.
Thus various primary reactive species, such as hvb

+ , �OH, O2
��/HO2

�

as well as H2O2, can be produced during the photo-catalytic
degradation of organics [55]. To recognize the contribution of these
reactive species to the photo-catalytic degradation of diclofenac,
different scavengers were utilized to study their indirect effects.
KI (h+ quencher), NaN3 (O2

1 quencher), 1,4-benzoquinone (BQ)
(O2

��quencher) and Ar-purging and Ethanol (�OH quencher) were
selected under sunlight. The scavengers used for different reactive
kinds and the corresponding apparent first-order rate constants
with or without scavengers were summarized in Table 7. The
inhibitory effect was evaluated by the percent reduction of kinetic
constants, denoted as% Dk in Table 7. The addition of
1,4-benzoquinone leads to almost completely inhibition on the
CSNT-0.2 photo-catalytic degradation of DCF (96.52% inhibition).
Extensive inhibition of the process by 1,4-benzoquinone indicates
the necessary participation of O2

�� in the oxidation of DCF. The
addition of ethanol in the photo-catalytic process provides
90.67% inhibition at 90 min reaction with a calculated value of
k = 0.0059 min�1 (Table 7). Slightly lower inhibition of the degra-
dation was observed compared to the inhibition in the presence
of p-BQ (O2

�� scavenger) suggesting that reactions occur chiefly
at the surface of the photocatalyst via surface-bound O2

�� and/or
�OH radicals. The addition of azide provides inhibition of DCF pho-
tocatalytic degradation as shown in Table 7 (88.45% inhibition).
Moreover, when Ar-purging was added to the DCF solution,
83.86% inhibition of DCF photocatalytic degradation was observed,
proving the significant contribution of H2O2/O2

�� to the photocat-
alytic degradation of DCF. From the observed change in kinetics,
it was found that photo-generated holes did not play a dominant
role in the photocatalytic oxidation due to its weak quenching
effect (KI with 32.44% inhibition).

The photo-catalytic mechanism for the CSNT-0.2 nanoparticles
was shown in Fig. 9. With the induction of N, S, and C into TiO2 lat-
tice, new impurity levels including the N 2p, S 2p and C 1s could be
formed. The doped carbon acts as a photosensitizer. Under sunlight
irradiation, the excited photosensitizer C injects an electron into
the conduction band. On the other hand, the co-doping of nitrogen
and sulfur into the crystal lattice of TiO2 modifies the electronic
Table 7
Kinetic parameters of degradation in the presence of CSNT-0.2 photocatalyst with and wi

Scavenger RSs quenched ka (min�1)

Control(no scavenger) 0.0632
KI hvb

+ /�OH 0.0427
NaN3

1O2 0.0073
Ethanol �OH 0.0059
Ar-purging H2O2/�O2

� 0.0102
p-BQ �O2

� 0.0022
band structure of TiO2. The O 2p orbitals of TiO2 mixes with N 2p
and S 2p orbitals, resulting in band gap narrowing [56]. The elec-
trons can be excited directly into the TiO2 conduction band under
sunlight irradiation. In addition, the CB electrons and trapped elec-
trons could trap the adsorbed O2 molecules to generate O2

��, and
further form the high active species of �OH radicals. The results
suggest that the electrons and �OH radicals are the main oxidative
and reactive species, O2

�� has the considerable effect on the degra-
dation of DCF, and holes are the minor oxidative species. There are
two routes to obtaining �OH radicals, as shown in Eqs. (9) and (11).
According to the literature [57], the molecular O2 can efficiently
scavenge photo-generated electrons forming superoxide radical
O2

��. Then superoxide radical could react with molecules of H2O
to produce �OH radicals (Eqs. (9), (10)):

O2 þ e� ! O��
2 ð9Þ

O��
2 þ 2H2O ! 2�OH þ 2OH� þ O2 ð10Þ
On the other hand, Eq. (11) indicates that the h+ can react with

H2O adsorbed on the surface of catalysts to produce �OH radical
[58].

hþ þH2O ! Hþþ�OH ð11Þ
4. Conclusions

In this study, we successfully synthesized new C–S–N–tri-dop
ed TiO2 anatase phase photo-catalysts by ultrasonic method
(20 kHz) in the short time for the photo-catalytic removal of DCF
under sunlight irradiation. According to UV–Vis spectra, it was
found that doping improves the absorption properties of TiO2,
and the smallest Eg observed for C–S–N–tri-doped TiO2. The pres-
ence of the S, N, and C dopants are confirmed by the S2p, N1s and
C1s XPS peaks. Moreover, it is found that the improvement in the
absorption properties of TiO2 enhances the photo-catalytic activi-
ties of nanoparticles. Among all nano-photocatalysts, CSNT-0.2
indicated stronger absorption in the visible light region which
can be attributed to the harsh conditions produced during the cav-
itation process. This study is also presented a promising and simple
thout scavengers.

t1/2 (min) R2 % Dk

10.91 0.9896
16.16 0.9840 32.44
94.52 0.9883 88.45
116.94 0.9921 90.67
67.64 0.9915 83.86
313.63 0.9985 96.52
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method in the field of environmental remediation in the treatment
of highly non-steroidal anti-inflammatory pharmaceutical
wastewater such as DFC.
Acknowledgment

The authors acknowledge the support of the Iranian National
Science Foundation: INSF – Iran (No. 92040178) for this work
and the support of Ferdowsi University of Mashhad (Research
and Technology) for the project (3/20243).
References

[1] J.A. Rengifo-Herrera, E. Mielczarski, J. Mielczarski, N.C. Castillo, J. Kiwi, C.
Pulgarin, Escherichia coli inactivation by N, S co-doped commercial TiO2

powders under UV and visible light, Appl. Catal. B 84 (2008) 448–456.
[2] Y.-H. Lin, H.-H. Tseng, M.-Y. Wey, M.-D. Lin, Characteristics, morphology, and

stabilization mechanism of PAA250K stabilized bimetal nanoparticles, Colloids
Surf. A 349 (2009) 137–144.

[3] Y.-H. Lin, H.-H. Tseng, M.-Y. Wey, M.-D. Lin, Characteristics of two types of
stabilized nano zero-valent iron and transport in porous media, Sci. Total
Environ. 408 (2010) 2260–2267.

[4] Y.-T. Lin, C.-H. Weng, T.W. Tzeng, Photocatalysis and catalytic properties of
nano-sized N-TiO2 catalyst synthesized by sol-gel methods, J. Adv. Oxid.
Technol. 13 (2010) 297–304.

[5] Z.H. Zhang, Y.J. Yu, P. Wang, Hierarchical top-porous/bottom-tubular TiO2

nanostructures decorated with Pd nanoparticles for efficient
photoelectrocatalytic decomposition of synergistic pollutants, ACS Appl.
Mater. Interfaces 4 (2012) 990–996.

[6] Q. Wang, J.C. Zhao, Y.Q. Cong, Y. Zhang, Photo-sensitized degradation of dye
pollutants on amorphous TiO2 under visible light irradiation, Chin. J. Catal. 32
(2011) 1076–1084.

[7] K. Nakata, A. Fujishima, TiO2 photocatalysis: design and applications, J.
Photochem. Photobiol. C 13 (2012) 169–189.

[8] Y.M. Hunge, M.A. Mahadik, A.V. Moholkar, C.H. Bhosale, Photoelectrocatalytic
degradation of oxalic acid using WO3 and stratified WO3/TiO2 photocatalysts
under sunlight illumination, Ultrason. Sonochem. 35 (2016) 233–242.

[9] V.S. Mohite, M.A. Mahadik, S.S. Kumbhar, Y.M. Hunge, J.H. Kim, A.V. Moholkar,
K.Y. Rajpure, C.H. Bhosale, Photoelectrocatalytic degradation of benzoic acid
using Au doped TiO2 thin films, J. Photochem. Photobiol. B 142 (2015) 204–
211.

[10] T. Jia, F. Fu, J. Zhao, J. Chen, X. Wang, Zh. Fan, L. Cui, F. Meng, Sonochemical
synthesis, characterization, and photocatalytic activity of N-doped TiO2

nanocrystals with mesoporous structure, Int. J. Photoenergy (2014) 1–7
516806.

[11] T.-H. Kim, V. Rodríguez-González, G. Gyawali, S.-H. Cho, T. Sekino, S.-W. Lee,
Synthesis of solar light responsive Fe, N co-doped TiO2 photocatalyst by
sonochemical method, Catal. Today 212 (2013) 75–80.

[12] X.H. Tang, D.Y. Li, Sulfur-doped highly ordered TiO2 nanotubular arrays with
visible light response, J. Phys. Chem. C 112 (2008) 5405–5409.

[13] R. Asahi, T. Morikawa, T. Ohwaki, A. Aoki, Y. Taga, Visible-light photocatalysis
in nitrogen-doped titanium oxides, Science 293 (2001) 269–271.

[14] H. Moradi, A. Eshaghi, S.R. Hosseini, K. Ghani, Fabrication of Fe-doped
TiO2 nanoparticles and investigation of photocatalytic decolorization of
reactive red 198 under visible light irradiation, Ultrason. Sonochem. 32
(2016) 314–319.

[15] W.J. Ren, Z.H. Ai, F.L. Jia, L.Z. Zhang, X.X. Fan, Z.G. Zou, Low temperature
preparation and visible light photocatalytic activity of mesoporous carbon-
doped crystalline TiO2, Appl. Catal. B 69 (2007) 138–144.

[16] T. Ohno, M. Akiyoshi, T. Umebayashi, K. Asai, T. MitSui, M. Matsumura,
Preparation of S-doped TiO2 photocatalysts and their photocatalytic activities
under visible light, Appl. Catal. A 265 (2004) 115–121.

[17] H.M. Luo, T. Takata, Y.G. Lee, J.F. Zhao, K. Domen, Y.S. Yan, Photocatalytic
activity enhancing for titanium dioxide by Co-doping with bromine and
chlorine, Chem. Mater. 16 (2004) 846–849.

[18] F. Wei, L. Ni, P. Cui, Preparation and characterization of N-S-codoped TiO2

photocatalyst and its photocatalytic activity, J. Hazard. Mater. 156 (2008) 135–
140.

[19] J.F. Guo, J.X. Li, A.Y. Yin, K.N. Fan, W.L. Dai, Photodegradation of Rhodamine B
on Sulfur doped ZnO/TiO2 nanocomposite photocatalyst under visible-light
irradiation, Chin. J. Chem. 28 (2010) 2144–2150.

[20] C.L. Yu, W.Q. Zhou, K. Yang, G. Rong, Hydrothermal synthesis of hemisphere-
like F-doped anatase TiO2 with visible light photocatalytic activity, J. Mater.
Sci. 45 (2010) 5756–5761.

[21] S. Hu, A. Wang, X. Li, H. Löwe, Hydrothermal synthesis of well-dispersed
ultrafine N-doped TiO2 nanoparticles with enhanced photocatalytic activity
under visible light, J. Phys. Chem. Solids 71 (2010) 156–162.

[22] C.D. Valentin, G. Pacchioni, A. Selloni, Theory of carbon doping of titanium
dioxide, Chem. Mater. 17 (2005) 6656–6665.
[23] J.C. Yu, W.K. Ho, J.G. Yu, H. Yip, P.K. Wong, J.C. Zhao, Efficient visible-light-
induced photocatalytic disinfection on sulfur-doped nanocrystalline titania,
Environ. Sci. Technol. 39 (2005) 1175–1179.

[24] Y. Ao, J. Xu, D. Fu, C. Yuan, Synthesis of C, N, S-tridoped mesoporous titania
with enhanced visible light-induced photocatalytic activity, Micropor.
Mesopor. Mater. 122 (2009) 1–6.

[25] P. Wang, P.-S. Yap, T.-T. Lim, C–N–S tridoped TiO2 for photocatalytic
degradation of tetracycline under visible-light irradiation, Appl. Catal. A 399
(2011) 252–261.

[26] X. Cheng, X. Yu, Z. Xing, One-step synthesis of visible active C-N-S-tridoped
TiO2 photocatalyst from biomolecule cystine, Appl. Surf. Sci. 258 (2012) 7644–
7650.

[27] B. Naik, K.M. Parida, C.S. Gopinath, Facile synthesis of N- and S-incorporated
nanocrystalline TiO2 and direct solar-light-driven photocatalytic activity, J.
Phys. Chem. C 114 (2010) 19473–19482.

[28] G. Yang, T. Wang, B. Yang, Z. Yan, S. Ding, T. Xiao, Enhanced visible-light
activity of F-N co-doped TiO2 nanocrystals via nonmetal impurity, Ti3+ ions
and oxygen vacancies, Appl. Surf. Sci. 287 (2013) 135–142.

[29] G. Zhang, Y.C. Zhang, M. Nadagoud, C. Han, K. O’Shead, S.M. El-Sheikhe, A.A.
Ismaile, D.D. Dionysiou, Visible light-sensitized S, N and C co-doped
polymorphic TiO2 for photocatalytic destruction of microcystin-LR, Appl.
Catal. B 144 (2014) 614–621.

[30] T. Huang, S. Mao, J. Yu, Z. Wen, G. Lu, J. Chen, Effects of N and F doping on
structure and photocatalytic properties of anatase TiO2 nanoparticles, RSC Adv.
3 (2013) 16657–16664.

[31] L.G. Reyes, I.H. Perez, L.D.B. Arceo, H.D. Rosales, E.A. Estrada, R.S. Parra, J.J.C.
Rivera, Temperature effects during Ostwald ripening on structural and
bandgap properties of TiO2 nanoparticles prepared by sonochemical
synthesis, Mater. Sci. Eng., B 175 (2010) 9–13.

[32] R. Batra, N. Sharotrib, D. Sud, Ultrasound assisted synthesis of visible light
responsive Nitrogen doped TiO2 nano photocatalyst, Adv. Mater. Res. 856
(2014) 22–24.

[33] X.-K. Wang, C. Wang, D. Zhang, Sonochemical synthesis and characterization
of Cl–N-codoped TiO2 nanocrystallites, Mater. Lett. 72 (2012) 12–14.

[34] D.G. Shchukin, E. Skorb, V. Belova, H. Möhwald, Ultrasonic cavitation at solid
surfaces, Adv. Mater. 23 (2011) 1922–1934.

[35] Z. Wanqin, Y. Changlin, F. Qizhe, W. Longfu, C. Jianchai, Y. Jimmy, Ultrasonic
fabrication of N-doped TiO2 nanocrystals with mesoporous structure and
enhanced visible light photocatalytic activity, Chin. J. Catal. 34 (2013) 1250–
1255.

[36] N. Sharotri, D. Sud, Ultrasound-assisted synthesis and characterization of
visible light responsive nitrogen-doped TiO2 nanomaterials for removal of 2-
Chlorophenol, Desalin. Water Treat. (2015) 1–13.

[37] C.Y. Teha, T.Y. Wua, J.C. Juan, Facile sonochemical synthesis of N, Cl-codoped
TiO2: synthesis effects, mechanism and photocatalytic performance, Catal.
Today 256 (2015) 365–374.

[38] J. Bartram, R. Balance, Water Quality Monitoring: A Practical Guide To The
Design And Implementation Of Freshwater Quality Studies And Monitoring
Programmes, London, 1996.

[39] A. Ziylan, Y. Koltypin, A. Gedanken, N.H. Ince, More on sonolytic and
sonocatalytic decomposition of Diclofenac using zero-valent iron, Ultrason.
Sonochem. 20 (2013) 580–856.

[40] A. Abulizi, K. Okitsu, J.-J. Zhu, Ultrasound assisted reduction of graphene oxide
to grapheme in L-ascorbic acid aqueous solutions: kinetics and effects of
various factors on the rate of graphene formation, Ultrason. Sonochem. 21
(2014) 1174–1181.

[41] J. Zhang, Y. Wu, M. Xing, S. Ahmed, K. Leghari, S. Sajjad, Development of
modified N doped TiO2 photocatalyst with metals, nonmetals and metal
oxides, Energy Environ. Sci. 3 (2010) 715–726.

[42] Y.-H. Lin, T.-C. Chiu, H.-T. Hsueh, H. Chu, N-doped TiO2 photo-catalyst for the
degradation of 1, 2-dichloroethane under fluorescent light, Appl. Surf. Sci. 258
(2011) 1581–1586.

[43] X. Wang, T.-T. Lim, Solvothermal synthesis of C-N codoped TiO2 and
photocatalytic evaluation for bisphenol A degradation using a visible-light
irradiated LED photoreactor, Appl. Catal. B 100 (2010) 355–364.

[44] J. Geng, D. Yang, J. Zhu, D. Chen, Z. Jiang, Nitrogen-doped TiO2 nanotubes with
enhanced photocatalytic activity synthesized by a facile wet chemistry
method, Mater. Res. Bull. 44 (2008) 146–150.

[45] G.H. Tian KPan, H.G. Fu, L.Q. Jing, W. Zhou, Enhanced photocatalytic activity of
S-doped TiO2–ZrO2 nanoparticles under visible-light irradiation, J. Hazard.
Mater. 166 (2009) 939–944.

[46] L. Ren, X.T. Huang, F.L. Sun, X. He, Preparation and characterization of doped
TiO2 nanodandelion, Mater. Lett. 61 (2007) 427–431.

[47] N. Mahdjoub, N. Allen, P. Kelly, V. Vishnyakov, SEM and Raman study of
thermally treated TiO2 anatase nanopowders: influence of calcination on
photocatalytic activity, J. Photochem. Photobiol. A 211 (2010) 59–64.

[48] F. Dong, W. Zhao, Z. Wu, Characterization and photocatalytic activities of C, N
and S co-doped TiO2 with 1D nanostructure prepared by the nano-
confinement effect, Nanotechnology 19 (2008) 365–607.

[49] I.C. Kang, Q. Zhang, S. Yin, T. Sato, F. Saito, Novel method for preparation of
high visible active N-doped TiO2 photocatalyst with its grinding in solvent,
Appl. Catal. B 84 (2008) 570–576.

[50] J.G. Yu, M.H. Zhou, B. Cheng, X.J. Zhao, Preparation, characterization and
photocatalytic activity of in situ N, S-codoped TiO2 powders, J. Mol. Catal. A:
Chem. 246 (2006) 176–184.

http://refhub.elsevier.com/S1350-4177(17)30100-1/h0005
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0005
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0005
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0010
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0010
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0010
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0015
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0015
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0015
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0020
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0020
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0020
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0020
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0025
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0025
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0025
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0025
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0030
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0030
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0030
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0030
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0035
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0035
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0035
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0035
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0040
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0040
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0040
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0040
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0040
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0040
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0045
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0045
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0045
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0045
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0045
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0050
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0050
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0050
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0050
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0055
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0055
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0055
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0055
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0060
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0060
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0060
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0060
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0065
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0065
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0070
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0070
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0070
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0070
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0070
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0070
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0075
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0075
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0075
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0075
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0080
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0080
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0080
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0080
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0080
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0085
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0085
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0085
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0090
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0090
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0090
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0095
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0095
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0095
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0095
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0100
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0100
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0100
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0100
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0100
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0105
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0105
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0105
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0105
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0110
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0110
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0115
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0115
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0115
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0120
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0120
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0120
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0125
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0125
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0125
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0125
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0130
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0130
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0130
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0130
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0135
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0135
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0135
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0135
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0140
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0140
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0140
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0140
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0140
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0145
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0145
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0145
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0145
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0145
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0150
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0150
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0150
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0150
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0155
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0155
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0155
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0155
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0155
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0160
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0160
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0160
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0160
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0165
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0165
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0165
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0170
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0170
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0175
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0175
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0175
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0175
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0175
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0180
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0180
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0180
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0180
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0185
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0185
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0185
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0185
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0195
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0195
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0195
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0200
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0200
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0200
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0200
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0205
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0205
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0205
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0205
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0210
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0210
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0210
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0210
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0215
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0215
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0215
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0215
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0220
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0220
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0220
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0220
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0225
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0225
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0225
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0225
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0225
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0230
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0230
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0230
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0235
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0235
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0235
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0235
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0240
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0240
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0240
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0240
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0245
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0245
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0245
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0245
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0250
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0250
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0250
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0250


S. Ramandi et al. / Ultrasonics Sonochemistry 38 (2017) 234–245 245
[51] J.C. Yu, W.K. Ho, J.G. Yu, H.Y. Yip, P.K. Wong, J.C. Zhao, Efficient visible-light-
induced photocatalytic disinfection on sulfur doped nanocrystalline titania,
Environ. Sci. Technol. 39 (2005) 1175–1179.

[52] X.F. Lei, X.X. Xue, H. Yang, C. Chen, X. Li, J.X. Pei, M.C. Niu, Y.T. Yang, X.Y. Gao,
Visible light-responded C, N and S co-doped anatase TiO2 for photocatalytic
reduction of Cr(VI), J. Alloys Compd. 646 (2015) 541–549.

[53] J.M. Herrmann, Heterogeneous photocatalysis: state of the art and present
applications, Topics Catal. 34 (2005) 49–65.

[54] Y. Yong Eng, V.K. Sharma, A.K. Ray, Photocatalytic degradation of nonionic
surfactant, Brij 35 in. aqueous TiO2 suspensions, Chemosphere 79 (2010) 205–
209.
[55] Y. Chen, S. Yang, K. Wang, L. Lou, Role of primary active species and TiO2

surface characteristic in UV-illuminated photodegradation of Acid Orange 7, J.
Photochem. Photobiol. A 172 (2005) 47–54.

[56] X.W. Cheng, X.J. Yu, Z.P. Xing, Characterization and mechanism analysis of Mo–
N-co-doped TiO2 nanophotocatalyst and its enhanced visible activity, J. Colloid
Interface Sci. 372 (2012) 1–5.

[57] D. Chatterjee, S. Dasgupta, Visible light induced photocatalytic degradation of
organic pollutants, J. Photochem. Photobiol. C 6 (2005) 186–205.

[58] D.H. Wang, L. Jia, X.L. Wu, L.Q. Lu, A.W. Xu, One-step hydrothermal synthesis of
N-doped TiO2/C nanocomposites with high visible light photocatalytic activity,
Nanoscale 4 (2012) 576–584.

http://refhub.elsevier.com/S1350-4177(17)30100-1/h0255
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0255
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0255
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0260
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0260
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0260
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0260
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0265
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0265
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0270
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0270
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0270
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0270
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0275
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0275
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0275
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0280
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0280
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0280
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0280
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0285
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0285
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0290
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0290
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0290
http://refhub.elsevier.com/S1350-4177(17)30100-1/h0290

	Sono-synthesis of solar light responsive S–N–C–tri doped TiO2�photo-catalyst under optimized conditions for degradation and�mineralization of Diclofenac
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Synthesis of C–N–S–tri doped TiO2
	2.3 Characterization methods
	2.4 Photo-catalytic activity

	3 Results and discussion
	3.1 Optimized synthesis of C–S–N–tri doped TiO2
	3.2 Characterization of optimized N–C–S tri doped TiO2
	3.3 Photo-catalytic activities of different nanoparticles
	3.4 Effect of operational parameters on the DCF degradation using Taguchi’s method
	3.5 Mechanism of photo-catalytic activity

	4 Conclusions
	Acknowledgment
	References


