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Abstract
Heterogeneous catalyst  (TiO2) based reactions have appeared as an important destructive methodology for the removal 
of various organic and inorganic contaminants. The unique properties of  TiO2 such as stability against photo corrosion, 
sufficient bandgap, easy accessibility, and self-surface cleaning make it more promising photocatalyst. However, one of 
the major limitations of  TiO2 is broader bandgap that makes it active only in the UV region. Thus the current emphasis of 
research in photocatalysis field is to make titanium dioxide, a solar light receptive photocatalyst. The present study reports a 
greener synthetic approach for the synthesis of sulphur doped  TiO2 using titanium isopropoxide and thiophenol as an initial 
precursors. The synthesized photocatalysts were calcinated at different temperatures and depicted by using SEM–EDS, HR-
TEM, PL, UV–Vis, FT-IR, XPS and XRD. The photocatalytic response was examined for various model compounds such 
as Rhodamine 6G (synthetic dye), Quinalphos (an organophosphate pesticide), and Diclofenac (a pharmaceutical waste).
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Introduction

The last century witnessed the dilemma faced by mankind 
to choose between the twin intricate issues of economic 
development and environmental protection. However, the 
balance was shifted toward economic development, which 
led to rapid industrialization, mining and metallurgical oper-
ations, and advancement in agricultural practices. However, 
from the mid of twentieth century, scientists and economists 
have realized the pitfalls of the narrow approach followed by 
the visible impacts on the fast degradation of every segment 
of the environment. From the 1970s onwards the research 
focus was diverted toward the development of environment-
friendly technologies particularly in the areas of sustainable 
energy formation and environmental issues. One such tech-
nology is the advanced oxidation process (AOPs), which 
provides solutions for the treatment of surface wastewater 

containing hardly recyclable anthropogenic substances, dis-
infection of drinking water, and air purification [1].

U.S. EPA has certified that AOPs are the best available 
technology that meets the standards that are required for 
harmless and contaminant-free discharge process [2]. Hence, 
following the above-mentioned technology, heterogeneous 
photocatalysis has come across as a promising technique for 
the elimination of hazardous contaminants from the envi-
ronment using semiconductors as a photocatalyst in solar 
light or UV light. Out of several semiconductor materials, 
titanium dioxide  (TiO2) has emerged as the utmost effective 
photocatalyst because of its biological and chemical inert-
ness, non-toxicity, hydrophilicity, resistance to chemical, 
and photo-corrosion, and low cost. In ambient conditions, 
 TiO2 is more stable than other photocatalysts and can be 
recycled [3–5].  TiO2 has a normal bandgap for the rutile 
phase (3.0 eV) and anatase phase (3.2 eV), therefore, a vast 
energy difference between the valance and conduction level 
is responsible for its use in the UV light. The anatase phase 
is thermally less stable due to its zig-zag motion than rutile 
phase which is more stable at various temperature and pres-
sure conditions due to its linear chain. The phase transforma-
tion from anatase to rutile form takes place at 700–1000 °C. 
Rutile has a small bandgap, which indicates that a bigger 
portion of solar radiation can stimulate bandgap excitation.
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Thus to adjust the bandgap, several methods are avail-
able but doping is one of the most widely used techniques. 
This is because doping may enhance the surface area and 
crystallinity of the synthesized nanoparticle by decreas-
ing the size of crystal. Doping leads to bathochromic shift 
due to which optical response changes that are decrease in 
band gap results in the absorption shift toward the visible 
region. Anionic doping is considered the most successful 
method to synthesize  TiO2 with higher photocatalytic effi-
ciency under visible light. In an anion doping, the p-state 
of an anion (N, S, or C) mix with  O2pz that helps in shifting 
the valence level edge upwards, thus helping in narrowing 
the gap of  TiO2 [6, 7]. Various cationic dopants (Mn, Co, 
Ni, Cu, Fe, and Zn) turned out to be a worthy approach 
to improve the photocatalytic efficiency of the photocata-
lyst by transferring the absorption edge toward the higher 
wavelength region [8–10].

The three fundamental approaches, which enhance the 
photocatalytic activity, are bandgap alteration, elongation of 
excitation wavelength, and extension in recombination time 
of charge-carrier. There are several modes to achieve the 
above parameters include chemical modification on surface, 
metal, or non-metal doping of photocatalyst, and coupled 
systems [11–16].

Synthetic compounds such as phenols, herbicides, dyes, 
pesticides, fertilizers, and surfactants find their way into the 
environment. These compounds are very toxic to human 
health. Their elimination from the environment has become 
a primary concern for researchers.

The synthesized nanoparticles have various properties 
like a high content of anatase phase, greater surface area, 
and lesser crystalline size, which increase the rate of photo-
catalytic reaction. Tongpool et al. [17] synthesized S-doped 
 TiO2 catalyst and their study showed that the hydrophilicity 
of photocatalyst and thiourea solvents played a very impor-
tant role in the incorporation of sulphur into  TiO2 struc-
ture and photocatalytic activity. Doping also enhanced the 
absorption edge toward visible light by hindering the grain 
growth and resulted in increased surface area. Zhou et al. 
[18] have used a simple method for the preparation of pho-
toactive N, C, S-tridoped  TiO2 with improved photocatalytic 
efficiency as compared to bare  TiO2. Sulphur doped  TiO2 
catalysts having crystal size of 8–10 nm were synthesized by 
using the sol–gel method. XRD results showed that anatase 
phase exists for undoped and doped photocatalysts at 500 °C. 
When calcination temperature was varied, rutile phase was 
observed for undoped photocatalysts at 650–700 °C and for 
doped photocatalyst at 750 °C [19]. Ivanov et al. synthe-
sized sulfur and carbon co-doped  TiO2 nanoparticles via 
one-step synthetic route with particle sizes between 15 and 
40 nm. The synthesized nanoparticles showed an effective 
photocatalytic response for the degradation of rhodamine B, 
methylene blue, etc. [20]. Ramacharyulu et al. synthesized 

N and S-doped  TiO2 nanocatalysts using a sol–gel method 
further accompanied by hydrothermal method [21].

Sulphur-modified  TiO2 nanoparticles have been generated 
in a vast number of studies, as evidenced by the literature. 
The produced nanoparticles have demonstrated independ-
ent degrading efficiency against pesticides, dyes, toxins, and 
other pollutants. To our knowledge, no publications exist 
where S-doped  TiO2 has demonstrated efficient degradation 
against dye, pesticides, and drugs simultaneously.

Herein, sulphur doped  TiO2 nanoparticles are synthesized 
using a greener approach. Ultrasonicate assisted S-TiO2 lies 
in the particle size range of 55–19 nm. Various characteri-
zation techniques such as SEM, EDS, FTIR, HR-TEM, and 
XRD have provided insight knowledge of structure, mor-
phology, particle size, and shape of the nanoparticles. The 
effect of calcination temperature on the above-mentioned 
parameters has been discussed in detail. Compared to bare 
 TiO2, S-doped  TiO2 has proved to be more efficient in pho-
tocatalytic activity as the presence of sulphur leads to a 
decrease in the bandgap energy and hence made it more 
efficient in visible light. In terms of its application part, the 
as-synthesized nanoparticles have shown great efficiency 
in the degradation of a pharmaceutical drug (Diclofenac), 
synthetic dye (Rhodamine 6G), and pesticide (Quinolphos).

Materials and methods

Chemicals

The chemicals used for synthesis purposes are titanium iso-
propoxide, ethanol, ammonium hydroxide, and thiophenol. 
As model compounds for photocatalytic degradation experi-
ment Rhodamine 6G, Quinalphos, and Diclofenac are used. 
All the chemicals were of analytical grade. Millipore water 
was used for solution preparation. Degussa P25  TiO2 used 
for comparative conclusions was procured from Degussa 
Company, Germany; having 30% rutile and 70% anatase 
crystals with an average particle size of 30 nm. The BET 
surface area of  TiO2 was 50 ± 15  m2/g.

Equipment and Instruments

The crystallite size, phase, and crystal structure of the syn-
thesized photocatalyst were investigated by using x-ray dif-
fraction (XRD) technique. The XRD results were obtained 
by using Rigaku 2000® using a CuKα (λ = 1.5418 ang-
stroms) emission source ranging from 5 to 90 degrees hav-
ing a step size of 0.1 with 4 s of collection time. JSM-6610/
EO named energy-dispersive x-ray microanalysis (EDXMA) 
instrument was used to determine the elemental composi-
tion of synthesized catalyst. High Resolution-TEM (MOR-
GAGNI-268 E) was used to study the inner structure using 
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a fine powder-coated copper grid glazed with carbon. An 
FT-IR spectrum was analyzed by Model- RZX, Perkin 
Elmer. Sampling was done by using KBr disc (1:100, sam-
ple/KBr) with a total of 16 scans per sample at a resolution 
of 4  cm−1 within 4000–400  cm−1 range. UV–VIS absorption 
spectra were recorded on Shimadzu UV 1800. Photolumi-
nescence (PL) spectroscopy helped record photoemission 
spectra of samples with spectrometer RF-5301 (Shimadzu). 
An ultrasonication bath of brand named Microfil from 
LINCO having model number GB/2500B of 40 kHz fre-
quency range was used for the preparation of evenly distrib-
uted metal oxide photocatalyst.

Synthesis of photocatalyst

Pure TiO2

Titanium isopropoxide (2.84 gm) was dissolved in 20 ml of 
ethanol.  NH4OH (10%) solution was further added drop-
wise to the solution with continuous stirring, which results 
in precipitation. The above-formed resultant mixture was 
magnetically stirred for about half an hour. After that, the 
resultant mixture was sonicated for 40 min in an ultrasonic 
bath, and later the mixture was again stirred for an hour 
and thereafter kept overnight. The prepared particles were 
first filtered and then dehydrated in a hot air oven for 2 h at 
100 °C.

Synthetic route of sulphur doped nano photocatalysts

S-doped  TiO2 was synthesized by mixing 1 M titanium 
isopropoxide (2.84 g) and 0.1 M thiophenol (as a sulphur 
precursor) in ethanol (20 ml). The mixture solution was 
magnetically stirred for half an hour and this further lead 
to the addition of 10%  NH4OH till precipitation occurs with 
continuous stirring. After that, the precipitates were again 
stirred for an hour. Now, the precipitates were ultrasonicated 
for 40 min in an ultrasonic bath and afterward were stirred 
again for an hour. Resultant precipitates were kept over-
night and thereafter were filtered and washed with ethanol. 
The synthesized precipitates were firstly dried in an oven at 
100 °C for 2 h and thereafter calcinated at different tempera-
tures i.e., 350, 550, 750, and 1050 °C.

Photocatalytic degradation experiment

A photocatalytic reactor was devised for the execution of 
degradation experiments having LED bulbs (Phillips) each 
of 12 W. The photocatalysis reaction was studied by using 
specially designed reaction vessels of 500 ml capacity. 
Aerators were used for aeration and magnetic stirrers did 
constant stirring of solution. The temperature of the reactor 
was kept constant by flowing water in a jacketed wall of the 

reactor. The millipore syringe filters (0.22 μm) were used 
for filtration of the samples. A pH meter (Thermo Orion 
920A) was used to analyze the acidity/basicity of the solu-
tion and the pH was adjusted by adding NaOH or HCl. The 
photocatalytic degradation of pollutants (R6G, Quinalphos, 
and Diclofenac) was performed by taking 50 ml of pollutant 
and 50 mg of as-synthesized nano photocatalyst. The result-
ing mixture was irradiated using LED bulb of an appropri-
ate wavelength and the solution was stirred magnetically 
and aerated constantly. The degradation was determined 
by measuring the UV–VIS absorption spectrum [21]. The 
percentage degradation was estimated by using formula as 
follows:

Results and discussion

This section covers the synthesis, characterization, and 
photocatalytic response of the synthesized particles. S-TiO2 
was synthesized by an eco-friendlier approach using ultra-
sonic irradiations. Various physicochemical methods such as 
XRD, EDX, TEM, UV–VIS, FTIR, band gap, and PL were 
engrossed for characterizing synthesized catalysts. Rhoda-
mine 6G (synthetic dye), Quinalphos (an organophosphate 
pesticide), and Diclofenac (pharmaceutical waste) were used 
as model compounds for analyzing the photocatalytic effi-
ciency of various synthesized catalysts.

Synthesis of S‑doped TiO2

S-doped  TiO2 nano photocatalyst was prepared by react-
ing titanium isopropoxide with thiophenol under ultrasonic 
irradiation. The catalysts synthesized at 350, 550 750, and 
1050 °C were labelled as ST-350, ST-550, ST-750, and ST- 
1050, respectively. To optimize various reaction conditions 
the catalyst was manufactured by varying the reaction time 
for ultrasonication and by employing different solvents. The 
optimized ultrasonication time obtained was 40 min based 
on the surface morphology and product yield.

X‑ray diffraction (XRD) pattern of S–doped TiO2

The XRD data was used to determine the crystal structure 
and phase of the prepared photocatalyst. The x-ray diffrac-
tion results of prepared catalyst labelled Undoped-TiO2, 
ST-550, ST-750, and ST-1050 are shown in Fig. 1. In the 
case of undoped-TiO2 main peak was seen at 25.25° and 
matched with JCPDS card number 01–073-1764. The XRD 
pattern of synthesized ST-350 showed that there was no 
peak, which confirmed the amorphous nature of the catalyst. 

(1)Efficiency (%) =
(

Ao − A
)

∕Ao × 100
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Whereas, in the case of ST-550 strong diffraction peaks at 
10.2°, 25.5°, 36.1°, 37.9°, 48.1°, 55.2°, 62.7° were observed 
and matched with JCPDS card number 01–073-1764.

The XRD spectra of ST-750 showed peaks at 15.1°, 
25.5°, 37.1°, 37.02°, 38.1°, 55.2°, 62.8°, confirming 
the appearance of anatase phase, which indicates that at 
750 °C delay in the phase transformation was observed 
[22]. The obtained pattern confirmed that anatase phase 
is the main phase as matched with ICDD card number 
01–073-1764. However, at 1050°C the observed peaks at 
27.7, 36.4, 39.5, 41.5, 44.3, 54.6, 56.9, 64.3, 69.3, 70.0, 

72.7 and 76.8 confirmed complete anatase to rutile phase 
transformation. This observed data was matched with 
ICDD card 01–070-7347, hence confirming the appear-
ance of the rutile phase as the main phase at 1050°C.

The crystallite size (average) and the lattice strain have 
been analyzed by employing Scherer’s Eq. (2) [23] and 
lattice strain equation [6] for S-doped  TiO2 nanoparticles 
calcinated at different temperatures.

where D is the crystal size of the catalyst, K = 0.89, λ is the 
x-ray wavelength, β the full width at half the maximum of 
the catalyst, and θ is the diffraction angle.

The results confirmed that the average crystallite size 
(23.1 nm, 42.4 nm, 36.5 nm) and lattice strain (0.0017, 
0.0023, 0.002) were found to be for ST-550, ST-750, and 
ST-1050, respectively.

Elemental composition and Morphological studies 
of the synthesized photocatalyst

SEM

The surface structure and composition of the S-doped 
 TiO2 nanoparticles calcinated at 550 °C (ST-550) have 
been studied by using the SEM technique as shown in 
Fig. 2b. The results confirm the formation of uniformly 
agglomerated nanoparticles with 0.33 weight% of sulfur 
onto the lattice of  TiO2.

(2)D = k�∕�Cos�

Fig. 1  a XRD patterns of bare  TiO2 and XRD pattern of S-doped 
 TiO2 nanoparticles, b ST-550, c ST-750 and d ST-1050

Fig. 2  SEM images of a 
ST-350, b ST-550, c ST-750 
and d ST-1050
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Solvent effect on surface morphology

The solvents used during ultrasonication-induced synthesis 
had a great impact on the crystallite size and surface mor-
phology. The variation in surface morphology was studied 
by synthesizing catalysts with different solvents such as 
butanol, isopropyl alcohol, ethanol, and methanol as shown 
in Fig. 2. The result confirmed that as the molecular weight 
of the solvent increases, the particle size of the synthe-
sized catalyst also increases, having trend methanol < etha-
nol < isopropyl alcohol < n-butanol [24]. This sequence 
may result due to higher surface tension and greater solvent 
viscosity, which constrained the cavitations. The rock-like 
structures were obtained with higher molecular weight sol-
vents such as isopropyl alcohol and butanol.

HR‑TEM

The observed HR-TEM pattern depicted the distribution 
of uniformly arranged nanoporous particles having a par-
ticle size between 55 and 19 nm. In the case of ST-750 and 
ST-1050, the average particle size was nearer to 19 nm. The 
TEM image study demonstrates the successful synthesis 
of nano-sized photocatalyst by ultrasonic radiation, in the 
presence of thiophenol as a precursor of sulphur. The cal-
cination temperatures affect the elemental composition and 
morphology of obtained catalyst as reflected from the TEM 
image shown in Fig. 3. TEM images showed that particle 
size decreases as the temperature increases. It was confirmed 

from the images that particle size decreases from 53.90 to 
19.59 nm, which was in the nano range.

Fourier transform infrared spectroscopy (FTIR) 
study of S‑doped photocatalysts

The FTIR spectrum of prepared S-doped  TiO2 catalysts 
(ST-550) is shown in Fig. 4. The spectrum resulted in 
hydroxyl group stretching and bending vibration at 
3304.96   cm−1 and 1634.31   cm−1 respectively, which 
may be because of a decrease in hydroxyl groups and 
water molecule concentration on the lattice of  TiO2. 

Fig. 3  HR-TEM images of 
S-doped  TiO2 nanoparticles a 
ST-350, b ST-550, c ST-750 
and d ST-1050 (inset: particle 
size distribution image)

Fig. 4  FTIR spectra of ST-550



508 Nanotechnology for Environmental Engineering (2022) 7:503–515

1 3

S = O stretching mode was observed at 1050.11  cm−1. An 
intense peak at 789.54  cm−1 was observed, which occurs 
due to the vibration stretching mode of Ti–O [25, 26].

Ultraviolet–visible spectroscopy and bandgap study

UV–VIS spectra of S-doped  TiO2, calcinated at different 
temperatures is shown in Fig. 5. The bandgap investigation 
was obtained by plotting graph between E (hυ) vs (αhυ)½ 
for synthesized S-doped  TiO2 as shown in Fig. 6. Hence, 

Fig. 5  UV–Vis spectra of a 
ST-350, b ST-550, c ST-750 
and d ST-1050

Fig. 6  Band gap studies of a 
ST-350, b ST-550, c ST-750 
and d ST-1050
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the calculated bandgap energy value was 2.21 eV, 2.03 eV, 
2.02 eV and 2.3 eV for synthesized ST-350, ST-550, ST-750, 
and ST-1050, respectively. The results confirmed that the 
energy gap between valance level and conduction level 
decreases in comparison with the bandgap of pure  TiO2. 
So this study showed that sulphur doped photocatalyst has 
a narrow bandgap and the absorption edge has been shifted 
toward a higher wavelength, which may lead to the solar 
light-induced photocatalytic activity.

Photoluminescence spectra (PL) of synthesized 
S‑doped TiO2

Photoluminescence emission spectrum is extensively used 
to examine the efficacy of charge carrier trapping, transfer, 
migration, and also appropriate to understand the chance of 
electron–hole pairs recombination in semiconductors. The 
photoluminescence spectrum of ST-350 depicted the appear-
ance of a weak emission peak at 310 nm and an intense peak 
at 360 nm. For ST-550, a single intense peak was observed 
at 370 nm. In the case of ST-750 and ST-1050, two peaks 
ranging between 360 nm–380 nm and 370–400 nm were 
observed, respectively (Fig. 7). The peak intensity initially 
decreases with an increase in calcination temperature from 
350, 550, and 750 °C which was due to enhanced non-
radiative recombination, and thereafter, the peak intensity 
increases again as temperature increases to 1050 °C.

XPS study

XPS was known as a convenient characterization tech-
nique, which determined the chemical state of as-synthe-
sized S-doped-TiO2 nanoparticles. Figure 8a recorded the 
full-scale XPS spectrum of synthesized S-doped-TiO2. The 
obtained results constitute Ti 2p, O 1 s, S 2p, and C 1 s spec-
tra. Figure 8b represented the Ti 2p XPS spectrum in which 
the Ti 2p3/2 peak appeared at 458.7 eV and for Ti 2p1/2 
peak centered at 465 eV, confirmed the existence of  Ti4+ 
state. The O 1 s spectra are shown in Fig. 8c in which band 
at 530.5 eV. Figure 8d represented the appearance of C 1 s 
spectra with a band at 285.2 eV. Moreover, Fig. 8e showed 
S 2p spectra, which finally determined the successful doping 
of S into the  TiO2 lattice. A peak at 169.5 eV confirmed the 
substitution of  S4+ ions in  TiO2 lattice. The total content of 
sulfur (atomic %) was found to be 2.21% [20, 27, 28].

Photocatalytic activity of S‑doped  TiO2

For the optimal photocatalytic activity, nanoparti-
cles must have a mixture of anatase phase and a small 
amount of rutile phase. With the increase in tempera-
ture, the rutile phase becomes the major phase of  TiO2 
(For undoped = 650° and sulphur doped = 700–750°). 

Fig. 7  Fluorescence spectra of 
a ST-350, b ST-550, c ST-750 
and d ST-1050
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Therefore, ST-550 was chosen for the photocatalytic activ-
ity over ST-750 in which the rutile phase dominates [23].

The photocatalytic response of prepared sulphur doped 
photocatalysts was assessed by degrading Rhodamine 
6G, diclofenac, and quinalphos under visible light irra-
diation. These organic contaminants were released to the 
environment from sources such as paint stripping opera-
tions, by-products of agricultural chemicals, dyestuffs, and 
fireboard.

Photocatalytic degradation of R6G

Figure 9a showed the typical UV–VIS spectra (time-depend-
ent) of R6G photo irradiation. R6G exhibited four bands at 
wavelength 347 nm, 275 nm, and 246 nm in the UV region 
and 526 nm in the visible region. But in the presence of 
S-TiO2, absorption peaks corresponding to R6G started 
diminishing with increasing time, which indicates that the 
compound is degrading. Degradation efficiency was calcu-
lated to be 91.7% within four hours at wavelength 526 nm.

Fig. 8  XPS spectra of O1s (a), Ti2p (b), C1s (c), S2p (d), XPS survey (e) for the S-TiO2 calcinated at 550 °C

Fig. 9  UV–Vis time-dependent spectra (a) and Kinetic study plot (b) of photocatalytic degradation of R6G
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Figure 9b shows the rate of disappearance of R6G under 
optimal conditions of pH and catalyst dose. The photocata-
lytic oxidation of organic compounds has been successfully 
obtained by using Langmuir–Hinshelwood kinetics. Accord-
ing to L–H model –Dc/dt = Kk/(1 + KC), (where k is the 
reaction rate constant, C is the bulk solute concentration, K 
is the equilibrium adsorption constant and t represents time) 
for a low concentration of solute the value of KC is smaller 
than one that results in the pseudo-first-order equation. In 
 (A0/A) = kt, (where initial absorption is  A0 and absorption 
at any time is A, t is time), the photocatalytic degradation 
of R6G with  TiO2 confirmed a pseudo-first-order kinetic 
model [29]. Hence a straight line is obtained from semi-
logarithmic plots of the concentration data. The value of  R2 
comes out to be 0.952 and the rate constant was found to be 
0.0587  min−1 for R6G.

The photocatalysis reaction of R6G has been observed 
under various experimental conditions as shown in Fig. 10a. 
For this, a blank experiment was executed under UV light 
(365 nm) in absence of catalyst, which confirmed that only 
15% of R6G was degraded. About 20% of the R6G was 
degraded with  TiO2 in dark and 35% of the R6G is degraded 
with  TiO2 under white light (450 nm). While 40% degrada-
tion of R6G was observed in dark containing sulphur doped 
 TiO2. Whereas 91.7% degradation was observed in white 
light containing S-TiO2. Turn over frequency was calculated 
to be 2 ×  107 mol/(mol.min).

The pH effect on the % degradation of R6G under white 
light was studied over the range of 2–12 pH (Fig. 10b). Here, 
high degradation efficiency was observed at pH 9.

Photocatalytic Degradation of Quinalphos

The effect of calcination temperature on photocatalytic 
efficiency of S-doped  TiO2 was also investigated. The 

photocatalytic activity of synthesized S-doped  TiO2 nano 
photocatalyst calcinated at different temperatures viz. 350, 
550, 750, and 1050 °C were studied for the degradation 
of Quinalphos. The results showed 40.5, 85.7, 55.3, and 
45.7% of quinalphos get degraded by using ST-350, ST-550, 
ST-750, and ST-1050, respectively. The maximum photo-
catalytic activity was shown by ST-550, thus selected for 
further studies.

Photocatalytic activity of the S-doped  TiO2 calcinated at 
550 °C was assessed for degrading Quinalphos by varying 
reaction conditions (wavelength, pH, and photolysis reac-
tion). The change in intensity of absorption maxima was 
used to identify the rate of % degradation.

The pesticide (Quinalphos) exhibited absorption maxima 
peaks at 320 nm and in the presence of S-  TiO2, UV–Vis 
spectrum (time-dependent) of Quinalphos under visible light 
revealed a gradual decrease in absorption peak with 85.7% 
degradation of Quinalphos within 240 min as shown in 
Fig. 11a. The kinetics experiments proved that the apparent 
first-order kinetic model was used to evaluate the degrada-
tion of the pesticide (Fig. 11b). The value of the rate constant 
and correlation constant for the fitted line was 0.9636  min−1 
and 0.0081, respectively.

Figure 12a represented the data of % degradation under 
four different experimental conditions that is red light 
(660 nm), undoped-  TiO2 / dark, ST-550/ dark, and ST-550/ 
red light. The blank experiment was accomplished under 
red light in the absence of catalyst showed 3.8% degrada-
tion only. When pesticide was degraded under dark condi-
tions with undoped-TiO2 only 23.5% degradation occurs. 
About 37.5% of the Quinalphos was degraded with ST-550 
in dark conditions and 85.7% of Quinalphos degraded by 
using ST-550 under red light.

The pH effect on the % degradation was inspected in the 
range 2–10 as shown in Fig. 12b and the results confirmed 

Fig. 10  Degradation efficiency of R6G a under different conditions and b pH effect under white light (450 nm)
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that pH plays an important role in the degradation of pesti-
cides. It has been spotted that as the pH increases the photo-
catalytic degradation with ST-550 increases and is display-
ing maximum degradation at 7 pH and afterward decreases. 
This can be explained based on the influence of alkaline pH 
on the surface state of catalysts and the generation of ·OH 
free radicals.

Photocatalytic degradation of diclofenac

The photocatalyzed degradation reaction of Diclofenac was 
also investigated by changing various reaction conditions 
(pH and photolysis reaction). The change in absorption 

maxima (275 nm) was used to examine the %age degrada-
tion of diclofenac.

The time-dependent photo-catalytic degradation of 
diclofenac with ST-550 under white light was confirmed by 
the UV–Vis spectrum (Fig. 13a). The characteristic absorp-
tion peak of diclofenac was observed at 275 nm. In the 
presence of S-  TiO2, a gradual decrease in the intensity of 
absorption maxima was observed within 120 min and about 
90.7% of the Diclofenac has been degraded.

According to the kinetic study, degradation of diclofenac 
followed the apparent first-order kinetic model (Fig. 13b). 
The correlation constant was found to be 0.9856 and the rate 
constant was 0.019  min−1.

Fig. 11  Time dependent UV–Vis spectra (a) and Kinetic study and of photo-catalytic degradation of Quinalphos (b)

Fig. 12  Photocatalytic degradation of Quinalphos a under different conditions and b effect of pH under red light (660 nm)
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The %age degradation of diclofenac was also studied 
at four different experimental conditions such as white 
light, undoped-  TiO2 / dark, ST-550/ dark, and ST- 550/ 
white light. The rate of degradation was studied at 275 nm 
(Fig. 14a), in the case of blank experimentation, only 7.8% 
of degradation was obtained under white light in absence of 
a catalyst. About 25.9% of diclofenac was degraded in dark 
with undoped-TiO2 and 53.0% of diclofenac was degraded 
under dark conditions with ST-550. About 90.7% of the 
diclofenac degradation occurs by using ST-550 under white 
light.

The pH plays an important role to enhance the % degrada-
tion of organic pollutants (diclofenac) as shown in Fig. 14b. 
The results confirmed that as the pH of the diclofenac 
increases, the % degradation decreases and shows the maxi-
mum rate of degradation (90.7%) at pH 2 (Table 1).

Conclusion

The heterogeneous catalysis-based reaction provides an 
encouraging solution for the removal of various intoler-
ant contaminants from the environment.  TiO2 is known 
as one of the most efficient photocatalysts due to its high 
stability toward photo corrosion, low cost, photo activity, 
and non-toxicity.  TiO2 absorbs a small amount of solar 
light because of its vast bandgap (3.2 eV). Hence, sulphur 
doping on  TiO2 lattice makes it visible light-responsive 
due to effective shift in a bandgap. Ultrasonic radiations-
assisted synthesis of S-doped  TiO2 has been successfully 
carried out using thiophenol as a precursor of sulphur. 
Bandgap study data confirms the shift in response from 
the UV region to the visible region. The synthesized 

Fig. 13  Time-dependent UV–Vis spectra (a) and Kinetic study (b) of photocatalytic degradation of Diclofenac

Fig. 14  Photocatalytic degradation of Diclofenac a under three different conditions and b effect of pH under white light (450 nm)



514 Nanotechnology for Environmental Engineering (2022) 7:503–515

1 3

photocatalysts have a particle size in the nano range and 
are porous. The photocatalytic efficiency of S-doped  TiO2 
was observed by degrading Rhodamine 6G, Quinalphos, 
and Diclofenac. The maximum degradation (91.7%) of the 
Rhodamine 6G, 85.7% of quinalphos, and 90.7% of the 
diclofenac were recorded with ST-550.
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