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Abstract: Herbicides and dyes in wastewater are considered serious water pollutants. These
water pollutants have harmful effects on the ecosystem and due to this, the degradation
of these pollutants is very important. In this article, titanium dioxide (TiO2) nanoparti-
cles were synthesized by the sol–gel method and used as photocatalysts. TiO2 powder
was characterized by using X-ray diffraction (XRD), scanning electron microscopy (SEM),
Fourier-transform infrared spectroscopy (FTIR), and UV-Visible (UV-Vis) spectroscopy. The
XRD analysis revealed the anatase phase for TiO2. The SEM investigation showed that
TiO2 nanoparticles exhibit highly irregular block-shaped morphology. TiO2 nanoparticles
degrade the organic pollutants under UV as well as sunlight. The photocatalytic activity of
such prepared catalyst was carried out in solutions of bentazon herbicide (BZ) and Nile blue
dye (NB) and in the mixture of these pollutants, under UV and sunlight. The degradation
rate of both BZ and NB was very high in individual solutions as well as in the combination
of them. The obtained results show that TiO2 photocatalyst is a potential candidate for the
photocatalytic degradation of dyes and herbicides under UV and sunlight.

Keywords: TiO2; sol–gel synthesis; photocatalysis; bentazon herbicide; Nile blue dye

1. Introduction
Water pollution is a worldwide problem and it has a dramatic impact on human health

and aquatic life. In modern agriculture, the use of herbicides is intensively increasing
to control the spread of weeds and protect crop growth [1]. Bentazon is a widely used
herbicide, belongs to the thia-diazine group of chemicals, and it is specifically used in rice
and soybean cultivations. At natural pH, bentazon high solubility and mobility in the soil
contribute to pollution of surface and underground water [2].

Similarly, almost 80 million tons of dyes are produced annually worldwide and used in
medical laboratories and industries such as textiles, paper, paint, food, and cosmetics. The
release of a significant amount of these dyes into waterbodies disturbs the stability of ecosys-
tems [3]. Nile blue dye is a potential photosensitizer that can be used in photodynamic
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therapy to treat malignant tumors. Its release in the environment without any pretreatment
is harmful to the respiratory tract if inhaled and causes skin and eye infections [4]. The
discharge of polluted water with dyes and herbicides without any pretreatment represents
a serious threat. Consequently, the development of cost-effective and eco-friendly methods
for dye-containing water treatment is an urgent matter. Different biological, physical, and
chemical methods have been used for the degradation of organic dyes and herbicides, such
as reverse osmosis, coagulation, sedimentation, and the advanced oxidation process [5].
Notably, the advanced oxidation process (AOP) is a promising technique for the removal of
organic pollutants (dyes and herbicides) by using semiconductor nanostructures due to the
low cost, ecofriendly nature, high degradation efficiency, and chemical stability [6].

Metal oxide-based catalysts have been applied for the removal of organic pollutants
including Fe2O3, ZnO, TiO2, MgO, and Al2O3 [7–10]. Among these, titanium dioxide (TiO2)
has gained remarkable attention as a photocatalyst due to high photocatalytic activity
towards organic pollutants, that can be combined to large surface area and adequate
porosity. Titanium dioxide is the ninth most abundant chemical compound on the earth’s
crust, and it is present in three different phases: anatase, rutile, and brookite. Anatase
TiO2 is one of the stable crystalline phases of titania and has a high electron mobility and
low recombination rate [11–13]. Owing to these properties, anatase TiO2 is one of the
most widely used photocatalysts for the light-driven degradation of organic pollutants.
However, when TiO2 nanoparticles were employed at the pilot scale, some disadvantages
were encountered in the scaling up such as the cost, stability, and aggregation of TiO2

nanoparticles, which may reduce the surface area and reduce the reactivity. In terms of
toxicity, TiO2 nanoparticles can pose health risks such as respiratory issues, skin irritation,
and toxic effects on the aquatic system [14,15]. Numerous methods have been adopted for
the fabrication of TiO2 nanoparticles such as the co-precipitation method, hydrothermal
synthesis, chemical vapor deposition, and sol–gel method. Among these, sol–gel is one of
the most effective, low-cost, fast and feasible techniques to synthesize nanoparticles [16–18].

In this work, we prepared TiO2 nanoparticles by the sol–gel method using TiCl4 as a
precursor. To investigate the physicochemical properties, the prepared TiO2 photocatalyst
was characterized by different characterization techniques such as X-ray diffraction (XRD),
UV-Visible spectroscopy (UV-Vis), and Fourier-transform infrared spectroscopy (FTIR).
Surface morphology was determined by scanning electron microscopy (SEM). In the present
work, we used TiO2 nanoparticles as a photocatalyst and studied the degradation efficiency
towards single bentazon herbicide (BZ), Nile blue dye (NB), and herbicide and dye mixture
(BZ + NB) under UV light and sunlight irradiation. To the best of our knowledge, this is
the first work to report the high photocatalytic efficiency of TiO2 towards such pollutants:
with optimized conditions, 5 ppm contaminant concentration, pH 7, and catalyst loading of
20 mg, bentazon is 99% degraded in 40 min and Nile blue is degraded 100% in 160 min. The
degradation of both pollutants in the BZ + NB mixture demonstrates that TiO2 photocatalyst
has the ability to degrade the pollutants simultaneously under UV and sunlight.

2. Materials and Methods
2.1. Chemicals

For the sample synthesis and photocatalytic experiments, all the chemicals were
purchased from Merk (Darmstadt, Germany) and used as received. Titanium tetrachloride
(TiCl4) and absolute ethanol (≥99.99%) were purchased and used as precursors. Nile blue
(C40H40N6O6S, content ≥ 75%, powder) dye and bentazon (C10H12N2O3S, purity ≥ 98%,
powder) herbicide were used as model organic pollutants.
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2.2. Synthesis of TiO2 Nanoparticles

For the synthesis of TiO2 nanoparticles, the sol–gel method was used, as reported in
the literature [19]. In a typical synthesis, 3.9 mL of TiCl4 is taken and then slowly added to
10 mL of ethanol in a beaker at ◦C in an ice bath under a fume hood due to the exothermic
reaction, release of hydrogen chloride, and high volatility of TiCl4. After that, 0.5 mL of
deionized water is added to the above mixture solution and the reaction is carried out
under vigorous stirring. The mixture solution is then put in the oven at 80 ◦C for 18 h for
drying. During the drying process, the mixture solution changes from colorless to yellow.
The obtained TiO2 powder is annealed for 2 h in a furnace at 600 ◦C temperature.

2.3. Photocatalytic Activity Experiment

The photocatalytic experiments were performed for the removal of Nile blue (NB) dye,
bentazon herbicide (BZ), and their mixture (BZ + NB) under UV and sunlight irradiations.
First, 20 mg of TiO2 was mixed in 60 mL of model water (solution of NB, BZ, and solution
of NB and BZ) with 5 ppm pollutant concentration. To attain the absorption/desorption
equilibrium, polluted solutions in the presence of TiO2 photocatalyst were placed in the
dark and stirred for 1 h. Subsequently, the mixture solutions were exposed to irradiation
of a UV lamp (300 W, Oriel Instruments, Newport, CA, USA) and natural sunlight. The
intensity of the light was recorded during all the experiments by a power meter (Thorlabs,
Newton, NJ, USA, model PM100D), finding a constant intensity of 126.5 mW/cm2 and
2.58 mW/cm2 for UV light and for sunlight, respectively. During the experiments, 3 mL of
solution was taken after a consecutive time interval of 20 min and evaluated by using a
double-beam UV-Vis spectrophotometer (Lambda 750, Perkin Elmer, Waltham, MA, USA).
The degradation efficiency of the TiO2 catalyst was calculated through Equation (1) [20].

Degradation e f f iciency = (C0 − Ct)/C0 × 10 (1)

2.4. Characterizations

The synthesized TiO2 nanoparticles were characterized by using an X-ray diffractome-
ter (Philips X-Pert Pro 500, Amsterdam, Nederland), with Cu Kα radiation (λ = 1.5418 Å)
in the 20–80◦ 2θ range to determine the structure and calculate the crystal size and lattice
parameters. The surface morphology was evaluated by the TESCAN MIRA FE-SEM instru-
ment, where a secondary electron (SE) detector or an in-beam SE detector was employed to
record the images, and the acceleration voltage at 5 kV and the probe current at 100 pA
was set during the measurements. The optical properties of TiO2 nanoparticles and photo-
catalytic measurements were investigated by a double-beam UV-Vis spectrophotometer.
The Fourier-transform infrared spectrophotometer (Jasco FT/IR-4X, Victoria, BC, Canada)
was used to evaluate the functional groups present in the sample.

3. Results and Discussions
3.1. X-Ray Diffraction

The X-ray diffraction was used to determine the crystal structure and phase purity of
the prepared TiO2 photocatalyst. Figure 1 shows the XRD spectra of the TiO2 photocatalyst
annealed at 600 ◦C. The obtained diffraction pattern was attributed to the anatase phase of
TiO2 and well matched with JCPDS (84-1286). The average crystallite size was calculated
using the Scherrer equation D = Kλ

βhkl cos θ [21].



Appl. Sci. 2025, 15, 1899 4 of 13

Appl. Sci. 2025, 15, x FOR PEER REVIEW 4 of 15 
 

3. Results and Discussions 
3.1. X-Ray Diffraction 

The X-ray diffraction was used to determine the crystal structure and phase purity of 
the prepared TiO2 photocatalyst. Figure 1 shows the XRD spectra of the TiO2 photocatalyst 
annealed at 600 °C. The obtained diffraction pattern was attributed to the anatase phase 
of TiO2 and well matched with JCPDS (84-1286). The average crystallite size was calcu-
lated using the Scherrer equation 𝐷 =  ௄ఒఉ೓ೖ೗ ௖௢௦ Ɵ  [21].  

 

Figure 1. XRD spectra of prepared TiO2 nanoparticles. 

The calculated crystallite size and microstructural parameters [22] are listed in Table 
1. 

Table 1. Microstructural parameters of TiO2 calculated from XRD pattern. 

Parameters TiO2 
Symmetry Tetragonal Anatase 

Lattice constants 
a = 3.775 Å 
b = 9.581 Å 

Cell volume 136.54 Å3 
Crystalline size D 20 nm 

3.2. SEM Analysis 

To determine the surface morphology and distribution of the prepared TiO2 photo-
catalyst, scanning electron microscopy (SEM) images were collected at different magnifi-
cations as shown in Figure 2. The SEM images show that the TiO2 photocatalyst exhibits a 
non-uniform distribution composed of irregularly shaped and agglomerated cubic struc-
tures. 

Figure 1. XRD spectra of prepared TiO2 nanoparticles.

The calculated crystallite size and microstructural parameters [22] are listed in Table 1.

Table 1. Microstructural parameters of TiO2 calculated from XRD pattern.

Parameters TiO2

Symmetry Tetragonal Anatase

Lattice constants a = 3.775 Å
b = 9.581 Å

Cell volume 136.54 Å3

Crystalline size D 20 nm

3.2. SEM Analysis

To determine the surface morphology and distribution of the prepared TiO2 photocata-
lyst, scanning electron microscopy (SEM) images were collected at different magnifications
as shown in Figure 2. The SEM images show that the TiO2 photocatalyst exhibits a non-
uniform distribution composed of irregularly shaped and agglomerated cubic structures.

3.3. FTIR

Figure 3a represents the FTIR spectra of the TiO2 nanoparticles in the range of
450–4000 cm−1. The band between 450 cm−1 and 800 cm−1 was attributed to Ti-O stretch-
ing and Ti-O-Ti bending vibrations. The band at 512 cm−1 and 721 cm−1 confirms the
formation of the TiO2 nanoparticles with the anatase phase [23]. The band located at
1209 cm−1 was assigned to the Ti-OH bending [24,25]. The strong band at 1740 cm−1 is
due to the absorption of water molecules present in the atmosphere [26]. The weak band at
34,163 cm−1 as shown in Figure 3b corresponds to the hydroxyl groups (O-H) present on the
surface of the TiO2 catalyst which contribute to enhancing the photocatalytic activity [23].

3.4. UV-Visible Spectroscopy

The absorption spectra of TiO2 nanoparticles were measured by using UV-Visible
spectroscopy. Figure 4 displays the UV-Vis absorption spectra of the TiO2 nanoparticles in
the range of 200–800 nm. The optical band gap was calculated by the Tauc plot method
using Equation (2) [27]:

αhυ = A
(
hυ − Eg

)1/2 (2)
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where h is Planck’s constant, υ is the incident light frequency, A is a constant, and Eg

represents the band gap energy, respectively. The band gap energy was calculated by
plotting (αhυ)2 vs. photon energy (hυ) and extrapolating the value from the linear portion
to (αhυ)2 = 0 as shown in the inset of Figure 4. The calculated band gap of the TiO2

photocatalyst was 3.12 eV [28].
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3.5. Photocatalytic Activity

The photocatalytic activity of the TiO2 catalyst was investigated against the NB dye,
BZ herbicide, and their solution under UV and natural sunlight irradiations. The change in
pollutant concentration was recorded by acquiring the absorption spectra of the solution
every 20 min.

3.5.1. Degradation of Bentazon Herbicide

The photodegradation of bentazon in the presence of 20 mg TiO2 catalyst, 5 ppm
pollutant concentration, and at pH 6, 7, 8, and 9 was carried out for 40 min under UV light.
The obtained degradation efficiency was 81%, 99%, 43%, and 23% at pH 6, 7, 8, and 9,
respectively, as shown in Figure 5a. The maximum degradation efficiency was obtained
at pH = 7; thus, all photocatalytic experiments were performed at pH 7 under UV and
sunlight irradiation.

Figure 5b,c shows the absorption spectra of BZ at different time intervals. The presence
of a catalyst leads to a decrease in the absorption spectra at λ = 334 nm as a function of
irradiation time, as shown in Figure 5a,b. The photocatalytic degradation efficiency of the
TiO2 catalyst against bentazon in 40 min was 99% and 75% under UV light and sunlight,
respectively, as displayed in Figure 5d.

Additionally, the kinetic study of photodegradation was examined using a first-order
model as follows [29]:

Ct = Coe−kt (3)

ln (
Co

Ct
) = kt (4)

where k, Co, and Ct represent the rate constant, and concentration of BZ before and after
degradation under illumination as a function of time, respectively. The obtained results
against the photodegradation of bentazon reveal that percentage degradation efficiency
and rate constant k are higher under UV light as compared to sunlight. A literature com-
parison of the photocatalytic activity of TiO2 for the degradation of bentazon at different
experimental conditions is given in Table 2. The values of rate constants (k) and R2 for BZ
are listed in Table 3.
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Figure 5. Degradation efficiency of BZ at different pH values (a); absorption spectra of BZ in the
presence of the TiO2 photocatalyst under UV (b) and sunlight (c); degradation efficiency at different
irradiation times for the TiO2 photocatalyst of BZ (d).

Table 2. The comparison study of photodegradation efficiency of TiO2 and TiO2-based composites at
different experimental conditions for bentazon herbicide.

Catalyst
Catalyst

Concentration
(gL−1)

Irradiation
Source

Bentazon
Concentration

(mgL−1)
% Degradation Ref.

TiO2 P25 1.0 Philips HB 175
60 W 20 85% in 120 min [30]

TiO2
nanocrystal 1.0 Philips HB 175

60 W 20 63% in 120 min [30]

TiO2
suspension 1.0 solar simulator

1000 W 10 95% in 60 min [31]

TiO2
suspension 1.0 sunlight 10 95% in 60 in [31]

ZnO/TiO2 0.5 UV lamp 20 80% in 120 min [32]
TiO2/PMAA 0.5 sunlight 10 100% in 200 min [33]

TiO2
nanoparticles 0.3 Hg lamp 300 W 5 99% in 40 min Present

work

- - sunlight - 75% in 40 min Present
work

Table 3. Photodegradation kinetic parameters for TiO2 catalyst against NB and BZ.

Pollutants %
Degradation

Radiation
Source

K
(min−1) R2 Y = a + bx

BZ 99% UV 0.1110 0.9769 −0.2805 + 0.0110x
BZ 75% sunlight 0.03491 0.9987 −0.0100 + 0.3491x
NB 98% UV 0.0762 0.8859 −0.5997 + 0.0762x
NB 100% sunlight 0.0355 0.8157 −0.8987 + 0.0355x
BZ

(in BZ + NB mixture) 68% UV 0.00679 0.9757 −0.0531 + 0.00679x
BZ

(in BZ + NB mixture) 60% Sunlight 0.0059 0.9575 −0.10543 + 0.0059x
NB

(in BZ + NB mixture) 78% UV 0.0093 0.9669 −0.1092 + 0.0093x
NB

(in BZ + NB mixture) 95% sunlight 0.0209 0.9289 −0.4136 + 0.0209x
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3.5.2. Degradation of Nile Blue Dye

The photocatalytic activity of TiO2 was also investigated against the Nile blue in
the same experimental conditions as those used for bentazon, under UV and sunlight
irradiations. The absorption spectra of NB in the presence of TiO2 catalyst from 0 to 160 min
are shown in Figure 6a,b under UV and natural sunlight irradiations, respectively.

Figure 6c shows the percentage degradation of NB dye. The percentage degradation of
NB was 98% and 100% after 160 min under UV light and sunlight, respectively. Figure 6d
represents the curve of ln(C/C0) vs. time of irradiation. The values of rate constants (k) and
R2 for NB are listed in Table 3. The obtained results indicated that NB has a slightly higher
percentage of degradation under sunlight as compared to UV light. A comparison of the
TiO2 photocatalytic activity against NB of our system with the other previous literature
reports is given in Table 4.

Table 4. The comparison study of photodegradation efficiency of metal oxide-based nanocomposites
at different experimental conditions for Nile blue.

Catalyst
Catalyst

Concentration
(gL−1)

Irradiation
Source

Nile Blue
Concentration

(mgL−1)

Degradation
Percentage Ref.

CuO-SiO2 0.1 UV lamp 20 90% [34]

FeMnO3 /
250 W

mercury
lamps

10 95% in
80 min [35]

CuFe2O4 0.03 Hg lamp 10 93% in
120 min [36]

NiO-ZnO 0.03 sunlight 5 97% in
140 min [37]

TiO2 0.3 UV light 5 98% in
160 min

Present
work

TiO2 0.3 Sunlight 5 100% in
160 min

Present
work

3.5.3. Simultaneous Degradation of Bentazon and Nile Blue

The efficiency of TiO2 was also assessed in a mixed solution of BZ and NB. The
experiment was carried out in similar experimental conditions, both under UV and sunlight
irradiation. Figure 7a,b shows the absorption spectra of the dye and herbicide mixture
under UV and sunlight for 160 min. The absorption spectra show a simultaneous decrease
at λ = 334 nm and λ = 634 nm for BZ and NB, respectively. Figure 7c shows the percentage
degradation of BZ and NB in the mixture under the two irradiations. The percentage
degradation of BZ and NB was 78% and 68% under UV light and 60% and 95% under
sunlight. The degradation percentages are lower with respect to the single components for
both organic pollutants. However, the removal percentage of BZ is lower as compared to
NB under UV and sunlight. This might be due to the complex structure of NB which affects
the degradation of BZ herbicide. ln(C0/Ct) was plotted as a function of time (t) in Figure 7d.
The values of rate constants (k) and R2 are listed in Table 3. To the best of our knowledge,
there are no experimental studies on the photocatalytic behavior of TiO2 for the solution
of BZ and NB under UV and sunlight. S. Prabhudesai et al. synthesized TiO2 by the
combustion method and used it for the degradation of individual solutions and a mixture
of metamitron herbicide and rhodamine B dye. They observed the complete degradation
of dye and herbicide under UV light [38]. Sabzehmeidani reported the degradation of two
dyes Rhodamine B and methylene blue using ultrasound-assisted photocatalytic activity
and obtained 63% and 97% degradation in the mixture solution [39].
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3.5.4. Scavenger Test

To further confirm the photodegradation process and production of reactive species,
the photodegradation process of bentazon was assessed by trapping experiment under UV
light. 2-propanol and ascorbic acid were used as scavengers for hydroxyl radicals (*OH)
and superoxide radicals (·O2

−). A dramatic decrease in the photodegradation efficiency
was observed, which suggests the dominant role of the ROS species in the degradation of
bentazon as shown in Figure 8. Without a scavenger, the obtained degradation efficiency
of the TiO2 catalyst was 99%. However, it is observed that the degradation efficiency
is reduced from 99% to 27% and 13% in the presence of 2-propanol and ascorbic acid,
respectively, which confirmed that the reactive species (*OH and ·O2

−) are produced and
have a dominant effect in the photodegradation of bentazon.

3.5.5. Stability and Reusability of TiO2

To investigate the stability of TiO2 photocatalyst, a reusability test was performed
against bentazon under UV light at optimization conditions. After completing each cycle,
the photocatalyst was collected by centrifuging (Thermo Fisher, Waltham, MA, USA,
Megafuge 8), washed, and dried for 1 h at 70 ◦C. The obtained degradation efficiency
of the TiO2 for the three cycles is shown in Figure 9a. The structure and morphology of
the catalyst after three cycles were investigated by means of XRD and SEM. The XRD
peak profile before and after the reusability test is shown in Figure 9b, which confirms the
structure stability of the TiO2 photocatalyst. The SEM images of the reused catalyst also
showed agglomerated cubic structures. There is no remarkable change after the reusability
test as shown in Figure 9c.
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4. Conclusions
TiO2 nanoparticles were prepared using TiCl4 as a precursor via sol–gel synthesis. The

prepared TiO2 photocatalyst was used for the degradation of BZ herbicide and NB dye
and their mixture under UV and sunlight. The TiO2 catalyst completely degraded both
pollutants under UV light and the efficiency was 99% and 98% for BZ and NB, respectively.
The obtained degradation efficiency under sunlight was 75% and 100% for BZ and NB,
respectively. For the BZ + NB mixture, both pollutants degrade simultaneously under
UV and sunlight. However, the degradation rate for BZ was lower as compared to NB
under both light sources, which indicates that due to its complex structure, NB affects
the degradation rate of BZ. The obtained results indicate that the TiO2 photocatalyst is
a potential candidate for the photodegradation of dyes and herbicides and their mixture
solutions under UV and sunlight.
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