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Nano-Clean: Titanium Dioxide 
Nanoparticles Via Sol–Gel for Effective 
Pollutant Removal

ABSTRACT

The research focused on the hydrothermal synthesis of titanium dioxide (TiO2) nanoparticles, with 
a detailed analysis of their chemical attributes through Fourier transform infrared and ultraviolet–
visible diffuse reflectance spectroscopy, emphasizing the optical features. The nanoparticles’ high 
purity was further affirmed by energy-dispersive X-ray analysis. Transmission electron micros-
copy revealed spherical particles measuring ≥80 nm. Furthermore, X-ray diffraction and Raman 
analyses show the anatase structure of the nanomaterial. Under exposure to ultraviolet light, 
the photocatalytic assessment of 100 mg of the as-synthesized TiO2 nanoparticles exhibited an 
impressive efficiency of 77%-90%, successfully removing 30 ppm each of rhodamine B, nonylphe-
nol, roxarsone, and ciprofloxacin within a 105-minute timeframe.
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INTRODUCTION
Industrial wastewater discharges, especially from the textile industry, constitute a significant 
source of environmental pollution and pose a serious threat to life on Earth.1-4 In addition to textile 
effluents, nonylphenol, an endocrine disruptor and a toxic intermediate degradation product of 
nonylphenol ethoxylates surfactants, poses a significant threat to the environment.5,6 The presence 
of antibiotics in various aquatic environments, including surface water, groundwater, and sewage 
treatment plant effluents, indicates another emerging environmental problem.7-9 Roxarsone, a 
commonly used animal feed additive, is excreted into fertilizer without modifications.10,11 This fer-
tilizer, frequently used on soil, releases significant quantities of roxarsone, an antimicrobial agent, 
into the surrounding environment.12,13 In addition to the contamination of groundwater and surface 
water, these pollutants possess the capacity to potentially compromise water bodies through the 
processes of leaching and runoff.14-16 To address this risk, the timely removal of pollutants from 
contaminated wastewater is imperative. Commonly utilized methods for pollution remediation 
include adsorption, coagulation, membrane filtration, and sedimentation.17 While these technolo-
gies have proven to be effective, the target pollutant is often transferred from one medium to 
another rather than being completely eliminated.18 To effectively manage sludge or waste streams, 
secondary processes are necessary. One potential solution is the utilization of advanced oxidation 
processes. These processes generate highly oxidizing free radicals capable of mineralizing organic 
compounds, thereby preventing the formation of waste products.7,19 Advanced oxidation processes 
have garnered considerable attention for their economic viability at a commercial scale. Due to 
its affordability, chemical stability, and high efficiency in degrading pollutants when exposed to 
ultraviolet (UV) light, titanium oxide has become the preferred photocatalyst.20 Titanium dioxide 
has 3 natural polymorphs: anatase, rutile, and brookite. Both anatase and rutile share a tetragonal 
crystal structure due to their chemical stability. Brookite, less common, possesses an orthorhom-
bic crystal structure. In the remediation of organic pollutants, these variations in crystal structure 
and particle morphology play a crucial role in influencing the photocatalytic effectiveness of semi-
conductor catalysts.21 In this study, we assess the photocatalytic efficiency of anatase-phase TiO2 
in degrading 4 distinct pollutants.22 Providing precise control over material properties and reduc-
ing hydrolysis, sol–gel synthesis is considered ideal for tailored materials. However, its appropri-
ateness relies on the specific material and the desired characteristics.23-25 Using heterogeneous 
TiO2 photocatalysis, we discuss the non-aqueous synthesis of TiO2 nanoparticles for the removal 
of 4 persistent pollutants, including roxarsone, nonylphenol, rhodamine B, and ciprofloxacin from 
aquatic systems.
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MATERIAL AND METHODS
Materials
Analysis of the sample involved employing various spectro-
scopic and analytical techniques. The JASCO-670 UV/visible (Vis)/
near-infrared (IR) spectroscopy captured optical absorbance 
spectra, while Fourier transform (FT) IR spectra were recorded 
with the FT-4700 spectroscopy. Transmission electron micros-
copy (TEM) images were obtained using a Talos F200i S/TEM elec-
tron microscope (HRTEM-200KV). Raman spectra were recorded 
via Invia Raman spectroscopy, and X-ray diffraction (XRD) patterns 
were acquired with GNR APD 2000 PRO’s Cu-K light source. X-ray 
photoelectron spectra (XPS) were meticulously measured utiliz-
ing a Thermo Scientific K-Alpha instrument with an Al Kα radia-
tion source.

For the synthesis of sol–gel anatase TiO2 and the assessment of 
the nanomaterial’s removal potential, reagents were procured from 
Sigma–Aldrich. These included ethanol ([High-performance liquid 
chromatography] HPLC gradient grade, 99.9%), titanium (IV) butox-
ide (reagent grade, 97%), and acetic acid (glacial, ≥99%). Figure 1 
illustrates the chemical structures obtained from Sigma–Aldrich 
for the 4 persistent contaminants used in the study, each indicating 

its respective purity: nonylphenol (99% purity), roxarsone (98% 
purity), ciprofloxacin (98.0% purity), and rhodamine B (95% purity).

Methods
Synthesis of Titanium Dioxide Nanoparticles
The synthesis of TiO2 nanoparticles followed a procedure derived 
from our previous method.26 In summary, 30 mL of ethanol were 
mixed with 20 mL of titanium butoxide and 10 mL of acetic acid. 
The mixture underwent stirring for 15 hours to facilitate the 
proper formation of nanoparticles. Subsequently, the resulting 
gel was matured at 80°C for 9 hours, followed by a 3-hour cal-
cination process at 450°C to produce the nanoparticles. After 
completing the calcination, the particles were collected and sub-
jected to multiple ethanol washes to eliminate impurities, and 
finally air-dried at room temperature.

Photocatalytic Activity Measurements
The photocatalytic experiment mirrors our previous research 
(referenced as Figure 2). Employing a photocatalytic reactor 
paired with a 125-watt high-pressure mercury UV light source 
operating at room temperature, we aimed to remove nonylphe-
nol, roxarsone, rhodamine B, and ciprofloxacin in the presence of 
TiO2 nanoparticles. In a reactor containing 250 mL of an aque-
ous solution, each pollutant was present at 30 ppm along with 
100 mg of TiO2 nanoparticles for the photodegradation process.

Before exposing the mixture to irradiation, the stirring process 
lasted for 20 minutes in the dark using a magnetic stirrer to 
establish adsorption–desorption equilibrium. Throughout the 
photoreaction process, the absorbance of 1 mL of solution was 
measured at regular intervals using a UV-Vis spectrometer. As 
the concentration of the target substance decreased over time, 
the absorbance peak also decreased, indicating a reduction in 
pollutant concentration.

Equation 1, presented below, is typically used to calculate the 
degradation efficiency of the photocatalyst:

Degradation efficiency (%)
. .

.
�

�
�

Conc Conc
Conc

0

0
100t  (1)

Figure 1. Chemical structure of the pollutants used for the study.

Figure 2. Photocatalytic experiment. UV-Vis, ultraviolet–visible.



63

NanoEra 2023 3(2): 61-66 l doi: 10.5152/NanoEra.2023.23009

The variable Conc.0 signifies the initial concentration of the spe-
cific pollutant present at equilibrium before the commencement 
of the experiment. On the other hand, Conc. t represents the con-
centration of the said pollutant that remains after a duration of t 
during the photocatalytic degradation process.27-29

RESULTS AND DISCUSSION
Within the 200-400 nm range, the characteristics of absorption 
peaks of TiO2 nanoparticles are illustrated in Figure 3A, with the 
primary peak recorded at 350 nm. The inset of Figure 2A reveals 

Figure 3. A) Ultraviolet–visible diffuse reflectance spectra, B) the calculated bandgap, C) Raman, and D) X-ray diffraction spectra of TiO2 nanoparticles.

Figure 4. X-ray photoelectron spectra of TiO2 nanoparticles.
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the calculated band gap of the TiO2 nanoparticles, determined to 
be 3.2 eV. This band gap aligns with the value reported for TiO2 
anatase.30

The FTIR spectrum provides essential information about the 
organic molecules that envelop the surfaces of nanoparticles. 
Vibrations at a wavenumber of 3151 cm−1 (refer to Figure 3B) 
confirm the presence of OH groups on the TiO2 nanoparticles. 
Furthermore, the vibration at 521 cm−1 indicates the Ti-O group 
vibration.31

Peaks at positions 134, 384, 504, and 628 cm−1, corresponding 
to Eg, B1g, A1g/B1g, and A1g modes, respectively, are indicated by 
the Raman results of TiO2 nanoparticles (Figure 3C). These modes 
align with typical TiO2 anatase modes as reported in previous 
studies on TiO2 nanoparticles.17 Distinctive peaks associated with 
anatase titanium dioxide are observable in the XRD pattern of the 
synthesized TiO2 nanoparticles (refer to Figure 3D). The anatase 

phase of titania is identified by its characteristic peaks located at 
25.3°, 37.8°, 48.1°, 54.0°, 55.0°, 62.7°, and 68.8° (JCPDS #21-1272).

The XPS analysis conducted on the TiO2 nanoparticles uncovers 
the presence of titanium (Ti) and oxygen (O) elements, along with 
indications of air contamination (refer to Figure 4). Within the Ti2p 
spectrum, 2 prominent peaks emerge at 458.4 eV and 464.0 eV, 
corresponding to Ti2p3/2 and Ti2p1/2, respectively. These peak posi-
tions align with the reported binding energies for Ti in TiO2, affirm-
ing that the Ti within the TiO2 nanoparticles exists in both +4 and 
+2 oxidation states.17,32,33 A distinct peak at approximately 530 eV 
is observed within the O1s spectrum of the TiO2 nanoparticles, 
precisely aligning with the characteristic binding energy of oxy-
gen in TiO2.34 A peak is detected at 284.6 eV in the C1s spectrum, 
corresponding to the binding energy of carbon typically found in 
hydrocarbons. This observed peak is likely attributed to surface 
contamination resulting from exposure to air.35

Figure 5. (A) Transmission electron microscopy image (inset), particle size, and (B) Energy-dispersive X-ray spectroscopy (EDS) graph of TiO2 nanoparticles.

Figure 6. A) Roxarsone, B) Rhodamine B, C) Ciprofloxacin and D) Nonylphenol degradation efficiency using TiO2 nanoparticles.
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The spherical shape of the TiO2 nanoparticles, with a size of ≥80 
nm (depicted in the inset of Figure 5A), is evident in the TEM image 
(Figure 5A). Additionally, the TiO2 nanoparticles exhibit high purity, 
as confirmed by the presence of both titanium (Ti) and oxygen (O) 
elements (Figure 5B). Specifically, the nanoparticle composition 
comprises 67.23% titanium (Ti) and 32.77% oxygen (O).

PHOTOCATALYTIC EFFICIENCY
After 105 minutes, the UV absorbance readings demonstrate 
degradation efficiencies of 83% for roxarsone, 77% for rhoda-
mine B, 81% for nonylphenol, and 92% for ciprofloxacin (refer to 
Figure 6A). To calculate the kinetic rate constant using equation 
2, a pseudo-first-order kinetic equation was applied to quantify 
these degradation rates. Utilizing this mathematical approach 
offers a comprehensive insight into degradation kinetics, empha-
sizing the dynamics of the reaction over time.36,37

� �ln
.
.

Conc
Conc

0

t
kt  (2)

Upon examining the linear logarithmic plot against irradiation 
time, it becomes apparent that the photodegradation reaction 
closely adheres to first-order kinetics, displaying an almost linear 
pattern. In this study, the rate constants (k) for this reaction have 
been calculated as 0.012, 0.011, 0.015, and 0.02 min−1 for roxar-
sone, rhodamine B, nonylphenol, and ciprofloxacin, respectively. 
Figure 5B effectively illustrates the remarkable photocatalytic 
efficacy of TiO2 nanoparticles based on the derived “k” values.

The particles were reused for 4 cycles of treatment. Following 
each treatment, the particles were collected and subjected to 
multiple washes with distilled water and ethanol. As depicted in 
Figure 6C, the photocatalytic degradation of pollutants after the 
fourth cycle treatment shows no significant change, confirming 
the stability of the particles.

This study successfully demonstrated a single-step sol–gel syn-
thesis of TiO2 nanoparticles. The photocatalytic experiments 
underscored the effectiveness of TiO2 nanoparticles in remov-
ing several pollutants under UV light. Notably, remarkable deg-
radation efficiencies ranging from 77% to 92% were achieved for 
rhodamine B, nonylphenol, roxarsone, and ciprofloxacin after 105 
minutes of irradiation. Spectroscopic and microscopic analyses 
unveiled the nanoparticles’ anatase structure and uniform distri-
bution, indicating their promising suitability for practical applica-
tions. This study makes a significant contribution to advancing 
environmentally friendly technologies and practices by effec-
tively addressing the challenge of eliminating these persistent 
pollutants.
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