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using a simple sol-gel method, utilizing 4-(trifluoromethyl)nicotinic acid

(TFNA) as a precursor for carbon, nitrogen, and fluorine doping. The
resulting materials were characterized using different advanced techniques such
as X-ray Diffraction (XRD), Diffuse Reflectance Spectroscopy (DRS), Raman
spectroscopy, Fourier Transform Infrared Spectroscopy (FT-IR), Transmission
Electron Microscopy (TEM), and Field Emission Scanning Electron Microscopy
(FESEM). The synthesis approach involved the creation of nanoparticles with
varying weights of TFNA, ranging from 0.3 to 1.6 wt. %, followed by calcination
at 400 °C for 120 min in the presence of air. The resulting nanostructures were
tested for their efficiency in degrading rhodamine B (RhB) dye under ultraviolet
(UV) light irradiation. The experimental findings revealed that the 1.6 wt. %
TFENA/TIO, composite exhibited exceptional photocatalytic activity, with
approximately 87.0 % degradation efficiency towards RhB dye in aqueous
solutions under UV light. This remarkable performance can be attributed to the
increased lifetime of photogenerated electron-hole pairs and accelerated
interfacial charge transfer rates. Prog. Color Colorants Coat. 17 (2024), 263-
2730 Institute for Color Science and Technology.

n novel series of C-, N-, and F-doped TiO, photocatalysts were fabricated

1. Introduction

industrial processes, such as textile dyeing, contains a

Synthetic organic dyes, widely used in various industrial
sectors such as food, paper, textiles, plastics,
pharmaceuticals, cosmetics, printing, and leather,
constitute a significant category of artificial carbon-based
compounds. However, these substances have been
identified as a primary contributor to environmental
pollution, particularly in aquatic ecosystems, due to their
poor biodegradability, high chemical stability, and
harmful effects on living organisms. As a result, the
release of artificial organic dyes into the environment has
severe consequences, including carcinogenicity and
toxicity, posing a significant threat to the health of aquatic
life and potentially affecting human health through the
food chain [1-3]. Moreover, the colored effluent from
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considerable amount of residual dye material, estimated to
be around 10-15 %, which ultimately ends up in water
bodies [4, 5]. These dyes possess a hazardous potential,
even at minimal concentrations, owing to their toxic,
carcinogenic, and mutagenic characteristics, posing a
severe threat to human health and aquatic ecosystems'
well-being [6]. Rhodamine B (RhB) is a widely utilized
dye in various industries, including textiles, due to its
excellent colorfastness properties [7]. However, it poses
significant environmental and health risks due to its non-
biodegradable nature and toxicity. RhB has been linked to
various harmful effects, such as respiratory problems, skin
and gastrointestinal irritation, eye infections, and even
cancer, both in animals and humans. Its toxicity can be
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attributed to its ability to cause developmental and
simulative abnormalities [8]. Despite its benefits in
various applications, including the production of ballpoint
pens, paints, leather products, and fireworks [7], the
adverse impacts of RhB necessitate proper management
and disposal methods to minimize its hazards. Thus, it is
crucial to treat industrial wastewater thoroughly before it
is discharged to prevent the release of harmful chemicals
into the environment and promote sustainable practices
that prioritize eco-friendliness and human safety.

Various purification methods like biological
oxidation, adsorption, and flocculation/coagulation are
widely employed to treat water polluted by dyes.
However, these methods generate additional pollutants
(by-products) that can pose numerous challenges. As a
result, industries are shifting their focus toward
innovative technologies to address these issues.
Recently, heterogeneous semiconductors for
photocatalytic degradation under UV or visible light
have gained popularity and are considered a promising
approach for treating industrial wastewater using
photocatalytic degradation [9, 10].

Titanium dioxide (TiO,) has garnered significant
attention among researchers due to its exceptional
efficacy, excellent stability, and innocuous nature.
Despite its merits, TiO, suffers from a substantial
bandgap of 3.2 eV, which restricts its capacity to absorb
visible light, thereby diminishing its photocatalytic
efficiency in harnessing solar energy [11]. Researchers
have explored various strategies to modify TiO,,
including co-doping with metals, nonmetals, and rare
earth elements, depositing noble metals, creating
semiconductor composites, and utilizing electron
conductivity enhancers [12-14]. These modifications
aim to improve the photocatalytic efficiency of TiO, by
optimizing its electronic properties and augmenting its
capability to harness solar energy.

There has been growing interest in doping metal
oxides with nonmetallic atoms, such as carbon, nitrogen,
and sulfur. Theoretical studies have revealed that the
incorporation of these dopants results in significant
overlap between their p-orbitals and the valence band
O2p-orbitals, thus enabling efficient transfer of photo-
excited charge carriers to the surface of the catalyst,
which is crucial for boosting the photocatalytic activity
[15]. Investigating the combined effects of multiple
dopants on the optical properties, crystallinity, surface
area, and activity of TiO, is of significant academic
interest. Previous studies have shown that using two
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dopants can produce more pronounced improvements in
visible-light absorption and photocatalytic activity than
using a single dopant [16, 17]. According to studies [18-
20], introducing nitrogen and fluorine impurities into
TiO, can significantly enhance its ability to absorb
visible light. The presence of doped nitrogen atoms
boosts the light-absorbing properties of materials,
whereas incorporating fluorine atoms creates oxygen
vacancies that contribute to improved catalysis. These
moadifications lead to exceptional catalytic performance,
making the doped TiO, an attractive choice for various
applications.

In this research, we investigated the effectiveness of
doping TiO, nanoparticles with nonmetallic elements to
improve their photocatalytic properties. We utilized
TFNA as a nitrogen, carbon, and fluorine dopant source.
This approach allowed us to create modified TiO,
materials with enhanced light-absorbing capabilities,
improving their ability to initiate chemical reactions
upon exposure to ultraviolet radiation. By leveraging the
versatility of TFNA as a precursor, we were able to
introduce multiple dopants simultaneously, leading to
synergistic  effects that further optimized the
photocatalytic performance of the modified TiO,. The
resulting materials were thoroughly characterized using
XRD, FTIR, TEM, Raman spectroscopy, FESEM, and
DRS techniques. We assessed the photocatalytic
performance of the dopant-modified TiO, by examining
its capability to degrade RhB under UV illumination.

2. Experimental

2.1. Materials

In this work, titanium tetra isopropoxide (TTIP) and 4-
(Trifluoromethyl) nicotinic acid (4-TFNA) (98 wt. %)
(Figure 1) were purchased from Sigma-Aldrich. Acetic
acid, hydrochloric acid, sodium hydroxide, and ethanol
were purchased from Merck Company. The synthetic
dye used for studying the photocatalytic activity was
Rhodamine B (RhB), supplied by Sigma Aldrich.
Deionized water was used during the experiments. All
substances and solvents have been used without further

purification.
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Figure 1: Chemical structure of 4-TFNA.
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2.2. Synthesis of TENA/TiO, composites

To synthesize nanoscale photocatalysts featuring
nonmetal atoms, 4-TFNA served as the precursor. A
protocol was established for its preparation, which
entailed the following steps: Initially, a mixture of 20
mL of ethanol and 9 mL of glacial acetic acid was
prepared in a flask and stirred for approximately 15
minutes in an ice bath under a nitrogen atmosphere.
Subsequently, 4.7 mL of TTIP was continuously stirred
into the mixture. This mixture was then stirred for
around 30 min in an ice bath under a nitrogen
atmosphere. Afterwards, deionized water containing
varying concentrations (0, 0.3, 0.6, or 1.6 wt. %) of
TFNA was slowly introduced into the mixture via
dropwise addition, accompanied by rigorous stirring
for 60 minutes. The solution was then subjected to
ultrasonic treatment for an additional hour. The
resulting solution was kept in darkness overnight to
allow nucleation and subsequently gelled at 70 °C for
12 hours. Finally, the gel was dried at 110 °C and then
exposed to heat treatment at 400 °C for 120 minutes in
the presence of air, vyielding crystalline nano
photocatalysts. Pure TiO, was obtained by eliminating
TFNA using an identical method.

2.3. Instrumentation

X-ray diffraction analysis was conducted utilizing an
EQUINOX3000 X-ray diffractometer manufactured by
Intel Company in France, equipped with Cu Ka
radiation (A = 1.541874 nm). The XRD scanning process
occurred at a rate of 0.1° per minute, covering an angular
range of 3° < 20 <85°. The current and acceleration
voltages were set at 30 mA and 40 kV, respectively.

Raman analysis was performed using a Thermo
Scientific DXR Raman microscope equipped with a
532 nm laser source. Additionally, FT-IR spectroscopy
was carried out using a Bruker VERTEX70 instrument
with KBr pellets. The absorption spectra of Rhodamine
B (RhB) were recorded over 200 to 600 nm using a
PerkinElmer Lambda 45 UV-Vis spectrophotometer.

TEM imaging of the samples was achieved through
a Zeiss EMI10C microscope operating at an
accelerating voltage of 100 kV. Furthermore, a
MIRA3TESCAN-XMU FE-SEM was employed to
investigate the morphology of the prepared materials.
Before conducting the FE-SEM measurement, a thin
layer of gold was deposited onto the sample surface to
prevent charge buildup.

2.4. Experimental procedure

The efficiency of the nano photocatalysts was evaluated
by measuring their ability to degrade rhodamine B in an
aqueous solution under UV light (Scheme 1). To
conduct the photocatalytic experiments, 30 mg of the
nano photocatalyst was introduced into a 100 mL
solution containing ten ppm of rhodamine B in a glass
vessel with a diameter of 8.5 cm. The mixture was then
stirred for approximately 60 minutes in the dark to allow
for equilibrium between the adsorption processes of the
photocatalyst and the analyte. Afterwards, the quantity
of dye adsorbed on the photocatalyst surface was
measured every 20 minutes for 60 minutes, utilizing a
UV-Vis spectrometer.

Next, the photocatalytic reaction was initiated by
exposing the suspension to UV irradiation produced
by a HAICHAO-F8T5 GL lamp (emitting at 254 nm
with an intensity of 8 W) while maintaining
constant agitation (500 rpm). The distance between the
light source and the reaction vessel was around
24 centimetres. Moreover, a controlled trial was
performed without introducing any photocatalyst for
comparison. Throughout the reaction, 5 mL portions of
the suspension were taken out at 10-minute intervals
for UV-Vis analysis. The samples were centrifugated at
8000 rpm for 12 minutes to separate the photocatalyst
from the remaining solution. Next, the amount of
remaining rhodamine B was determined by measuring
its absorbance at its peak wavelength (562 nm) using a
UV-Vis spectrophotometer.

/ UV Lamp
——
HEPELELELEL

RhB dye solution
and photocatalyst
Magnetic bar

I 0Q|
Magnetic stirrer /

Scheme 1: Schematic of the photocatalytic
experimental setup.
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3. Results and Discussion
3.1. Characterization of photocatalyst

3.1.1. XRD measurements

The crystalline nature of the synthesized TiO, and
nonmetal-doped TiO, has been thoroughly examined
using XRD analysis, and the resulting patterns are
depicted in Figure 2. In the case of undoped TiO, NPs,
the diffraction peaks observed can be readily attributed
to the tetragonal anatase structure of TiO,, exhibiting
excellent correspondence with the reference pattern
recorded in the Joint Committee on Powder Diffraction
Standards (JCPDS) under the entry code No. 00-001-
0562. Introducing nonmetals into the TiO, matrix does
not give rise to new diffraction peaks, indicating that the
crystal structure remains unaltered. This observation
confirmed the phase purity of the nonmetal-doped TiO,
NPs, implying that the incorporation of TFNA does not
change the anatase phase.

3.1.2. Raman spectra

Raman spectroscopy is a valuable tool for analyzing
metal oxides, providing information on their chemical
composition and structural properties without damaging
the sample. The Raman spectra of the synthesized
compounds, displayed in Figure 3, reveal a rich
landscape of vibrational modes, providing a fingerprint
of the underlying chemical species. Of particular note,

the spectrum of pure anatase exhibits well-defined bands
at 144, 394, 514, and 636 cm™, which have been
previously assigned to various vibrational modes,
including Eg, B1g, Alg or Blg, and Eg vibrations [21].
These characteristic peaks are a hallmark of the anatase
crystal structure and provide clear evidence for its
presence within the synthesized TFNA/TiO, composites.
Remarkably, a thorough examination of the Raman
spectra reveals that the intensity and position of these
anatase-specific bands remain largely unaffected by
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Figure 3: Raman spectra of prepared materials.
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the incorporation of TFNA. This observation attests to
the stability and integrity of the anatase phase in the
face of nonmetal doping, suggesting that the introduced
defects do not significantly alter the crystal lattice.
Consequently, the Raman results support the successful
synthesis of TFNA/TiO, nanocomposites, wherein the
anatase framework is preserved while benefiting from
the unique properties of the incorporated nonmetals.

3.1.3. FESEM and TEM images

The morphological characteristics of the synthesized
materials were investigated using FESEM [22]. Figures
4a and b show the FESEM images of the TiO, and
TFNAJ/TIO, samples, respectively, which reveal a
spherical shape and partial aggregation for both
photocatalysts. Notably, introducing TFNA into the
TiO, framework did not alter the morphology of the

TiO, nanoparticles. The FESEM images revealed that
the particle sizes of TFNA/TiIO, ranged from 20 to 30
nm, corroborating the findings from the XRD analysis.
TEM was utilized to examine the particle size and
morphology of the prepared samples. TEM imaging
allows for the visualization of the internal structure of
particles and provides precise measurements of their
size and shape [14, 23, 24]. The TEM images, shown
in Figures 4c and d, display spherical shapes for TiO,
and TFNA/TiIO, nanoparticles, with some aggregation.
The diameter of the TFNA/TIO, nanoparticles was
determined to be between 20-30 nm from the
micrographs, which aligns with the findings from
SEM. Additionally, elemental mapping (Figure 5a-f)
demonstrated a uniform F, C, and N distribution
throughout the anatase nanoparticles.

i
\JMI nm
| —

TENA/TIO:.
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Figure 5: a) SEM image and b-f) elemental mapping of 1.6 wt. % TFNA/TiO; photocatalyst.
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Figure 6: FTIR spectra of prepared materials.

3.1.4. FTIR spectroscopy

The FT-IR spectra of TiO, samples, both undoped and
tridoped, exhibit distinctive features that provide
insight into their chemical composition (Figure 6). Two
prominent absorption bands, at 3432 cm™ [25] and
1631 cm™, can be attributed to the stretching and
bending vibrations of hydroxyl groups (O-H),
indicating the presence of moisture in the sample. The
400 to 800 cm™ signals are likely associated with the
stretching vibrations of Ti-O-Ti or Ti-O-C bonds in the
doped TiO, and TiO,-based hybrid [12]. Notably, a
peak at 1386 cm™, corresponding to C-O stretching in
carboxylic acid, is observed only in the TFNA/TIO,
spectrum, further supporting the notion of dopant
incorporation.
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3.1.5. Diffuse reflectance spectroscopy

The UV—Vis DRS of TiO, and nonmetal-doped TiO, is
depicted in Figure 7. The pristine TiO, nanoparticles
displayed a band gap of approximately 3.26 eV. In
contrast, the TFNA/TiO, nanocrystals revealed band
gaps of around 3.21, 3.08, and 3.06 eV, corresponding
to 0.3, 0.6, and 1.6 wt. % TFNA loading, respectively.
Notably, the 1.6 wt. % TFNA/TIO, nanocrystals
exhibited a reduced band gap and a blue shift of nearly
0.2 eV relative to the pristine TiO, nanoparticles. These
findings suggest that the 1.6 wt. % TFNA/TIO,
nanocrystals possess enhanced photocatalytic activity
under UV irradiation.
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Figure 7: Tauc plots of TiO» and nonmetal-doped TiO.

The mechanism behind the enhanced photocatalytic
activity of C, N, and F co-doped TiO, can be attributed
to several factors, including band gap narrowing,
valence band energy level modifications, and oxygen
vacancies. The overlapping of C2p, N2p, and F2p
hybrid orbitals with the O2p orbital in anatase TiO,
leads to a significant decrease in the band gap.
Additionally, substituting oxygen sites with carbon,
nitrogen, and fluorine atoms raises the energy level of
the valence band. Finally, the presence of oxygen-
deficient sites in the grain boundaries of TiO,, which
can be stabilized by co-doping with C, N, and F, helps
to prevent re-oxidation and maintain the photocatalytic
efficiency of materials [12].

3.2. Photocatalytic degradation

The efficiency of the nanoscale photocatalysts in
degrading organic pollutants was evaluated by
examining their ability to degrade RhB under UV
irradiation. The extent of photocatalytic degradation
was quantified using the following equation (Eq. 1):

dye degradation (%) = (%) x 100 (1)
0
A, and A; are the RhB initial absorbance and
absorbance after  photocatalytic ~ decomposition,
respectively.

3.2.1. Effect of TFNA content

The degradation rate of Rhodamine B (RhB) was
investigated using various photocatalysts, including
pure TiO, and tri-doped titanium oxide (TENA/TIO,),
and the results are displayed in Figure 8. It was found
that the adsorption of the dye onto the photocatalyst

surface was negligible in the absence of light.
Additionally, the degradation of RhB in the absence of
a photocatalyst was examined, revealing a low
degradation rate of approximately 20 % after 100
minutes. This suggests that direct photolysis under
natural sunlight is inadequate for degrading RhB. Also,
the photocatalytic activity of pure TiO, and
TFENAJ/TIO, for RhB degradation was compared. The
findings revealed that the degradation rate of RhB
increased significantly for all TFNA/TIO, catalysts,
indicating that doping enhances the photocatalytic
performance of TiO, under UV light. Specifically, the
degradation rate improved from 66 to 86 % as the
amount of TFNA increased from 0.3 to 1.6 wt. %. This
improvement in photocatalytic performance can be
attributed to the efficient separation of charge carriers
and reduced band gap in the TiO, lattice due to
nonmetal doping.

3.2.2. Effect of pH

The pH of the solution significantly impacts the
decontamination process, as it influences the surface
characteristics of the catalysts, the properties of the
organic dyes, and the reaction kinetics. Thus, the Effect
of initial solution pH levels (ranging from 2.0 to 8.0) on
the decomposition of rhodamine B when exposed to UV
light was assessed. According to Figure 9, the efficiency
of the photocatalyst showed an upward trend as the
initial pH level was raised from 2.0 to 4.0 and 5.0,
reaching performances from 73.8 to 83.2 % and 87.0 %,
respectively. However, beyond these pH values,

90
—a&— Photolysis
80 1 o— TiO»
1 |—&— 0.3wt. % TFNA/TiO,
704 | ¥ 0.6wt. % TFNA/TIO,
1| —<— L.6wt. % TFNA/TIO,
_ 60+
<
E: 50 1
=) ] Dark
£ 40 o
2 |
£ 30+
= ] X
204 ey
[
10 /
| p—
0 T T U T T

— T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time (min)
Figure 8: Photodegradation of RhB under UV

irradiation over TiO; and (0.3-1.6 wt. % TFNA/TIO,)
photocatalyst.
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Figure 9: The Effect of pH on photodegradation of RhB
under UV irradiation using 1.6 wt. % TFENA/TiO2
photocatalyst at a time of 100 min.

the performance began to decline, dropping to 83.1,
75.7, and 67.9 % at 6.0, 7.0, and 8.0, respectively. The
TiO/TFNA nanocomposite exhibited a pHzc of
approximately 5.5. Consequently, the surface of the
photocatalyst carries a negative charge at pH values
above 5.5, whereas it becomes positively charged at
lower pH values. Notably, the acid dissociation constant
(pKa) of RhB is 3.1 [26], implying that the dye molecule
is positively charged at pH values below 3.1 and
negatively charged at pH above 3.1. The degradation
efficiency of the photocatalytic system is diminished
under highly acidic conditions, as illustrated in Figure 9,
due to the positive charging of both the catalyst and dye
molecule surfaces. These results in repulsion between
the dye molecules and the catalyst, hindering their
approach and subsequent degradation. Raising the initial
pH from 2.0 to 5.0 enhances the efficiency of the
photocatalyst because the charges on the catalyst surface
and rhodamine B are opposite, resulting in a strong,
attractive force between them. Conversely, the
decolourization efficiency decreases at pH values above
5.0 due to the intense repulsion between the TFNA/TIO,
surface and dye molecules. Therefore, the pH value of
5.0 was selected as an optimum value for the
photocatalytic degradation of rhodamine B.

3.2.3. Effect of TFNA/TiIO, nanocomposite
dosage

The photocatalytic activity of TFNA/TIO, was
investigated using various catalyst loadings (0.01-0.05

g) to determine the optimal amount for decolorization
(Figure 10). The results showed an improvement in
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Figure 10: The Effect of nanocomposite dosage on

photodegradation of RhB under UV irradiation using 1.6 wt. %

TFNA/TIO; photocatalyst at a time of 100 min and pH 5.

degradation rate from 49.8 to 87.0 % as the catalyst
loading increased from 0.01 to 0.03 g. This
enhancement can be attributed to the increased
adsorption capacity and generation rate of reactive
species on the surface of the nanocomposite due to the
higher TFNA/TiO, content and surface area. However,
no significant improvements in degradation efficiency
were observed at catalyst loadings above 0.03 g, likely
due to the aggregation of the catalyst, which resulted in
a constant number of active sites. Consequently, a
dosage of 0.03 g was determined to be the optimal
amount of TFNAJ/TIO, for efficient photocatalytic
decolorization.

3.3. Comparison of adsorption, photolysis, and
photocatalysis of RhB

The degradation of a molecule through exposure to
specific wavelengths of light, known as photolysis, is a
natural process that occurs independently of any external
influences. Adsorption, another natural phenomenon,
also occurs spontaneously and can simultaneously take
place alongside photocatalysis. To accurately assess the
effectiveness of photocatalysis, it is essential to consider
the potential impact of these concurrent natural
processes, which were studied before the development
of photocatalytic methods [27]. Numerous studies have
employed comparable methodologies to investigate the
same phenomenon in this area of research [27, 28]. The
results are shown in Figure 11. The RhB dye with an
initial concentration of 10 mgL™ exhibited prominent
absorption peaks at 562 nm. Before photocatalysis, an
adsorption step of 60 minutes was employed at dark,
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Figure 11: UV-Vis absorption spectra of RhB at
different conditions.

resulting in a mere 4 % removal of RhB, indicative of a
limited adsorption capacity of TFNA/TiO, towards the
dye. Without a photocatalyst, photolysis under UV
light gradually degraded RhB, with a moderate
removal rate of approximately 20 % after 100 minutes.
However, upon incorporating TFNA/TIO, as a
photocatalyst, a drastic decrease in the UV-Vis
spectrum peak intensity was observed, signifying
enhanced degradation of RhB. Notably, the dye
removal degree increased to 86 % following 100
minutes of irradiation, highlighting the efficacy of
TFENA/TIO, in degrading RhB under UV light.

The findings conclusively demonstrate the
photocatalytic nature of the chemical reaction, with the
doped-TiO, particles being the primary activation
source. Upon absorbing UV radiation, these particles
generate highly reactive species, including hydroxyl
radicals (HO¢), responsible for degrading the RhB dye
in solution [29, 30].

3.4. Kinetic study

The kinetic analysis of the photodegradation process
was conducted on all samples, and the resulting data
are presented in Figure 12. The study revealed that the
degradation of RhB dye followed pseudo-first-order
kinetics, which can be mathematically represented by
the equation 2.

In (E—‘;) = Kappt (2)

Here, C, and C,; represent the concentration of RhB
at time zero and time t, respectively, while K, is
the apparent pseudo-first-order rate constant.

= TiO,
2.04| @ 0.3wt.% TFNA/TIO; >
A 0.6wt.% TFNA/TIO, '
v 1.6wt.% TFNA/TIO;
1.6 4 v
A
8/ e
~ 1.2 s
S v A °
£ 0.8 e, "
0.4 4
0.0 ;
T T T T T T T T T

E T
20 40 60 80 100
Time (min)
Figure 12: First-order kinetic model adjustment [In

(Co/C) vs radiation time(min)] for RhB degradation with
different photocatalysts.

The linear correlation between In (C,/C,) and
irradiation time confirmed that the photodegradation
process conformed to pseudo-first-order Kkinetics. The
Kapp Was determined by analyzing the slope of the plot
of In (C,/C,) against time.

The experimental data showed that the value of K,
increased with increasing content of TFNA in
TFNAJ/TIO, photocatalysts. Specifically, the estimated
Kapp Were 0.008, 0.010, 0.015, and 0.020 min™ for pure
TiO,, and 0.3, 0.6, and 1.6 wt. % TFNA in TENA/TIO,
photocatalysts, respectively.

These findings suggest that the enhanced
degradation efficiency of the 1.6 wt. % TFNA/TIO,
photocatalyst can be attributed to improved charge
carrier separation and transport properties. Including C,
N, and F impurities in the photocatalyst promotes
effective electron transfer and hinders recombination
reactions, producing exceptional  photocatalytic
performance. Consequently, the 1.6 wt. % TFNA/TIO,
photocatalyst demonstrated the highest degradation
efficiency among all the samples studied.

3.5. Energy Level Structure

Theoretical ~ calculations  based on  Mulliken
electronegativity theory have been employed to
determine the energy levels of the valence band (VB)
and conduction band (CB) of both pure TiO, and doped
TiO, nanomaterials (Eqgs. 3 and 4) [31]:

EVB:X'EE+0.5Eg (3)

Ecg=Evp 'Eg (4)
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Specifically, the VB potential (Eyg), electron
energy (E°=4.5 eV), CB potential (Ecg), band gap
width (Eg), and the absolute electronegativity of TiO,
(X) were used to estimate the energies of the bands.
According to previous research, the absolute
electronegativity of TiO, has been reported to be 5.81
eV [31]. Using the given values and formulae, the VB
and CB energies for pure TiO, and doped-TiO,
nanomaterials were computed and compiled in Table 1.
Notably, the results show that 1.6 wt. % TFNA/TIO,
nanomaterials exhibit a lower CB and VB position than
other TFNA/TIO, samples and pure TiO,. This
suggests that the electrons can move more quickly
toward the surface, enhancing the photocatalytic
efficiency in degrading RhB dye under UV light
irradiation.

3.6. Proposed mechanism

The mechanism pathway for the photodegradation of
RhB by TFNA/TIO, photocatalyst upon ultraviolet
(UV) light activation is depicted in scheme 2. When
exposed to UV radiation, electrons residing in the
valence band of TiO, are excited to the conduction
band while generating an equal number of
photoinduced holes in the valence band. These holes
can effectively oxidize the RhB dye molecules that are
adsorbed on the catalyst's surface via a face-to-face
interaction. Additionally, dissolved oxygen (O,) in the
surrounding aqueous medium can efficiently capture
the electrons at the catalyst's surface, forming
superoxide radical anions (O,*). Alongside the holes,
superoxide radical anions, and hydroxyl radicals (OHe)
also contribute to the breakdown of RhB dye into
environmentally friendly intermediate products through
reactions involving these reactive species.
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