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Abstract: Photocatalysis, mainly using TiO; as a catalyst, has emerged as a promising method
to address the issue of wastewater treatment. This study explores the enhanced photocatalytic
activity of TiO, through the introduction of reduced graphene oxide (rGO) and cadmium sulfide
(CdS) as selective metal dopants. The incorporation of rGO and CdS into the TiO, lattice aims to
optimize its photocatalytic properties, including bandgap engineering, charge carrier separation,
and surface reactivity. The unique combination of CdS and rGO with TiO, is expected to boost
degradation efficiency and reduce the reliance on expensive and potentially harmful sensitizers. This
experimental investigation involves the synthesis and characterization of TiO;-based photocatalysts.
The photocatalytic degradation of methyl orange (MO) and methylene blue (MB) was assessed under
controlled laboratory conditions, studying the influence of metal dopants on degradation kinetics
and degradation efficiency. Furthermore, the synthesized photocatalyst is characterized by advanced
techniques, including BET, SEM, TEM, XRD, and XPS analyses. The degraded samples were analyzed
by UV-Vis spectroscopy. Insights into the photoexcitation and charge transfer processes shed light
on the role of metal dopants in enhancing photocatalytic performance. The results demonstrate the
potential of a TiOp-rGO-CdS-based photocatalyst in which 100% degradation was achieved within
four hours for MO and six hours for MB, confirming efficient azo dye degradation. The findings
contribute to understanding the fundamental principles underlying the photocatalytic process and
provide valuable guidance for designing and optimizing advanced photocatalytic systems. Ultimately,
this research contributes to the development of sustainable and effective technologies for removing

azo dyes from various wastewaters, promoting environmental preservation and human well-being.

Keywords: photocatalysis; organic dyes; TiO,; reduced graphene oxide; CdS; organic pollutant

removal

1. Introduction

One of the most significant environmental concerns related to water pollution is the
contamination of organic dyes. Around 280,000 tons of industrial effluent containing textile
dyes are annually discharged globally into the environment [1]. Improper disposal of
dye-containing wastewater from industries can contaminate rivers, lakes, and groundwater.
Dyes, especially synthetic ones, can persist in water bodies for a long time, disrupting
aquatic ecosystems and affecting aquatic life. Some dyes also contain heavy metals such
as mercury, chromium, cadmium, lead, and arsenic as additives [2], which can leach into
water, posing additional risks [3]. Azo dyes, also called synthetic organic dyes, contain one
or more azo groups (-N=N-) as chromophores commonly used in various applications
due to their vibrant colors and versatility [4]. Some typical applications of azo dyes are
the textile industry to color fabrics; the printing and packaging industry for coloring inks,
paper, and cardboard; food and beverage products, including candies, desserts, and soft
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drinks; and cosmetics and personal care products, such as lipsticks, nail polishes, and hair
dyes, to provide vibrant and long-lasting colors. Additionally, they are used in the plastics
and polymers industry in coloring plastics, rubber, and polymers [5-8].

However, due to their toxicity, these dyes pose potential health hazards such as skin
irritation, allergies, and respiratory problems. In severe cases, these dyes can lead to
mutagenicity and carcinogenicity [9,10]. Several studies have reported the presence of azo
dyes in various products due to contamination [6]. One example of such contamination
was reported in a review published by [11] in Ecotoxicology and Environmental Safety. The
study found that a number of water and sediment samples contained high levels of azo
dyes, indicating that textile industries were likely responsible for the contamination [11].
A more recent study published in the journal Food and Chemical Toxicology in 2021
found that several food products sold in the USA, including spices, tea, chips, and candy,
were contaminated with azo dyes. The study’s authors concluded that these dyes in food
products could pose a potential health risk to consumers. Regulatory agencies such as
the United States Department of Agriculture (USDA), the United States Environmental
Protection Agency (USEPA), and the Food and Drug Administration (FDA) have established
guidelines to ensure the safe use of azo dyes in various products, especially in the food and
beverage industry [12,13].

Removal of azo dyes from industrial wastewater is performed by various methods
such as chemical coagulation [14], ultrafiltration [15], ion exchange [16], reverse osmo-
sis [17], and adsorption [18,19] using different adsorbents. In recent years, extensive
research has been conducted on photocatalysis due to its potential to be applied eco-
nomically on a commercial scale [20]. However, there are various types (Zinc Oxide,
Metal-Organic Frameworks, Perovskite-Based, Carbon-Based) of photocatalysts, and pho-
tocatalytic treatment using TiO; nanoparticles has emerged as a promising approach due
to their high photocatalytic activity, non-toxicity, and chemical stability [21-26]. However,
the wide bandgap and rapid recombination of photogenerated charge carriers limit the
efficiency of TiO,-based photocatalysts [27,28]. To overcome these drawbacks, ternary
composites such as TiO,-rGO-CdS have been investigated for enhanced photocatalytic
performance [29,30]. rGO exhibits excellent electrical conductivity, which facilitates the
rapid transport of photogenerated electrons. This property is crucial for reducing the
recombination rate of electron-hole pairs generated in TiO; during photocatalysis. The
enhanced electron mobility in rGO ensures that more electrons participate in the reduction
reactions, thereby improving the overall photocatalytic efficiency. The integration of rGO
with TiO; creates a heterojunction that enhances charge separation [31,32]. Electrons can
migrate from the conduction band of TiO; to rGO, while holes remain in the TiO,, reducing
the recombination and prolonging the lifetime of charge carriers. CdS is a semiconductor
with a narrower bandgap (~2.4 eV) compared to TiO; (3.2 eV), allowing it to absorb visible
light more effectively [29-31]. This property extends the photocatalyst’s light absorption
spectrum into the visible region, thus utilizing a broader range of the solar spectrum.
The incorporation of CdS into TiO, enables the composite to harness more solar energy,
enhancing its overall photocatalytic activity under visible light irradiation [23,28]. Similar
to rGO, CdS also contributes to efficient charge separation when combined with TiO,. The
conduction band of CdS is positioned higher than that of TiO,, facilitating the transfer of
electrons from CdS to TiO,, thereby reducing recombination rates. This effective separation
and transfer of charge carriers enhances the generation of reactive oxygen species, which are
critical for the degradation of organic pollutants. The synergistic effects between the com-
posite’s TiO,, rGO, and CdS components enhance the overall photocatalytic performance.
The TiO»-rGO-CdS composite illuminated with UV light (380—400 nm) has demonstrated
excellent photocatalytic performance in degrading various organic pollutants present in
industrial wastewater, such as dyes, phenolic compounds, and pharmaceuticals [33-35].

In this study, a TiO,-rGO-CdS-based photocatalytic (TRCP) nanocomposite was pre-
pared and applied for the degradation of two azo dyes, methyl orange (MO) and methylene
blue (MB), from an aqueous solution. Figure 1 shows the chemical structure of MO, which
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is an anionic dye, and MB, which is a low-molecular-weight aromatic-based cationic dye.
The TRCP was characterized by Field Emission Scanning Electron Microscopy (FE-SEM),
X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), transmission electron
microscopy (TEM), and the N, Brunauer-Emmett-Teller (BET)-specific surface area. A
batch of degradation experiments was conducted to explore the effects of pH, time, and
dye removal. The results were analyzed using ultraviolet—visible spectroscopy (UV-Vis) to
determine the degradation rate by measuring the dye’s absorbance changes over time.
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Figure 1. Chemical structure of (a) methyl orange and (b) methylene blue dyes.

2. Materials and Methods

All the chemicals and reagents used were of analytical grade and purchased from
Fisher Scientific, Waltham, MA, USA; Sigma-Aldrich, Saint Louis, MO, USA; and ACS
material, Pasadena, CA, USA unless otherwise noted.

2.1. Preparation of Photocatalyst

The TiO, nanomaterial was synthesized using the electrochemical anodization method.
Anodization, also referred to as anodic oxidation, is an electrochemical process that cre-
ates a decorative oxide or protective layer over a metal surface and typically increases
the thickness and density of the natural oxide layer that forms, making it more durable
and corrosion-resistant. The electrochemical anodization method provides a simple and
straightforward approach for synthesizing 1 D TiO, nanomaterial using titanium as an
anode, a cathode, which is typically a plate of platinum, a DC power supply, and an
electrolyte mixture [36,37]. rGO and CdS are two reactants utilized to produce the tri-
component photocatalyst [38]. Using the electrochemical anodization method illustrated
by [38], titanium foil is first cleaned in a soap solution. The cleaned titanium foil is then
ultrasonicated in a mixture containing acetone, isopropyl alcohol, and deionized (DI) water
with equal volumes of 50 mL for 30 min before being dried under a nitrogen stream. The
electrochemical anodization approach was utilized after the ultrasonication and drying of
the titanium foil.

An electrolyte mixture containing 96 mL of diethylene glycol (C4H19O3) and 0.645 g of
ammonium bi-fluoride salt (NH4HF;) was used to electrochemically anodize the titanium
foil. The prepared titanium foil served as the anode for the anodization setup, and a thin
platinum foil served as the cathode. The titanium foil was then anodized at a constant
voltage of 25 V for four hours at room temperature while being kept under continuous
stirring conditions using a magnetic stirrer. After the anodization, the titanium foil was
removed from the sample and rinsed in 2-propanol ((CH3),CHOH) and DI water multiple
times to remove any debris before being left to dry for one hour. The titanium foil was
then annealed at 500 °C for three hours with heating and cooling rates of 1 °C per minute
to obtain the anatase phase [39]. An electrophoretic deposition was employed to deposit
the graphene oxide onto the titanium nanomaterial [37]. Electrophoretic deposition coats
and applies materials to any electrically conductive surface. The anodized titanium foil
served as the anode for this method, and the platinum foil served as the cathode for the
setup. A total of 200 mL of DI water and 0.01 g of reduced graphene oxide served as the
electrolyte solution for the experiment. A voltage of 25 V was applied between the two
electrodes, separated at a distance of 2 cm, for a time interval of two hours. A chemical bath
deposition technique was employed to deposit the CdS nanoparticles onto the TiO,-rGO
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composite [40]. The precursor solution used for the chemical bath deposition contained
0.0472 g of cadmium nitrate (Cd (NO3);) mixed in 100 mL of DI water. A total of 0.0761 g of
thiourea (CH4N;S) was added to the mixture before adding 7 mL of ammonium solution
(NH4OH). The annealed TiO,-rGO composite was immersed in the precursor solution at
70 °C for two hours. The resultant titanium foil was then left to dry at room temperature
and then annealed at 400 °C for two hours in order to enhance the adhesion between TiO,
and CdS and form the TRCP [40,41]. The schematic representation of the preparation of the
TRCP is shown in Figure S1.

2.2. Photocatalytic Degradation Experiment

The experimental setup involved a 100 mL beaker positioned on a magnetic stirrer. Il-
lumination was provided by a UV lamp (380—400 nm). The entire setup was enclosed within
a wooden box lined externally with aluminum foil to prevent external light interference, as
illustrated in Figure 52. Notably, the 30 W UV lamp did not impact the reactor’s tempera-
ture, eliminating the need for external cooling, a departure from similar setups detailed in
previous research [42,43]. The efficiency of photocatalysis was assessed by monitoring the
degradation of 20 mL each of a 10 mg/L solution containing MO and MB. This evaluation
used the prepared TRCP under specific UV light irradiation conditions over a defined
period. Optimum studies were conducted for both dyes at different parameters before
finalizing the original values, and each experiment was performed in replicates of three.
The ultraviolet spectrophotometer was utilized to measure the degradation of the MO and
MB solution after response time; the concentration of the target pollutant was calculated
through the calibrated standard curve at wavelengths ~465 nm and ~664 nm (maximum
absorption peaks). As Beer-Lambert Law indicates, the color fixation straightforwardly
corresponds to the absorbance rate of its retention frequency, which is the hypothetical
reason for the quantitative investigation of absorbance spectrophotometry. The removal
efficiency of dyes can be calculated by Equation (1).

Co—Ct
0

% = x 100% (1)
where r (%) is the degradation rate of contaminant over time t; Cy (ug/L) is the initial
concentration of contaminant in the reaction system; and C; (ug/L) is the concentration of
contaminant in the reaction system at time ¢.

2.3. Photocatalytic Mechanism

TiO, is classified as an n-type semiconductor due to its substantial optical energy
bandgap, necessitating excitation with low-wavelength light (~380-420 nm) for involve-
ment in photocatalytic processes [44,45]. When exposed to UV light, the TiO, catalyst
generates photogenerated electron-hole pairs between its valence band (VB) and con-
duction band (CB) [46]. Subsequently, these pairs undergo recombination and trapping
processes. The formation of these photo-induced species follows a reaction sequence out-
lined below, including the photoexcitation of TiO; [47] (Equation (2)), trapping of electron
charge carriers (Equation (3)), trapping of hole charge carriers (h™) (Equation (4)), and
recombination of photogenerated carriers (electron and hole pairs) on the semiconduc-
tor surface (Equation (5)). The photocatalytic degradation processes are schematically
represented in Figure 2.

TiOy +hv — e~ +h' )

e” (CB) — e (degradation) 3)

h*™ (VB) — hT(degradation) 4)

e~ (degradation) +h' (degradation) — heat )
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Figure 2. Schematic representation of photocatalytic processes.

2.4. Characterization

The JEOL EDS instrument was used to generate the FE-SEM (JSM-6010LA, JEOL, using
InTouch Scope software with version number is 1.11), and the XRD patterns were metic-
ulously analyzed with the Shimadzu 7000 XRD Unit. The N, BET adsorption isotherms
were analyzed by the NOVA 600 Anton Paar instrument. Each sample was degassed at
300.0 °C at 10.0 °C/min and then held for 180 min before analysis. The degasser employed
nitrogen as the adsorbate at a temperature of 77 K while applying the He-mode void vol-
ume correction to analyze the isotherms. The Anton Paar Kaomi software for NOVA was
utilized. TEM observation was conducted in an aberration-corrected transmission electron
microscope (Thermo Fisher Titan Themis Z 300, Houston, TX, USA); the cross-sectional
TEM samples were prepared using a Tescan LYRA-3 Model GMH dual-beam focused ion
beam (FIB) system; the ion (Ga+) beam operated at 30 kV with a beam current ranging
from 12 nA down to 70 pA; the TEM lamella preparation consists of four steps: (1) Pt
deposition of a protection layer on the area of interest; (2) milling symmetrical trenches
around the lamella and U cut; (3) lift-out using the nanomanipulator and attachment to the
TEM grid; and (4) final thinning and cleaning. XPS was measured with the EnviroESCA
XPS System; the XPS data were acquired using EnviroESCA with a MonoAl X-ray source
with an emission current of 3 mA at a voltage of 14 kV. The Shimadzu UV-1800 UV-Vis
spectrophotometer was used to determine the degradation efficiency.

2.5. First-Order Kinetic Model of the Photocatalytic Degradation

The photocatalytic degradation of organic dyes is fitted according to the first-order
kinetic model. The first-order kinetic model is proportional to the first power of the reactant
concentration. The first-order kinetic expression is as follows [48]:

dc
—r =kx[C] (6)
C
lnc—o = —kt (7)
kt = —In(C/C) ®)

where Cy is the initial concentration of the dye solution, C; is the concentration of the
reaction at time ¢ (ug/L), and the rate constant (k) is obtained from linear regression
analysis of —In (C/Cy) with respect to time.

After adjusting the conditions according to the suitable methods described, the pho-
tocatalytic degradation of organic dyes was conducted. A first-order kinetic model of the
photocatalytic degradation of MO and MB under different reaction conditions was fitted
using a linear regression analysis of —In (C/Cy) against time .

3. Results and Discussion
3.1. Characterization of TRCP

The structures of Ti, TiO»-rGO, and TRCP were investigated using FE-SEM, as depicted
in Figure 3a—c. In contrast to the flat surface of Ti (Figure 3c), upon the introduction of
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rGO as a loading material, substantial changes occurred in the surface morphology and
texture of TiO,-rGO, resulting in the formation of multileg nanotubes, reaffirming the
reliability and robustness of the electrophoretic deposition method as observed in Figure 3a.
Importantly, Figure 3b provides strong evidence of the successful loading of CdS onto the
surface of the multileg nanotubes, confirming the deposition of CdS onto the surface of
TiO,-rGO. This successful loading reassures us of the effectiveness of our process. The EDS
of the TRCP confirms the presence of C, Ti, O, and Cd (Figure 3d).

KeV

Figure 3. (a—c) FE-SEM micrographs of TiO,rGO, TRCP, and Ti; (d) EDS spectra of TRCP.

The crystallinity and phase purity of the samples were examined using XRD patterns
(Figure 4). The XRD of the TRCP exhibited distinct peaks at 24.75°, 26.3°, 31.1°, 36.6°, 37.5°,
41°,43.58°,54.8°, 63.2°,72.37°, and 75.39°. Among these peaks, those at 36.6° and 54.8° are
ascribed to the (101) and (211) planes of the rutile TiO, phase (JCPDS Card no. 21-1276),
and the peak at 26.3° (002) reflects the rGO phase (JCPDS Card no. 75-2078), indicating the
presence of rGO [49]. After deposition of CdS, the characteristic peaks of the nanocomposite
are observed at peaks 24.75°, 26.44°, 43.58°, and 75.39°, which can be indexed as the (100),
(002), (110), and (212) diffraction planes of CdS with a hexagonal structure (JCPDS #75-
1545) [50,51]. This XRD analysis provided clear evidence of the structural characteristics of
the synthesized photocatalyst.

Figure 5a—e illustrates the XPS analysis to further determine the chemical compo-
sition and valence state of various elements in the photocatalyst. The XPS survey spec-
trum in Figure 5a indicates Ols peaks at binding energy (BE) ranges of (534.4-533.3) eV,
(5633.1-532.0) eV, and (532.2-530.7) eV, resulting in the presence of (CO32—, O-C=0), (O-C),
and (C=0) [52]. Figure 5b explains the presence of Tisg; on the photocatalyst, where the
binding energy values of Ti 2p are at 464.0 eV and 458.3 eV, respectively [53]. The binding
energies for Cls at ranges 289.7-288.4 eV, 287.7-286.4 eV, 285.8-285.3 eV, and 284.7-284.2 eV
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Intensity (a.u.)

(Figure 5c¢) correspond to -CO2R(H) and CO32-, C=0, C-0, and (C-H, C-C). Figure 5d
displays the Cd3d spectrum of the TRCP, where the binding energies at 411.0 eV and
404.3 eV correspond to Cd3d3,, and Cd3ds, of Cd?*, respectively. Additionally, two peaks
observed at 161.8 eV and 160.5 eV are attributed to the binding energies of S2p;,, and
S2p1 /2, indicating the predominant presence of S>~ on the sample surface (Figure 5e) [54].
In summary, the XPS analysis results confirm the successful construction of the heterostruc-
ture between TiO, and CdS after forming rGO nanotubes, which the TEM discussion can
further confirm.
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Figure 4. XRD patterns of TiO,, TiO,rGO, and TRCP.
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Figure 5. (a—e) High-resolution (HR) O1s, Ti2p, Cls, Cd3d, and S2p XPS spectra for TiO,, TiO,rGO,
and TRCP.
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TEM imaging shows the development of TiO, nanotube embryos and tubes. The
nanotubular oxide layer thickness depends linearly on the anodization time, that is, the
charge passed during anodization. For stoichiometric titanium dioxide (TiO;), there are
several suboxide phases with fascinating characteristics. These sub-stoichiometric titania
compositions can be represented by the general formula TinO5,_1 (where 4 < n < 10),
but certain distinct phases stand out, notably TiyOy, TisOg, TigO11, TiyO13, TigO15, and
TigO17. These specific phases are commonly referred to as the Magnéli phases [55]. Element
mapping images were generated to display the elemental composition of the surface-near-
surface region in the TRCD, revealing well-distributed elements as presented in Figure 6.
The TRCP contains C, Cd, N, Ti, and O due to the deposition of CdS. These findings confirm
the successful formation of the CdS-TiO; heterojunction and the successful incorporation of
CdS into the formation of the TRCP. The N, BET adsorption isotherm experiment confirmed
the specific surface area of the TRCP. The TiO,rGO sample had an increase in surface area
to 0.884 m? /g from the initial TiO, sample of 0.491 m?/g due to the deposition of rGO.
However, the decrease noticed in the TRCP could be due to the deposition of CdS onto the
surface. The adsorption/desorption isotherm for the samples indicates a Type IV isotherm,
which is characteristic of mesoporous materials. This classification is supported by the
presence of a hysteresis loop in the isotherm plots, typically associated with capillary
condensation within mesopores. The observed isotherm type and hysteresis loop suggest
that the materials possess a mesoporous structure, which is beneficial for photocatalytic
applications as it allows for better diffusion and interaction of reactants [51].

Figure 6. Elemental mapped TEM images and TEM images of TRCP (a—j).

3.2. Photocatalytic Degradation Study of TRCP

The photocatalytic activity of the TRCP in degrading MO and MB at different pH levels
(3,7, 11) was investigated. The pH of the prepared samples was adjusted with hydrochloric
acid (HCl) and sodium hydroxide (NaOH), respectively. The degradation rates of both MO
and MB increased initially and eventually plateaued as the reaction progressed. Under
acidic conditions, the photocatalytic degradation of MO exhibits exceptional efficiency, a
finding with significant implications for our understanding of photocatalysis. The acidic
environment likely enhances the TRCP surface charge and promotes the generation of reac-
tive oxygen species (ROS), leading to rapid degradation of MO molecules; the degradation
efficiency at pH 3 achieved 100% within 180 min, indicating the robust performance of the
photocatalyst in acidic environments for an anionic dye like MO. Contrarily, at pH 11, the
photocatalytic degradation of MO is significantly slower compared to acidic conditions, and
the alkaline environment might affect the surface properties of the photocatalyst, hindering
its ability to generate ROS effectively.

In contrast to MO, MB molecules are also adsorbed onto the surface of the TRCP;
at pH 11, the surface of the photocatalyst carries a negative charge due to the alkaline
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environment. This electrostatic attraction enhances the adsorption of the cationic MB
molecules. When illuminated with UV light, the TRCP generates electron-hole pairs. In an
alkaline environment (pH 11), the generation of hydroxyl radicals (¢OH) is favored due to
the presence of abundant hydroxide ions (OH™); the degradation efficiency surpasses 100%
within 220 min. In acidic solutions (pH 3), the degradation process of MB was hindered due
to the abundance of protons, leading to decreased efficiency. The pH of the solution plays a
crucial role in determining the surface charge of both the photocatalyst and the organic dye
molecules. This surface charge affects the adsorption of the dye molecules onto the catalyst
and the generation of reactive oxygen species, thereby influencing the efficiency of the
photocatalytic degradation process (Figure 7a,b). Additional experiments were conducted
to explore the impact of different temperatures (10, 25, and 40 °C) on the photodegradation
rates of MO and MB. Graphs depicting degradation percentages over time within the
temperature range of 10 to 40 °C are presented in Figure 7c,d. The removal efficiencies
of both MO and MB remained relatively consistent across different temperatures. The
subtle increase in the degradation rates could be attributed to the endothermic nature of
the degradation process, indicating a nuanced relationship between temperature and the
overall photodegradation kinetics. This finding underscores the fact that the photocatalytic
process can maintain its effectiveness even when the temperature changes, highlighting
its adaptability across varying temperature conditions. Photocatalytic degradation of MO
and MB was conducted at different time intervals ranging from 30 min to 24 h, with
measurements taken at 1 h intervals. Figure 8a,b illustrate the maximum degradation
percentages of both dyes at 240 min and 360 min, respectively, under pH 7 conditions
similar to natural water.
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Figure 7. (a,b) Effect of pH on the photocatalytic degradation of MO and MB; (c,d) effect of tempera-
ture on the photocatalytic degradation of MO and MB at pH 7.
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Figure 8. (a,b) Removal percentage behavior of photocatalytic degradation of MO and MB over time
(c,d) first-order kinetic model of photocatalytic degradation (C/Cp) and —In (C/Cy) against time for
MO and MB.

3.3. Photocatalytic Mechanism of TRCP

In the photocatalytic reaction, CdS (bandgap energy, Eg = 2.4 eV) acts as a sensitizer,
effectively absorbing photons from visible light and exciting electrons in the valence
band. These excited electrons are then captured by TiO, (bandgap energy, Eg = 3.2 eV)
from CdS nanoparticles. However, the unique properties of rGO make it crucial as a
mediator, transporter, and sensitizer for degrading organic pollutants between TiO, and
CdS nanoparticles. Its exceptional ability to facilitate charge separation, transfer, and light
absorption sets it apart. Within the TRCP composite, rGO acts as an electron transfer
medium, efficiently shuttling photogenerated electrons and channeling them to TiO,. This
extended electron transport path reduces hindrance and minimizes charge recombination.

Furthermore, rGO serves as a protective barrier, shielding CdS nanoparticles from
photocorrosion like a reliable, protective blanket. When exposed to radiation with energy
equal to or greater than the energy gap, electrons from the lower-energy valence band of
CdS are excited to the high-energy conduction band of TiO,, generating highly reactive elec-
trons and holes. These photoelectrons possess higher energy levels and are highly reactive
with solid oxidation capabilities, while the holes (h+) capable of accepting electrons from
adsorbed species exhibit significant reducibility. Water (H,O) and oxygen (O;) molecules
adsorbed on the surface of the composite materials react with these electrons and holes,
forming potent oxidative radicals such as -OH and -O,. Subsequent reactions between these
radicals and pollutants lead to the degradation of pollutants into smaller molecules. The
large surface area and electrical conductivity of rGO enhance the transmission efficiency of
charge carriers on the composite material’s surface, reducing the likelihood of electron-hole
recombination. This improved efficiency and enhanced light energy utilization contribute
to the increased photocatalytic performance of the TRCP. Figure 9 depicts a schematic repre-
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sentation of the TRCP photocatalytic mechanism. Figure 8c,d show that the photocatalysis
for MO and MB followed the first-order kinetic model, which is described by Equation (8)
and can be obtained from the slope of (—In (C/Cy)) versus time (t), as shown in Table 1.

Visible light

\ N \ H i
) by ‘ 4]
S S Degradatlon
et . CB 1 et/
- I

Figure 9. Schematic representation of TRCP photocatalytic mechanism.

Table 1. Kinetic fitting data of MO and MB at pH 7.

Experiments Reaction Rate Constant (min—1) R-Square (R?)
MO 0.0143 0.988
MB 0.0101 0.986

Table 2 presents a comparison of the degradation efficiency of the TiO, composite with
other materials documented in the recent literature. All photocatalytic experiments were
conducted under ultraviolet light to maintain consistency across the comparisons. The
TRCP displayed reasonable performance compared to the materials listed, demonstrating
higher removal rates and efficiency for the MO and MB dye pollutants. These results
highlight the competitive edge of the TRCP in the photocatalytic degradation of dyes.

Table 2. Comparison of photocatalytic performance of TiO,rGOCds photocatalyst with reported

literature.
Photocatalyst Dye Irradiation Time (min)  Efficiency (%) Reference
Se-ZnSNCS MO 160 95.00 [56]
N-TiO, MO 200 90.00 [57]
«-Biy O3 MO 150 95.00 [58]
N-TiO, nanorods MO 250 80.00 [59]
a-FepO3 nanoparticles MO 100 95.31 [60]
ZnO quantum dots MO 160 97.00 [61]
Zn0O nanopyramid MO 150 95.00 [62]
Fe-ZnO MB 180 92 [63]
GO/TiO, MB 240 100 [64]
Cd-ZnO MB 240 89 [65]
Fe304-ZnO NCS MB 180 89.2 [66]
N-Carbon quantum
dots/TiO, MB 420 82.00 [67]
S-TiO5 nanorods MB 240 92.00 [68]
Egg-NiO MB 240 79.00 [69]
TiO,rGOCdS MO 240 100 This work
TiO,rGOCdS MB 360 100 This work

4. Conclusions

Photocatalysis, mainly using TiO; as a catalyst, has emerged as a promising method
to address the issue of wastewater treatment. This study explores the enhanced photo-
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catalytic activity of TiO, through the introduction of reduced graphene oxide (rGO) and
cadmium sulfide (CdS) as selective metal dopants. The incorporation of rGO and CdS
into the TiO, lattice aims to optimize its photocatalytic properties, including bandgap
engineering, charge carrier separation, and surface reactivity. The unique combination of
CdS and rGO with TiO, is expected to boost degradation efficiency and reduce the reliance
on expensive and potentially harmful sensitizers. The experimental investigation involves
the synthesis and characterization of TiO,-based photocatalysts. The photocatalytic degra-
dation of methyl orange (MO) and methylene blue (MB) was assessed under controlled
laboratory conditions, studying the influence of metal dopants on degradation kinetics and
degradation efficiency. Insights into the photoexcitation and charge transfer processes shed
light on the role of metal dopants in enhancing photocatalytic performance. The results
demonstrate the potential of a TiO,-rGO-CdS-based photocatalyst in which 100% degra-
dation was achieved within four hours for MO and six hours for MB, confirming efficient
azo dye degradation. The findings contribute to understanding the fundamental principles
underlying the photocatalytic process and provide valuable guidance for designing and
optimizing advanced photocatalytic systems. Ultimately, this research contributes to the
development of sustainable and effective technologies for removing azo dyes from various
wastewaters, promoting environmental preservation and human well-being.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/pr12071455/s1: Figure S1. Schematic representation of preparation
of TRCP; Figure S2. Photocatalytic degradation experimental setup.
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