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The release of azo dyes such as Methyl Orange (MO) from the textile industry poses serious
environmental problems due to their toxic, stable, and difficult-to-degrade properties.
Conventional treatment methods such as adsorption, coagulation, and chemical oxidation
have not been able to effectively degrade dyes, so a more efficient and environmentally
friendly alternative approach is needed. Photocatalysis technology is a potential solution
because it can mineralize organic compounds into harmless products. However,
conventional photocatalysts such as TiO2 NPs have limited activity in visible light due to
their large band gap and high electron-hole recombination rate. This study aims to improve
the photocatalytic performance of TiO2 NPs through the integration of nitrogen-doped
carbon quantum dots (NCQDs) synthesized from orange peel waste using a one-step
hydrothermal carbonization method, then composited with TiO2 NPs through a low-
temperature hydrothermal reaction. Characterization was performed using SEM and SEM-
EDX to analyze the morphology and elemental composition. Photocatalytic activity was
tested against MO degradation under UV irradiation using a UV-Vis spectrophotometer. The
results showed that the NCQDs/TiO2composite had a homogeneous morphology and strong
chemical interaction between NCQDs and TiO. NPs. Degradation efficiency reached 32.5%
in 90 minutes, higher than pure TiO2 NPs by 2.5%, with an increase in the reaction rate
constant from 2.81x107* to 4.37x107 min™* and a decrease in half-life from 41.1 h to 2.65
h. Thus, the NCQDs/TiO: nanocomposite based on orange peel has potential as a
sustainable photocatalyst for the treatment of MO.

INTRODUCTION

The textile industry's production of fiber,

effluents are estimated to account for 17-20% of
global water pollution, making them one of the
most  significant contributors to industrial

yarn, and fabric-based materials heavily relies on
the use of dyes. Globally, more than 70 million tons
of synthetic dyes are produced annually, with
nearly 50% consisting of azo dyes. Inefficient textile
dyeing processes lead to the discharge of 15-50% of
these dyes into wastewater, equivalent to
approximately 280,000 tons released into the
environment each year. As a result, textile dye

contamination (Dutta et al., 2024). However, these
commonly used dyes have the potential to become
hazardous waste that can pollute the environment
(Alardhi et al., 2023). Azo dyes, particularly Methyl
Orange (MO), are widely used in various industrial
sectors such as textiles, food, pharmaceuticals,
laboratories, and cosmetics due to their high
chemical stability (Nazir et al.,, 2024;
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Peerakiatkhajohn et al., 2021). MO is a hazardous
pollutant that is difficult to degrade because of its
azo group ((N=N-). Even at low concentrations, it
can cause toxic effects such as irritation, genetic
mutations, disruption of aquatic ecosystems, and
bioaccumulation in the food chain. Therefore, it
requires safe treatment before being discharged into
the environment (Emmanuel et al., 2023). Various
conventional methods have been applied to remove
dyes from wastewater, such as coagulation,
chemical oxidation, membrane separation, solvent
extraction, and adsorption (Lan et al., 2022).
However, MO is difficult to degrade using these
conventional methods, which instead risk causing
pollutant accumulation (Aljuaid et al., 2023). On
the other hand, photodegradation offers advantages
such as a simple process, environmental
friendliness, cost-effectiveness, effectiveness in
reducing pollutant concentrations to ppm/ppb
levels, and the ability to mineralize pollutants
without producing harmful by-products (Khan et
al., 2020).

Carbon quantum dots
promising  semiconductor for
photocatalytic  applications their
environmentally friendly nature, low toxicity, good
biostability, high water solubility, and low
production cost (Cui et al., 2021). The utilization of
CQDs is a relatively new method and has not yet
been widely applied, but its scientific appeal has
been globally recognized through the 2023 Nobel
Prize in Chemistry. CQDs can be produced via a
one-step synthesis process based on low-
temperature hydrothermal methods (Aslan et al.,
2023; Surendran et al.,, 2020). This method is
chosen because it is environmentally friendly,
energy-efficient, and produces carbon materials
with diverse properties (Nazibudin et al., 2023).
Previous studies have shown the effectiveness of
carbon quantum dots in photocatalysis. For
example, nitrogen-doped CQDs synthesized from
watermelon rind via a simple hydrothermal method
were reported to achieve nearly 69% degradation of
MO within 120 minutes under visible light
irradiation, attributed to their small particle size,
high surface area, and abundant oxygen-containing
functional groups (Remli & Aziz, 2020). This
proves that CQDs can also be made using
alternative agricultural waste biomass without
using chemicals to reduce environmental pollution
(Sadeghi-chahnasir et al., 2024).

(CQDs)
nanomaterials
due to

are
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On the other hand, in real-world contexts,
orange peel waste is an agricultural biomass that has
not been wutilized effectively. Global orange
production exceeds 72 million tons per year, and
the processing of this fruit generates approximately
25 million tons of waste worldwide, primarily
consisting of inedible parts such as peels and seeds.
Orange peels alone account for 50-70% of this total
waste, making them a major contributor to organic
agricultural waste (Tahir et al., 2023). Orange peels
contain cellulose, hemicellulose, amino acids, and
bioactive compounds such as polyphenols and
flavonoids, making them an ideal carbon source for
the synthesis of CQDs with superior optical and
photoluminescent properties (Olmos-Moya et al.,
2022).

Similar existing research has demonstrated
the integration of carbon quantum dots (CQDs),
titanium dioxide nanoparticles (TiO, NPs), and
nitrogen (N) doping. CQDs are known for their
high fluorescence, biocompatibility, and good
conductivity, enabling them to absorb light and
transfer electrons, but they are not sufficiently
robust to act as the primary photocatalyst (Mei et
al., 2022). TiO; NPs is a widely used photocatalytic
material due to its stability and abundant
availability, but it is limited by its wide bandgap
(~3.2 eV), making it active only under ultraviolet
light (Zhang et al., 2022). Nitrogen doping has been
proven to lower the bandgap energy of TiO, NPs,
enhance visible light absorption, and accelerate
charge transfer and electron-hole pair separation. A
study by Khan et al. (2020) showed that nitrogen
doping can reduce the bandgap of TiO, NPs to 2.95
eV, while Karaca et al. (2023) reported an increase
in organic pollutant degradation efficiency to nearly
98% using N-CQDs/TiO, nanocomposites.
However, previous research  still  uses
environmentally unfriendly inorganic materials as a
source of CQDs, as well as multi-step synthesis
methods that are impractical and expensive. In
addition, there have not been many studies that
explicitly combine the three elements of CQDs, N,
and TiO, NPs in a single direct synthesis process.

Therefore, the solution that will be
achieved is to utilize orange peel biomass as a
precursor for the synthesis of nitrogen-doped CQDs
through a one-step synthesis approach in the
hydrothermal  carbonization  process.  The
synthesized CQDs are then directly composited
with TiO, NPs, forming an NCQDs/TiO, structure
that can broaden the light absorption spectrum,
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reduce the bandgap, and suppress charge
recombination.

MATERIALS AND METHOD

Materials

The oranges used in this study were Citrus
reticulata obtained from local vendors in the
Semarang area, deionized water (ONELAB,
Indonesia), 0.1 M H,SO, (Merck, Germany), 9%
NaClO, 70% ethanol (ONEMED, Indonesia), 99%
research grade TiO, NPs (ITNANO, Indonesia),
and methyl orange.

Equipments
The equipment used in this study included
an oven (Memmert UNS55,  Germany),

hydrothermal reactor, centrifuge, sonicator (JP-
040S, Manufacture Expert, China), UV lamp (6W,
Vilber Lourmat), and Whatman No. 42 filter paper.
For characterization, a UV-Vis spectrophotometer
(UH5300, Japan) and Scanning Electron
Microscope (Phenom Pro X Dekstop) with an
Energy Dispersive X-ray (EDX) unit were used.

Method
Preparation of N-Doped Orange Peel-Based CQDs
The preparation of nitrogen-doped carbon
quantum dots (NCQDs) began with washing the
orange peel, drying it in the sun, and grinding it
using a blender. Next, the orange peel is dried in an
oven at 150 °C for 10 h. Then, 4 g of orange peel is
washed in 100 mL of 0.1 M H2SO4 solution,
followed by filtration and rinsing with deionized
water until the pH reaches 7. The orange peel is
then dried in an oven at 150°C for 2 h. The orange
peel is mixed with 60 mL of 9% NaClO solution
and stored at room temperature for 4 h, followed by
filtration and rinsing with distilled water until the
pH reaches 7. The orange peel is then stored in a
desiccator.

Production of NCQDs

2.67 grams each of orange peel and urea
were placed in 40 mL of deionized water and
sonicated for 30 minutes. The solution was then
placed in an autoclave and oven-dried at 180°C for
12 h for hydrothermal carbonization. The autoclave
was allowed to cool naturally, then the solution was
centrifuged at 4000 rpm for 30 minutes to separate
the suspension from the supernatant. The NCQDs
suspension was then dried at 100°C for 2 h.

Synthesis of NCQDs with TiO; NPs

The synthesis process of NCQDs/TiO,
begins with the addition of TiO, NPs (20, 40, and
60 mg) to 40 mL of NCQDs suspension solution
(400 mg/L). The suspension was sonicated for 30
minutes, then placed in an autoclave at 150°C for
12 h. Next, the product was centrifuged at 4000 rpm
and followed by centrifugal washing using
deionized water and ethanol. NCQDs/TiO; was
separated from the supernatant and stored in a
desiccator.

Characterization of N-Doped CQDs with TiO, NPs

The NCQDs/TiO, samples were then
characterized. The morphology was observed using
Scanning Electron Microscopy (SEM) and Energy
Dispersive X-Ray Spectroscopy (EDX) for
NCQDs/TiOs.

Study of the Photocatalytic Activity of N-Doped
CQD:s with TiO; NPs

The photocatalytic activity was evaluated
by the degradation of MO dye and monitored by a
UV-Vis spectrophotometer over a period of 50 min
at 10 min intervals. Degradation efficiency (%) is
based the following Eq. 1.

(M

Degradation (%) =

Where C, represent initial concentration of
the MO solution (mg/L), and C represents the
concentration of the MO solution after a certain
degradation period (mg/L).

RESULT AND DISCUSSION

The synthesis scheme of NCQDs/TiO,
nanocomposites is summarized visually in Figure 1.
to provide an overview of the manufacturing stages.
The process begins with the pre-treatment of orange
peel  waste, followed by  hydrothermal
carbonization with urea to form NCQDs, and ends
with the immobilization of TiO, NPs on the surface

of NCQDs.
I
@)
Orange peel
Hydrothermal Hydrothermal
180 C, 12h 150 C, 12h
00900 NCQDs NCQDS/TiO,
o 0

Urea
Figure 1. Schematic of the synthesis of
NCQDs/TiO; nanocomposites from
orange peel
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After production, the NCQDs/TiO,
nanocomposites were characterized
morphologically using SEM. The results are shown
in Figure 2.

Figure 2(a—d) presents the SEM images of
NCQDs/TiO; nanocomposites synthesized with
different TiO, NPs concentrations (20, 40, and 60
mg) and a control sample without TiO, NPs. Based
on the characterization results, significant
morphological phenomena and element
distribution were observed. At 20 mg TiO, NPs
(Figure 2a), the nanocomposite surface appears
relatively homogeneous and fine-textured, with
TiO, NPs evenly distributed within the NCQDs
matrix. This morphology indicates a good
interfacial contact and successful immobilization of
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TiO,; NPs on the NCQDs surface, which enhances
light absorption and provides abundant active sites
for photocatalytic reactions (Immanuvel et al.,
2024). Increasing the TiO, NPs consentration to 40
mg (Figure 2b), the formation of larger particle
clusters and slight agglomeration result from
excessive TiO, NPs particles that limit the
dispersion of NCQDs. This behaviour is consistent
with the coalescence phenomenon commonly
observed in nanocomposites, which can be
promoted by interfacial surface tension between
nanoparticles. Such aggregation reduces the
effective surface area and active sites, thereby
slightly decreasing the photocatalytic efficiency
(Malitha et al., 2024). Although agglomeration
reduces the specific surface area, the interparticle
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contact can still promote electron transfer between
TiO; and NCQDs. At 60 mg TiO, NPs (Figure 2¢),
significant particle agglomeration and irregular
clusters are observed. The dense structure may
hinder light penetration and reduce photocatalytic
efficiency due to charge recombination. This
indicates that the 20 mg TiO; sample exhibits the
most optimal interaction between NCQDs and the
TiO, NPs matrix, forming a stable hybrid structure
with a high number of active sites (Prabhakaran et
al., 2025). Conversely, at 40 mg and 60 mg TiO,
NPs, there was an increase in particle
agglomeration, visible as clumps in the SEM image.
This phenomenon was caused by an excess of TiO»
NPs mass that was not evenly distributed in the
NCQDs matrix, thus tending to form bonds
between the TiO, NPs particles themselves
(Harunrasjid et al., 2023).

SEM-EDX characterization was carried
out to further confirm the elemental composition
and successful formation of the NCQDs/TiO,
nanocomposite. The EDX results (Figure 2e-h)
clearly demonstrate the presence of titanium (Ti),
oxygen (O), and carbon (C) elements, which are the
main constituents of TiO, NPs and NCQDs. The
detection of these three elements strongly indicates
that the synthesis process successfully incorporated
NCQDs onto the TiO, NPs surface. The varying
atomic and weight concentrations among samples
with different TiO, NPs loadings reflect the
influence of TiO, NPs content on the surface
composition and dispersion behavior of NCQDs.

In Figure 2(e), corresponding to the
NCQDs/TiO, composite synthesized with a TiO,
nanoparticle concentration of 20 mg, the EDX
spectrum displays pronounced peaks for both O and
C elements along with two distinct Ti peaks.
Although the Ti signal is clearly visible in the
spectrum, its atomic concentration (9.22%) remains
lower compared to O (58.51%) and C (32.27%),
indicating that TiO, is well-dispersed but not
dominant on the composite surface. The relatively
high carbon content implies that NCQDs were
effectively anchored onto the TiO, NPs surface,
forming a wuniform interface between the
carbonaceous and oxide phases. The detection of Ti
and O further verifies the retention of TiO, NPs as
the primary structural framework of the composite.
These findings are consistent with previous studies,
where Li et al. (2018) and Yang et al. (2018)
reported that the incorporation of carbon-based
quantum dots onto TiO, NPs led to a slight increase
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in carbon composition compared to pristine TiO,
(from 1.94% to 2.13%). Their HRTEM analysis
further confirmed the successful deposition of
CQDs on the TiO; surface, with lattice spacings of
0.35 nm and 0.24 nm corresponding to the (101)
plane of anatase TiO, NPs and the CQD lattice,
respectively (Mahmood et al.,, 2021). The
coexistence of these planes within the same region
provided clear evidence of strong interfacial
interaction between the carbon and oxide phases,
which aligns with the elemental distribution
observed in this study.

In Figure 2(f), which represents the sample
with a TiO, NPs concentration of 40 mg, a distinct
shift in elemental proportion is observed. The
oxygen concentration increases significantly to
71.35%, while carbon decreases to 19.87%, and Ti
remains moderate at 8.78%. The stronger O peak
and weaker C signal indicate that TiO, NPs have
begun to dominate the surface morphology. This
phenomenon may be attributed to the partial
agglomeration of TiO, at higher concentrations,
which limits the exposure of NCQDs on the
composite surface and reduces their uniform
distribution (Malitha et al., 2024). The presence of
oxygen-containing surface groups on TiO;
facilitates the nucleation of carbon quantum dots
during hydrothermal synthesis, which enhances
carbon anchoring and improves interfacial
interaction (Song et al., 2022). Consequently, even
though Ti and O are still strongly detected, the
decreased C signal suggests that carbon quantum
dots are not uniformly distributed, which can
negatively affect the nanocomposite’s optical and
electronic properties.

In Figure 2(g), corresponding to the 60 mg
TiO, NPs sample, the trend becomes more
pronounced. The EDX analysis reveals that oxygen
and titanium are the dominant elements, with
atomic concentrations of 78.95% and 10.56%,
respectively, while carbon drastically drops to only
10.49%. This result signifies that excessive TiO,
NPs concentration leads to pronounced
nanoparticle agglomeration, which covers the
NCQD layer and prevents uniform coating. The
thick TiO, NPs aggregation not only limits the
number of surface-active sites for carbon interaction
but also inhibits light penetration into NCQDs,
potentially decreasing photocatalytic efficiency.
This observation is consistent with reports by Wang
et al. (2022), who found that excessive TiO, NPs
loading can cause self-shielding effects that hinder
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charge transfer processes. Therefore, at this
concentration, the NCQDs-TiO; interface becomes
inefficient, and the structural integrity of the
nanocomposite is compromised. Comparatively, as
the TiO, NPs concentration increases from 20 mg
to 60 mg, a consistent decrease in carbon content
and a simultaneous increase in oxygen and titanium
peaks are observed. This trend demonstrates that
higher TiO, NPs loading leads to stronger oxide
dominance and reduced carbon exposure on the
surface. Consequently, the optimal interaction
between NCQDs and TiO, NPs occurs at the lowest
TiO, NPs concentration (20 mg), where the
interface formation is the most effective and the
carbon content remains high.

To investigate the optical properties of the
synthesized materials and confirm the electronic
interactions between the components, UV-Vis
absorption spectroscopy was performed. The
spectra of pristine NCQDs and the NCQDs/ TiO,
composites with varying TiO, NPs loads (20, 40,
and 60 mg) are presented in Figure 3.

05
——NCQDs
—— NCQDs/TiO, (20 mg)
0.4+ NCQDs/TiO, (40 mg)
. —— NCQDS/TiO, (60 mg)
3
E03
=
<9
=
=
=
$02
=
“
0,1
0,0

360 400 500 600
Wavelength (nm)
Figure 3. UV-Vis absorption spectra of NCQDs
and NCQDs/TiO, composites
synthesized with varying TiO, NPs

mass loadings (20, 40, and 60 mg).

700 800

The pristine NCQDs (black line) exhibit a
characteristic broad absorption spectrum. A distinct
peak is observed at 285 nm, which can be attributed
to the 1 — n* transitions of the C=C bonds within
the graphitic carbon core (Immanuel et al., 2024).
Furthermore, a prominent absorption tail extends
across the entire visible light region (400-800 nm).
This broad absorption is a key feature of NCQDs,
originating from various surface states and
functional groups, and it endows the material with
significant  visible-light-harvesting capabilities
(Prabhakaran et al., 2024).
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Upon the incorporation of TiO, NPs, a
significant change in the optical properties is
observed. All composite samples (NCQDs/TiO,
20, 40, and 60 mg) demonstrate a substantial
suppression, or quenching, of the characteristic
NCQD absorbance across both the UV and visible
regions. This phenomenon is a strong indicator of
effective electronic coupling between the NCQDs
and the TiO, NPs. Instead of a simple additive
spectrum, the observed quenching suggests a rapid
non-radiative decay pathway, likely the efficient
transfer of photogenerated charge carriers (electrons
or holes) at the newly formed heterojunction
interface (Xie et al.,, 2018). This interaction
effectively quenches the intrinsic optical transitions
of the NCQDs, which is a hallmark of a well-
formed composite system and is highly beneficial
for photocatalysis as it implies the initial step of
charge separation (putro et al., 2018).

A clear trend is discernible with increasing
TiO, NPs concentration. The composite with 60 mg
of TiO, NPs (blue line) shows the most dramatic
change. Its spectrum is dominated by a sharp,
intense absorption peak below 300 nm, which is
characteristic of the band-gap absorption of anatase
TiO, NPs (Harunrasjid et al., 2023). The broad
visible light absorption tail associated with the
NCQDs is almost completely eliminated. This
suggests that at such a high loading, the TiO,
nanoparticles likely aggregate (as supported by
SEM analysis) and "shield" the NCQDs, causing
the overall optical properties to be dominated by
TiO, NPs rather than the synergistic composite.

In contrast, the NCQDs/TiO, (20 mg)
composite (red line) represents an optimal balance.
While it exhibits significant quenching, confirming
strong interfacial contact and charge transfer
potential, it simultaneously retains a more
pronounced absorption tail in the visible region
compared to both the 40 mg (green line) and 60 mg
samples.

This finding is critical and aligns perfectly
with the SEM-EDX results. The 20 mg sample,
which showed the most homogeneous dispersion of
TiO, NPs, facilitates the formation of a maximum
number of effective heterojunctions. This leads to
the observed quenching (indicative of charge
separation) without completely sacrificing the vital
visible-light-harvesting ability of the NCQDs. The
40 mg and 60 mg samples, likely suffering from
particle aggregation, exhibit less favorable optical
properties for visible-light-driven photocatalysis.
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Therefore, the superior optical profile of the 20 mg
composite, combining efficient charge separation
potential with the broadest visible light response
among the composites, further justifies its selection
for the subsequent photocatalytic degradation
experiments.

The photocatalytic performance of the
pristine NCQDs and the optimized NCQDs/TiO;
composite was evaluated through the degradation
of MO wunder visible light irradiation. The
optimized composite, containing 20 mg of TiO,
NPs, was selected for this analysis based on
preliminary characterization (e.g., SEM-EDX
analysis), which indicated a more homogeneous
dispersion of TiO, NPs and favorable elemental
composition compared to formulations with higher
TiO,; NPs loading (40 mg and 60 mg).

The degradation process was monitored
over 50 minutes using UV-Vis spectroscopy, with
the results presented in Figure 4. The control
experiment utilizing only pristine NCQDs
exhibited no significant photocatalytic activity. As
shown in Figure 4a, the characteristic absorbance
peak of MO at approximately 464 nm remained
virtually unchanged throughout the 50-minute
irradiation period (Absorbance 0.775). This
observation indicates that the pristine NCQDs,
under the given experimental conditions, are
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incapable of generating sufficient reactive species to
degrade the MO dye.

In striking contrast, the NCQDs/TiO,
composite demonstrated substantial photocatalytic
efficacy. Figure 4b clearly illustrates a progressive
decrease in the MO absorbance peak over time. The
initial absorbance (Ag) of 0.775 was reduced to
0.3794 (A,) after 50 minutes. This corresponds to a
degradation efficiency of 51.05%, calculated using
the formula Efficiency(%) = ((Ao — A¢)/Ao) x 100.
This significant reduction in absorbance confirms
the composite's ability to effectively degrade the
dye, a synergistic outcome of combining NCQDs
with TiO, NPs.

To quantify the reaction rate of the
photodegradation process, the experimental data
were fitted to a pseudo-first-order kinetic model,
which is commonly described by the equation
In(Co/Cy) = kt, where Cp is the initial dye
concentration, C; is the concentration at time ¢, and
k is the apparent rate constant (Prabhakaran et al.,
2025). In this study, absorbance values were used as
a proxy for concentration (C o A), thus the equation
becomes In(A¢/At) = t.

The kinetic plot of In(A/Ao) versus time
(which is equivalent to (Ao/A) vs. time) is presented
in Figure 4c. The data for the NCQDs/TiO;
composite (red circles) yielded a strong linear
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relationship, with a high coefficient of
determination (R?) of 0.97442. This confirms that
the photodegradation of MO by the composite
material adheres well to the pseudo-first-order
kinetic model (Immanuel et al., 2025). From the
linear regression, the apparent rate constant (k) was
determined to be 0.01446 min!. Conversely, the
plot for the pristine NCQDs (black squares) was
nearly flat, with a slope (k) approaching zero (-
2.947x10° min') and a very low R? value (0.17146).
The statistical analysis confirms that this slope is
not significantly different from zero, reinforcing the
UV-Vis data that no appreciable degradation
occurred.

The enhanced photocatalytic activity of the
NCQDs/TiO, composite, compared to its
constituent parts, is attributed to a synergistic effect
that promotes efficient charge separation and the
generation of reactive oxygen species (ROS). The
proposed mechanism is illustrated in Figure 4d.
Under visible light irradiation, both components
can be excited. TiO, NPs (a wide-bandgap
semiconductor) is primarily excited by UV light, but
its coupling with NCQDs can enhance its visible
light response and the NCQDs known for their
broad absorption spectrum can absorb visible light
photons to generate electron-hole pairs (e/h*)
(Samir et al., 2024).

The key to the enhanced activity lies in the
heterojunction formed between the NCQDs and
TiO, NPs. Due to the favorable alignment of their
band potentials, the photogenerated electrons (e’)
from the TiO, conduction band (or the excited
NCQDs) tend to migrate to the NCQDs. The
NCQDs act as an electron sink or acceptor (Zhang
et al., 2021)). This process effectively separates the
photogenerated electrons from the holes (h*),
significantly suppressing their rapid recombination,
which is the primary limiting factor for
photocatalytic efficiency (Liu et al., 2024). The
homogenous dispersion of TiO, NPs on the
NCQDs, as observed in SEM analysis, maximizes
the interfacial area for this crucial charge transfer.

The electrons (e) accumulated on the
NCQDs react with adsorbed molecular oxygen (O>)
to produce superoxide radicals (O;"). The holes (h*)
remaining in the valence band of TiO, NPs are
powerful oxidizing agents. They react with water
(H,O) or hydroxide ions (OH’) on the surface to
generate highly reactive hydroxyl radicals (OH").
These superoxide radicals can further react to form
other ROS, such as hydroperoxyl radicals (HOO")
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and H,0,, which can also contribute to degradation
(Waluyo et al., 2024).

As depicted in Figure 4d, these potent ROS
(primarily OH' and O," attack the adsorbed MO
molecules. They initiate a series of oxidation and
reduction reactions that cleave the dye's
chromophoric azo bond (-N=N-), breaking it
down into smaller, colorless organic intermediates
(like sulfanilic acid and an aromatic amine) and,
ultimately, promoting its mineralization into CO,
and H,O (Liu et al., 2024). This cleavage of the
chromophore is directly responsible for the
decolorization observed in the UV-Vis spectra.

In summary, the successful synthesis of the
NCQDs/TiO, composite creates a highly efficient
photocatalyst. The NCQDs serve a dual role:
enhancing visible light absorption and, more
importantly, acting as a charge separator to prolong
the lifetime of e /h* pairs. This synergy leads to a
significant increase in ROS production and,
consequently, a much higher degradation rate for
MO compared to pristine NCQDs.

CONCLUSION

In this study, a novel NCQDs/TiO;
nanocomposite was successfully synthesized using
a sustainable and cost-effective approach,
valorizing orange peel waste as a carbon precursor
for NCQDs via a one-step hydrothermal method.
The influence of TiO, nanoparticle loading (20, 40,
and 60 mg) on the material's structural,
morphological, and optical properties was
systematically investigated. Characterization using
SEM-EDX confirmed that the 20 mg TiO;
composite possessed the most optimal morphology,
characterized by a homogeneous dispersion of TiO,
NPs within the NCQD matrix and the highest
relative carbon content. This superior structure was
further corroborated by UV-Vis optical analysis,
where the 20 mg sample exhibited the most
favorable balance between significant absorbance
quenching—indicating effective electronic coupling
and charge transfer potential—and the retention of
a pronounced absorption tail in the visible light
region. The photocatalytic activity of the optimized
20 mg NCQDs/TiO, composite demonstrated a
significant enhancement in the degradation of MO
under visible light irradiation. The composite
achieved a degradation efficiency of 51.05% within
50 minutes, whereas the pristine NCQDs control
sample showed negligible catalytic activity under
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identical conditions. The degradation process was
found to adhere well to a pseudo-first-order kinetic
model, yielding an apparent rate constant (k) of
0.01446 min™'. This superior performance is
unequivocally  attributed to a  synergistic
mechanism at the NCQDs/TiO, heterojunction.
The NCQDs serve a dual role: enhancing visible
light harvesting and, more critically, acting as an
electron sink to promote efficient charge separation.
This  process effectively  suppresses  the
recombination of photogenerated electron-hole
pairs, thereby leading to an increased production of
reactive oxygen species (ROS) responsible for the
cleavage and mineralization of the dye molecules.
These findings conclude that the nanocomposite
synthesized from orange peel waste is a promising,
sustainable, and effective photocatalyst for the
remediation of organic dye pollutants. Future
research could be directed towards optimizing the
synthesis parameters, evaluating the catalyst's long-
term stability and reusability, and assessing its
efficacy against a broader spectrum of persistent
organic pollutants in real industrial wastewater
samples.
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