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The uncontrolled discharge of organic dyes into aquatic systems necessitates the development of
efficient and sustainable photocatalysts for environmental remediation. In this work, a green and
resource-efficient strategy was employed to synthesize a CQD@CdS/biochar nanocomposite using
orange peel waste as a renewable carbon precursor and aloe vera extract as a natural reaction medium.
Structural and physicochemical characterization using XRD, FTIR, XPS, FESEM, UV-Vis DRS, PL, and BET
confirmed the successful formation of the composite. The photocatalytic activity was evaluated through
the degradation of methylene blue under visible-light irradiation. Among the prepared samples, the
optimized 5% CQD@CdS/biochar (5CC) composite exhibited superior performance, achieving 96.2% dye
removal within 120 min and following pseudo-first-order kinetics with a rate constant of 0.0061 min~?,
outperforming the pristine materials and TiO,-P25. The catalyst also demonstrated good stability,
retaining 89.6% of its activity after five reuse cycles. Radical trapping experiments revealed *OH radicals
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as the dominant reactive species responsible for degradation. Furthermore, significant mineralization was
confirmed by COD and TOC reductions of 63% and 66%, respectively, supported by HRMS identification
of degradation intermediates and a proposed reaction pathway. These findings highlight the potential of
waste-derived CQD@CdS/biochar as an efficient photocatalyst for visible-light-driven wastewater

DOI: 10.1039/d6ma00043f

rsc.li/materials-advances treatment.

1. Introduction

Water pollution from synthetic dyes has become a pressing
environmental concern due to the uncontrolled discharge of
dye-laden wastewater from industries such as textiles, paper,
and leather." Over 10 000 dyes are commercially produced, with
around 700000 tons manufactured annually, and 10-15% of
these entering water bodies during production and dyeing.’
Many dyes are non-biodegradable, toxic, and resistant to light,
temperature, and microbial attack, causing long-term contam-
ination of aquatic ecosystems.® Beyond aesthetic concerns,
these dyes pose serious risks: they can be carcinogenic, muta-
genic, or allergenic, reduce dissolved oxygen, and block sun-
light penetration, thereby disrupting photosynthesis in aquatic
organisms.”
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Methylene blue (MB), a commonly used synthetic dye,
exemplifies these hazards.” Its persistence in water reduces
light availability for aquatic plants, bioaccumulates in organ-
isms, and induces oxidative stress through the generation
of reactive oxygen species (ROS), which subsequently induce
lipid peroxidation, genetic material impairment, and cellular
dysfunction.® Human exposure to MB-contaminated water
may cause methemoglobinemia in infants,” gastrointestinal
irritation, dizziness, nausea, and potential neurotoxicity,® high-
lighting the need for effective removal strategies.”"°

Conventional remediation methods such as adsorption,"
coagulation-flocculation, and nanofiltration have been widely
employed. Adsorption using activated carbon effectively con-
centrates dyes on solid surfaces but merely transfers contami-
nants without eliminating them, necessitating regeneration
or disposal of spent adsorbents.'” Coagulation-flocculation
aggregates dye colloids into flocs, which can be separated,
but generates chemical sludge and may leave residual dissolved
dyes."*'* Nanofiltration (NF) can remove >90% of dye content
but suffers from high operating pressure, membrane fouling,
and high costs."'® These limitations underscore the need for
more sustainable and efficient water treatment technologies.
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Photocatalysis has emerged as a promising alternative,
operating under ambient conditions using light energy,
without producing harmful sludge or secondary pollutants.
Conventional photocatalysts like TiO, and ZnO work under
UV light, while visible-light-responsive semiconductors such as
graphitic carbon nitride and cadmium sulfide have gained
attention for practical solar-driven applications."'”'® Cds,
with a narrow band gap (~2.4 eV), efficiently absorbs visible
light and its photo-response can be tuned by size or composi-
tion."® Coupling CdS with other materials or forming hetero-
junctions enhances charge separation, broadens light absorption,
and improves stability and quantum efficiency.'® For instance,
CdS/g-C3N, composites have shown several-fold higher dye degra-
dation than individual components.®® The advantages of com-
plete mineralization, absence of secondary waste, utilization of
renewable light energy, and the design of tunable, efficient
catalysts collectively position photocatalysis as a sustainable and
promising strategy for wastewater remediation.*

Carbon-based materials further improve photocatalytic
performance by acting as co-adsorbents and electron sinks.
They provide high surface area to concentrate dye molecules
and facilitate charge separation.”” Previous studies, such as
Bi,Os/Ag/graphene® and ZnO-Ag/graphene®® composites,
demonstrated superior dye removal and photodegradation
compared to bare semiconductors. Despite these advances,
combining CdS with biomass-derived carbon supports remains
underexplored. Notably, biochar, a cost-effective porous carbon
derived from biomass, and green-synthesized carbon quantum
dots (CQD) have yet to be systematically investigated as
co-catalysts in CdS-based systems.

In the present study, a CQD@CdS/Biochar composite photo-
catalyst was developed using varying weight ratios via a green
synthesis method, employing orange peel powder as a renew-
able carbon source and aloe vera solvent system for CdS.
The resulting hybrid leverages the synergistic roles of CQD as
photosensitizers and electron mediators and biochar as a
conductive support, enabling efficient methylene blue (MB)
degradation under visible light. Comprehensive characterisa-
tion (XRD, FTIR, XPS, FESEM, UV-Vis DRS, PL, BET) validated
the successful formation and coupling of the composite. Photo-
catalytic efficiency was evaluated through parameter optimisation,
active species trapping, and HRMS-based degradation pathway
studies, while TOC/COD analyses confirmed the material’s
strong mineralisation potential. The excellent cyclic stability and
retention of crystal structure after photocatalytic use, as evidenced
by XRD, highlight the durability of the green-synthesized hybrid
and its promise as an environmentally benign photocatalyst for
long-term wastewater remediation.

2. Experimental details
2.1. Chemicals and raw materials

The materials were synthesised using cadmium carbonate (CdCO3)
and sodium sulfide (Na,S), purchased from Loba Chemie, and are
of extra-pure quality. The CQD and biochar were synthesised using
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orange peel powder obtained from the local fruit market. The
green solvent was synthesised from aloe vera gel, which was
obtained from the agricultural fields of Thapar Institute of
Engineering and Technology. Methylene blue (MB) powder was
procured from Loba Chemie, and all solutions were prepared
using ultrapure double-distilled water. All reagents utilized
in this study were of analytical grade and employed directly
without any additional purification.

2.2. Synthesis of ternary composites

2.2.1. Synthesis of biochar from orange peels. The biochar
is synthesised via a hydrothermal method using a Teflon-lined
autoclave. The orange peels are dried under the sun for 2 days
and then powdered using a blender. The fine powder is used for
the synthesis of biochar. 10 g of the powder is then transferred
into a 150 mL autoclave along with 60 mL of deionised water.
The pH of the mixture is then set around 3-4 using 0.1 N HCL
This dispersed mixture is then transferred into a controlled
muffle furnace for hydrothermal carbonisation treatment at
210 °C for 3 h with a rate of heating of 3 °C min~'. Let the
mixture cool at room temperature, followed by filtering, wash-
ing and then drying the obtained biochar at 90 °C overnight
and labelled as BC.>

2.2.2. Synthesis of CQD. The orange peel powder obtained
is used for the synthesis of CQD via the hydrothermal method.
5 g of the powder is subsequently placed into a 150 mL Teflon-
lined stainless-steel autoclave with 50 mL of deionised water.
The autoclave is then transferred into a controlled muftle
furnace for hydrothermal treatment at 200 °C for 12 h. After
completion of the reaction, the system was allowed to cool
naturally to ambient temperature, followed by filtration to
obtain the CQD solution.?®

2.2.3. Synthesis of CdS. For the synthesis of CdS, fresh Aloe
vera gel was collected by scooping it out from the inner portion
of the leaves and heating it in 400 mL of distilled water until the
volume was reduced to 80 mL to concentrate the bioactive
constituents. The concentrated extract was filtered through
Whatman filter paper to obtain a clear green solvent, which
served as both the reaction medium and a natural reducing,
capping, and stabilizing agent, owing to its abundant poly-
phenols, flavonoids, amino acids, and vitamins that regulate
nanoparticle nucleation and suppress aggregation. For CdS
formation, cadmium acetate (1 M) and sodium sulfide (1 M)
were each dissolved in 20 mL of the Aloe vera extract and mixed
slowly under constant stirring to avoid abrupt precipitation.
The reaction mixture was continuously stirred for 3 h at room
temperature. The resulting yellow precipitate was separated via
centrifugation and thoroughly washed several times with dis-
tilled water and ethanol to eliminate residual impurities and
unreacted precursors. The purified product was then dried at
60 °C for 6 h to obtain pure CdS.?”

2.2.4. Synthesis of CQD@CdS/biochar nanocomposites.
The synthesis of the composite was done via an in situ method.
The CdS precursors were prepared using a green solvent
synthesised from aloe vera extract, which also acts as a capping
agent for the nanoparticle synthesis. The precursors are prepared

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of the synthesis route for CQD@CdS/biochar nanocomposites.

with a concentration of 0.1 M. The precursors, along with the BC
prepared, are then transferred into a beaker with a 2 : 3 w/w ratio.
The synthesised CQD solution is also transferred into the mixture
according to the weight % (5,10 and 15). The mixture is then
stirred while maintaining a temperature of 30-40 °C for 6 hours.
The resulting mixture was subsequently filtered and dried in a
hot-air oven at 90 °C for 12 h to ensure complete removal of
moisture. The samples were then labelled 5CC,10CC and 15CC
according to the weight % of CQD present in the composite
(Scheme 1).

For comparison, a binary CdS/BC composite without CQD
was also prepared using the same procedure. CdS precursors
and biochar (BC) were mixed in a 2:3 (w/w) ratio, stirred at
30-40 °C for 6 h, filtered, and dried at 90 °C. This sample,
lacking CQDs, served to examine the effect of CQD incorpora-
tion on photocatalytic activity. This binary composite was
labelled CBc for clarity.

2.2.5. Photocatalysis experiments. The photocatalytic
degradation of methylene blue (MB) was systematically studied
through a detailed experimental procedure. A concentrated
100 ppm MB stock solution was prepared by dissolving
2.5 mg of MB in 25 mL of deionized water. This solution was
then diluted to a 10 ppm working concentration. A volume of
10 mL of the 10 ppm solution was mixed with varying catalyst
doses (ranging from 0.1 to 1.2 g L") and stirred for 20 to
120 minutes in the dark to allow for adsorption equilibrium.
The mixtures were then exposed to light in order to optimize
the degradation process. The pH of the MB solutions was
adjusted across a range from 1 to 12 using HCI or NaOH, and
pH levels were monitored with a pH meter. After degradation,
the catalyst was separated by centrifugation at 6000 rpm, and

© 2026 The Author(s). Published by the Royal Society of Chemistry

the remaining MB concentration in the supernatant was mea-
sured at 658 nm using a UV-Vis spectrophotometer to assess
adsorption and degradation efficiency (eqn (1)). Each experi-
ment was repeated three times, with error bars showing a 5%
margin of error, ensuring accurate optimization of conditions
for effective MB removal. This thorough approach ensured
precise optimization of the conditions for effective MB removal.

Q-G 0

t

Degradation (%) = x 100
where C, and C; are the before and after degradation concen-
trations of methylene blue.

2.2.6. Characterisation. Comprehensive characterisation
details confirming the structural, surface, and morphological
features of the synthesised composites are provided in Section S1
in SL

3. Results and discussions

3.1. Characterisations

3.1.1. XRD analysis. The XRD patterns of CdS, CQD, BC,
CBc, 5CC, 10CC, and 15CC are shown in Fig. 1(a). Distinct
diffraction peaks at 20 =~ 24.8°, 26.5°, 28.2°, 43.7°, 47.8°, and
51.8° correspond to the (100), (002), (101), (110), (103), and
(112) planes of hexagonal CdS (JCPDS No. 77-2306),>® confirm-
ing its crystalline wurtzite phase. BC exhibits broad humps
around 23° and 44°, corresponding to the (002) and (100)
planes of turbostratic carbon, indicating its amorphous
nature.>® CQD display a broad reflection near 22°, attributed
to disordered graphitic carbon domains.*® When CQD are
incorporated into the composite, they cause a noticeable shift

Mater. Adv.
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in the XRD peaks. Specifically, the diffraction peaks of CdS in broadening and a marginal shift toward lower angles. This
CBc and ternary composites (5CC, 10CC, 15CC) exhibit slight suggests that the integration of CQD into the composite
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Fig. 1 (a) XRD pattern, (b) FTIR spectra, (c) adsorption and desorption isothermsand (d) pore size distribution for different materials (CdS, BC, CBc, 5CC,
10CC, and 15CC).
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enhances the structural interfacial interaction and lattice
distortion. The CQD incorporation helps to promote better
coupling between CdS and the BC matrix, potentially facili-
tating charge transfer and improving the overall stability and
functionality of the composite material. For CBc and the
ternary composites (5CC, 10CC, 15CC), the major CdS peaks
are retained with slight peak broadening and marginal shifts
toward lower angles, suggesting lattice distortion and strong
interfacial interaction among the components. No additional
impurity peaks are detected, confirming high phase purity.
These observations indicate that CdS nanoparticles are uni-
formly embedded within the BC matrix, while CQD incorpora-
tion enhances structural integration and interfacial coupling,
confirming the successful formation of the ternary nano-
composite.

3.1.2. FT-IR measurement. FTIR spectra were employed to
verify the surface functionalities and interfacial interactions in
Cds, BC, CQD, the binary CBc, and the ternary composites
(Fig. 1(b)). The green-synthesized CdS (using Aloe vera gel
extract) showed a characteristic Cd-S stretching band in the
610-670 cm ™ region, along with additional bands attributable
to biomolecular residues from the extract. The peaks at ~1700-
1720 em™* and 1100-1200 cm ™' reflect C—0 and C-O/C-0O-C
vibrations, respectively, likely originating from polysacchar-
ides, phenolics, and proteins present in the aloe extract that
acted as capping and stabilizing agents.*’**> BC displayed its
characteristic O-H (~3400 cm™ '), aliphatic C-H (2920-
2850 cm™ '), and aromatic C=—C/C=—0 bands (~1620 cm %),
consistent with lignocellulosic char materials.*> CQD exhibited
abundant oxygenated groups with clear O-H, C—=O0, and C-O
vibrations, confirming their surface passivation.>* In the binary
CBc and ternary composites (5CC, 10CC, 15CC), overlapping
features from CdS, BC, and CQD were observed. Notably, the
O-H and C=O0 peaks broadened and shifted slightly, indicat-
ing hydrogen bonding and electrostatic interactions between
CdS (aloe-derived surface groups), BC, and CQD. Such inter-
facial interactions play a crucial role in enhancing photocata-
lytic activity by facilitating charge separation, reducing
recombination, and enabling more efficient electron transfer
across the heterostructure.®”

3.1.3. BET surface area analysis. The specific surface area
(BET analysis), pore size distribution, and overall pore volume
of CdS, BC, binary composite CBc, and ternary composites 5CC,
10CC, and 15CC were assessed using N, adsorption isotherms,
as shown in Fig. 1(c) and Table 1. N, adsorption-desorption
isotherms of all the pristine materials and the composites
exhibit type IV adsorption isotherms, with H3-type hysteresis
loops, which are similar to mesoporous materials with slit-shaped
pores, ascribed to the carbonaceous framework. The isotherms
exhibit enhanced nitrogen adsorption at high relative pressures
(PP, > 0.8), owing to capillary condensation occurring within the
mesoporous channels. The surface area and pore volume of 5CC,
were higher than the other composite samples, 10CC and 15CC.
BJH pore size distribution analysis also corroborates the meso-
porous characteristic of the samples (Fig. 1(d)), and the average
pore size is about 9-17 nm. Incorporating 5-15% CQD lightly
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Table1 BET surface area, cumulative pore volume, and mean pore diameter

Surface area Total pore volume

Sample Pore nm) (m*g™) (em® g™
CdSs 11.886 51.631 0.1406
BC 16.969 5.73 0.0182
CBc 13.532 19.221 0.0572
5CC 15.565 15.875 0.0448
10CC 9.8814 13.584 0.0257
15CC 9.2051 13.966 0.0249

modified the pore structure and narrowed the pore size distri-
bution. Among the composites, the 5CC sample exhibited a
comparatively more uniform pore structure, which may facilitate
effective interaction between the catalyst surface and dye mole-
cules during the photocatalytic process.

3.1.4. XPS analysis. The XPS spectra of the 5CC nanocom-
posite (Fig. 2) verify the presence of C, O, N, Cd, and S elements,
indicating successful composite formation with distinct
chemical states. The C 1s spectrum displays three characteristic
peaks at 284.6 eV (C-C/C—C), 285.9 eV (C-O/C-N), and 288.6 eV
(O-C=0), corresponding to the carbon backbone and surface
functional moieties of CQD. The O 1s spectrum shows signals
assigned to lattice oxygen (~529.8 eV), oxygen vacancies
(~531.4 eV), and hydroxyl or adsorbed oxygen (~532.6 eV),
highlighting the presence of oxygen-enriched sites and struc-
tural defects. The N 1s signal at approximately 404 eV is
associated with oxidized nitrogen species (NO, or NO; ),
originating from nitrogen-oxygen surface interactions or par-
tial oxidation of CQD. The Cd 3d doublet with peaks at 405.1
and 411.8 eV is characteristic of Cd** in CdS, while the S 2p
peaks at 160.3 and 161.7 eV correspond to S~ species in Cd-S
bonds without any detectable oxidation.>®

Overall, the XPS analysis substantiates the successful synth-
esis and elemental integration within the 5CC composite with
stable Cd-S bonding, N/O functionalization, and defect states
that promote efficient interfacial charge transfer and enhanced
photocatalytic activity.

3.1.6. FESEM-EDS mapping. The surface morphology of
the synthesised samples was studies using FESEM studies
and illustrated in Fig. 3(a)-(c). FESEM is a powerful tool for
analysing the surface morphology and structural properties of
CdS, BC and 5CC nanocomposite. The CdS FESEM images gave
a nano-globular structure within a 100 nm scale.”” For the
FESEM images of the hydrothermally synthesised BC, the sur-
face comprises a porous structure that can aid in the impressive
adsorption of the dye.?? It can also be decorated with CdS
nanoglobules coated with CQD. The 5CC nanocomposite has a
heterogeneous surface structure due to the integration of CdS
into the BC matrix along with the desired percentage of CQD
(5%). The surface at a 500 nm scale study shows the nanoglo-
bules coated on the surface of the porous BC.

The elemental composition of the synthesized 5CC nano-
composite was determined using energy-dispersive X-ray spectro-
scopy (EDS) and corresponding color mapping in Fig. 3(d), which
revealed a uniform elemental distribution, indicating that Cd, S,
C, O, and N are homogeneously dispersed across the composite

Mater. Adv.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00043f

Open Access Article. Published on 20 May 2026. Downloaded on 5/21/2026 12:21:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
(a) () [z cazd | (c)
Cd3dy,
= . 411.76 -
3 3 3
£ S s
Iz} ] [
s s s
E E E
100 200 300 400 500 600 403 404 405 406 407 408 408 410 411 412 413 414 158 159 160 161 162 163 164
Binding Energy(eV) Binding Energy(eV) Binding Energy(eV)
d 284.01 e 404.45
C)) cts| (e) ns| @D
3 £l 3
8 & s
E E =
280 282 284 286 288 290 403 404 405 406 526 529 530 _ 55"' si2 53 su 535 s
Binding Energy(eV) Binding Energy (eV) Binding Energy(eV}
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Fig. 3 FE-SEM micrographs of (a) CdS, (b) BC, (c) 5CC, (d) EDS analysis, and (e) colour mapping of different elements of 5CC.

surface. The EDS spectrum distinctly displayed the presence of
Cd, S, C, and O elements. The weight composition of the 5CC
nanocomposite was determined to be 54.16% Cd, 15.23% S,
23.63% C, and 6.98% O. In terms of atomic percentages, Cd
and S accounted for 14.34% and 14.14%, respectively, while C and
O—originating from BC and the CQD solution—comprised
58.55% and 12.98%, respectively.

Mater. Adv.

3.1.7. Photoluminescence characterization. The photo-
luminescence (PL) spectra of all the pristine materials and
the nanocomposites with different CQD loadings of 5%, 10%,
and 15% show significant differences in PL intensity, provid-
ing crucial insights into the charge recombination process
(Fig. 4(a)). Its emission peak at 705 nm is attributed to the
recombination of electron/hole pairs in the CdS. The emission

© 2026 The Author(s). Published by the Royal Society of Chemistry
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band at 705 nm results from electron-hole pair recombination
within the CdS lattice. As the CQD content varies from the
binary CBc to the ternary composites (5CC, 10CC, and 15CC),
the PL emission intensity gradually decreases, indicating
enhanced charge separation. 5CC, with 5% CQD loading,
exhibits the weakest PL intensity, suggesting that incorporating
CQD promotes effective separation of the CdS/BC and CQD,
reducing electron-hole recombination, and leading to the
highest photocatalytic activity. However, PL intensity increases
somewhat in 10CC and 15CC with higher CQD loadings,
implying that excess CQD may cause aggregation, thus decreas-
ing charge separation efficiency. This trend aligns with pre-
vious studies showing that, although CQD can enhance charge
separation by acting as electron sinks, an excessive amount of
CQD may impair electron mobility, ultimately reducing overall
photocatalytic performance.*® Therefore, PL analysis confirms
that 5CC, with an optimal CQD amount, exhibits the highest
photocatalytic efficiency, making it the most effective compo-
site for degrading methylene blue.

3.1.8. UV-Vis DRS and Mott Schottky analysis. The optical
absorption characteristics and band gap energies of the synthe-
sized materials were examined using Diffuse Reflectance
Spectroscopy (DRS). Fig. 4(b) illustrates that the photocatalysts

© 2026 The Author(s). Published by the Royal Society of Chemistry
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demonstrate significant absorption within the visible-light region.
The corresponding band gap values were determined from the
Tauc plot shown in Fig. 4(c), based on eqn (2).

()" = hv — E, (2)

In this expression, the variables %, v, «, and E, represent
Planck’s constant, light frequency, absorption coefficient, and
band gap energy, respectively. The band gap energy was esti-
mated from the intercept of the linear region of the Tauc plot
with the x-axis.?® The calculated band gaps of CdS, BC, Binary
composite (CBc), and their composites (5,10,15) CC were 2.04,
1.169, 1.78, 1.67, 1.74 and 1.73 eV, respectively. From these
studies, it was evident that the 5CC sample had the lowest
energy after the BC, which is photocatalytically inactive. The
decrease in the nanocomposites’ bandgap from the bare mate-
rials can improve the photocatalytic efficiency of the sample. To
further verify the electronic band structure of the materials,
Mott-Schottky (M-S) measurements were carried out using a
three-electrode electrochemical system. The Mott-Schottky
plots (Fig. S1 in SI) exhibited positive slopes for all samples,
confirming their n-type semiconductor nature.*® The flat band
potentials were determined from the intercepts of the linear
regions and were found to be approximately —0.61 V for BC,

Mater. Adv.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00043f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 20 May 2026. Downloaded on 5/21/2026 12:21:57 PM.

(cc)

Paper

—0.89 V for CdS, and —0.988 V for CQD versus Ag/AgCl. For
n-type semiconductors, the flat band potential is generally
considered to be close to the conduction band potential; there-
fore, the conduction band positions of BC, CdS, and CQD were
estimated to be near these values. Using the band gap values
obtained from DRS analysis, the corresponding valence band
potentials were subsequently estimated, indicating favorable band
alignment that can promote efficient charge separation and
facilitate electron transfer during the photocatalytic process.

3.1.9. Characterisations of CQD. The synthesized CQD
were characterized to examine their morphology, particle size
distribution, and optical properties using HRTEM, UV-Vis
spectroscopy, and fluorescence spectroscopy (Fig. S2 in SI).
The morphology and size of the synthesized CQD were investi-
gated using high-resolution transmission electron microscopy
(HRTEM). As shown in Fig. S2(a), the CQD are well dispersed
and exhibit a nearly spherical morphology. The particle size
distribution calculated from the HRTEM images (Fig. S2(b))
indicates that the CQD possess nanoscale dimensions with a
relatively narrow size distribution with average size of 3.4 nm. The
optical properties of the CQD were further examined using UV-Vis
absorption and fluorescence spectroscopy. The UV-Vis spectrum
(Fig. S2(c)) shows characteristic absorption features associated
with the m-rm* transitions of C—C bonds. Additionally, the
fluorescence emission spectrum (Fig. S2(d)) exhibits strong photo-
luminescence behavior, which is a typical characteristic of CQD.
These results confirm the successful formation of CQD with well-
defined nanoscale morphology and optical properties.

3.2. Impact of the catalyst dose

The amount of catalyst utilised has the greatest impact on the
photocatalyst’s efficiency. To investigate how dosage affects MB
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degradation, studies were carried out with varied doses of the
5CC from 1 to 12 mg, while the MB concentration remained
constant at 10 ppm for 120 min in light (Fig. 5(a)). At the lowest
dosage (0.1 g L"), MB breakdown involved fewer active species,
resulting in lower photocatalytic effectiveness. Optimal degra-
dation efficiency was achieved at 0.6 ¢ L' maximizing the
availability of active sites and the utilization of light energy,
after which the efficiency reached a plateau. Further increasing
the catalyst dosage beyond 0.2 g L~' markedly enhanced the
degradation rate, likely due to catalyst accumulation resulting
from improved MB adsorption facilitated by the larger quantity
of the BC support matrix within the composite.

3.3. Impact of pH

The pH of the dye solution plays a crucial role in governing the
adsorption behavior of the composite and, consequently, its
photocatalytic degradation efficiency. To examine the effect of
pH on MB removal, solutions with different pH values were
adjusted using 0.1 N HCI and 0.1 N NaOH. The point of zero
charge (pHpzc) of the 5CC composite was determined using
the pH-drift (ApH) method, wherein the change in pH after
equilibration (ApH = pH; — pH;) was monitored. As shown in
Fig. 5(b), the ApH plot crosses zero at pH 5.37, indicating the
pHpzc of the composite. The degradation efficiency increases
steadily from pH 1 to 8 and reaches a maximum at pH 8
(Fig. 5(c)). This trend reflects the increasing surface negativity
and enhanced electrostatic attraction toward cationic MB
molecules. The efficiency remains nearly stable from pH 8 to
10, showing minimal variation. Under strongly alkaline condi-
tions, the possible formation of metal hydroxide species and
deprotonation of MB may influence the absorbance charac-
teristics, as supported by UV-Vis analysis.*
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(a) Influence of catalyst dosage, (b) determination of point of zero charge (PZC), (c) effect of pH on MB degradation, (d) kinetic analysis of MB

degradation under visible-light irradiation, and (e) active species trapping (scavenger) studies.
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3.4. Photocatalytic degradation kinetics

For the photocatalytic kinetic experiments, 10 mL of a 10 ppm
pollutant solution was employed with 6 mg of the catalyst.
Fig. 5(d) shows the limited effectiveness of photolysis alone for
the removal of MB, showing only a slight 3% reduction in
absorbance after 120 minutes of visible-light irradiation. This
negligible change indicates the strong photostability of MB and
its resistance to light-induced degradation. Under dark condi-
tions, after 120 minutes of attaining adsorption-desorption
equilibrium, the absorbance data were studied. The BC sample
had the maximum adsorption with 53.129% whereas the
rest of the samples, like commercially used TiO,-P25, CBc,
Cds,5CC,10CC,15CC and CQD had an adsorption of 36.57,
31.01, 39.02, 47.42, 25.66, 15.19 and 11.61% of adsorption.
The increased porosity of BC makes the sample adsorb the dye
in dark conditions than the other samples. Upon the illumina-
tion for 120 minutes after dark reactions, the absorbance of the
solutions is studied using a UV-Vis spectrometer. The photo-
catalytic degradation by the 5CC sample was the maximum,
reaching a 95.63% dye degradation, which was the maximum
among the bare and other composite samples. The degradation
efficiencies for the samples were of the order 5CC(95%) >
Cds(76%) > 10CC(71%) > CBc(70%) > BC(66%) >
15CC(62%) > Ti0,-P25(45%). To further confirm the degrada-
tion process by 5CC, the temporal UV-Vis absorption spectra of
MB were recorded during photocatalysis (Fig. S3, SI). A gradual
decrease in the characteristic absorption peak of MB at
~ 658 nm was observed with increasing irradiation time, even-
tually leading to its near disappearance. This spectral evolution
confirms the effective degradation of the dye molecules under
visible-light irradiation. Furthermore, the photocatalytic degra-
dation kinetics of MB were quantitatively evaluated by fitting
the experimental data to a pseudo-first-order kinetic model

(eqn (3)):
In(C,/Co) = —kt 3)

In this model, C, and C; represent the initial and time-
dependent concentrations of MB, respectively, while k denotes
the rate constant (min~'). The linear relationship between
In(C,/C,y) and irradiation time for various catalysts is depicted
in Fig. 5(d), and the corresponding degradation rate constants
are summarized in Table 2.

The synergistic interaction among CdS, BC, and CQD com-
ponents was evaluated by determining the synergy factor (K),
which was calculated using eqn (4):

_ kcds+BC+CQDs )
kcas + kcops + ksc

where k(cas+Bcrcop), Kcdss kec, and kcqp represent the photo-
degradation rate constants for the ternary composite, CdS,
BC, and CQD, respectively. The calculated synergy factors for
5CC, 10CC, and 15CC were 1.033, 0.542, and 0.322, respectively.
Among the composites, 5CC exhibited the highest synergy
factor, which correlates with its superior photocatalytic

efficiency and the highest rate constant of 0.0061 min .

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Rate constants and Synergy factors

Sample Rate constant (min ") Synergy factor (K)
TiO, 0.0005 —

Cds 0.0033 —

BC 0.0011 —

cQD 0.0015 —

CBc 0.0031 0.704

5CC 0.0061 1.033

10CC 0.0032 0.542

15CC 0.0019 0.322

The enhanced performance is attributed to the synergistic
interaction among the components, where CQD act as efficient
electron mediators that facilitate charge separation, while
biochar provides a porous structure that improves dye adsorp-
tion and promotes effective pollutant-catalyst interaction. As a
result, the 5CC composite demonstrates improved photo-
catalytic activity compared to the individual components.

3.5. Influence of scavengers and plausible photocatalytic
mechanism

The degradation of MB on the nanocomposite surface is governed
by an integrated charge-transfer process, wherein CB electrons,
VB holes, and reactive oxygen species (ROS) collectively drive the
photocatalytic reaction. To determine the key reactive species
participating in the photocatalytic degradation, scavenging experi-
ments were conducted in which 1mM of isopropyl alcohol (IPA),
dimethyl sulfoxide (DMSO), benzoquinone (BQ), and methanol
served as quenchers for -OH, e, ‘0,7, and h', respectively
(Fig. 5(e)).** Although DMSO is widely recognized as a hydroxyl-
radical (*OH) scavenger, several studies have demonstrated that it
can also effectively quench conduction-band electrons in semi-
conductor photocatalytic systems due to its strong electron-
accepting ability and rapid reaction with solvated electrons. The
MB degradation efficiency decreased significantly in the presence
of IPA (95.6% — 81%) and DMSO (95.6% — 83.7%), suggesting
that hydroxyl radicals (-OH) and electrons play a major role in the
degradation pathway. Methanol reduced the degradation effi-
ciency to 87.1%, indicating that photogenerated holes also con-
tribute directly to oxidation processes and indirectly to -OH
generation. In contrast, BQ led to a moderate decrease (90.1%),
confirming that -O, radicals are present but act mainly as
secondary oxidants. These observations clearly demonstrate that
-OH and electrons are the primary reactive species, while h* and
-0,  play auxiliary roles in MB mineralization, consistent with
previous scavenger-based mechanistic studies.*?

The plausible photocatalytic degradation mechanism is
illustrated in Scheme 2. Based on the band structure analysis
obtained from UV-Vis DRS and Mott-Schottky measurements,
the materials exhibit n-type semiconductor behavior with sui-
table conduction and valence band positions that thermodyna-
mically favor the generation of reactive oxygen species such as
-0, and -OH under visible-light irradiation. Upon visible-light
excitation, CdS, CQD, and BC can absorb photons and generate
electron-hole pairs.** The formation of the CQD/CAS/BC
heterostructure facilitates efficient charge separation and rapid
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Scheme 2 Plausible photocatalytic degradation mechanism.

interfacial charge migration. The photoexcited electrons
from CQD and CdS migrate through the heterojunction and
are effectively transferred to the BC matrix, which acts as an
electron mediator and reservoir, thereby suppressing electron—
hole recombination. These accumulated electrons subse-
quently react with dissolved O, molecules to generate super-
oxide radicals (-O, ). Meanwhile, the photogenerated holes
from the valence bands of the semiconducting components
participate in oxidation reactions, converting H,O or surface
—-OH groups into highly reactive hydroxyl radicals (-OH). In
addition, the porous and defect-rich structure of BC enhances
the adsorption of MB molecules near the active sites, increasing
the contact between pollutants and reactive oxygen species. The
synergistic action of -OH (dominant), h*, and -0,  radicals
results in progressive degradation of MB through N-
demethylation, chromophore cleavage, and breakdown of the
aromatic framework, ultimately leading to the formation of
smaller intermediates and mineralized products such as CO,
and H,O.
1. Photon excitation:

CdS + hv — e~ (CB(CdS)) + h'(VB(CdS)) (5)
CQD + hv — e (CB(CQD)) + h*(VB(CQD)) (6)
BC + hv — e (CB(BC)) + h'(VB(BC)) 7)
2. Charge transfer and stabilization:

e (CB(CQD)) — e (CB(CdS)) — BC (electron mediator
and sink) (8)

3. Superoxide radical generation:
02 +e - 027 (9)
4. Hydroxyl radical generation:

h* + H,O/OH™ — -OH + H" (10)
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Methylene Blue

Degraded
Products
+

co,

Degraded
Products
+

Co,
Methylene Blue

Oxidation

H,O +h*
H,0+'0,

5. Direct hole oxidation of MB:

MB + h™ — oxidized intermediates

(11)
6. Final degradation/mineralization:

MB + (-OH/-0, /h*) — degraded products — CO, + H,0
(12)

3.6. Proposed degradation pathway of MB over the 5CC

The possible degradation pathway of MB over the synthesized
photocatalyst was proposed based on the intermediates identi-
fied from HRMS (high-resolution mass spectrometry) analysis
(Fig. S4, SI). The detected intermediates in Scheme 3 indicate
that the degradation primarily proceeds through C-N and C-S
bond cleavage, followed by oxidation, denitrification, and
desulfurization reactions. Initially, the S-Cl and C-N bonds in
MB are broken, leading to the generation of smaller intermedi-
ates that undergo progressive oxidation and ring-opening
under the attack of reactive oxygen species (ROS). These trans-
formations result in the breakdown of the aromatic structure
and the formation of low-molecular-weight products, which are
eventually mineralized into CO,, H,O, NO; ", and SO4>". Thus,
the degradation of MB follows an oxidative pathway dominated
by demethylation, deamination, and aromatic ring cleavage,
confirming efficient decomposition of the dye into less toxic
inorganic end-products.*

3.7. Reusability studies

The long-term durability of a photocatalyst plays a pivotal role
in in its suitability for practical wastewater treatment applica-
tions. To evaluate the stability of the 5CC nanocomposite,
consecutive photodegradation cycles were performed using
MB. As shown in Fig. 6(a), the composite maintained a high

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Plausible degradation pathway of MB.

degradation efficiency over five successive cycles, with values of
96.2%, 95.0%, 93.7%, 91.3%, and 89.6% for the 1st, 2nd, 3rd,
4th, and 5th cycles, respectively. This gradual decrease can be
attributed to the partial adsorption of dye molecules on the
catalyst surface, which may slightly hinder the availability of
active sites. Nevertheless, the catalyst preserved nearly 90%
efficiency even after the fifth cycle, confirming its strong
photostability in aqueous medium. Moreover, the reusability
experiments were carried out with only 6 mg of catalyst in
10 mL of 10 ppm MB solution, demonstrating that effective

© 2026 The Author(s). Published by the Royal Society of Chemistry

degradation could be achieved at a relatively low catalyst
dosage. The decomposition of organic dyes through photo-
degradation is evaluated by monitoring TOC (Total organic
carbon) and COD (Chemical oxygen demand) levels during
light exposure. After 120 minutes of visible light irradiation,
reductions of 66% in TOC and 63% in COD were achieved for
MB. As illustrated in Fig. 6(b), partial mineralisation was
attained, while the formed intermediates exhibited minimal
mineralisation potential, indicating that the organic dye was
degraded into byproducts possessing lower mineralisation
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profiles of 5CC obtained pre- and post-degradation.

capacity. To evaluate the potential metal leaching during the
photocatalytic process, the Cd concentration in the reaction
solution was analyzed using ICP-OES after the photocatalytic
experiment. The detected Cd concentration was 0.0015 mg L™,
which is lower than the permissible limit for cadmium in
drinking water (0.003 mg L~ ') recommended by the World
Health Organization (WHO). This result indicates minimal Cd
leaching from the composite during photocatalysis. To further
confirm the stability of the photocatalyst after repeated use,
post-reaction XRD analysis was performed on the recovered
sample (Fig. 6¢). The diffraction peaks of the used 5CC closely
matched those of the fresh sample, confirming the retention of
the crystalline structure and indicating the absence of phase
transformation or degradation of the active components after
repeated photocatalytic cycles. In addition, FT-IR and FESEM
analyses were carried out on the reused catalyst to further
examine its structural and morphological stability. The FT-IR
spectra and FESEM images (Fig. S5, SI) reveal that the charac-
teristic functional groups and surface morphology remain
largely unchanged after the reaction. These results collectively

Mater. Adv.

(a) Cyclic stability evaluation of the photocatalyst, (b) comparison of TOC and COD values of MB solution before and after treatment, and (c) XRD

demonstrate the excellent stability of the composite and suggest
that it is resistant to photocorrosion, which is a common limita-
tion of CdS-based materials. These findings highlight that the
5CC nanocomposite not only offers excellent degradation effi-
ciency but also combines reusability and structural integrity with
reduced material consumption, making it a promising candidate
for the sustainable treatment of persistent organic dyes.

3.8. Comparison from the literature

Table 3 presents a comparative summary of MB degradation
efficiencies reported in the literature for various photocatalysts.

4. Conclusion

In summary, a green-synthesised CQD@CdS/biochar hybrid
photocatalyst was successfully fabricated using orange peel
powder as a sustainable carbon precursor and an eco-friendly
aloe vera solvent system. Comprehensive structural, morphological,
and optical characterizations (XRD, FTIR, XPS, FESEM, UV-Vis

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of MB degradation performance with reported
photocatalysts

Time  Degradation

Photocatalyst Dose (min)  efficiency %  Ref.
PVP-capped CdS NPs 100 mg L™ 360 81 46
ZnS/CdS 100 mg L 360 73 47
Zinc oxide-coated 100mg L™" 120 92 48
biochar (ZnO/BC)
Cl/CQDs 5 mL 240 56 49
ZIF-8@N-CQDs/ZIF-67 0.5 ¢ L 180 94 50
CQD@CdS/Biochar 0.6gL" 120 96.2 This

work

DRS, PL, and BET) confirmed the formation of a well-coupled
ternary composite, where CQD, CdS and biochar acted synergisti-
cally to enhance light absorption, facilitate charge separation, and
suppress electron-hole recombination. The optimized photocata-
lyst exhibited exceptional photocatalytic activity toward MB degra-
dation, achieving a degradation efficiency of 96.2% within 120 min,
with a rate constant of 0.0061 min ™", surpassing the performance
of pristine CdS and BC. The composite also demonstrated remark-
able mineralisation ability, with COD and TOC reductions of 63%
and 66%, respectively, confirming the efficient conversion of MB
into less toxic end products. Radical trapping experiments identi-
fied *OH as the dominant reactive species responsible for the
photocatalytic process, while HRMS analysis revealed the formation
of low-molecular-weight intermediates and clarified the possible
degradation pathway. The photocatalyst maintained outstanding
reusability and stability over 5 cycles, retaining more than 89.6% of
its activity, with no significant structural changes observed after
repeated use. Overall, this study demonstrates that orange-peel-
derived CQD@CdS/biochar functions as an efficient, reusable, and
eco-friendly photocatalyst, capable of achieving high degradation
and mineralization efficiencies of organic pollutants under visible
light irradiation. The synergistic interaction among CdS, CQD, and
biochar offers valuable insights into designing next-generation
green photocatalysts for sustainable wastewater treatment and
environmental purification applications.
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