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ABSTRACT

Published: 30.03.2026

The development of visible-light-active photocatalysts through sustainable synthetic routes remains a critical
challenge in wastewater remediation. In this study, a CeO2-doped reduced graphene oxide (CeO,/rGO) nanohybrid was
synthesized using Carica papaya leaf extract as a green reducing agent. The resulting catalyst exhibited a surface area of 95
m’/g, a narrowed optical band gap of 2.91 eV, and uniformly distributed CeO, nanoparticles with an average size of 4-8 nm
as confirmed by HRTEM. Structural and spectroscopic analyses validated the formation of a stable CeO,/rGO hybrid with
enhanced charge separation efficiency. The photocatalytic activity was evaluated through the degradation of Reactive Blue
19 (RB19) under UV and solar irradiation. Nonlinear regression using a fractional-order Langmuir—Hinshelwood kinetic
model achieved superior fitting accuracy over conventional linearized models, with reaction orders ranging from 0.30—0.58
under varying irradiation conditions. Notably, this approach provides enhanced insight into non-ideal surface reaction
behavior, highlighting its advantage over commonly applied integer-order kinetic analyses. The nanohybrid retained more
than 95% degradation efficiency after four successive cycles, demonstrating excellent stability. These results indicate that
green-synthesized CeQO,/rGO is a promising, sustainable photocatalyst for treatment of dye-laden wastewater.
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1INTRODUCTION

The contamination of water bodies by synthetic
dyes from textile industries has become a critical
environmental challenge across developing nations.
Reactive dyes, particularly anthraquinone- and azo-based
structures such as Reactive Blue 19 (RB19), exhibit high
thermal and chemical stability, strong chromophoric
character, and resistance to biodegradation. As a
consequence, even trace quantities of such dyes disrupt
aquatic ecological balance, reduce light penetration,
hinder photosynthesis, and may generate toxic or
mutagenic intermediates. Conventional physicochemical
treatment processes, including adsorption, coagulation—
flocculation, membrane filtration, and advanced
oxidation, often suffer from limitations such as
incomplete mineralization, high sludge generation,
elevated operational costs, and restricted reusability of
materials (Wu et al. 2025). Therefore, the development
of efficient, stable, and environmentally benign catalysts
for complete dye degradation remains an urgent scientific
priority (Kumar et al. 2025). Semiconductor-based
photocatalysis has emerged as an effective and

Fractional-order Kkinetics;

Langmuir-Hinshelwood; Reactive Blue-19;

sustainable pathway for degrading organic pollutants
under UV or solar light. Metal oxides such as TiO,, ZnO,
Ce0,, and WO, are widely investigated due to their redox
versatility and photochemical stability (E1 Mchaouri et
al. 2025). However, many of these materials suffer from
key drawbacks including a wide band gap, fast electron—
hole recombination, poor visible-light utilization, and
limited surface active sites. To address these issues,
hybrid photocatalysts that integrate metal oxides with
carbonaceous nanomaterials have gained significant
interest (Ansari et al. 2025; Sahu et al. 2024). Reduced
graphene oxide (rGO) is particularly attractive due to its
exceptional electrical conductivity, high specific surface
area, m-conjugated structure, and ability to facilitate rapid
charge carrier migration (Mondal ef al. 2021). Coupling
metal oxides with rGO has been shown to enhance light
absorption, suppress recombination, and provide
additional adsorption sites for pollutant molecules.

Cerium oxide is a promising photocatalyst
owing to its unique Ce"/Ce” redox pair, oxygen storage
capacity, and defect-rich lattice. When integrated with
rGO, CeO, nanoparticles benefit from improved electron

1)}


https://crossmark.crossref.org/dialog?doi=10.13074/jent.2026.03.2612126&domain=pdf&date_stamp=2026-03-30

A.Loganathan et al / J. Environ. Nanotechnol., Vol. 15(1), 576-585 (2026)

transport, enhanced surface reactivity, and better
dispersion (Ahamed et al. 2025). However, the controlled
synthesis of CeO,/rGO hybrids remains challenging,
particularly when using environmentally hazardous
reducing agents such as hydrazine. Green synthesis
approaches using plant extracts have recently attracted
attention as they offer biocompatible, non-toxic, and
cost-effective alternatives for producing nanomaterials
(Villagran et al. 2024). Plant-derived biomolecules can
act simultaneously as reducing, stabilizing, and capping
agents, enabling sustainable pathways toward composite
formation.

Photocatalytic degradation processes are
inherently complex, involving multiple steps such as
photon absorption, charge carrier generation, surface
adsorption of reactants, and subsequent redox reactions.
These processes are strongly influenced by surface
heterogeneity, active site distribution, and intermediate
species formation. As a result, the overall reaction
kinetics often deviate from ideal linear or pseudo-first-
order behaviour typically assumed in conventional
analyses. Therefore, to better capture these complexities,
nonlinear and fractional-order kinetic approaches
become essential for accurately describing the
photocatalytic ~ reaction = mechanism.  Nonlinear
Langmuir-Hinshelwood (LH) models, particularly
fractional-order kinetic approaches, offer improved
accuracy in describing actual photocatalytic processes
(Wang, 2018). However, such nonlinear kinetic analyses
are rarely applied to CeO./rGO photocatalytic systems.

The present work investigates a green synthetic
strategy for preparing CeO,/rGO using Carica papaya
leaf extract as a natural reducing agent. The structural,
optical, and morphological features of the nanohybrid are
systematically analyzed, with particular emphasis on
CeO, dispersion, band gap modification, and charge
transport characteristics. The photocatalytic performance
of the synthesized catalyst was evaluated toward the
degradation of Reactive Blue 19 under UV and solar
irradiation. A nonlinear fractional-order Langmuir—
Hinshelwood kinetic model was employed to provide a
more accurate interpretation of degradation behavior. In
addition, catalyst stability and reusability were assessed
to establish its potential application in real wastewater
treatment. CeO,/rGO photocatalysts are widely studied,
but previous works mainly rely on simplified pseudo-
first-order kinetics. Here, we demonstrate a novel
approach by applying fractional-order LH kinetics to
capture nonlinear photocatalytic ~behavior. This
combined focus on material design and advanced kinetic
modeling provides deeper mechanistic insight and a more
realistic description compared to earlier CeO,/rGO
studies. This study demonstrates a sustainable synthetic
route and provides new mechanistic insights into

CeO./rGO photocatalysis using advanced kinetic
analysis.
2 EXPERIMENTAL WORK
2.1 Materials
Analytical grade reagents including

concentrated H.SO,, HCl, KMnO,, Ce(NOs3);-6H>0,
NaOH, ethanol (99.9%), and glycerol were procured and
used without further purification. Fresh leaves of Carica
papaya were collected locally and processed
immediately to prepare the plant extract. Deionized water
was used throughout the experiments. Reactive Blue 19
(Molecular Formula: Cx»HisN2Na,O11S3; Molecular
Weight: 626.5 g/mol; Amax: 592 nm), an anionic
anthraquinone dye, was selected as the model pollutant
for photocatalytic studies.

2.2 Synthesis of Materials
2.2.1 Synthesis of Graphene Oxide

Graphene oxide (GO) was synthesized using a
modified Hummers’ method with controlled reaction
conditions. Graphite powder (1 g) was added to chilled
concentrated H,SO, (23 mL) under continuous stirring
while maintaining the temperature below 5 °C. KMnO4
(3 g) was gradually introduced to prevent thermal
runaway. The mixture was stirred for 1 hour and then
allowed to reach room temperature. Subsequently,
deionized water (46 mL) was added slowly, and the
reaction was heated to 95 °C for 30 min. During the work-
up, the pH of the suspension was carefully monitored and
adjusted through repeated washing and filtration using
10% HCI and distilled water until a near-neutral pH (~6—
7) was achieved. After dilution with 140 mL distilled
water, the product was filtered and washed thoroughly to
obtain purified GO. The formation of GO was visually
confirmed by the characteristic color change from dark
graphite to brownish-yellow dispersion, and the final
yield was found to be ~85% based on the initial graphite
used.

2.2.2 Preparation of Carica Papaya Leaf Extract

Fresh papaya leaves (25 g) were washed
thoroughly, cut into small pieces, and ground into a paste.
The paste was mixed with a 100 mL volume of deionized
water and warmed at 60 °C filtered through Whatman No.
40 filter paper. The resulting extract was used
immediately to avoid decomposition of biomolecules.

2.2.3 Green Reduction of GO to rGO

Graphene oxide (30 mg) was dispersed in 50 mL
deionized water and ultrasonicated for 30 min. Papaya
leaf extract (30 mL) was then added, and the mixture was
refluxed at 95 °C for 12 hour in a round-bottom flask
fitted with a condenser. The resulting black rGO was
filtered, washed with water, and dried at 90 °C. The final
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yield was found to be ~65% based on the initial graphite
used.

2.2.4 Synthesis of Ce0,/rGO Nanohybrid

Cerium nitrate (250 mg) was dissolved in 150
mL glycerol and mixed with rGO (500 mg). The mixture
was refluxed for 24 hours under a nitrogen atmosphere,

promoting uniform nucleation of CeO, nanoparticles on
the rGO sheets. After cooling, the solid product was
separated, washed sequentially with water and ethanol,
and dried at 100 °C.

2.3 Characterization Techniques

X-ray diffraction (XRD) was used to analyze
crystallinity using a Cu—Ko radiation source (X’ Pert Pro
— PAnalytic). Surface morphology and nanoparticle
dispersion were studied using SEM and HRTEM (JEOL-
2100, Voltage 200 kV). Elemental composition was
confirmed through EDX analysis. Raman spectroscopy
was employed to evaluate disorder and defect density
(LabRAM HR Evolution). UV-Vis diffuse reflectance
spectroscopy (DRS - Perkin Elmer Model: Lambda 35)
was used for optical band gap determination using Tauc
analysis. Surface area and porosity were measured by
BET analysis. UV-Vis spectrophotometry was used to
monitor dye degradation by measuring absorbance at 592
nm.

2.4 Photocatalytic Degradation Experiments

Photocatalytic degradation of RBI19 was
conducted under UV and natural solar irradiation using
annular photoreactor (Fig. 1). Dye solutions of known
concentration were mixed with the required amount of
catalyst and stirred in the dark for 30 min to establish
adsorption—desorption equilibrium. UV-light irradiation
experiments were conducted using an LED light source
centered at ~395 nm with an average irradiance of 30 mW
cm., whereas photocatalytic experiments under natural
sunlight were conducted between 11:00 and 14:00 IST in
Namakkal (55F8+6CW, Namakkal, Tamil Nadu 637002,
India) during the month of April under clear sky
conditions. The average natural sunlight irradiance was
measured to be 720 £ 30 W m ™~ using a calibrated solar
power meter. At regular intervals, aliquots were
collected, centrifuged, and analyzed for residual dye
concentration.

2.5 Kinetic Modeling

Photocatalytic degradation data were analyzed

using the nonlinear fractional-order Langmuir—

578

Hinshelwood (LH) kinetic model (Murti et al. 2025).
Nonlinear fitting was carried out using least squares
minimization to determine the reaction order (n) and
apparent rate constant (k*app). This approach allowed
minimization of concentration-based errors and provided
a more accurate representation of heterogeneous
photocatalysis compared to conventional linear models.

PYREX TUBE

UV LAMP

Fig. 1: Cross-sectional schematic of the annular
photoreactor

3 RESULTS AND DISCUSSION

3.1 Structural and Morphological
Characterization

The phase composition and crystallinity of the
synthesized nanohybrid was examined by powder X-ray
diffraction (XRD), as shown in Fig. 2(a). The diffraction
peaks observed at 20 values of 28.5°, 33.2°, 47.5°, 56.3°,
and 76.8° correspond to the (111), (200), (220), (311),
and (331) crystallographic planes of fluorite-structured
CeO: (JCPDS No. 34-0394), confirming the formation of
crystalline cerium oxide. In addition, a weak and broad

diffraction peak centered around 20 =~ 19-22° was
attributed to the disordered graphitic structure of
graphene oxide (Siburian e al. 2018). Upon

incorporation of CeO; nanoparticles onto GO sheets, the
characteristic GO peak exhibited a noticeable reduction
in intensity and broadening, indicating partial exfoliation
and disruption of the layered graphitic structure. This
attenuation of the GO diffraction peak further suggests
strong interfacial interaction between CeO, nanoparticles
and the GO support, confirming the successful anchoring
of CeO, on the graphene-based platform. Peak
broadening indicated nanoscale crystallite formation,
consistent with TEM observations.
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Fig. 2: (a) XRD pattern of CeO2/rGO sample (b) The Raman spectrum of the CeO,/rGO nanohybrid
The Raman spectrum of the CeO,/rGO of nanoparticles on the rGO sheets helps prevent
nanocomposite  exhibits two prominent bands agglomeration and provides a large surface area,

corresponding to the D band (~1335 cm™) and G band
(~1567 cm™) of graphene-based materials (Fig 2(b)).
Compared to GO, the G band of CeO,/rGO shows a
noticeable blue shift and significant band broadening,
indicating restoration of sp’ carbon domains and strong
electronic interaction between CeO: nanoparticles and
rGO sheets. The higher Ip/lg intensity ratio further
confirms the generation of defect sites and effective
reduction of GO. In addition, a characteristic Raman
active mode of fluorite CeO, was observed around 461
cm ', confirming the crystalline nature of CeO, in the
nanocomposite. The observed Raman shifts and band
broadening collectively suggest strong interfacial
coupling, which facilitates efficient charge transfer
during photocatalytic processes (Yuan et al. 2025).

Fig. 3: SEM image of the Ce0,/rGO sample with the
corresponding EDAX shown in the inset

The SEM image of the CeO,/rGO composite
shown in Fig. 3 indicates thin, wrinkled rGO sheets with
CeO, nanoparticles uniformly dispersed and anchored on
their surface, indicating good interaction between the
oxide particles and the graphene support. The distribution
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enhancing the structural stability of the composite. The
inset figure shows the corresponding EDAX spectrum,
which confirms the presence of Ce, O, and C elements,
verifying the successful formation of the CeO.rGO
composite and indicating the absence of significant
impurities.

The high-resolution transmission electron
microscopy (HRTEM) image and selected area electron
diffraction (SAED) study of the CeO,/rGO
nanocomposite (Fig. 4) provides direct evidence for the
successful integration of CeQO, nanoparticles onto the
rGO matrix. Fig. 4(a) clearly reveals thin, wrinkled, and
semi-transparent sheet-like structures corresponding to
reduced graphene oxide, which serve as a supporting
platform for the immobilization of CeO, nanoparticles.
Dark contrast regions distributed over the rGO sheets are
attributed to CeO, nanoparticles, indicating effective
anchoring and minimal agglomeration. The nanoparticles
exhibit nanoscale dimensions, consistent with the
crystallite sizes estimated from XRD analysis.

The SAED pattern of the CeO.,/rGO
nanocomposite further confirms its crystalline nature
(Fig. 4(b)) (Veeresha et al. 2022). The SAED pattern
exhibits a series of concentric diffraction rings rather than
discrete spots, indicating the polycrystalline nature of the
CeO, nanoparticles uniformly distributed on the rGO
sheets. The prominent diffraction rings can be indexed to
the (111), (200), (220), and (311) planes of cubic fluorite
CeO,, which is in good agreement with the XRD results
(Deori et al. 2013). The absence of additional diffraction
rings corresponding to impurity phases confirms the high
phase purity of the synthesized nanocomposite.
Moreover, the diffused background intensity observed in
the SAED pattern is attributed to the amorphous or
turbostratic structure of rGO. The coexistence of sharp
CeO, diffraction rings and the diffuse rGO background
suggests strong interfacial contact between crystalline
CeO, nanoparticles and the graphene-based support,
which is beneficial for efficient charge transfer during
photocatalytic processes.
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Fig.4: (a) HRTEM micrographs and (b) SAED of CeO./rGO nanohybrid

The BET analysis revealed a specific surface
area of 95 m?g for the CeO,/rGO nanohybrid,
significantly higher than pristine CeO, (Majani et al.
2025). The pore diameter, and pore volume were found
to be 8.6 nm, and 0.27 cm’/g, respectively. The increased
surface area and porous structure enhance dye adsorption
and photocatalytic performance.

The optical properties of the synthesized sample
were investigated using UV—visible diffuse reflectance
spectroscopy (Graph not included). The optical band gap
energy (E,) was estimated from the absorption edge using
the relation E; (eV) = 1239.8/A, where 1239.8 is a
constant derived from the product of Planck’s constant
and the velocity of light, and A represents the wavelength
of the absorbed light expressed in nm. The photocatalytic
experiments were performed using ~395 nm LED light
source (~3.14 eV), which provides photon energy higher
than the estimated band gap (2.91 eV, corresponding to
426 nm), ensuring effective photoexcitation of the
catalyst. In addition, the band gap was evaluated using
Tauc analysis, assuming an indirect allowed transition,
which is typical for CeO,.based materials. The Tauc plot
was constructed by plotting (ohv)” versus photon energy
(hv), and the extrapolation of the linear region to the
energy axis further confirmed the band gap value (graph
not included). The reduced band gap indicates enhanced
visible light absorption, which is beneficial for
photocatalytic applications (Chen et al. 2024a).

3.2 Photocatalytic Degradation of RB19 Dye
3.2.1 Influence of Catalyst Dosage

The influence of catalyst dosage on dye
degradation was systematically examined by varying the
amount of catalyst from 10 to 60 mg (Fig. 5(a)). An
increase in photocatalytic efficiency was observed with
increasing catalyst dosage up to 50 mg, which can be
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attributed to the availability of a greater number of active
surface sites and enhanced generation of reactive species
such as hydroxyl and superoxide radicals. The increased
catalyst loading also improves light absorption by
providing a larger surface area for photon—catalyst
interaction. However, beyond the optimum dosage of 50
mg, a decline in degradation efficiency was observed.
This reduction can be explained by excessive light
scattering and shielding effects caused by higher catalyst
concentrations, which limit the penetration of light into
the reaction medium. In addition, increased particle
agglomeration at higher loadings reduces the effective
surface area and restricts the accessibility of active sites.
Consequently, the reduced photon utilization and mass
transfer limitations outweigh the benefits of increased
catalyst amount, leading to a decrease in photocatalytic
performance (Ballari et al. 2008).

3.2.2 Effect of Initial pH

The photocatalytic degradation of RB19 was
strongly influenced by the pH of the dye solution under
both UV and solar irradiation (Khan et al. 2015). As
shown in Fig. 5(b), the degradation efficiency increased
from pH 2 to reach a maximum in the mildly acidic range
(pH 4-5), followed by a gradual decline at higher pH
values. This trend was consistently observed under both
irradiation conditions, with UV light showing higher
degradation efficiency than solar light.

The enhanced degradation observed at mildly
acidic pH can be primarily attributed to favorable
electrostatic interactions between the photocatalyst
surface and the anionic RB19 dye molecules (Mahmoodi
et al. 2011). At lower pH values, the catalyst surface
becomes positively charged due to protonation, which
promotes strong adsorption of the negatively charged dye
molecules onto the catalyst surface. This improved
adsorption facilitates effective interaction between the
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dye molecules and photogenerated reactive species,
thereby enhancing degradation. However, at very low pH
(pH 2-3), excess protons can act as scavengers for

photogenerated electrons, suppressing the formation of
hydroxyl radicals and limiting the overall photocatalytic
efficiency.
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Fig. 5: (a) Effect of catalyst dosage on photocatalytic degradation of RB19 dye (b) effect of pH on photocatalytic degradation
of RB19 dye and (c) recycling experiment of the CeO,/rGO nanohybrid

At pH values above 6, the degradation
efficiency decreases due to -electrostatic repulsion
between the negatively charged catalyst surface and the
anionic RB19 molecules, which reduces dye adsorption.
In addition, excessive hydroxyl ions present under
alkaline conditions can lead to increased recombination
of photogenerated electron—hole pairs and scavenging of
hydroxyl radicals, thereby decreasing the availability of
reactive oxygen species for dye degradation.
Furthermore, higher pH conditions may increase solution
turbidity, resulting in reduced light penetration and lower
photon utilization (Chen et al. 2024b).

The consistently higher degradation efficiency
observed under UV irradiation compared to solar
irradiation is due to the higher photon energy and
intensity of UV light, which enhances charge carrier
generation and accelerates photocatalytic reactions
(Nagaraja et al. 2012).

Zeta potential measurements of the CeO,—rGO
photocatalyst and RB19 were carried out at different pH
values using a dynamic light scattering analyzer. The
results confirmed that the catalyst surface is slightly
positive to near-neutral at pH 4-5 (approximately +5 to
+15 mV) and becomes increasingly negative (—20 to —40
mV) at higher pH, while RB19 remains negatively
charged across the studied range (=20 to =55 mV) due to
the presence of sulfonate (—SO,) groups. This pH-
dependent surface charge behavior, influenced by the
near-neutral point of zero charge of CeO, and negatively
charged functional groups of rGO, promotes strong
electrostatic attraction at acidic pH and repulsion under
alkaline conditions. These findings experimentally
validate the proposed electrostatic interaction mechanism
and explain the observed pH-dependent photocatalytic
degradation efficiency.
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3.2.3 Kinetic Analysis using Fractional-Order LH Model

The photocatalytic degradation kinetics of
RB19 dye over the CeO:rGO nanohybrid were
systematically  analyzed using the Langmuir—
Hinshelwood kinetic model, which is widely accepted for
heterogeneous photocatalytic systems (Murti et al.
2025). The experimental data showed appreciable
linearity with the pseudo-first-order kinetic model, as
evidenced by higher R” values compared to second-order
plots. Though the pseudo-first-order kinetics provided a
reasonable fit, but failed to capture deviations caused by
dye intermediates and heterogeneous surface behavior
(Jadaa et al. 2021; Chu et al. 2025). The nonlinear
fractional-order LH model produced superior fitting
accuracy with reaction orders ranging from 0.38-0.58
(UV) and 0.30-0.48 (solar) (Xu et al. 2020). The
fractional reaction order between 0 and 1 for both UV and
solar irradiation provided a more accurate description of
the catalyst substrate system (Ollis, 2018). This
fractional-order behavior reflects the combined influence
of adsorption equilibrium and surface reaction kinetics
inherent to heterogeneous photocatalysis. The non-linear
fitting approach minimized concentration-based errors
more effectively than linearized models, confirming that
the photodegradation of RB19 over CeO,/rGO follows
fractional-order LH kinetics, consistent with previously
reported photocatalytic dye degradation systems (Wang,
2018). This confirmed the complex nature of RB19
degradation involving competitive adsorption and
intermediate formation.

The apparent rate constant (kapp), obtained from
the linear plots of In(Cy/C,) versus time (graph not
shown), revealed a gradual decrease with increasing dye
concentration, suggesting partial occupation of active
sites and the onset of adsorption-controlled kinetics. The
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relationship between initial dye concentration (C,) and
initial reaction rate (r,) followed a near-linear trend at
lower concentrations without reaching saturation,
confirming that complete surface coverage of the catalyst
was not attained within the investigated concentration
range.

3.2.4 Photocatalytic Mechanism

Under illumination, CeO, generates electron—
hole pairs. The rGO matrix facilitates rapid electron
transport, suppressing recombination and enhancing
radical formation (Pu et al. 2017). Transferred electrons

reduce dissolved oxygen to O:" radicals, while holes
oxidize surface OH to *OH radicals. These reactive
oxygen species attack RB19 dye molecules, leading to
progressive decomposition.

3.2.5 Catalyst Stability and Reusability

Recycling experiments demonstrated that the
CeO,/rGO nanohybrid retained more than 95% of its
degradation efficiency after four consecutive cycles (Fig.
5(c)). The strong anchoring of CeO: nanoparticles on
rGO contributed to its structural stability and resistance
to photocorrosion (Verma et al. 2016).

3.2.5 Comparative Literature of CeO,—-based Photocatalysts for Dye Degradation

Table 1. Comparative review of CeO,-based photocatalysts in dye degradation studies

Material

Synthesis

Degradation

s o Method Pollutant (%) Time (min) Key Findings Reference
150 enhanced visible-light
. 99% (visible TN photocatalysis; pseudo-first-
CeO-V:0skGo ~ Hydrothermal - Cefotaxime 0 o gg 1o, (Visible); order kinetics (k = 0.03— (Tran et al
method (CTX) . 250 N .. 2024)
(sunlight) (sunlight) 0.06 min™"); good stability
£ and reusability.
. Methylene
Ailped @xg,  weELepllesy oy G ‘
using Punica 3 enhanced photocurrent (Vanasundari et
TG0 granatum peel s L7 @i1e) 0 density (215 mA cm2) al. 2024)
(Ag@CeO,/rGO) eoxtract Nitrophenol ’ '
(4-NP)
Ce0, hydr(i;i:errrlnal + Rhodamine un?fzcr);qul;%?ssgrlscelgson (Sun et al
. o .
nanopar(i)lcles/rG calcination (in- B’Ol:githgl 94.7% (RhB) 120 rGO; stable after 5 cycles 2023)
situ growth) g (87.2%).
Chemical .
spihEsl: o eth(z\lx}elrals 92% (MB) «© }gd@rof%c%f e G I
. ue b o ; e0,@rGO- enable arg et al.
Ce0,@:GO (e Congo Red 83% (CR) 2 easy recovery and reuse of 2020)
decorated on
rGO) (CR) catalyst.
Solution
( /:;)}?;l? ;lgs;;%ILa Green synthesis; first-order
. Rose Bengal 050 kinetics; half-life 40.96 (Roopa et al.
1GO/CeO; plant + tartaric (RB) 95% 180 min; stable up to five 2024a)
acid fuel) cveles:
followed by yeles,
reflux
High photocatalytic
Green efficiency with rate constant
combustion Methyl GG Not 0.03971 min ; reactive (Roopa et al.
CEOED (lemongrass fuel)  Violet (MV) % specified species and TOC removal 2024b)
+ reflux method studied; good catalyst
reusability.
High degradation under UV
rGO—CeO, Co-precipitation Methylene 94.92% 20 hizgﬁf;ggﬁf;qgg (Rahman et al.
nan()composite method Blue (MB) : 0 3 . nehics, 2025)
strong adsorption and stable
up to four cycles.
Ce0-rGO Plant extract Reactive Grerf'n 1S ymfheSits’ 4718111Hm Present work
e ant extrac Blue 19 High (>95) Shorter particles, fractiona

(green synthesis)

mediated

kinetics, >95% reuse
stability
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4. CONCLUSIONS

A green and sustainable approach was
successfully developed for synthesizing a CeO,—doped
reduced graphene oxide (CeO,/rGO) nanohybrid using
Carica papaya leaf extract as a natural reducing agent.
Structural and morphological characterization confirmed
the uniform anchoring of 4-8 nm CeOs nanoparticles on
rGO sheets, along with significant improvements in
surface area, crystallinity, and optical properties. The
reduced band gap (2.91 eV) and enhanced charge-
transfer characteristics enabled superior photocatalytic
activity toward the degradation of Reactive Blue 19
under both UV and solar irradiation. The nonlinear
fractional-order Langmuir—Hinshelwood kinetic model
provided a more accurate representation of the
degradation process compared to conventional linearized
models, revealing fractional reaction orders (0.30—0.58)
characteristic of heterogeneous photocatalysis. The
nanohybrid displayed excellent stability and retained
over 95% activity after four reuse cycles, demonstrating
strong potential for real wastewater treatment
applications. Future work may focus on mechanistic
validation using radical scavenging, mineralization
studies, and scaling the process for real effluent
treatment.
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