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This study explores the development and application of an eco-friendly
nanocomposite, OP-ZF@CN, for the degradation of enrofloxacin (ENR) in
water. Antibiotics like ENR are persistent environmental pollutants, and
conventional wastewater treatments are insufficient for their removal.
Photocatalysis has emerged as a promising solution, offering a cost-effective,
non-toxic, and efficient method for degrading contaminants. In this work, a
heterojunction was formed between graphitic carbon nitride (g-CsN4, 2DCN)
and zinc ferrite (ZnFe;O4, ZF), synthesized through a one-pot hydrothermal
method. The resulting OP-ZF@CN nanocomposite combines the advantages of
both components, improving photocatalytic performance by reducing the
bandgap of 2DCN from 2.83 eV to 2.60 eV. Characterization using X-ray
diffraction (XRD), scanning electron microscopy (SEM), and Fourier-transform
infrared spectroscopy (FT-IR) confirmed the successful formation of the
heterojunction, with ZF nanoparticles evenly distributed on the CN surface. The
photocatalytic degradation of ENR was assessed under visible light, showing
that OP-ZF@CN achieved a 99% degradation rate, significantly outperforming
pure 2DCN and ZF. The enhanced performance could be attributed to the
synergistic interaction between adsorption and photocatalysis, with rapid
adsorption reaching equilibrium within 30 minutes. The adsorption capacity of
OP-ZF@CN was found to be 62.23 mg g™, as determined by Langmuir and Sips
isotherm models. Additionally, the nanocomposite exhibited high
photocatalytic efficiency, removing ENR 10 times faster than 2DCN alone. The
study also demonstrated that OP-ZF@CN had a maximum adsorption capacity
of 11.08 mg g in a 10 mg L ENR solution, significantly improving adsorption
compared to pure 2DCN. These results were further supported by kinetic
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studies, indicating that the adsorption process followed pseudo-first-order
kinetics. These findings suggest that OP-ZF@CN is a highly effective material
for environmental applications, particularly in wastewater treatment for
antibiotic removal, with a promising potential for large-scale use.

1. Introduction

The need for pharmaceuticals,
antibiotics, is crucial, yet it also leads to
environmental pollution [1]. Traditional
wastewater treatment methods, such as filtration,
coagulation, and sedimentation, struggle to
degrade antibiotics like enrofloxacin (ENR)
effectively [2-4]. Photocatalysis has become a
promising method for pollutant degradation
because of its affordability, high efficiency,
environmental friendliness, and non-toxic nature

particularly

while also minimizing secondary pollution [5-8].
This technique has been shown to be effective in
breaking down various including
ciprofloxacin, enrofloxacin, oxytetracycline, and
sulfamethazine [1,4,9,10]. Among the potential
photocatalysts, graphitic carbon nitride (g-CsNg,
CN) has demonstrated its versatility as a material
in various applications, including carbon dioxide
reduction, H; evolution, and the
emerging contaminants [4,11-13]. It has unique
properties such as excellent chemical stability,
structure, light
absorption capabilities of 2.7 eV, stability, non-
toxicity, cost-effectiveness, and ease of large-scale
production [14].

When CN is modified into a two-dimensional
nanosheet (2DCN), it offers additional benefits,
such as a greater specific surface area and reduced
layer thickness [15]. The increased surface area
allows for more active sites and improves the
efficiency of separating photo-generated electron-
hole pairs (e™-h"). However, 2DCN faces
challenges, including limited visible light
absorption and lower electron-hole separation
rates, which hinder its photocatalytic performance
[15-17]. To overcome these creating
heterojunctions with other photocatalysts has
been found to enhance photocatalytic efficiency
significantly. On the other hand, single metal
oxides display photocatalytic efficiency
under visible light compared to bimetallic oxides
[18]. A specific type of bimetallic oxide, known as
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spinel ferrite, is attracting attention for its nature
stability, versatile magnetic properties, and
distinct optical features. The ZF are particularly
appealing because of their sustainable synthesis,
controlled stoichiometry, small particle
narrow bandgap of approximately 1.9 eV, and the
potential for large-scale production [19,20].
Despite these benefits, pure ZF
photocatalytic efficiency as a result of the rapid
recombination of electron-hole pairs [21]. This
challenge can be mitigated by forming
heterojunctions with other materials. In this
research, the OP-ZF@CN nanocomposite was
effectively synthesized through a hydrothermal
method, showcasing a synergistic
between adsorption and photocatalysis for the
degradation of enrofloxacin. The incorporation of
ZF in the composite reduced the broad bandgap of
2DCN (2.83 eV) to 2.60 eV; this synergy enables
increased light absorption and improved
photodegradation of ENR. The OP-ZF@CN
nanocomposite proved to be highly suitable for
environmental applications.
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shows low
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2. Material and Methods
2.1 Material

The substances utilized in this study consist of
CON2H4, 99% (J.T. Bler), C2H4N4, 99% (Alfd
Aesar), Iron(lll) nitrate-9-hydrate (Riedel-de
Haén), C:HO, = 99.8% (Sigma-Aldrich),
KHSOs5e0.5KHSO400.5K,SO4, (Sigma-Aldrich), zinc
nitrate hexahydrate (J.T. Baker), Ci9H22FN303, 98%
(Sigma-Aldrich), sodium azide (Alfa Aesar), p-BQ,
> 99% (Sigma-Aldrich), ammonium oxalate
(Sigma-Aldrich), CsHsO, = 99% (Sigma-Aldrich),
CH3OH 99.9% (Sigma-Aldrich), CHsCN (Sigma-
Aldrich), CH;0,, 95% (J.T. Baker), Na;SO4+99% (J.T.
Baker), HCI (J.T. Baker), NaOH (J.T. Baker), and
distilled water. All chemicals were utilized as
received without any additional purification.
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2.2 Synthesis of OP-ZF@CN nanocomposite

A simple polycondensation method was used to
synthesize CN. Briefly, urea and dicyandiamide
were prepared in a 40:20 g (2:1) mass ratio and
ground in a mortar. The resulting powder was
transferred to a container and heated in a muffle
furnace to 550°C for four hours at a heating rate of
2°C per Afterward, the sample was
permitted to cool spontaneously to
temperature. The resulting yellow solid was then
ground into a yellow powder. Subsequently, the CN
powder underwent thermal exfoliation through the
calcination method at 520°C for two hours. Finally,
the exfoliated CN (2DCN)
synthesized, appearing as a pale-yellow solid. The
product was collected, ground into a fine powder,
and stored for further use.

The OP-ZF@CN nanocomposite was synthesized by
initially creating a mixture of 4.848 g of iron nitrate
and 1.782 g of zinc nitrate in a 30 mL solution of
ethanol and isopropyl alcohol, combined in a 1:1
(v/v) ratio. Then, 2.4 g (60 mmol) of 5 M NaOH was
added to the precipitate ZF. Subsequently, 300 mg
of 2DCN was added to the solution and stirred until
uniformly dispersed. The prepared sample was
transferred into a Teflon-lined autoclave with a
maximum capacity of 50 mL and heated to 160°C
for 16 hours. The resulting OP-ZF@CN
nanocomposite was rinsed with distilled water and
then filtered. The OP-ZF@CN nanocomposites were
dried overnight at 60°C.

minute.
room

was successfully

2.3 Characterization of OP-ZF@CN nanocomposite

The morphology and microstructure were
examined using a JEOL JSM-6490LV SEM. The
crystal structure was analyzed using Bruker D8
Advance XRD with a wavelength of 1.5406 A over a
20 range of 10°-80°. UV-Vis spectrophotometry
Hitachi U-4100 was used to obtain the absorption
spectrum within the 350-800 nm range. Fourier-
transform infrared spectroscopy Nicolet 6700 was
utilized to analyze the functional groups of the
photocatalytic material using the KBr method.

2.4 Photocatalytic degradation experiments

A handmade photoreactor was used to evaluate
the photocatalytic degradation of enrofloxacin.
Briefly, 2.5 mg of photocatalyst was accurately
weighed and added to 10 mL of enrofloxacin

solution (10 mg L7). Prior to irradiation, the
enrofloxacin solution and photocatalyst mixture
were stirred in the dark for 10 minutes to reach
adsorption equilibrium. The solution was irradiated
with eight visible light lamps (64 W) at a
wavelength of 460 nm, and 1 mL samples were
collected at five-minute intervals. The collected
samples were centrifuged for five minutes and then
filtered using a 0.22 pm PTFE membrane. The
remaining residue was analyzed using HPLC with a
C-18 column. The pH levels were regulated by the
addition of 0.1 M hydrochloric acid and/or sodium
hydroxide to the solution.

2.5 Model of Adsorption Kinetics and Isotherm

The adsorption kinetics are affected by severdl
factors, such as the order of the reaction, the
capacity for adsorption, and the rate at which
adsorption occurs. The kinetic models for pseudo-
first-order (PFO) and pseudo-second-order (PSO)
reactions were employed to evaluate the
adsorption of ENR on the surface of OP-ZF@CN
and characterize the dynamics of adsorption by
using the linear forms of these models—PFO
(Equation 1) and PSO (Equation 2).

In(ge —q¢) = Inq, — Kit (1)
t 1 1

o Kt @ a4 @)
In these equations, g: denotes the quantity of ENR
adsorbed at a specific time, while geqe represents
the equilibrium adsorption capacity (mg g™). The
rate constants for PFO (min™) and PSO (mg g™
min~') are represented by the constants Ki and Kz,
respectively. Furthermore, the isotherm of the
adsorption model shed light on the distribution of
ENR molecules at the liquid-solid interface during
equilibrium, indicating whether this distribution
was homogeneous or heterogeneous. This model
also revealed information about the active sites
and whether the adsorption occurred in a
monolayer or multilayer format. To further explore
the adsorption mechanism of the photocatalytic
adsorbent, the nonlinear Sips model (Eq. 3) was
applied.
_ Ka(C)™ (3)
e = 1+ K,(C)" Am
In these equations, the adsorption capacity (L
mg™') and intensity are represented by the
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constants Ka and n, respectively. Together, these
models offer a thorough understanding of how the
nanocomposite adsorbents interact with ENR
throughout the adsorption process.

3. Result and Discussion

The XRD of the OP-ZF@CN
nanocomposite are illustrated in Figure 1a. The
distinctive diffraction peaks for pure 2DCN and ZF
were identified at 20 values of 27.5° and 35.5°,
which corresponded to the highest peak in 2DCN
and ZF, respectively [22,23]. These peaks
corresponded to the Joint Committee on Powder
Diffraction Standards (JCPDS) cards No. 87-1526
for 2DCN and No. 89-1010 for ZF, confirming the
high crystallinity and purity of the samples. The
absence of any impurity phases further highlighted
the crystalline nature of both 2DCN and ZF. For the
OP-ZF@CN nanocomposite, additional diffraction
peaks were detected at 127°, 27.4°, 29.6°, 35.6°,
42.4°, 53.2°, 56.6° and 62.5°, which corresponded
to the crystallographic planes (100), (002), (220),
(311), (400), (422), (511), and (440), respectively

patterns

257

[24-26]. Notably, the reduced intensity of the (002)
peak in 2DCN was attributed to the incorporation
of ZF nanoparticles onto the surface of 2DCN.
Figure 1b presents the FT-IR spectra for 2DCN, ZF,
and the OP-ZF@CN nanocomposite. In the case of
2DCN, the stretching vibrational modes of the C-N
heterocycles (heptazine units) appeared in the
range of 1,150-1,700 cm™, with a distinct peak at
812 cm™ that was attributed to the heptazine rings
of 2DCN. N-H stretching vibrations were observed
between 3,000 and 3,500 cm™. For ZF, both the
inverse and normal spinel structures showed two
distinct active modes of infrared at 562.2 and 433.5
cm™. These modes were associated with Fe-O and
Zn-0O bonds, corresponding to the octahedral and
tetrahedral sites, respectively [27,28]. Additionally,
absorption bands at 1,636 cm™ were attributed to
the bending of surface hydroxyl groups on ZF [29].
The OP-ZF@CN nanocomposite showed absorption
peaks at 813, 1,245, 1,416, and 1,557 cm™, indicating
stronger absorption and suggesting changes in the
coordination environment of 2DCN due to its
interaction with ZF.

@
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Fig. 1. (a) X-Ray diffraction pattern, (b) FT-IR spectra, and (c-d) Tauc plot of 2DCN, ZF, and OP-ZF@CN

nanocomposite.
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Fig. 2. SEM images of (a) 2DCN, (b) ZF, and (c) OP-ZF@CN nanocomposite.

The optical bandgap of the samples was examined
by diffuse reflectance spectroscopy (DRS). Utilizing
the Tauc function, the calculated bandgaps were
2.8 eV for 2DCN, 1.9 eV for ZF, and 2.6 eV for the
OP-ZF@CN nanocomposite. Figures 1c and 1d show
that both 2DCN and OP-ZF@CN had indirect band
gaps, while pure ZF demonstrated a direct
semiconductor band gap [30,31]. The OP-ZF@CN
nanocomposite exhibited a wider absorption
spectrum in the visible light range compared to
pristine 2DCN, which could potentially improve the
generation of electron-hole pairs (e™-h*).
Morphological and  elemental composition
analyses, including assessments of particle shape
and size distribution, were performed using SEM.
Figure 2a presents SEM images of 2DCN, revealing
its sheet-like structure, while Figure 2b shows ZF
nanoparticles with a spherical shape and an
average size of 20 nm. Figure 2c shows the even
distribution of ZF particles on the surface of 2DCN.
These results validated the formation of the OP-
ZF@CN heterojunction.

Enrofloxacin Degradation

Adsorption-Photocatalysis

through Synergistic

The synergistic effects of adsorption and
photocatalytic degradation of enrofloxacin using
the OP-ZF@CN nanocomposite were assessed
under both dark and light conditions. The
adsorption tests were conducted in the dark with a
10 mg L™ ENR solution (10 mL, pH 7, and 0.25 g L
adsorbate) to eliminate any influence from
photocatalysis. Equilibrium and saturation were
achieved within 30 minutes, with rapid adsorption
occurring in the first 10 minutes, followed by a
slower The OP-ZF@CN
nanocomposite demonstrated a maximum
adsorption capacity of 11.08 mg g™, while pure

rate until saturation.

2DCN had a capacity of 8.26 mg g™, corresponding
to 28% and 21% removal of ENR, respectively. In
contrast, ZF removed only 16% of ENR, with a
maximum adsorption capacity of 6.56 mg g™
Figure 3a illustrates the ENR adsorption capacity
(gt) of the OP-ZF@CN nanocomposite.

The adsorption capacity surged to 8.61 mg g™
within the first 10 minutes, indicating rapid uptake
of ENR by OP-ZF@CN. Afterward, the rate of
adsorption slowed, and equilibrium was reached
after 30 minutes, as no additional ENR could be
adsorbed. The pseudo-first-order and pseudo-
second-order models were used to simulate the
adsorption process, with their fitting curves shown
in Figure 3a. The results indicated that the
adsorption rate was initially high but gradually
slowed after 10 minutes, with ENR uptake reaching
saturation after 30 minutes, suggesting that the
adsorption process was completed quickly. This
process might be attributed to the
mesoporous structure of OP-ZF@CN, which
minimized the diffusion resistance for the ENR
molecules. Table 1 presents various parameters for
the isotherm and kinetic model results of the OP-
ZF@CN nanocomposite. According to the results in
Table 1, the pseudo-first-order model (R? = 0.9891)
demonstrated a better fit compared to the pseudo-
second-order model (R? = 0.9214), suggesting that
the pseudo-first-order more accurately
represents the adsorption process. The pseudo-
first-order model assumes that the adsorption rate
is influenced by the square of the number of vacant
sites occupied by adsorbates and is primarily
governed by physical interactions. The good fit of
the pseudo-first-order model to the experimental
data suggested that the process was likely
physisorption, involving weak van der Waals forces
[32].

swift

model
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Table 1. Isotherm and kinetic model result of the OP-ZF@CN nanocomposite.

Model Parameter Value R?

Isotherm

Langmuir gm (Mg g’ 73.63 0.9946
K (L mg™) 0.028

Freundlich Ke ((mg g™")/(L mg™")V") 3.43 0.9826
1n™ 1.51

Sips gm (Mg g’ 62.23 0.9953
Ks (L mg™) 0.038
Y 1.12

Kinetic

Pseudo-1st-order Ky (min™) 0.158 0.9891
ge (mg g™ 11.08

Pseudo-2nd-order K2 (g (mg-min)™) 0.018 0.9214
ge (mg g™ 12.41

The narrow bandgap energy of ZF (1.91 eV) caused
substantial recombination of electron-hole (e™-h")
pairs, resulting in the lowest photocatalytic
performance among all the materials tested,
achieving only 33% degradation within 30 minutes
under visible light exposure (Figure 3b). Conversely,
2DCN  and OP-ZF@CN showed  superior
photodegradation, with 50% and 99% removal of
ENR, respectively. The enhanced performance of
OP-ZF@CN can be attributed to its lower bandgap
energy (2.66 eV) compared to that of pure 2DCN
(2.87 eV), enabling more efficient utilization of
visible light while reducing the recombination rate
of electron-hole (e™=h*) pairs. The
photodegradation of ENR followed pseudo-first-
order kinetics, with OP-ZF@CN exhibiting optimal
performance due to the synergistic interaction
between adsorption and photocatalysis. In the OP-
ZF@CN nanocomposite, ENR molecules were
readily adsorbed and concentrated on the lamellar
structure of carbon nitride nanosheets (2DCN),
which offered a high surface area and numerous
mesoporous sites. This setup promoted a rapid
reduction in ENR concentration in the solution,
increasing the likelihood of interactions between
ENR and the nanocomposite, thereby enhancing
photodegradation through the generation of
reactive oxygen species. These findings confirmed
that the heterojunction formed between ZF and
2DCN significantly boosted photocatalytic activity,
making the OP-ZF@CN nanocomposite a highly

effective material for ENR degradation. Kinetic
studies were conducted to analyze the rate of
degradation to understand the performance of the
OP-ZF@CN nanocomposite better. The
photodegradation of ENR followed pseudo-first-
order kinetics, which is a common model for
photocatalytic degradation processes. The reaction
rate constant (k) for OP-ZF@CN was found to be
0.1321 min”, which was approximately 10 times
higher than that of 2DCN (0.0127 min™) and ZF

(0.0072 min™"). This significant increase in the
reaction rate constant demonstrated the
exceptional photocatalytic efficiency of OP-

ZF@CN and underscored the importance of the
synergistic
components of the composite.

pH is an important environmental parameter in the
processes of adsorption and photodegradation of
pollutants. Therefore, this study also
investigates the effect of pH on the ENR solution,

interaction between the two

various

which not only affects the surface charge of the
OP-ZF@CN nanocomposite but also influences the
speciation of ENR in the solution. ENR has two
dissociation constants, pKal = 6.1 and pKa2 = 7.7,
which indicate different ionic forms depending on
the pH of the solution [33]. The species of ENR
formed are cationic (ENR") at pH < 6.1, zwitterionic
(ENR*") in the pH range of 6.1 to 7.7, and anionic
(EFA") at pH > 7.7. These species structures are
associated with piperazine, carboxyl, and amine
groups. Increased adsorption and
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photodegradation efficiency can be seen in Figure
4a, where the removal efficiency was 67% at pH 5
and 99% at pH 7. However, photodegradation of
ENR decreased when the pH rose to 9 (75%). This
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indicated that both highly acidic and alkaline
conditions reduced the photodegradation
capability of the OP-ZF@CN nanocomposite
towards ENR [34].
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Fig. 3. (a) The adsorption kinetic of OP-ZF@CN nanocomposite and (b) the photocatalytic performance of 2DCN, ZF,

and the OP-ZF@CN nanocomposite.

Furthermore, the zeta potential results shown in
Figure 4b that the OP-ZF@CN
nanocomposite exhibited a negative charge in the
pH range of 4.4 to 11. Based on this zeta potential
data, the removal of ENR by the OP-ZF@CN
nanocomposite corresponded to the effect of the
zeta potential, where a neutral environment was
conducive to the effective treatment of ENR by the
OP-ZF@CN nanocomposite  with optimal
electrostatic forces during the photodegradation
process [35]. Additionally, the free amine group (-
NH;) in the OP-ZF@CN nanocomposite and the
electronegative atoms of ENR (N, O, and F)
induced the formation of hydrogen bonds,
supporting the removal of ENR. Moreover, the
increased photocatalytic degradation at pH 7 could
be attributed to the more negative surface charge
of OP-ZF@CN. On the other hand, the reduced ENR
removal at pH 9 was associated with the negative
charge of ENR, which caused repulsive interactions
with the OP-ZF@CN nanocomposite. Furthermore,
capacity of the OP-ZF@CN
nanocomposite was evaluated by studying the
interaction between the composite and ENR at
different concentrations. The adsorption tests were
conducted using a range of initial ENR
concentrations, from 5 to 50 mg L™. The results
showed that the adsorption capacity of OP-ZF@CN
increased with higher ENR concentrations until a

indicate

the adsorption

saturation point was reached. A contact time of 30

minutes was sufficient to reach adsorption
equilibrium, with the equilibrium capacities of the
nanocomposite being 6.53, 11.33, 21.09, 28.64,
35.57, and 37.79 mg g~ for ENR concentrations of
5, 10, 20, 30, 40, and 50 mg L, respectively. This
increase in adsorption capacity with higher
concentrations of ENR demonstrated the
effectiveness of OP-ZF@CN in capturing and
concentrating the pollutant molecules, which
enhanced  the  subsequent photocatalytic
degradation process. The calculated reaction rate
constants for 2DCN, ZF, and OP-ZF@CN were
0.0127, 0.0072, and 0.1321 min™, respectively,
indicating that the OP-ZF@CN nanocomposite
excelled in ENR removal, achieving a rate 10 times
higher than that of pure 2DCN.

Adsorption isotherms are essential for
understanding the interactions between OP-
ZF@CN and ENR, which are critical for optimizing
adsorbent efficiency. The isotherm study was
conducted using a material prepared at a
concentration of 0.25 g L™, which was added to a
10 mL enrofloxacin solution with a concentration
range of 5-50 mg L™ at neutral pH. The experiment
was carried out with a contact time of 30 minutes.
In this study, there are three isotherm models,
namely Langmuir, Freundlich, and Sips, were

employed to explore the interactions between OP-
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ZF@CN and ENR. The non-linear fits for these
models are displayed in Figure 4c, with their
parameters and R? values shown in Table 1. The R?
values were ranked as Sips (0.9953) > Langmuir
(0.9946) > Freundlich (0.9826), indicating that the
Sips and Langmuir models better described ENR
adsorption on OP-ZF@CN. The isotherm curve
showed a steady increase with higher Ce, and the
Sips model predicted a qm of 62.23 mg g7,
indicating that greater initial concentrations of
ENR could be effectively absorbed by the OP-

ZF@CN nanocomposite.  Additionally,  the

adsorption process was not confined to a single
layer of sorption, as interactions between the
adsorbed ENR molecules might take place,
evidenced by a y value of 1.1. Moreover, The Sips
model was utilized to analyze the characteristics of
the adsorption process and to establish the
adsorption capacity. This model
represented a combination of the Langmuir and

optimum

Freundlich models for heterogeneous systems,
demonstrating an R? value of 0.9953 and a
maximum adsorption capacity of 62.23 mg g™.
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Fig. 4. (a) The effect of pH toward ENR removal efficiency by OP-ZF@CN, (b) zeta potential value of OP-ZF@CN, and

(c) the Sips isotherm exponential fitting.

These results confirmed that the adsorption of ENR
on OP-ZF@CN included heterogeneous active sites
and followed a multilayer adsorption process.
According to Gile and Smith's classification of
solute adsorption isotherms, the OP-ZF@CN
nanocomposite conformed to an L2 type isotherm,
implying a strong affinity between ENR and the OP-
ZF@CN nanocomposite, facilitated by chemical
bonding or electrostatic interactions that occurred
during the multilayer adsorption process [36,37].

4. Conclusions

The results of this study provide compelling
evidence that the OP-ZF@CN nanocomposite is an
effective material for the dual removal of
(ENR) from aqueous solutions,
combining both adsorption and photocatalytic
degradation processes. The adsorption capacity of
OP-ZF@CN was significantly higher than that of
pure 2DCN and ZF, with a maximum adsorption
capacity of 62.23 mg g™, as determined by the Sips
isotherm model. This value was indicative of the
nanocomposite's high affinity for ENR, which was
facilitated by the heterogeneous active sites within
the material's structure. The adsorption process

enrofloxacin

was rapid, reaching equilibrium within 30 minutes,
and it followed pseudo-first-order kinetics,
suggesting that the adsorption mechanism was
dominated by physical interactions, likely due to
weak van der Waals forces. Furthermore, the Sips
isotherm model revealed a multilayer adsorption
process, interaction

between the

confirming the complex
ENR  molecules and the
nanocomposite. The photocatalytic degradation of
ENR under visible light exposure also showed
exceptional performance. The OP-ZF@CN
nanocomposite achieved a 99% degradation of
ENR in 30 minutes, outperforming both pure 2DCN
(50% degradation) and ZF (33% degradation). The
improvement in photocatalytic performance could
be attributed to the formation of a heterojunction
between zinc ferrite (ZF) and g-CsNs (2DCN),
which reduced the electron-hole recombination
rate and enhanced light absorption. This synergy
enabled OP-ZF@CN to utilize visible light more
effectively, leading to a 10-fold increase in the
photocatalytic reaction rate compared to pure
2DCN. The reaction rate constant for OP-ZF@CN
was 0.1321 min™, a significant improvement over
the values observed for pure ZF (0.0072 min™") and
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2DCN (0.0127 min™'). The characterization of the
OP-ZF@CN nanocomposite using techniques such
as XRD, FT-IR, and SEM confirmed the successful
synthesis of the heterostructure. The XRD patterns
indicated high crystallinity, and the FT-IR spectra
revealed characteristic ~ functional groups
associated with both 2DCN and ZF. The SEM images
showed an even distribution of ZF nanoparticles on
the surface of 2DCN, validating the formation of
the heterojunction and confirming the morphology
conducive to both adsorption and photocatalytic
processes.
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