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The persistence of antibiotic contaminants such as ciprofloxacin (CIP) in
aquatic environments poses significant environmental and health risks,
necessitating the development of efficient removal strategies. In this work, a
zinc ferrite-anchored two-dimensional carbon nitride nanocomposite
(ZF@2DCN) was synthesized via a simple calcination and hydrothermal
approach to achieve synergistic adsorption—photocatalytic degradation of
CIP under visible light. Structural and optical characterizations confirmed
the successful formation of a ZF-2DCN heterojunction with high
crystallinity, strong interfacial interactions, and enhanced visible-light
absorption. The incorporation of ZF reduced the bandgap of 2DCN from 2.8
to 2.6 eV, promoting improved charge separation. Adsorption studies
revealed rapid equilibrium within 30 min and multilayer adsorption on
heterogeneous active sites, with a maximum adsorption capacity of 11.7 mg
g, Under visible-light irradiation, ZF@2DCN achieved up to 81% CIP
degradation within 60 min, exhibiting an apparent reaction rate
approximately 2.5 times higher than that of pristine 2DCN. The enhanced
performance is attributed to the strong synergy between adsorption-driven
pollutant enrichment and photocatalytic degradation. Overall, ZF@2DCN
shows strong potential as an efficient material for antibiotic removal in
wastewater treatment.
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1. INTRODUCTION

Pharmaceutical waste has led to growing concerns about water pollution, which is attracting more
global focus. Ciprofloxacin (CIP), a commonly used antibiotic, is one of the primary contaminants. Its
presence in wastewater contributes to antibiotic resistance and harms aquatic ecosystems. Conventional
wastewater treatment techniques, including sedimentation, coagulation, and filtration, are largely ineffective
in degrading antibiotics such as CIP [1], [2]. Therefore, developing more effective approaches for removing
CIP from aqueous systems is critically important. Among the emerging approaches, photocatalysis has
gained considerable attention as a viable treatment option. This technique offers several advantages for
pollutant degradation, including low cost, high efficiency, environmental compatibility, and non-toxicity,
while also minimizing the risk of secondary pollution [3]-[5]. This method has been successfully applied to
the degradation of several antibiotics, such as sulfamethazine, enrofloxacin, and CIP [6]-[8]. In this context,
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graphitic carbon nitride (g-C3N4 or CN) has attracted as a promising photocatalyst for applications including
CO: reduction, water splitting, and pollutant degradation [9]. CN is especially appealing because of its
appropriate bandgap of 2.7 eV, excellent stability, non-toxic nature, low cost, and suitability for large-scale
production [10].

The conversion of bulk CN into ultrathin two-dimensional nanosheets (2DCN) results in a markedly
increased surface area and reduced thickness relative to other CN architectures [11]. The enlarged surface
area increases the availability of active sites and improves the separation efficiency of photogenerated
electron-hole (e—h"). Despite these advantages, 2DCN still exhibits intrinsic limitations, particularly weak
visible-light absorption and inefficient charge-carrier separation, which restrict its overall photocatalytic
performance [11]. One effective strategy to overcome these limitations is the construction of heterojunctions
with complementary photocatalysts. Metal oxides, particularly bimetallic oxides, exhibit superior
photocatalytic activity under visible light compared to single metal oxides [12]. Owing to their
physicochemical stability and notable magnetic and optical properties, spinel ferrites, a class of bimetallic
oxides, have gained increasing attention. In particular, zinc ferrite (ZnFe:O4 or ZF) has emerged as a
promising material due to its sustainable synthesis, controllable stoichiometry, nanoscale dimensions, narrow
bandgap (~1.9 eV), and scalability [13], [14].

Despite these merits, the photocatalytic efficiency of pristine ZF remains limited as a result of rapid
recombination of photogenerated charge carriers [15]. This challenge can be effectively mitigated through
heterojunction engineering. In the present work, a zinc ferrite-anchored two-dimensional carbon nitride
nanocomposite (ZF@2DCN) nanocomposite was successfully fabricated via a hydrothermal approach,
exhibiting a pronounced synergistic effect between adsorption and photocatalysis for CIP degradation. The
incorporation of ZF narrowed the bandgap of 2DCN from 2.83 to 2.60 eV, thereby extending light absorption
and enhancing CIP photodegradation. The ZF@2DCN nanocomposite exhibited are highly suitable for
environmental applications and provides a new direction for the application of composite materials in
environmental technology.

2. RESEARCH METHOD
2.1. Material

All reagents used in the fabrication of ZF@2DCN were of analytical grade and were utilized
without any additional purification steps. The precursor materials included CH4N2O, CyH4Na,
Zn(N03)2-6H20, C5H120, C13H3402, C13H37N, C2H50H, C5H14, Fe(N03)3-9H20, and C17H18FN30s. Ultrapure
water (18.2 MQ-cm) was used for the preparation of all aqueous solutions.

2.2. Synthesis of ZF@2DCN nanocomposite

The bulk graphitic CN was synthesized using a mixture of urea and dicyandiamide in a 2:1 weight
ratio, and was calcined in ambient air at 550 °C for 4 h using a controlled heating rate of 2 °C min. 2DCN
were subsequently produced through thermal exfoliation by heating bulk CN to 520 °C at a rate of 5 °C mint
for 2 h. In parallel, ZF was synthesized using a hydrothermal approach. Briefly, a 2:1 molar mixture of
Fe(NOs)3-9H20 and Zn(NOs)2-6H.O was prepared by dissolving the salts in deionized (DI) water with
continuous stirring. Subsequently, 60 mL of CsH120 was introduced as the organic phase, followed by the
addition of CigH3402 and CigHs7N in an equimolar ratio. After adjusting the pH to 11 with NaOH, the
mixture was stirred for 1 h to ensure homogeneity, and the resulting suspension was sealed in a 50 mL
Teflon-lined autoclave and hydrothermally treated at 180 °C for 16 h. After completion of the reaction, the
obtained ZF nanoparticles were thoroughly washed with a mixture of C;HsOH and CsHis (1:3, v/v) to
eliminate residual organic species and impurities.

The synthesis of the nanocomposite began by mixing 300 mg of 2DCN with varying amounts of ZF
in 15 mL of DI water. The purpose of this mixing was to ensure proper interaction between 2DCN and ZF,
resulting in a nanocomposite with the desired properties. The suspension was magnetically stirred for 6 h to
achieve a uniform dispersion, a critical step for ensuring the homogeneous distribution of ZF on the 2DCN
surface. Subsequently, the mixture was transferred into a Teflon-lined autoclave (50 mL capacity) and
subjected to hydrothermal treatment at 160 °C for 16 h to enhance the structural integrity of the resulting
nanocomposite. This heating stage is essential as it facilitates the formation of strong bonds between 2DCN
and ZF, while also ensuring the stability and performance of the material for its intended applications.

2.3. Characterization of ZF@2DCN nanocomposite

X-ray diffraction (XRD) analysis was performed using a Bruker D8 Advance diffractometer, while
the surface morphology of the samples was examined by scanning electron microscopy (SEM) with a
JEOL JSM-6490LV, which was equipped with an energy-dispersive X-ray (EDX) spectrometer
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(JEOL Centurio). Additionally, transmission electron microscopy (TEM) analysis was conducted with a
Hitachi S-3000N. The optical absorption properties of the materials were performed using a Hitachi U-4100
spectrophotometer. Functional group identification was analyzed with a Nicolet 6700 spectrometer.

2.4. Photocatalytic degradation experiments

Adsorption tests were conducted in the dark using 10 mL of CIP solution (10 mg L) at neutral pH
and 25+2 °C. The materials 2DCN, ZF, and ZF@2DCN were added at a dosage of 0.5 g L™ to evaluate their
adsorption behavior. Subsequently, photocatalytic experiments were performed under visible-light irradiation
using eight lamps (8 W each). Residual CIP concentrations and adsorption capacities were quantified via a
liquid chromatography instrument (Agilent 1200).

2.5. Adsorption kinetics and isotherm models

Adsorption rate, adsorption capacity, and reaction order are key parameters controlling adsorption
kinetics. To investigate the adsorption behavior of CIP on the ZF@2DCN surface, Lagergren kinetic models
were employed. The adsorption process was analyzed using the linearized forms of the pseudo-first-order
((PFO), as in (1)) and pseudo-second-order ((PSO), as in (2)) models.

In(qe — q.) = Ilnq. — Kt 1)

t_ 1 1

+—t (2)

¢ Kx+q3  qe

In the kinetic equations, g, represents the amount of CIP adsorbed at a given time, whereas q,
denotes the equilibrium adsorption capacity (mg g). The rate constants K; and K, correspond to the PFO,
mint and PSO, mg g* min® models, respectively. Adsorption isotherm analysis offers insight into the
distribution of CIP molecules at the solid—liquid interface under equilibrium conditions, indicating whether
adsorption occurs on homogeneous or heterogeneous surfaces. It also provides information on the nature of
the active sites and clarifies whether the process follows monolayer or multilayer adsorption. To further
examine the adsorption mechanism of the photocatalytic adsorbent, the nonlinear Sips (3) and Temkin (4)
isotherm models were performed.

Ka(Ce)™

e~ Tt Kq(Ccom 1M (3)
RT
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Collectively, these models provide insight into the interaction mechanisms between the
nanocomposite adsorbents and CIP during the adsorption process. In these expressions, K, and n represent
the adsorption capacity and adsorption intensity (L mg™), respectively. R denotes the universal gas constant,
By refers to the Temkin isotherm constant (J mol), and K is the Temkin binding constant (L g%), and T is
the absolute temperature (K).

3. RESULTS AND DISCUSSION
3.1. The ZF@2DCN structural and optical properties

Figure 1 illustrates the structural and optical characterization of the ZF@2DCN nanocomposite
using XRD, Fourier transform infrared (FT-IR), and Kubelka—Munk analysis. The XRD patterns shown in
Figure 1(a) reveal characteristic peaks of diffraction peaks attributed to pristine 2DCN and ZF appear at
26 values of 27.6° and 35.4°, assigned to the (002) and (311) planes, respectively [16], [17]. These peaks
match well with standard Joint Committee on Powder Diffraction Standards (JCPDS) cards (No. 87-1526 for
2DCN and No. 89-1010 for ZF), confirming high crystallinity and phase purity, with no detectable impurity
peaks. Additional diffraction peaks observed for the ZF@2DCN nanocomposite at 12.6°, 27.5°, 29.8°, 35.5°,
42.5°, 53.2°, 56.6°, and 62.5° are indexed to the (100), (002), (220), (311), (400), (422), (511), and (440)
planes, respectively [18]-[20]. The decreased intensity of the 2DCN (002) peak indicates the successful
anchoring of ZF onto the surface of 2DCN.

Figure 1(b) displays FT-IR spectra of 2DCN, ZF, and ZF@2DCN nanocomposite. Characteristic
C-N stretching vibrations of the heptazine framework appear in the 1,150-1,700 cm region with a distinct
band at 812 cm™ corresponding to heptazine ring bending, while the broad band at 3,000-3,500 cm™ is
attributed to N—H stretching. ZF exhibits infrared-active bands at 563 and 432 cm™! associated with Fe-O and
Zn-0O stretching vibrations [21], [22], along with a band at 1,635 cm™ related to surface hydroxyl
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groups [23]. Enhanced absorption peaks at 812, 1,246, 1,416, and 1,557 cm™* in ZF@2DCN indicate strong
interactions between ZF and 2DCN. Figures 1(c) and 1(d) show diffuse reflectance spectra (DRS) and
Kubelka—Munk plots of 2DCN, ZF, and ZF@2DCN. The estimated bandgap energies are 2.8 eV for 2DCN,
1.9 eV for ZF, and 2.6 eV for the ZF@2DCN. Both 2DCN and ZF@2DCN exhibit indirect bandgap
behavior, while ZF shows a direct bandgap nature [24], [25]. The ZF@2DCN nanocomposite demonstrates
enhanced visible-light absorption compared to pristine 2DCN, favoring improved generation of photoinduced
e—h" pairs.

The SEM was employed to investigate the surface morphology of the samples, as presented in
Figure 2. Pristine 2DCN (Figure 2(a)) displays a typical layered structure, whereas ZF nanoparticles
(Figure 2(b)) show an almost spherical morphology with an average particle size of about 20 nm. As seen in
Figure 2(c), the ZF nanoparticles are uniformly dispersed across the 2DCN surface, indicating the successful
formation of the ZF@2DCN heterojunction.
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Figure 1. Structural and optical characterization of (a) XRD profile, (b) FT-IR spectroscopy spectra,
(c) Kubelka—Munk plot of 2DCN and ZF, and (d) Kubelka—Munk plot of ZF@2DCN

Figure 2. SEM images of (a) 2DCN, (b) ZF, and (c) ZF@2DCN nanocomposite
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3.2. Synergistic adsorption—-photocatalytic degradation of ciprofloxacin

The combined effect of adsorption-photodegradation of CIP over the ZF@2DCN was systematically
evaluated with and without lamp exposure. Initial adsorption tests were carried out in the dark with a
10 mg L CIP solution (10 mL, pH 7) to eliminate any photocatalytic contribution. Adsorption equilibrium
was reached within 30 min. Figures 3-5 present the adsorption Kinetics fitted using the PSO model, along
with the photocatalytic degradation performance of 2DCN, ZF, and ZF@2DCN, as well as the Sips isotherm
fitting results. As shown in Figure 3, CIP adsorption occurs rapidly within the first 10 min, followed by a
slower progression toward equilibrium. Among the tested materials, ZF@2DCN exhibits the highest
adsorption capacity (6.8 mg g*), corresponding to CIP removal efficiencies of 31% and 21%, whereas
pristine 2DCN shows a lower adsorption capacity of 4.6 mg g with 21% removal. In contrast, ZF
demonstrates a significantly lower adsorption capacity of 2.7 mg g%, achieving only 12% CIP removal.

Owing to its narrow bandgap (1.9 eV), ZF experiences pronounced recombination of
photogenerated (e—h*) pairs, leading to the weakest photocatalytic performance, with only 16% CIP
degradation achieved within 30 min (Figure 4). In contrast, 2DCN and ZF@2DCN display substantially
enhanced photocatalytic activities, attaining CIP removal efficiencies of 32% and 53%, respectively. The
superior performance of the ZF@2DCN nanocomposite is primarily attributed to its reduced bandgap energy
(2.6 eV) compared with pristine 2DCN (2.8 eV), which improves visible-light absorption and effectively
suppresses charge-carrier recombination. Notably, ZF@2DCN achieves up to 81% CIP degradation within
60 min, underscoring its excellent photocatalytic efficiency. The photocatalytic degradation of CIP follows
PSO kinetics, and the superior reaction rate of ZF@2DCN arises from the synergistic coupling of adsorption
and photocatalysis. In this system, CIP molecules are preferentially adsorbed and concentrated on the
lamellar 2DCN matrix, which provides a large surface area and abundant mesoporous sites. This adsorption-
driven enrichment facilitates rapid CIP depletion in solution and enhances the probability of interaction with
photo-generated reactive oxygen species, thereby accelerating photodegradation. These findings demonstrate
that the formation of a ZF-2DCN heterojunction plays a critical role in enhancing photocatalytic
performance, rendering ZF@2DCN highly effective for CIP removal.

Based on the calculated apparent rate constants (0.0127, 0.0014, and 0.0053 min™* for ZF@2DCN,
ZF, and 2DCN, respectively), the ZF@2DCN nanocomposite demonstrates a degradation rate nearly
2.5 times higher than that of pristine 2DCN. Moreover, the higher distribution coefficient (Kq) and rate
constant values further highlight the strong synergistic interaction between adsorption and photocatalysis.
The adsorption behavior of CIP was further investigated over an initial concentration range of 5-50 mg L.
Equilibrium was attained within 30 min, during which the adsorption capacity increased with rising CIP
concentration until saturation occurred. Corresponding equilibrium capacities were 4.7-10.8 mg g™ for Initial
CIP concentrations between 5 and 50 mg L. Both experimental results and kinetic modeling indicate that
the concentration-dependent adsorption behavior follows the PSO model, suggesting a process of multilayer
adsorption. According to the classification of Giles and Smith, the resulting adsorption isotherm of CIP on
ZF@2DCN is identified as an L,-type, indicating a strong affinity between the adsorbent and adsorbate
through chemical bonding or electrostatic interactions in a multilayer adsorption system. These results
confirm that CIP adsorption on the ZF@2DCN nanocomposite occurs on heterogeneous active sites via a
multilayer mechanism [26]-[28]. To further elucidate the adsorption behavior, the Sips isotherm model was
applied (Figure 5). This hybrid model, which integrates the Langmuir and Freundlich theories for
heterogeneous surfaces, shows an excellent fit with an R? value of 0.975 and yields a maximum adsorption
capacity of 11.7 mg g* [29], [30]. These findings confirm that CIP adsorption on the ZF@2DCN
nanocomposite occurs on heterogeneous active sites via a multilayer adsorption mechanism.
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Figure 3. Adsorption and photocatalytic analysis of adsorption kinetics and PSO exponential fitting
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Figure 4. Adsorption and photocatalytic analysis of Figure 5. Adsorption and photocatalytic analysis of
photocatalytic performance of 2DCN, ZF, and the Sips isotherm exponential fitting
ZF@2DCN nanocomposite

4. CONCLUSION

A ZF@2DCN nanocomposite was successfully developed and demonstrated outstanding
performance for the synergistic adsorption—photocatalytic degradation of CIP under visible light. Structural
and optical analyses confirmed effective ZF anchoring on 2DCN, leading to enhanced visible-light
absorption and reduced bandgap energy (2.6 eV), which promoted efficient charge separation.
The ZF@2DCN nanocomposite exhibited rapid adsorption equilibrium, multilayer adsorption on
heterogeneous active sites, and a maximum adsorption capacity of 11.7 mg g. Notably, it achieved up to
81% CIP degradation within 60 min, with an apparent reaction rate approximately 2.5 times higher than that
of pristine 2DCN. The enhanced performance arises from the strong synergy between adsorption-driven
pollutant enrichment and photocatalytic degradation at the ZF-2DCN heterojunction. These findings
highlight ZF@2DCN as a promising photocatalyst for the efficient removal of antibiotic contaminants
from wastewater.
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