


Synthesis of zinc oxide-graphite composite for the photocatalytic degradation of ciprofloxacin with sunlight


Abstract
Zinc oxide-graphite nanoparticles were synthesized by the hydrothermal method. Several characterization tests including XRD, IR, SEM, and UV-visible spectroscopy through absorbance were used to characterize nanoparticles. The characterization results highlighted nanoparticles with mixed crystallographic phases and a decrease in the band gap energy. The photocatalytic activities of these materials were tested with sunlight for the photodegradation of ciprofloxacin, an emerging antibiotic. The results showed the performance of ZnO-Gr nanoparticle compared to ZnO depending on the amount of graphite added. A study on the optimal conditions of the reaction medium was conducted, which allowed achieving a 100% ciprofloxacin degradation yield. The results on the stability of photocatalyst showed good stability after four activity cycles.
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Introduction
The threat to water integrity due to emerging pharmaceutical pollutants constitutes one of the serious environmental problems in the world. The main sources of contamination by pharmaceutical pollutants are the discharges into the environment of wastewater from hospitals, households, pharmaceutical industries, and animals (Bizi & El Bachra, 2020; Marchesini et al., 2026; Pratiwi et al., 2026; Vu et al., 2026). There are different types of pharmaceutical pollutants; hormones, antibiotics, analgesics, antidepressants, parasiticides, etc.




Some listed antibiotics pose a risk to aquatic life and to humans when they are released into the environment (Eapen et al., 2024). One of the most widely used antibiotics in the world is ciprofloxacin, a drug from the fluoroquinolone family (Pratiwi et al., 2026) for the treatment of diseases in humans and domestic animals. Due to its high usage, ciprofloxacin is found in the environment (Barathe et al., 2024; Pratiwi et al., 2026) and causes numerous health problems (Iftikhar et al., 2023). Several techniques have been used to combat environmental pollution by antibiotics, including physico-chemical removal techniques such as coagulation-flocculation (Torogh et al., 2021), adsorption (Bizi & El Bachra, 2020), Fenton processes (Zhu et al., 2025) and the combination of oxidant and UV (Abromaitis et al., 2024; Pratiwi et al., 2026). Also, biological techniques using microorganisms have also been used (Salgado-Bernal et al., 2026),(Salgado-Bernal et al., 2026; X. Wang et al., 2026) to degrade ciprofloxacin. Unfortunately, the conventional degradation processes mentioned above have not proved sufficiently effective for the removal of ciprofloxacin from wastewater (Rout et al., 2021). Researchers are therefore increasingly interested in heterogeneous photocatalysis, which is a low-cost, efficient method applicable to the degradation of organic pollutants. More attention is therefore given to semiconductor materials and transition metal oxides as photocatalysts for the photocatalytic degradation of pharmaceutical pollutants. The choice of metal oxides as a photocatalyst is often motivated by the availability of a renewable energy source (solar energy) and the generation of non-toxic degradation products. Sunlight in photocatalysis constitutes an inexhaustible energy (Nearly 45% of sunlight contains visible photons, while about 4 to 5% of sunlight is in the UV region), which is more economical and promising in terms of efficiency (Rajeswari & Gurumallesh Prabu, 2020) for developing countries. ZnO is considered one of the best available photocatalysts due to its high oxidizing power, non-toxicity, and versatility in preparation methods (Pirhashemi et al., 2018). ZnO has an energy of 3.37 eV at room temperature (Ngaloy et al., 2019b). However, the main limitation of ZnO as a choice of metal oxide is the rapid recombination of photo-generated electron-hole pairs, which hinders the photodegradation reaction. Recently, the combination of carbon-based materials with semiconductors has shown promise for the photocatalytic degradation of antibiotics in water (Barathe et al., 2024) by inhibiting electron-hole recombination (Yatskiv & Grym, 2018a). This new approach for enhancing photocatalytic performance is considered a better solution. The aim of our study is therefore to degrade ciprofloxacin, an emerging antibiotic, by using a mixture of ZnO and graphite nanoparticle as a photocatalyst to achieve photocatalytic method. The choice of graphite as a carbon material is because it contains more charge carriers, which leads to the formation of reactive species for degradation (Ngaloy et al., 2019b). Several methods have been proposed for the synthesis of zinc oxide associated with carbon-based material derivatives, such as solvothermal methods (Wu et al., 2023), sol-gel (Modrić-Šahbazović et al., 2025) , the single-point chemical method (Ngaloy et al., 2019a) and hydrothermal synthesis (Zhang et al., 2023). In our study, the synthesis of the materials was carried out in two steps; the first was the synthesis of zinc oxides by precipitation, followed by the ZnO-Gr composite by the hydrothermal method.

2 Materials and methods
2-1. Synthesis of photocatalysts
Zinc Oxide nanoparticles
ZnO nanoparticles were synthesized by the direct precipitation method using zinc chloride as the precursor and sodium hydroxide as the precipitating agent. In this synthesis, 3.5 g of zinc chloride (ZnCl2) were dissolved in 50 ml of distilled water under stirring for 30 minutes until complete dissolution. Then, a previously prepared sodium hydroxide (NaOH) solution with a concentration of 4.1 g/l was gently added to the previous solution at 70°C under vigorous stirring for 2 hours until the precipitate was obtained. The precipitate was then centrifuged at 6000 rpm for 15 minutes, washed with distilled water, and dried at 60°C for 24 hours. Zinc oxide particles were obtained after calcination at 500°C for 3 hours in a furnace.
ZnO-Gr(y) nanoparticles
ZnO-Gr nanoparticles were prepared by hydrothermal method. Several solutions containing graphite were prepared by mixing different mass amounts (mg) of graphite in 40 ml of distilled water under strong stirring for 30 minutes. Then, 1 g of zinc chloride (ZnCl2) was introduced into each of the previous solutions under stirring for 10 minutes at room temperature. A 2M sodium hydroxide solution was gradually added to the solutions until a pH = 11 was obtained. The mixtures were then transferred into Teflon autoclaves (50 mL) and heated at 160°C for 3 hours using an oven. After cooling, the collected filtrates were washed with distilled water and dried at 60 °C for two hours to obtain ZnO-Gr(y) nanoparticles in which y is the mass percentages of graphite used: ZnO-Gr (1%), ZnO-Gr (3%); ZnO-Gr (5%) and ZnO-Gr (7%).
2-2 Characterizations
X-ray powder diffraction of the prepared materials was recorded using a Bruker D8 Advanc X-ray diffractometer with θ/2θ geometry and Cu-Kα radiation (λ = 1.542 Å). Data were collected over a 2θ angular range from 5° to 90° using 0.02° increments and an integration time of 1.3 s per increment with a scintillation detector.
The morphologies of the prepared materials were determined using a Tescan LYRA 3 XMH scanning electron microscope (SEM) equipped with a QUANTAX Compact energy-dispersive X-ray (EDX) detector (X-Flash 6160). 
The infrared spectra of the prepared samples were obtained using a Fourier Transform IR (FTIR) spectrometer (Spectrum 65, Perkin Elmer) coupled with an ATR device equipped with an ATR diamond crystal with the following characteristics (type II.a Diamond 45°, size 2 mm X 2 mm, penetration depth of 2.0 µm).
The bandgap structures of the nanoparticles were studied using a UV-visible spectrophotometer (Ocean Optics Flame S-XRI with a resolution of 0.1 nm) by measuring the absorbance in the wavelength range of 200 to 1200 nm,
Photocatalytic test
30 mg of a ZnO-Gr (y) nanoparticle was introduced into a 250 ml capacity glass reactor, followed by 100 ml of ciprofloxacin solution at a concentration of 10 mg/L. The mixture was quickly placed in the dark and stirred for 15 minutes, then exposed to sunlight for 1 hour. Every 10 minutes, 5 ml of the reaction mixture, was sampled using a syringe, then centrifuged at 8000 rpm to separate the nanoparticles from solution. The solution was then analyzed by UV-Vis spectrophotometer at a maximum absorption wavelength of 276 nm to determine the residual concentration after the photocatalytic degradation of ciprofloxacin.

Results & Discussion
XRD 
Figure 1 presents the XRD analysis of Zinc Oxide (ZnO) and ZnO-Gr nanoparticles. Figure 1 shows a peak at 2θ = 26.5º corresponding to the (002) plane characteristic of graphite. According to the literature, this graphite structure is attributed to JCPDS reference No. 00-008-0415 (H. Wang et al., 2020). High-intensity XRD peaks of ZnO are obtained for the following planes: (100); (002) and (101), indicating a high degree of crystalline. These results lead to particles in the form of rods or sheets. this structure has also been shown by studies (Wojnarowicz et al., 2016) using the same preparation method. According to the literature, Figure 1 shows a hexagonal structure of zinc oxide according to reference JCPDS No. 36-1451 (Wojnarowicz et al., 2016). No characteristic impurity peaks are present.





Figure 1∶ XRD of ZnO-Gr (1%); ZnO-Gr (3%); ZnO-Gr (5%) and ZnO-Gr (7%) nanoparticles.
As for the zinc oxide and graphite nanocomposites, ZnO-Gr(y), the diffraction peaks reveal a mixture of zinc oxide and graphite according to the respective references JPCDS No. 36-1451 and JCPDS No. 00-008-0415. NO peak of graphite was observed in the ZnO sample. However, this peak exists in the nanocomposites, but it is less intense due to the low amount of graphite in the nanocomposites, which is often observed (Vu et al., 2026).
IR
The infrared spectra of zinc oxide and nanocomposites in figure 2 show several absorption bands characteristic of the different bonds present in the nanocomposites and in zinc oxide. The bands observed around 3500 cm-1 are attributed to the stretching vibration of the O-H bond, indicating the presence of hydroxyl groups and/or water molecules adsorbed on the surface of ZnO and the nanocomposites. This band, characteristic of the presence of water, is frequently observed between 3525 and 3588 cm-1 for oxide and graphite powders (de Peres et al., 2019)


Figure 2: Infrared spectrum of ZnO-Gr (1%); ZnO-Gr (3%); ZnO-Gr (5%) and ZnO-Gr (7%) 

The large bands at 2294, 2158, 2058, and 2033 cm-1 and then the vibrations at 1088 and 1113 cm-1 are associated respectively with the vibrations of carbon species (triple bonds) or with adsorbed CO/CO2 molecules, formed on the surface of the ZnO-graphite nanocomposite samples during calcination with atmospheric oxygen (Hadia et al., 2014). Similar bands in the 2000-2300 cm-1 region have been reported in the literature and attributed to the vibrations of carbon triple bonds (Elgayyar et al., 2025). Finally, the band observed around 772 cm-1 corresponds to the stretching vibration of the Zn-O bond characteristic of the ZnO oxide crystal lattice. For the nanocomposites, a shift of the vibration band between 666 and 890 cm-1 is observed due to the presence of graphite in the ZnO matrix. These results are confirmed by the several studies  (Kusiak-Nejman et al., 2021), (Boukhoubza et al., 2020).
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Figure 3∶ Scanning electron microscopy images of ZnO, ZnO-Gr (1%); ZnO-Gr (3%); ZnO-Gr (5%) and ZnO-Gr (7%).

The analysis of the morphology of the synthesized nanoparticles using scanning electron microscopy revealed rod-shaped zinc oxide particles. These results are consistent with the predictions from the XRD results. The ZnO-Gr nanocomposites exhibit a mixture of rods and flat spherical particles. Images obtained by scanning electron microscopy show a significant change in the particle morphology after the incorporation of graphite into the ZnO matrix. The dominant morphology for graphite is that of large plates or sheets, which are relatively flat and lamellar in appearance. These structures are often seen from the front or slightly tilted, showing a large flat surface and irregular or broken edges. Their appearance is dark and less textured compared to the ZnO rods. ZnO has a structure mainly composed of nanorods forming bundle-like structures. This morphology is typical of ZnO crystals obtained by anisotropic growth. However, some agglomeration is observed, which can reduce the active surface available for photocatalytic reactions. The addition of 1% graphite leads to a partial dispersion of the ZnO nanorods. The particles, however, remain relatively agglomerated, and the distribution of ZnO on the graphite surface still appears limited. The interaction between the two phases therefore remains moderate. For a content of 3% graphite, the microstructure becomes more homogeneous and better dispersed. The ZnO nanorods appear well distributed and less agglomerated, forming an open structure. Regarding the graphite content of 5% in the ZnO-Gr (5%) particle, a compact aggregate of rods and sheets, denser, is observed. Part of the ZnO can be covered by graphite, reducing light absorption. Finally, at a high graphite concentration (7%), individual rod losses and increased graphite coverage are observed. Thus, agglomeration becomes more significant, and the structures become less distinct. The scanning electron microscopy results show that the particle morphology evolves significantly with the introduction of graphite into the ZnO matrix.
[bookmark: _Hlk189914217][bookmark: _Hlk189912640]Band gap energy and Absorbance
The optical properties of the prepared photocatalysts were measured by UV-visible absorbance. Figure 4 shows the results of the maximum absorbances of the particles. It was found that the maximum absorbance peaks for ZnO, ZnO-Gr (1%); ZnO-Gr (3%); ZnO-Gr (5%) and ZnO-Gr (7%) are respectively 375, 376, 466, 468 and 493 nm. The absorbance wavelengths of the ZnO-Gr (y) nanocomposites are higher than that of ZnO. According to the literature, this difference is attributed to the chemical interaction between graphite and ZnO nanoparticles (Beyene et al., 2026). The Tauc law (Escobedo-Morales et al., 2026; Jubu et al., 2022) below was used to estimate the energy of our materials from the optical absorption spectra obtained by UV-visible spectroscopy.
  = A
Where h is Planck's constant, ν the frequency of the photon, Eg the band gap energy, A a constant, and α the absorption coefficient which describes the amount of light of a given color absorbed by a material of a given thickness. The factor n is called the power coefficient, which depends on the nature of the electronic transition and is numerically equal to 1/2, 3/2, 2, or 3 for allowed direct, forbidden direct, allowed indirect, or forbidden indirect transitions, respectively (Jubu et al., 2020)



[bookmark: _Hlk199089055]Figure 4 : Absorption spectra of Zinc Oxide (ZnO) and ZnO-Gr nanocomposites (1%); ZnO-Gr (3%); ZnO-Gr (5%) and ZnO-Gr (7%).

Figure 5 shows the curves obtained by plotting  as a function of Eg. The values of Eg are determined by extending the linear sections of the graph to the end of the curve on the hν axis with n=1/2.




                



























Figure 5: Evolution of (αhν)² as a function of energy (hν) of ZnO nanocomposites, ZnO-Gr (1%); ZnO-Gr (3%); ZnO-Gr (5%) and ZnO-Gr (7%).

According to Figure 5, the band gap energy of ZnO is 3.32 eV, consistent with the literature (Meena et al., 2026). The optical band gap energies of the ZnO-Gr nanocomposites (1%); ZnO-Gr (3%); ZnO-Gr (5%) and ZnO-Gr (7%) are respectively 3.29 eV, 2.97 eV, 2.96 eV and 2.91 eV. These energies are lower than those of ZnO. According to the literature (Shah et al., 2022), it has been shown that when ZnO is doped, chemical elements inserted in small amounts cause a rearrangement of the energy levels of the bands, involving a decrease in the optical band gap energy. The incorporation of graphite favorably modifies the electronic structure of ZnO, making the material more sensitive to visible light and therefore more effective for photocatalytic applications. It has already been shown that a reduction in the energy gap significantly improves the absorption capacity of the solar spectrum and increases the production of reactive species, responsible for the degradation of organic contaminants (Kachere et al., 2022). On the other hand, too high graphite content could lead to a light shielding effect, reducing overall efficiency.
Photocatalytic activities
Figure 6 presents the results of the photocatalytic degradation of ciprofloxacin on ZnO and ZnO-Gr nanocomposites. The analysis of Figure 6 shows that the addition of graphite to zinc oxide significantly improves the photocatalytic efficiency of ciprofloxacin degradation.



Figure 6 : Photocatalytic activities of ZnO and ZnO-Gr nanocomposites on ciprofloxacin with a mass of 0.03g and at pH = 6.8.
The degradation percentages of ciprofloxacin with zinc oxide nanocomposites coupled with graphite vary from 70, 75, 78, and 80%, respectively for ZnO-Gr (7%), ZnO-Gr (1%), ZnO-Gr (5%), and ZnO-Gr (3%), which are higher than that of zinc oxide alone, which is 66%. These results confirm certain studies that attribute this improvement to the ability of graphite to facilitate electron transfer and limit the recombination of electron-hole pairs, while increasing the active surface (Jin et al., 2022; Yatskiv & Grym, 2018b). The characterization results go in the same direction as the studies because the nanocomposites offer better excitation to produce active species due to their lower energy gap values compared to ZnO. Indeed, according to the SEM images, pure ZnO showed strongly agglomerated rods, forming relatively compact structures. However, this agglomeration limits the accessibility of active sites and reduces the specific surface area available for photocatalytic reactions. After the incorporation of a small amount of graphite (ZnO-Gr 1%), the graphite acts as a support onto which some ZnO particles can attach.
However, the distribution remains uneven, and some areas still show a significant agglomeration of particles, which limits the photocatalytic improvement. When the graphite concentration reaches an adequate value of Graphite, this results in good photocatalytic performance, as observed for ZnO-Gr (3%). The morphology of ZnO-Gr (3%) observed in SEM is particularly favorable for photocatalytic processes. It allows an increase in specific surface area, better adsorption of pollutant molecules, and more efficient light diffusion within the material. Indeed, for ZnO-Gr (3%), the optimal photocatalytic performance was an 80% degradation rate of ciprofloxacin.
A decrease in photocatalytic activity was observed beyond the addition of 3% graphite. An excessively high rate of graphite in the nanocomposites further affects sunlight absorption, which disrupts photoexcitation and the catalytic activity of the particles due to the shielding effect (Jallouli et al., 2017). Moreover, morphologies show a tendency toward agglomeration and densification of the structure. The excess graphite leads to partial coverage of the ZnO particles, which reduces light absorption by the catalyst and thus limits the access of pollutant molecules to the active sites. This situation can lead to a relative decrease in photocatalytic efficiency. The performance of the ZnO-Gr (3%) composite material can be optimized by studying certain parameters such as the mass of the photocatalyst, the concentration of ciprofloxacin, and the pH of the reaction medium.
[bookmark: _Hlk204098256]Effect of the mass
Figure 7 shows the curves of the residual concentration rate obtained as a function of the mass of ZnO-Gr (3%). Figure 7 revealed that an increase in the mass of the ZnO-Gr (3%) composite significantly improves the degradation of ciprofloxacin. This improvement is reflected by a strong decrease in the residual concentration rate from 40% to 2.8% for the mass amounts of 10 and 70 mg, respectively. Indeed, an increase in the mass of photocatalysts leads to an increase in the number of active sites present on the surface of the nanocomposite.


Figure 7: Degradation of ciprofloxacin (10 mg/L) as a function of ZnO-Gr (3%) mass at pH=6.8.
Beyond 70 mg, that means at 90 mg, the residual concentration rate of ciprofloxacin increases by 2.8 to 25% due to the increase in the turbidity of the solution, reducing the penetration of light to the active sites of the nanocomposites (Olani et al., 2025). Therefore, the mass of 70 mg represents a balance where the available active sites are efficiently used by the incident light photons.
Effect of concentration
Figure 8 shows that solar irradiation of the ciprofloxacin solution led to 100% degradation (residual concentration rate zero) after 30 and 60 minutes, respectively, for initial concentrations of 3 mg/L and 5 mg/L. After 80 minutes, a respective degradation of 2% and 5% is observed for concentrations of 7 mg/L and 10 mg/L. Indeed, a high concentration results in a large load of ciprofloxacin on the surface of the nanocomposite, which decreases the performance of the photocatalyst.




Figure 8: Effect of the initial concentration of ciprofloxacin under solar irradiation using 70 mg of ZnO-Gr (3%) NPs at pH=6.8.

The residual concentration rate of ciprofloxacin decreases with the decrease in the initial concentration. This result is consistent with the studies (Golmohammadi et al., 2023). 
Effect of pH
Figure 9 shows the effect of the pH of the ciprofloxacin solution on the performance of ZnO-Gr (3%). The results of Figure 7 showed that the residual concentration rate of ciprofloxacin decreases with increasing pH. This is consistent with the literature  (Onkani et al., 2024).
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Figure 9: Effect of the solution pH on the degradation of ciprofloxacin under solar irradiation using 70 mg of ZnO-Gr (3%) NPs.

Indeed, the residual concentration rate decreases from 0.3 at pH = 2.5 to zero at pH = 7.7 after 70 minutes. This pH value is the optimal value to achieve better performance of the photocatalyst. These results are consistent with the work of (L. Wang et al., 2019) for respective optimal values of 7.2 and 8. Beyond pH = 7.7, that is for pH values of 10.5 and 11.5, the residual concentration rates are respectively 0.05% and 0.25% above the value at pH = 7.7. Figure 10 shows the comparison of the photocatalytic activity of the ZnO-Gr (3%) nanocomposite in mass proportion, ideal concentration at pH = 7.7. The results showed an excellent performance of the ZnO-Gr (3%) nanocomposite with an optimal degradation rate of 100% compared to ZnO, whose maximum performance is 77% under similar conditions. The addition of graphite therefore effectively improved the photocatalytic degradation efficiency of ciprofloxacin.
Photocatalytic performance


Figure 10: Photocatalytic degradation of ciprofloxacin with catalysts ZnO and ZnO-Gr (3%) at pH = 7.7; m = 70 mg; V = 100 ml and C = 10 mg/L.

Stability  
Figure 11 shows a study of the stability of our materials over four activity cycles. It was observed in Figure 11 that the percentage of ciprofloxacin degradation decreases from 100 to 96% after the four cycles. This decrease is relatively small after four activity cycles. We therefore have good stability of the prepared nanocomposites. Nevertheless, it was also observed that after each treatment cycle there is a slight loss of mass, likely due to the leaching of the photocatalyst during washing.


Figure 11: Stability of the ZnO-Gr (3%) photocatalyst with a mass of 70 mg in the degradation of ciprofloxacin at a concentration of 10 mg/L at pH = 7.7.
Conclusion 
ZnO-Gr nanoparticles were successfully prepared by the hydrothermal method. Various characterizations showed differences in the energy band gap levels between the different nanocomposites and mixtures of crystalline phases of graphite and zinc oxide. At the microscopic level, a variety of structures were observed. The structures of the different photocatalysts exhibited different photocatalytic activities for the degradation of ciprofloxacin. An appropriate introduction of 3% Graphite into the ZnO matrix proved to be very effective for the degradation of ciprofloxacin. The ZnO-Gr (3%) sample had the best ciprofloxacin degradation rate, reaching 80% in 70 minutes compared to the other nanocomposites and to zinc oxide. This rate was improved under the optimal conditions of pH=7.7 and for a photocatalyst mass of 70 mg to reach an optimal degradation rate of 100%. Stability studies of the photocatalyst showed very good stability of the materials after four activity cycles.
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