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Abstract: Hospital waste containing antibiotics is toxic to the ecosystem. Ciprofloxacin is 

one of the essential, widely used antibiotics and is often detected in water bodies and soil. It 

is vital to treat these medical wastes, which urge new research towards waste management 

practices in hospital environments themselves. Ultimately minimizes its impact in the 

ecosystem and prevents the spread of antibiotic resistance. The present study highlights the 

decomposition of ciprofloxacin using nano-catalytic ZnO materials by reactive oxygen 

species (ROS) process. The most effective process to treat the residual antibiotics by the 

photocatalytic degradation mechanism is explored in this paper. The traditional co-

precipitation method was used to prepare zinc oxide nanomaterials. The characterization 

methods, X-Ray diffraction analysis (XRD), Fourier Transform infrared spectroscopy 

(FTIR), Ulraviolet-Visible spectroscopy (UV-Vis), Scanning Electron microscopy (SEM) 

and X-Ray photoelectron spectroscopy (XPS) have done to improve the photocatalytic 

activity of ZnO materials. The mitigation of ciprofloxacin catalyzed by ZnO nano-

photocatalyst was described by pseudo-first-order kinetics and chemical oxygen demand 

(COD) analysis. In addition, ZnO materials help to prevent bacterial species, S. aureus and E. 

coli, growth in the environment. This work provides some new insights towards ciprofloxacin 

degradation in efficient ways. 

Keywords: hospital antibiotic waste; ciprofloxacin; ZnO nanomaterials; photocatalytic 

degradation; bacterial control 

1. Introduction 

In recent decades, the disposal of hospital harmful wastes, such as antibiotic 
drugs, directly into municipal wastes has been the major concern to the environment 
that will affect the animals and human health [1]. The antibiotics in the environment 
are also a main issue of public concern, since an antibiotic-resistant was formed in 
exposed non-target organisms [2]. It is urging the development of new guidelines 
and strategies to detoxify the antibiotic contaminants in the disposal [3]. There are 
many techniques available for waste treatment, such as advanced oxidation 
processes, photocatalysis, photolysis, electrolysis, and sonolysis, that are used for the 
removal of antibiotic toxins [4]. Among various methods, photocatalytic degradation 
of antibiotic pollutants exhibits low cost and high efficiency. The nanomaterials are 
serving as an effective photocatalyst for the antibiotic pollutant removal and 
applications of disinfection in the hospital environment [5]. 

Nanotechnology plays a great role in the removal of the antibiotic contaminants. 
Zinc oxide active photocatalysts play an important role in developing environmental 
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challenges such as hospital waste degradation. It paves the way for the efficient 
oxidation of contaminants under UV or visible irradiation. 

Ciprofloxacin is one of the widely used antibiotic medicines to treat infections 
and antibacterial genes in microorganisms, chosen as a test sample in the present 
work [6]. The literature revealed that the ciprofloxacin concentration in wastewater 
treatment plants, raw drinking water, hospital wastewater, lakes, and discharges of 
the pharmaceutical industry has been reported as 11–99 mg/L, 0.032 mg/L, 150 
mg/L, 6.5 mg/L and 31–50 mg/L, respectively. In addition, ciprofloxacin in the 
hospital environment leads to antibiotic-resistant bacterial formation, and as a result, 
antibiotic requirements will be higher doses in bacterial infections. 

The antibiotic ciprofloxacin with ZnO photocatalyst was tested for finding the 
degradability of this pharmaceutical pollutant [7]. The present plan is to carry out the 
UV photocatalysis for the mitigation process, and the usage of ZnO (catalyst) with 
the different concentrations of antibiotics was discussed in detail [8]. The outcome of 
the research would meet the great demand of disposal of hospital wastes. 
Considering the significant detection of ciprofloxacin in hospital environments, the 
necessity of removing it emerges and leads the way for further large-scale practical 
applications. 

2. Materials and methods 

2.1. Synthesis of ZnO Nanoparticles 

Zinc acetate (Zn (CH3COO)2 (H2O)2) and ammonium hydroxide (NH4OH) were 
taken as precursors to prepare ZnO nanoparticles by the co-precipitation. After zinc 
acetate was completely dissolved in double deionized water, ammonium hydroxide 
precursor was added dropwise until reaching the pH value of 9. The solution was 
stirred for 3 h at room temperature, and the homogeneity of the solution was attained 
by continuous agitation using a magnetic stirrer [9]. The resultant white, creamy 
solution was left to cool down for an hour. The precipitate was washed several times 
using ethanol and distilled water to reach the neutral value of pH and then filtered. 
Then the precipitate is kept in the muffle furnace at 350 ℃ for 3 h. The steps to 
prepare ZnO nanoparticles are pictorially shown in Figure 1 [10]. 

 
Figure 1. Steps to synthesize zinc oxide nanoparticles. 
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2.2. Photocatalytic detoxification of antibiotic contaminants 

The photocatalytic antibiotic degradation process was carried out using ZnO 
(catalyst). The different concentrations of ciprofloxacin solution were prepared by 
taking 10 mg, 20 mg, 30 mg, 40 mg, and 50 mg dissolved with the distilled water 
separately [11]. The catalyst (ZnO) of 5 mg is added to the prepared ciprofloxacin 
solution and stirred at 500 rpm for 30 minutes. After stirring, the solution is exposed 
to a 254 nm 220V-15W UV lamp in a photo reactor for 30 minutes. The sample of 5 
ml can be taken out from the solution of different concentrations, and the absorbance 
study is analyzed by UV spectroscopy [12]. 

The degradation capability of catalysts was estimated by finding absorbance 
with the help of a UV-Vis spectrometer (Shimadzu/UV-2600) and estimated using 
the formula: 

Percentage of dye degradation = [C0‒C]/C0 × 100 
Here, C0 = [initial adsorption], Ct = [adsorption at time t]. 

2.3. Results and discussion 

Characterization of synthesized ZnO nanoparticle samples 

X-ray diffractometer is used to study the phase identification of crystalline 
material and the structural properties of ZnO. Figure2(a) shows the XRD pattern of 
ZnO nanoparticles. The sharp diffraction peaks of ZnO nanoparticles are observed at 
2θ values of 31.68º, 34.10º, 36.49º, 47.41º, 56.81º, 66.36º, 67.98º, 69.27º and 77. 55º 
is associated with the (100), (002), (101), (110), (103), (200), (112), (201) and (202) 
planes respectively. These peaks correspond to the phase with hexagonal crystal 
geometry (JCPSD card No. 01-007-2551). The observed diffraction peaks are 
consistent with the reported values, and the absence of any peaks associated with 
impurities indicates the purity of this phase [13]. 

The crystallite size of nanoparticles is calculated by using the Debye-Scherrer 
formula. 

D =
𝑘𝜆

â cos𝛳
 

where, D—crystallite size, k—shape factor (0.9), λ—Wavelength of the X-ray 
source, β—Full-width half maximum height, θ—is the angle of diffraction [14]. The 
maximum intensity of ZnO nanoparticles occurs at 2θ = 36.49º is associated with 
(101) plane. The average crystallite size of ZnO nanoparticle is calculated as 23.38 
nm. 

The FTIR spectrum was recorded using Perkin Elmer FTIR spectrometer in the 
range at 400–4000 cm−1. Fourier transform infrared spectrum of ZnO is shown in 
Figure 2b. The observed absorption peaks are 3439 cm−1, 1708 cm−1, 1643 cm−1, 
1449 cm−1,1027 cm−1, 863 cm−1, 767 cm−1and 608 cm−1 [15]. The typical peaks at 
608 cm−1, 767 cm−1 and 1027 cm−1 related to stretching vibrations of Zn–O bonds. 
The absorption at 863 cm−1 is due to the formation of tetrahedral coordination of Zn. 
The peak at 3439 cm−1 corresponds to the stretching vibration of the –OH molecule, 
while the band at 1643 cm−1 shows the effect of the bending vibration of H–O–H 
bond a water molecule and is also observed in the significant absorption peak at 
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1449 cm−1. The peak at 1708 cm−1 can also be related to an additional common band 
attributed to the bending mode of absorbed water. 

The optical absorption of ZnO nanoparticle samples was determined at room 
temperature using the UV-visible spectrophotometer in the range of 100–1400 nm. 
Figure 2c shows the absorption spectrum of ZnO, which exhibits an absorption edge 
in the range of 376 nm, which relates to the UV region. The outcome reveals that 
there is a strong absorption in the UV band and weak absorbance in the visible 
region. Therefore, these ZnO samples can be used as an efficient photocatalyst under 
irradiation with UV light of wavelength less than 400 nm [16]. 

Figure 2d is the SEM image of ZnO nanoparticles, captured under 10.00 KX 
magnifications. It is predicted from the SEM image that ZnO nanoparticles are 
homogeneously scattered, and also the randomly oriented hexagonal shapes of 
nanosized particles with uniform distribution are presented [16]. The exhibited 
agglomeration of hexagonal-shaped nanoparticles is correlated with the outcome of 
X-ray diffraction analysis. 

 
Figure 2. (a) X-Ray diffraction; (b) FTIR vibrations; (c) UV-Vis absorption; (d) SEM micrograph characterization of 
zinc oxide nanoparticles. 

3. Applications 

3.1. Antibacterial activity 

The bacterial strains of Staphylococcus aurous—902 (gram—positive species) 
and Escherichia coli—443 (gram—negative species) for agar well diffusion was 
purchased from MTCC, Chandigarh, India and the antibacterial activity of ZnO 
nanoparticles was tested against these bacterial strains [17]. Petri plates containing 
20 ml nutrient agar medium seeded with the bacterial strains were cultured for 24 h, 
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and adjusted to 0.5 OD value according to MCFarland standard (Staphylococcus 
aurous—902 and Escherichia coli—443). 

Figure 3 shows the synthesized ZnO materials exhibit zones against pathogenic 
bacteria in the petri plates. The diameter of the zone is measured in millimeters and 
also exhibits the degree of susceptibility of microorganisms. The zones of inhibition 
of ZnO nanoparticles are (14.91 ± 0.16) mm and (17.25 ± 0.35) mm for E.Coli and 
S.aureus respectively, as comparable with the standard values of positive control 
(E.Coli:16.75 ± 0.06, S.aureus: 17.25± 0.21 in mm). The result proves that the 
effective antibacterial activity of ZnO samples. 

 
Figure 3. Antibacterial activities of the ZnO nanoparticles. 

3.2. Photocatalytic degradation mechanisms of ciprofloxacin 

(Figure 4a–d) depicts When the ultraviolet light was irradiated on the ZnO 
semiconducting nanomaterial, the valence band electrons absorbed the energy and 
shifted to the conduction band. As a response, charged particles (holes in the valence 
band and electrons in the conduction band) develop [18]. The excitation of electrons 
from the valence band to the conduction band of ZnO catalyst due to UV 
illumination and the excitation process continuously produces the electron-hole 
pairs. Following that, the antibiotic waste components interact directly with the 
released charged particles, either degrading them or transferring them to the surface 
of the ZnO semiconductor photo catalyst. As the active sites are decreased, the 
compound is greatly absorbed by the catalyst. ZnO possesses high photocatalytic 
performance, well-separated reductive and oxidative active sites, generation of 
reactive oxygen species (ROS), and strong redox ability [19]. This reduces the 
reaction between the holes and the electrons. When the holes (h+) are reacted with 
the water molecules to form hydroxyl free radicals (OH.) and the electrons (e−) are 
reacted with dissolved oxygen to produce superoxide free radicals (O2

.−). Free 
radicals such as (OH.) and (O2

.−) are the end products [20]. These two products (OH.) 
and (O2

.−) are strong oxidizing agents and are reacted with the ciprofloxacin to 
degrade it as a simple substance such as CO2, H2O and Mineral acids. 

The maximum absorbance of ciprofloxacin is obtained at the wavelength of 272 
nm [21]. The elimination rate of an antibiotic is greatly improved by considering low 
initial concentration. From the study, the least concentration of antibiotics achieves a 
high removal rate that is due to more reactions taking place for a lower number of 
antibiotic molecules [22]. The effect of different concentrations of the antibiotic 
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ciprofloxacin treated with ZnO nanoparticles and the degradation plot is shown in 
Figure 4a. 

The mechanisms are expressed in Equations (1)–(4). 

𝑍𝑛𝑂 + ℎ𝜈         𝑍𝑛𝑂൫𝑒ି + ℎା൯ (1)

𝑒ି + 𝑂ଶ         𝑂ଶ.ష (2)

ℎା + 𝐻ଶ𝑂         𝑂𝐻. (3)

𝑂𝐻. + 𝑂ଶ.ష + 𝑐𝑖𝑝𝑟𝑜𝑓𝑙𝑜𝑥𝑎𝑐𝑖𝑛  𝐶𝑂ଶ + 𝐻ଶ𝑂 + 𝑚𝑖𝑛𝑒𝑟𝑎𝑙 𝑎𝑐𝑖𝑑 (4)

The antibiotic ciprofloxacin is degraded and exposed to subsequent processes, 
resulting in non-toxic chemicals. When the polluting substance is present in higher 
concentrations, a smaller number of photons only penetrate through the surface 
catalyst that reduces the degradation studies. 
 Kinetic model 
The kinetic model indicates the photo degradation of contaminants fits well with the 
pseudo-first-order kinetic plot. The high R2 values (more than 0.9) of the linear plot 
obey first-order reaction kinetics, supporting that the degradation of ciprofloxacin 
degradation using ZnO [23]. Figure 4b has the pseudo-first-order rate constants of 
pollutants at 0.0507 min−1. 
 Recycling and reusage 
After the reaction is completed using a simple centrifugation method, ZnO 
nanoparticles were separated and dried at room temperature. Then the possibility of 
recycling of the used samples was analyzed for further degradation of antibiotic 
ciprofloxacin contaminants. ZnO nano-catalyst was tested for its photocatalytic 
degradability up to four cycles and retains its stability as in Figure 4c. Hence its 
reusability, it is recommended that ZnO might be a suitable photocatalyst for 
degrading antibiotic molecules [24]. 

 
Figure 4. UV Absorbance of effect of different concentration of antibiotic 
ciprofloxacin. 
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3.2.1. Chemical oxygen demand (COD) analysis 

The chemical oxygen demand (COD) test is used to determine the natural 
chemicals in a solution that are prone to pollutant degradation due to light 
illumination. A higher COD suggests the presence of more organic contaminants in 
the environment. In our study, the required quantity of chemical oxygen was 
calculated for the photocatalytic breakdown of antibiotics in hospital waste as an 
outcome of ultraviolet light exposure. Oxidation of organic molecules produced CO2. 
In addition to H2O, electrons were generated, the oxidizing reagent was reduced, and 
the liberated electrons were embraced. The COD of the solution was evaluated using 
the formula below to determine photo catalytic efficiency [(% = (COD0‒CODt). 
100%/COD0 where COD0 and CODt] are the (COD0‒CODt) and COD values of 
the solution before photodegradation and during this process at a given time [25]. 
Figure 4d shows the results in (22.5%) chemical oxygen demand eradication, which 
equates to (80%) decomposition process. While decomposing ciprofloxacin, 
hydroxyl radicals are more readily released; this results in the photocatalytic 
degradability. This indicates that the photocatalytic process is quite effective in 
removing the ciprofloxacin from the solution. 

3.2.2. X-Ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was taken for ZnO samples to 
illustrate their electronic states and surface materials. XPS describes the elemental 
bonding, chemical composition, and oxidation states in the environments of ZnO 
surfaces. Figure 5 confirmed the the surface compositions and related valence states 
of the high-resolution spectra of Zn 2p. The Zn 2p3/2 and Zn 2p1/2 of Zn2+ are 
responsible for the peaks centered at 1022.2 and 1045.3 eV, respectively [26]. XPS 
characterization results of the catalyst before and after the reaction indicate that the 
presence of only Zn2+. Furthermore, the XPS spectra confirmed that ZnO is well-
formed and the purity of the samples was retained. 

 
Figure 5. XPS plots of ZnO samples before and after usage for photo degradation. 

4. Conclusion 

The photo catalyst ZnO is a potent nonmaterial for hospital drug waste 
treatment. ZnO nano materials were prepared by the co-precipitation chemical 
method. The samples purity, crystalline nature and crystallite size were studied using 
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X-ray diffraction analysis. The functional groups of prepared samples were 
confirmed by FTIR technique. UV-V is analysis confirmed its suitability as an 
efficient photo catalyst for the removal of the antibiotic ciprofloxacin in the 
wastewater. SEM photo images revealed the homogeneous growth of hexagonally 
edged ZnO nanoparticles, and the crystallite sizes are 20 nm to 30 nm comparable to 
the calculated value of 23.38 nm by Debye-Scherer in XRD. The effective 
photocatalytic degradation of ciprofloxacin antibiotic was achieved in the presence 
of ultraviolet light illumination. The highest degradation was found in the lowest 
concentration of the antibiotic (10 mg). ZnO mixed with ciprofloxacin is against S. 
aurous (gram—positive species) and E. coli (gram—negative species) bacterial 
strains. Therefore, this can be concluded that the proposed nano photocatalysis is an 
economic, low-time-consuming, and good photocatalytic degradation takes place 
with the antibiotic ciprofloxacin. 

Highlights 

• ZnO nanoparticles are chosen as an efficient photocatalyst for ROS generation. 

• Effectively decompose the hazardous ciprofloxacin (test sample) in hospital 

waste. 

• Efficient antibacterial agent to control S. aurous and E. coli growth. 

Author contributions: Investigation, JBN; resources, JBN; data curation, JBN and 
PM; Writing—original draft preparation, JBN and PM; antibiotic—ciprofloxacin and 
antibacterial activity, JBN; experimental work, PM; conceptualization, JRMB; 
project administration, JRMB; supervision, JRMB; validation, JRMB; visualization, 
JRMB; writing—review and editing, JRMB. All authors have read and agreed to the 
published version of the manuscript. 

Acknowledgments: The authors like to thank Bishop Heber College Tiruchirappalli, 
Tamilnadu, India to carry out UV characterization. 

Conflict of interest: The authors declare no conflict of interest. 

References 

1. Williams M, Kookana RS. Fate and Behavior of Environmental Contaminants Arising from Health-Care Provision, 1st ed. 

Elsevier B.V. 2018. doi: 10.1016/b978-0-444-63857-1.00003-6 

2. Kumari A, Maurya NS, Tiwari B. Hospital wastewater treatment scenario around the globe. BV. 2020. doi: 10.1016/B978-0-

12-819722-6.00015-8 

3. Rodriguez-Mozaz S, Chamorro S, Marti E, et al. Occurrence of antibiotics and antibiotic resistance genes in hospital and 

urban wastewaters and their impact on the receiving river. Water Res. 2015; 69: 234–242. doi: 10.1016/j.watres.2014.11.021 

4. Chen L, Hu H, Wang A, et al. Applied Surface Science Band-structure tunability via modulation of planar buckling in ZnO 

monolayer: Manifestation in optoelectronic and photocatalytic properties. Applications of Surface Science. 2024; 661. 

5. Verma R, Pathak S, Srivastava AK, et al. ZnO nanomaterials_ Green synthesis, toxicity evaluation and new insights in 

biomedical applications. J. Alloys Compd. 2021; 876: 160175. Doi: 10.1016/j.jallcom.2021.160175 

6. Gui Y, Zhu Y, Tian K, et al. Large-scale and green preparation of multifunctional ZnO. Materials Science & Engineering B. 

2024; 303. 

7. Frédéric O, Yves P. Pharmaceuticals in hospital wastewater: Their ecotoxicity and contribution to the environmental hazard 

of the effluent. Chemosphere. 2014; 115: 31–39. doi: 10.1016/j.chemosphere.2014.01.016 



Characterization and Application of Nanomaterials 2025, 8(1), 8349.  

9 

8. Alsharyani AK, Muruganandam L. Fabrication of zinc oxide nanorods for photocatalytic degradation of docosane, a 

petroleum pollutant, under solar light simulator. RSC Adv. 2024; 14: 9038–9049. doi: 10.1039/d4ra00672k. 

9. Pavithra M, Blair NJ, Raj MBJ. Zn-doped NiO nanocomposites for efficient solar light-assisted wastewater treatment and its 

profound for low phytotoxic and antibacterial applications. Plant Nano Biol. 2023; 6: 100054. doi: 

10.1016/j.plana.2023.100054 

10. Pavithra M, Jessie Raj MB, Influence of ultrasonication time on solar light irradiated photocatalytic dye degradability and 

antibacterial activity of Pb doped ZnO nanocomposites. Ceram. Int. 2021; 47: 32324–32331. doi: 

10.1016/j.ceramint.2021.08.128 

11. Batterjee MG, Nabi A, Kamli MR, et al. Green Hydrothermal Synthesis of Zinc Oxide Nanoparticles for UV-Light-Induced 

Photocatalytic Degradation of Ciprofloxacin Antibiotic in an Aqueous Environment. Catalysts. 2022; 12: 1–17. doi: 

10.3390/catal12111347 

12. Fares MM, Al-Rub FAA, Mohammad AR. Ultimate eradication of the ciprofloxacin antibiotic from the ecosystem by 

nanohybrid go/o-cnts. ACS Omega. 2020; 5: 4457–4468. doi: 10.1021/acsomega.9b03636 

13. Gonzaga IMD, Moratalla A, Eguiluz KIB, et al. Outstanding performance of the microwave-made MMO-Ti/RuO2IrO2 

anode on the removal of antimicrobial activity of Penicillin G by photoelectrolysis. Chem. Eng. J. 2021; 420. doi: 

10.1016/j.cej.2021.129999 

14. Ullah S, Gulnaz A, Anwar S, et al. Synthetization and Characterization of Zinc Oxide Nanoparticles by X- Ray 
Diffractometry (XRD), Fourier Transforms, Infra-Red Spectroscopy (FT-IR), Scanning Electron Microscopy (SEM) and 

Antibacterial Activity Test. Am. J. Phys. Sci. 2024; 2: 1–25. doi: 10.47604/ajps.2294 

15. Yu H, Xu H, Hao T, et al. Physicochemical and Engineering Aspects Facile synthesis of ZnO / halloysite nanotube 

composite with greatly enhanced photocatalytic performance. Colloids and Surfaces A. 2024; 688. 

16. Ali A, Ambreen S, Javed R, et al. ZnO nanostructure fabrication in different solvents transforms physio-chemical, biological 

and photodegradable properties. Mater. Sci. Eng. C. 2014; 74: 137–145. doi: 10.1016/j.msec.2017.01.004 

17. Jin SE, Jin HE. Antimicrobial activity of zinc oxide nano/microparticles and their combinations against pathogenic 

microorganisms for biomedical applications: From physicochemical characteristics to pharmacological aspects. 

Nanomaterials. 2021; 11: 1–35. doi: 10.3390/nano11020263 

18. Pascariu P, Gherasim C, Airinei A, Metal Oxide Nanostructures (MONs) as Photocatalysts for Ciprofloxacin Degradation. 

Int. J. Mol. Sci. 2023; 24. doi: 10.3390/ijms24119564 

19. Aghdasi S, Shokri M. Photocatalytic degradation of ciprofloxacin in the presence of synthesized ZnO nanocatalyst: The 

effect of operational parameters. Iran. J. Catal. 2016; 6: 481–487. 

20. Sarvalkar PD, Kamble SS, Powar PS, et al. Synthesized rGO/f-MWCNT-architectured 1-D ZnO nanocomposites for azo 

dyes adsorption, photocatalytic degradation, and biological applications. Catal. Commun. 2024; 187: 106846. doi: 

10.1016/j.catcom.2024.106846 

21. Sohaib M, Iqbal T, Afsheen S, et al. Novel sol–gel synthesis of Mo-doped ZnO-NPs for photo-catalytic waste water 

treatment using the RhB dye as a model pollutant. Environ. Dev. Sustain. 2023; 25: 11583–11598. doi: 10.1007/s10668-022-

02543-9 

22. Pavithra M, M B JR, Reusable porous chromium- zinc oxide nano-sheets for efficient detoxification of xenobiotics through 

integrated advanced oxidation water clean-up process, J. Hazard. Mater. Adv. 2024; 13: 100403. doi: 

10.1016/j.hazadv.2024.100403 

23. Heng ZW, Chong WC, Pang YL, Koo CH. An overview of the recent advances of carbon quantum dots/metal oxides in the 

application of heterogeneous photocatalysis in photodegradation of pollutants towards visible-light and solar energy 

exploitation, J. Environ. Chem. Eng. 2021; 9: 105199. doi: .1016/j.jece.2021.105199 

24. Wolski L, Grzelak K, Muńko M, et al. Nowaczyk, Insight into photocatalytic degradation of ciprofloxacin over CeO2/ZnO 

nanocomposites: Unravelling the synergy between the metal oxides and analysis of reaction pathways, Appl. Surf. Sci. 2021; 

563. doi: 10.1016/j.apsusc.2021.150338 

25. Chauhan PS, Kirtiman S, Aditya C, et al. Combined advanced oxidation dye-wastewater treatment plant: design and 

development with data-driven predictive performance modeling. Clean Water 7. 2024; 1: 15. doi: 10.1038/s41545-024-

00308-7 

26. Şengönül H, Oktay D. Utilization of Prunus serrulata leaf extract for the synthesis and characterization of ZnO nanoparticles. 

Nano-Structures & Nano-Objects. 2024; 37: 101084. doi: 10.1016/j.nanoso.2023.101084 


