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A B S T R A C T

In this study, a sustainable method employing concentrated sunlight to achieve environmental remediation of wastewater, contaminated by Ciprofloxacin antibiotic 
(CIP), is thoroughly investigated. A green ZnO/g-C3N4 nanocomposite (NC) is used as a photocatalyst coating on glass to investigate the inactivation of CIP in water, 
in a flow-reactor configuration at small-prototype scale (10 liters/h, catalyst area 187.5 cm2). ZnO/g-C3N4 NC coatings were obtained by an in-situ thermal 
condensation process coupled with a green synthesis protocol and deposited on glass, via a simple drop casting method. Morphological and structural analyses of 
synthesized composites were performed with Fourier-Transform Infrared (FTIR) Spectroscopy, Scanning Electron Microscopy (SEM), Energy-Dispersive X-ray (EDX) 
and X-ray diffraction (XRD) techniques, while optical properties were studied with Diffuse Reflectance Spectroscopy (DRS). The degradation of CIP was first tested at 
a lab scale under simulated sunlight and then studied under sunlight in a parabolic trough concentrator (PTC). Suitable degradation of CIP (100%) was observed at 
210 min via High-Performance Liquid Chromatography (HPLC) and the by-products were determined by Liquid Chromatography-Mass Spectroscopy (LC–MS). 
Microbiological tests revealed the absence of antibacterial activity in CIP water treated with ZnO/g-C3N4 NC photocatalyst against Staphylococcus aureus, Pseudo
monas aeruginosa, and Priestia megaterium. Our results directly demonstrate the effective inactivation of CIP with a process designed for sustainability both in terms of 
energy input (solar) and scalability of materials. Also, the small-prototype scale of this investigation provides insights into the challenges arising from the perspective 
scale-up to an industrial application, aimed at antibiotics inactivation in wastewater and thus helping to prevent the spread of antimicrobial resistance (AMR).

1. Introduction

The release of effluents, often containing various toxic compounds, 
into aquatic systems leads to significant water pollution (Ngullie et al., 
2020; Chidhambaram and Ravichandran, 2017; Bora and Mewada, 
2017). Pharmaceutical products have been identified in urban waste
waters and surface waters worldwide, including antibiotics, which 
represent a crucial class of chemicals extensively employed in both 
human and veterinary medicine. The global usage of antibiotics annu
ally ranges from 100,000 to 200,000 tons, with approximately 10,200 
tons utilized in Europe and nearly 23,000 tons in the USA (Wise, 2002; 
Salma et al., 2016). Given their wide application, quinolones and their 
metabolites frequently reach the environment in their pharmacologi
cally active state (Watkinson et al., 2007). Ciprofloxacin (CIP) is notably 
employed in veterinary and agricultural practices, but primarily for the 
treatment of urinary tract infections (Shariati et al., 2022). Given that 
humans and animals can metabolize only a minimal quantity of CIP, this 
antibiotic has been identified in hospital wastewaters (Hartmann et al., 

1998; Van Doorslaer et al., 2014) and even in the effluents of wastewater 
treatment plants (WWTP), though very much diluted (Le-Minh et al., 
2010). The persistence of quinolone residues in the environment has the 
potential to contribute to the emergence of bacterial resistance, posing a 
risk of harmful effects on both fauna and flora and causing significant 
damage to aquatic ecosystems and human health. Consequently, it is 
strategically crucial to minimize the release of quinolones into the 
environment (Salma et al., 2016; Jingyu et al., 2019). Combined with its 
stable chemical structure and resistance to biological degradation, along 
with its resistance to removal through conventional waste treatment 
processes, CIP inactivation has become exceptionally challenging, 
necessitating urgent and specific attention. Thus, it is imperative to 
devise innovative and straightforward methods for an efficient treat
ment (Jingyu et al., 2019; Uma et al., 2017; Apreja et al., 2022; Al-Bu
riahi et al., 2022; Husain Khan et al., 2023). These could be either aimed 
at treating general wastewaters or more specifically targeted at effluents 
coming from contamination sources, such as hospitals or pharmaceu
tical industries (Akhil et al., 2021). This latter case is likely to be 
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considered more interesting for perspective applications, as concentra
tions are expected to be significantly higher. For example, during an 
investigation for a case study in northern Italy, CIP was found to be 
between 10 and 20 times more concentrated in hospital effluents than in 
WWTP influents or effluents (Verlicchi et al., 2012).

In this context, various lines of research exist for addressing 
contaminated water, but solar-light-induced photocatalysis stands out as 
an environmentally friendly, cost-efficient, and sustainable approach. Its 
global appeal stems from its reliance on abundant solar energy. Indeed, 
recent progress in solar technology, especially the adoption of low-cost 
solar concentrators in advancing solar-driven photocatalysis techniques, 
has generated noteworthy interest (El Golli et al., 2021). A recent 
contribution (El Golli et al., 2024) from our lab reports on the design and 
implementation of a PTC, evaluating both the technical efficiency and 
economic feasibility of the solar wastewater treatment for two 
case-studies, CIP and textile dyes, suggesting a way forward for solar 
wastewater treatments.

Typically, the photocatalytic performance is dictated by inherent 
physicochemical properties of the photocatalysts, such as surface area, 
pore size, morphological structures, extension of the band-gap and 
alignment of the band-edges with the oxidation and reduction processes 
that occur in photocatalytic reactions (Ngullie et al., 2020; Guan et al., 
2019; Suhag et al., 2023). Zinc oxide (ZnO) stands out as a metal oxide 
semiconductor, exhibiting high chemical, thermal, and mechanical 
stability, nontoxic nature, and cost-effectiveness (Luu Thi et al., 2021). 
Nevertheless, the photocatalytic activity of ZnO is confined to the ul
traviolet region due to its broad bandgap and high recombination rates 
(Yu et al., 2023). Recently, graphitic carbon nitride (g-C3N4), has 
garnered extensive interest for applications in hydrogen generation and 
the degradation of environmental pollutants (Chidhambaram and Rav
ichandran, 2017; Bajpai et al., 2023). This is due to its narrow band gap 
(2.7 eV), layered structure, remarkable stability (chemical inertness and 
water resistivity), π-conjugation, and well-suited band alignment (Uma 
et al., 2017; Luu Thi et al., 2021; MEENA et al., 2022). Indeed, the 
layered configuration of g-C3N4 provides abundant active sites for 
binding, allowing several organic and inorganic substances to adhere 
(Chidhambaram and Ravichandran, 2017). Interestingly, the combina
tion of g-C3N4 with metal oxide semiconductors is reported to facilitate 
efficient interfacial charge transfer (Uma et al., 2017; Fendrich et al., 
2023). In particular, the integration of ZnO with g-C3N4 leads to an 
effective heterostructure with visible-light reponse (Luu Thi et al., 2021; 
MEENA et al., 2022; Van Thuan et al., 2022).

Despite the impressive photocatalytic activity of the powdered 
catalyst, the recovery of the catalyst post-treatment is a complex process 
demanding careful attention and expensive equipment (Uma et al., 
2017). The use of photocatalysts in the form of coatings is then the main 
way to avoid subsequent recovery. Nevertheless, there is a scarcity of 
reports in existing literature regarding the fabrication of a highly active 
ZnO/g-C3N4 coating (MEENA et al., 2022). While methods like hydro
thermal, electron beam evaporation, and magnetron sputtering are re
ported for coatings deposition, here we employ the drop-casting 
technique to produce ZnO/g-C3N4 coatings because of its simplicity, 
cost-effectiveness, and ease of handling (Uma et al., 2017). In addition, 
in this work we produce ZnO/g-C3N4 nanocomposite (NC) photo
catalysts via a green synthesis approach where garlic (Allium Sativum) 
extract is employed for both reducing and capping agents in the syn
thesis of ZnO nanoparticles (NPs), thus avoiding organic solvents or 
toxic chemicals (Lizundia et al., 2022; El Golli et al., 2023).

We then applied the coatings in a scalable process, characterized by 
sustainability on multiple levels (materials and energy input), to tackle 
the environmental issue of CIP water contamination. The inactivation of 
CIP was initially tested through a lab-scale simulated sunlight process 
and then, for scale-up perspectives, operating with an outdoor prototype 
(10 liters/h, catalyst area 187.5 cm2) exploiting concentrated sunlight. 
Since antibiotic inactivation may often result even from partial trans
formation of the antibiotic structure, the effectiveness of the process was 

finally evaluated by microbiological tests: the residual antibacterial 
activity of the CIP water sampled after solar photocatalytic treatment 
was assessed on Staphylococcus aureus, Pseudomonas aeruginosa, Priestia 
megaterium and Escherichia coli cultures.

In this study a model concentration of 10 ppm CIP was used: while 
higher than the concentrations reported for WWTP effluents, it allowed 
us to elucidate reaction mechanisms and better follow kinetics. Also, the 
ultimate aim will be to treat real wastewaters at an early stage, where 
concentrations are likely higher than those reported for effluents and 
closer to the range investigated here. In this context, our study provides 
highly valuable insights that lay the groundwork for the final steps to
wards application. In particular, we contribute to go beyond the state of 
the art in two ways: (a) we provide a flow-reactor-compatible photo
active coating obtained by sustainable materials and fabrication 
methods; (b) building on this, we devise and demonstrate, both at the 
lab-scale and in a scaled-up version, a solar-powered treatment process 
to inactivate CIP, investigating the reaction mechanism and directly 
evaluating the residual antibacterial activity.

2. Materials and methods

2.1. Materials and reagents

Zinc oxide NPs were obtained with zinc nitrate (Zn(NO3)2.6H2O, 
Sigma-Aldrich, ≥99% purity), Allium Sativum (commercial quality). 
Melamine (C3H6N6, Sigma-Aldrich, purity >99%, 126.12 g/mol) was 
used as a g-C3N4 precursor. Ethanol absolute (VWR, purity 97%, 46.08 
g/mol) was used as a dispersing agent for ZnO/melamine precursor for 
the coatings synthesis. Ciprofloxacin HCl (C17H18FN3O3, Standard 
PHR1044-1G Sigma-Aldrich, purity 99%, 385.82 g/mol) was employed 
as the water model pollutant in photocatalysis experiments. Lysogeny 
broth (LB, Sigma-Aldrich, composition: tryptone 10 g/L, yeast extract 5 
g/L, NaCl 5 g/L) was the medium for bacterial cultures.

2.2. Preparation of ZnO/g-C3N4 NC coatings

The in-situ hydrothermal growth of ZnO/g-C3N4 NC coating started 
by synthesizing the ZnO NPs. The methodology follows a protocol 
adapted from literature (El Golli et al., 2021; Md Rosli et al., 2018). 
Briefly, 20g of sliced Allium Sativum (garlic) were boiled in 100 mL of 
deionized water at 80 ◦C and stirred at 900 rpm for 20 min to obtain a 
plant extract. The extract was naturally cooled to room temperature and 
filtered (Whatman paper n◦ 1) resulting in a total of 60 mL extract 
available for the NP synthesis. Afterward, 6g zinc nitrate was added to 
the 60 ml extract, stirred at 400 rpm for 20 min, and heated at 60 ◦C. The 
mix was dried at 110 ◦C for 6h in air circulated oven. Lastly, the obtained 
powder was washed with isopropanol and submitted to calcination at 
500 ◦C in a muffle furnace for 4 h resulting in the ZnO NPs. The obtained 
ZnO NPs were then mixed in ethanol with melamine, the precursor for 
g-C3N4. The mass ratios of ZnO/Melamine were: 1:10, 1:20, and 1:60. 
The chosen ratios are aligned with the optimization criteria established 
in previous studies. The obtained g-C3N4, here reproduced and utilized, 
corresponds roughly to a 10% conversion yield of the melamine pre
cursor. The selected ratios provided acceptable mechanical stability of 
the resulting coatings, while outside this range poor adhesion and/or 
delamination are generally observed (Fendrich et al., 2023; Thangavelu 
et al., 2023, 2024).

All three solutions were sonicated, stirred, and dropwise cast on top 
of precleaned glass slides (75 mm × 25 mm). After the dropwise casting 
of the solutions, the coatings were dried for 20 min at room temperature 
to remove solvent residues, followed by thermal condensation for in-situ 
formation of g-C3N4 on the ZnO structure at a temperature of 550 ◦C for 
60 min inside a covered crucible in the muffle furnace at heating rate 
9 ◦C/min (Bajpai et al., 2023). The coated glass slides where produced in 
batches of 10 for use within the flow reactor coupled to the solar 
concentrator. A scheme of the overall synthesis procedure is reported in 
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Fig. 1.

2.3. Materials characterization

A field emission Scanning Electron Microscope (FESEM, JSM 7001 F, 
JEOL) equipped with Energy-Dispersive X-ray Spectroscopy analysis 
(EDXS, Oxford INCA PentaFET- × 3) was used to investigate coating 
morphology, thickness, and atomic composition. The Infrared spectro
scopic analysis was performed via a JASCO 4600 instrument (Easton, 
PA, USA) in the range of 4000–400 cm− 1 to confirm the presence of 
specific functional groups on the prepared ZnO/g-C3N4 coatings. UV–Vis 
was recorded using an integrating sphere in the total reflectance mode in 
the wavelengths range 200–800 nm (Varian CARY 5000 UV–Vis–NIR). 
The structural properties of ZnO/g-C3N4 NC were investigated using an 
IPD3000 X-ray diffractometer (XRD) with Cu anode source (line focus) 
operating at 40 kV and 30 mA, coupled to a multilayer collimating 
monochromator (Goebel mirror).

2.4. Photocatalytic degradation of ciprofloxacin

Lab experiments were performed with different ZnO/Melamine mass 
ratios synthesized coatings (1:10, and 1:20). The supported catalyst 
coating was inserted into a specific “in-house” developed reactor 
(Fig. S1, Supplementary Information) and fixed by a vacuum system. 
The support was a stainless-steel frame above which quartz window 
(Helios quartz NHI-1100) was placed with an inlet and an outlet to allow 
the water solution to flow laminarly on top of the catalyst. The distance 
between the quartz and the catalyst was 2 mm. The irradiation was 
provided by a solar simulator (LOT LS0306, with a Xenon lamp of 300W) 
with an installed filter to block radiation below 400 nm, and the illu
minated surface is a circle with a diameter of 40 mm. The total circu
lated solution volume from a reservoir was 50 mL containing CIP (C0 =

10 ppm) in a circuit flow of 1 L/h. The coatings were kept in the dark for 
the initial 30 min to achieve adsorption-desorption equilibrium and then 
irradiated for 180 min under photocatalytic conditions. 1 mL samples 
were taken at − 30 min (dark) and illumination at 15, 30, 45, 60, 90, 
120, 150, and 180 min, and absorption UV–vis spectra were recorded to 
evaluate the extent of CIP disappearance. The λmax = 276 nm was used to 
probe the CIP removal/disappearance (Eq. (1)) by using a VARIAN Cary 
5000 UV–Vis–NIR spectrophotometer over a wavelength range of 
200–400 nm (Tozar et al., 2021). 

Degradation efficiency (%)=

(
Cₒ − Ct

Cₒ

)

×100=

(
Aₒ − At

Aₒ

)

× 100

Eq. 1 

Where C0 and Ao are the starting molar concentration and absorbance of 
CIP while Ct and At are the molar concentration and absorbance of CIP at 
time t. The k - rate constant of the pseudo first-order reaction (appro
priate for antibiotics degradation (Manasa et al., 2021)) is defined as: 

− ln
(

Ct

Cₒ

)

= kt 

Using the optimum mass ratio photocatalyst determined in the lab, 
the material was then used for scale-up experiments with concentrated 
sunlight. The experiments were performed using a PTC designed and 

realized in-house (Fig. 2): the apparatus is based on a 1 m2 parabolic 
mirror supported by a solar tracker and hosting a quartz tube photo
reactor. A custom-made stainless steel sample holder (Fig. S2) capable of 
supporting up to 10 slides (75 × 25 mm) is positioned in the focus and 
liquid flow is sustained and regulated by a peristaltic pump (Seko, 
KRFF0210). The design and a complete technical description of the 
system can be found elsewhere (El Golli et al., 2024). Using a 5L volume 
of 10 ppm CIP solution, for appropriate scaling of the lab protocol, the 
liquid was circulated for 30 min to fill all the quartz tube and stabilize a 
continuous flow. After this time the solar concentrator was started to 
track the sunlight for 210 min. The experiments were performed be
tween April and October 2023 in Trento-Italy, coordinates 46.06640◦ N, 
11.15072◦ E between 10:00 and 14:00 local time. Solar irradiance 
measurements were conducted using a pyrheliometer (Kipp & Zonnen, 
model CHP1). To ensure consistency in experiments, they were carried 
out under conditions where irradiance levels fell within the range of 
600–700 W/m2. Reusability of photocatalyst: two degradation cycles of 
CIP were conducted to assess the reusability of the catalysts. Following 
each recycling experiment, the 10 photocatalyst slides were collected, 
dried, and subsequently reused under similar conditions for an addi
tional test. Each time, randomly selected slides were checked for loss of 
coating material by weighing on a micro balance (10− 5 g readability). 
The catalysts have been subjected to approximately 8 h total of circu
lation (sum dark and illuminated).

2.5. Assessment of antibacterial activity in CIP water samples

The residual antibacterial activity of the CIP water sampled before, 
during and after solar photocatalytic treatment was assessed on the CIP- 
sensitive bacterial laboratory strains E. coli K12 DSM 498, P. megaterium 

Fig. 1. – ZnO/g-C3N4 NC coatings synthesis.

Fig. 2. PTC apparatus used in this work.
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MS941, S. aureus ATCC25923, P. aeruginosa PA14.
Briefly, each bacterial strain was tested individually and the assay 

was performed in transparent 96-well plates with flat-bottom (Sarstedt) 
by dispensing in each well 100 μL of water samples, previously filtered/ 
sterilized with 0.2 μm filters (Sarstedt), and 100 μL of LB to allow bac
terial growth. The 4 bacteria were previously grown overnight at 37 ◦C 
with 200 rpm shaking in LB and resuspended in LB at a density of 
approximately 2*107 CFU/mL; 5 μL of these bacterial suspensions were 
added to each well, resulting in an inoculum size of approximately 105 

CFU per well. Each bacterial strain was separately inoculated in a single 
plate to avoid contamination between bacteria. The plates were covered 
with Breathe-Easy® sealing membranes (Merck) and incubated for 24 h 
at 37 ◦C. Finally, bacterial growth was determined by optical density 
measurements at a wavelength of 600 nm (OD600) using a plate reader 
(Tecan Infinite 200 Microplate Reader).

Using the same method, bacterial sensitivity to CIP was also deter
mined by measuring for each individual strain the antibiotic minimal 
inhibitory concentration (MIC) completely preventing bacterial growth. 
In this case, twofold serial dilutions of the antibiotic were made in sterile 
water (from 10 mg/L to 0.005 mg/L) and 100 μL of CIP solutions + 100 
μL of LB were dispensed in each well before the addition of bacterial 
suspensions.

2.6. HPLC-MS of the photodegradation process

The degradation medium was analyzed by liquid chromatography 
(Model 1100 Series, HP) coupled to a photodiode-array detector (Model 
Agilent, 1100 Series, PDA), and to a mass spectrometer (Bruker Esquire- 
LC quadrupole ion trap) in positive-ion-mode Electrospray ionization 
source (ESI +). The chromatographic separation was carried out on a 
C18 column at 303 K (Phenomenex Kinetex C18 2.6um 100A (100 × 4.6 
mm); flow 0.8 ml/min; T = 30 ◦C; injected volume = 10 μl). The mobile 
phase consisted of a 80/20 water/acetonitrile mixture with 0.1% of 
trifluoracetic acid. The DataAnalysis 3.0 software was used to integrate 
the collected ion chromatograms from the positive-ion full scan mode 
(50–500 Da) for the structural assignment of species (Bruker Daltonik, 
Bremen, Germany). A working curve of the available standard of CIP 
was built by recording UV (λ = 278 nm) peak areas for several solutions 
of CIP obtained by sequential dilution of a 10 mg/L mother solution.

3. Results and discussion

3.1. Characterization of ZnO/g-C3N4 NC coatings

3.1.1. XRD analysis
Fig. 3 depicts the investigation of the crystalline structure of ZnO/g- 

C3N4 NC. The XRD peaks of the ZnO/g-C₃N₄ NC closely resembled those 
of graphitic carbon nitride and zinc oxide. The diffraction peaks at 2θ =
31.7, 34.4, 36.3, 47.5, 56.6, 62.8, 66.3, 67.9, 69.1, 72.7, and 76.9, 
displayed to the planes (100), (002), (101), (102), (110), (103), (200), 
(112), (201), (004) and (202), respectively, confirming the hexagonal 
crystal structure of ZnO as referenced from JCPDS card No. 36–1451 (El 
Golli et al., 2021). Some of the peaks appear shifted toward higher an
gles, likely indicating changes induced by composite formation (Van 
Thuan et al., 2022; Thangavelu et al., 2024; Liu et al., 2019; Tamilarasu 
et al., 2024). Two pronounced peaks at 13.3◦ and 27.5◦ are found, which 
are attributed to the graphitic phase carbon nitride as per standard 
JCPDS 87–1526 card. The lower-angle diffraction peak at 13.3◦ corre
sponds to tri-s-triazine units (100), while the stronger peak at 27.52◦

arises from the interlayer stacking of aromatic segments (002).

3.1.2. UV–visible spectrophotometry
The analysis of ZnO/g-C3N4 through UV–Vis diffuse reflectance 

spectra (DRS) gives insights into the composite’s light absorption 
characteristic (Fig. 4a and b). The optical band gap of the composite was 
estimated through F(R)hν (Kubelka-Munk function) plotted against hν 
(photon energy), via the equation: 

F(R)hν= A
(
hν − Eg

)n 

where R is diffuse reflectance, F(R) = (1− R)2

2R , A is an arbitrary coef
ficient, h is Planck’s constant, ν is the light frequency, n = ½ (direct 
transition), and Eg is the optical bandgap (Luu Thi et al., 2021).

Pure ZnO has a reflectance edge at 377 nm, while the ZnO/g-C3N4 
NC clearly extends its reflectance edge into the visible light range to 
about 433 nm. The extracted bandgaps of ZnO and ZnO/g-C3N4 NC are 
3.19 eV and 2.86 eV respectively (Uma et al., 2017). This widened light 
absorption capacity in the ZnO-g-C3N4 composite allows for efficient 
utilization of visible light, implying its potential for sunlight-driven 
catalytic reaction. The decrease in band gap is generally attributed in 
literature to the modified optical band gap edges resulting from the 
interface interaction between g-C3N4 and ZnO electronic structures: 
exchange interactions involving s – d and p – d orbitals, causing a 
downward shift in the conduction band edge and an upward shift in the 
valence band edge (Uma et al., 2017; Girish et al., 2023; Jo and Clament 
Sagaya Selvam, 2015; Sun et al., 2012). Also, the synergistic effects of 
ZnO/g-C3N4 composite are reported to influence the lifetime of photo
generated charge carriers by effectively reducing internal charge 
recombination (Nie et al., 2018).

3.1.3. FT-IR analysis
FT-IR spectra are reported in Fig. 5. Transmittance peak in the range 

of 400–600 cm− 1 related to stretching vibrations of Zn–O, and addi
tional signals due to the presence of functional groups related to the 
garlic extract, were observed in the ZnO spectrum (Zhang et al., 2021). 
For pure g-C3N4, the peaks observed at approximately 1241, 1319, 1411, 
and 1461 cm− 1 originate from the aromatic C–N stretching vibrations, 
whereas the C=N stretching vibrations could be found at 1569 and 1650 
cm− 1 (Ye et al., 2020; Narkbuakaew and Sujaridworakun, 2020; Jabar 
et al., 2022). The intense peak at 801 cm− 1 exhibited the bending vi
bration of the s-triazine ring indicating the complete skeleton g-structure 
of g-C3N4. Two absorption bands (3415, and 3106 cm− 1) were regarded 
as the stretching and bending vibrations of N–H which come from the 
uncondensed terminal amino groups of g-C3N4 (Jabar et al., 2022; Wang 
et al., 2019, 2021a; Nikookar et al., 2021). The ZnO/g-C3N4 NC shows 
peaks from both ZnO and g-C3N4. The peaks in the FTIR spectrum of the 

Fig. 3. XRD pattern of ZnO/g-C 3 N 4.
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ZnO/g-C3N4 NC did not change after the photocatalytic degradation of 
CIP, thus proving the chemical stability of the composite (Suhag et al., 
2023) (see Fig. 5).

3.1.4. FESEM- EDXS analysis
Fig. 6a depicts FESEM images illustrating the in-situ growth of g-C3N4 

on green-synthesized ZnO NPs, exhibiting particle with sub-micron size 
(Sher et al., 2021). After 1 h of annealing at 550 ◦C, the ZnO/g-C3N4 
nanocomposite exhibited a clearer foamy structure by coupling with the 
g-C3N4, probably because of the impact of gases discharged from mel
amine decomposition during the thermal condensation reaction (Sun 
et al., 2012) (Fig. 6b). The SEM image in Fig. S3 shows hetero nano
particles with two different phases combining each other closely (Garg 
et al., 2021; Hakimi-Tehrani et al., 2021).

From the cross-sectional micrograph of ZnO/g-C3N4 NC (Fig. 7(a and 
b)), agglomeration of the Green ZnO particle in grains led to an opened 
structure of densely packed particles coated with a g-C3N4 layer, and the 

coating thickness is about 60 μm. EDXS spectroscopy was carried out to 
elucidate the surface elements composition of the as-prepared samples. 
Fig. S4 (a-b) of the Supplementary Information displays the distinctive 
and strong peaks of C, N, Si, Zn, and O atoms indicating the coexistence 
of these elements on the surface of the ZnO/g-C3N4 NC. Additional peaks 
for K, P, and S attributed to the garlic extract were recognized, in line 
with the composition of the Green ZnO powder used to produce the 
coatings (El Golli et al., 2021).

3.2. Solar photocatalysis - ZnO/g-C3N4 NC coatings

3.2.1. Laboratory scale
The effect of mass ratio in the ZnO/g-C3N4 coatings (1:10, 1:20) for 

the photocatalytic degradation is studied with an initial concentration of 
10 ppm of CIP and illustrated in Fig. 8. The analysis was not performed 
on sample 1:60 because of its excessive roughness and apparent de
tachments due to the high amount of melamine precursor.

The ZnO/g-C3N4 coating with a 1:20 mass ratio presents increased 
adsorption in comparison to a 1:10 mass ratio. A greater adsorption rate 
can be linked to the increased production of surface hydroxyl radicals. 
These radicals form a water-absorbent layer on the catalyst, enhancing 
the interaction between the catalyst and the pollutant. The surface, 
which has adsorbed water, serves as a trap for photoexcited holes and 
aids in generating hydroxyl radicals by adsorbing OH– ions (Manasa 
et al., 2021). The enhanced photocatalytic activity of 1:20 mass ratio in 
ZnO/g-C3N4 coating under solar simulator, can be attributed, at least 
initially, to its improved adsorption capability resulting in more effec
tive contact between the catalyst and the pollutant (see Fig. 8 at time 0, 
taken after 30 min of circulation under dark).

3.2.2. Solar concentrator
To evaluate the degradation of CIP at scaled-up experiments, results 

under solar concentrator apparatus are presented in Fig. 9. Based on 
HPLC data studies, the sunlight-mediated degradation efficiency was 
higher for the CIP solution in presence of 10 slides ZnO/g-C3N4 NC 
coatings (100% degradation efficiency and k = 0.02113 min− 1) than the 
one exposed to only concentrated sunlight (55.5% degradation effi
ciency and k = 0.00415 min− 1) during 210 min, resulting in earlier 
significant disappearance of the CIP (0.5 ppm) (Fig. 9(a)–(b)). The 
performance of the system, along with results from previous studies, is 
summarized in Table S1.

For practical implementation, the pivotal factors to be considered are 
reusability and mechanical stability. A preliminary recycling experiment 

Fig. 4. (a) UV–Vis Reflectance spectra, and (b) corresponding Kubelka-Monk [F(R)h υ]2 plots of ZnO NPs, and ZnO/g-C3N4 NC.

Fig. 5. FTIR spectra of ZnO, g-C3N4, and ZnO/g-C3N4 NC coating before and 
after degradation of CIP.
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was performed under concentrated sunlight in the same conditions and a 
freshly prepared pollutant solution was used. The degradation pattern of 
the catalysts for CIP antibiotic for the second cycle was 89 % in 180 min 
(Fig. 10), which was about 10% less than the one obtained in the first 
cycle (99%).

To assess the stability of the films in terms of adhesion, coated-slides 
were weighed before and after each experiment using a micro balance 
(10− 5 readability), showing no loss of material and thus demonstrating 
optimal mechanical stability. Given this result, the loss in photocatalytic 
efficiency, which can be considered good in the field, is likely due to 
fouling of the surface. A surface analysis technique such as FT-IR could 
reveal eventually adsorbed organic fragments, in which case regenera
tion could be obtained by simple calcination, washing with appropriate 
solvents or a combination of both. A more in-depth investigation of the 
surface after longer term use of the coatings is necessary and will be 
undertaken in the near future, to evaluate how to avoid the loss of ef
ficiency and regenerate the material.

The reduction in the bandgap of ZnO/g-C₃N₄ NC allows the photon 
absorption also in the visible light region. In literature, it is proved that 
g-C₃N₄ acts as an electron acceptor facilitating charge separation in 
composites, as we used here. Visible light absorption and charge sepa
ration both contribute to enhanced photocatalytic performance (Suhag 
et al., 2023; Van Thuan et al., 2022; Wang et al., 2021b; Hassan et al., 
2024). Indeed, upon excitation, the photogenerated electrons in the 
conduction band of g-C3N4 can migrate to the conduction band of ZnO, 
while the corresponding holes are left in the valence band of g-C3N4, 
thus permitting efficient charge separation. The electrons accumulated 
in the conduction band of ZnO may reduce adsorbed oxygen (O2) to 

Fig. 6. FESEM images of ZnO/g-C3N4 NC coating (a) upon reaching 550 ◦C and (b) after 60 min of annealing at 550 ◦C.

Fig. 7. Cross-section cut of ZnO/g-C3N4 NC coating (a) upon reaching 550 ◦C and (b) after 60 min of annealing at 550 ◦C.

Fig. 8. Efficiency on 10 ppm CIP degradation of ZnO/g-C3N4 NC coating with 
two different mass ratios ZnO/Melamine (1:10, and 1:20) under solar simulator.
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generate reactive oxygen species (superoxide radicals), which subse
quently contribute to the oxidative degradation of antibiotics. The holes 
left in the valence band of g-C3N4 may directly oxidize antibiotic mol
ecules (Suhag et al., 2023; Wang et al., 2021b).

3.2.3. Identification of photocatalysis products by LC-MS
Fig. 11 shows the most relevant chemical species observed by LC-MS 

(Fig. S5, Supplementary Information) during the oxidation of cipro
floxacin (CIP). Such architectures were tentatively assigned by studying 
their mass spectrum and by comparing them with previously reported 
literature (Bazzanella et al., 2023; Rehm and Rentsch, 2020). All the 
proposed structures are consistent with the typical degradation pathway 
resulting from the interaction of CIP with hydroxyl radical produced by 
the photocatalytic process in water.

Three main processes were observed during photooxidation. 

- Addition of oxidized moieties due to the presence of reactive radical 
oxygen species;

- Decarboxylation of the carboxylic acid with the consequent forma
tion of CO2;

- Hydrogen elimination as the result of radical oxidation.

Some observed species presenting masses of m/z values of 316, and 
362, may also be the result of the combination of multiple oxidative 
processes. Although no clear indication of CIP mineralization can be 
indicated by LC-MS analysis, the photocatalytic process is clearly 
responsible for CIP major structural modifications that may be sufficient 
in inactivating the antibiotic behavior of the molecule.

3.3. Residual antibiotic activity

As previously mentioned, CIP is an antibiotic classified under the 
Fluoroquinolone (FQ) category. Antibiotics within this group typically 
hinder the growth of various microorganisms by targeting DNA Gyrase, 
a factor essential for bacterial cell division. Ciprofloxacin demonstrates 
activity against a broad spectrum of both Gram-positive and Gram- 
negative bacteria (Das et al., 2018). Therefore, the complete inactiva
tion of the antibiotic within our experimental system was evaluated on 
the Gram-positive bacteria P. megaterium and S. aureus, and on the 

Fig. 9. Efficiency on 10 ppm CIP degradation of sun photolysis, 10 slides ZnO/g-C3N4 NC coating in scaled-up solar concentrator, determined by HPLC-MS.

Fig. 10. Recyclability studies: Degradation (%) in a consecutive second pho
tocatalytic cycle.

Fig. 11. Tentative degradation pathway of CIP during the photocatalytic pro
cess according to LC-MS analysis.
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Gram-negative bacteria E. coli and P. aeruginosa.
The MIC values of CIP were 0.02 mg/L for E. coli and 0.16 mg/L for 

P. megaterium, S. aureus and P. aeruginosa (the bacterial sensitivity to 
different concentration of CIP is plotted in Fig. S6). Therefore, all the 
bacteria were not resistant to CIP and E. coli resulted the most sensitive 
within the 4 strains.

After treating 10 ppm of CIP with ZnO/g-C3N4 NC coatings under 
sunlight, the residual antibacterial activity was assessed by measuring 
bacterial growth of each individual strain (Fig. 12 conditions c-d), and 

compared with untreated samples. The results of the experiments 
showed the loss of antibacterial activity in CIP water after 180 min of 
sunlight irradiation with ZnO/g-C3N4 NC coating photocatalyst. Indeed, 
the growth of P. megaterium, S. aureus and P. aeruginosa suggested that 
the CIP concentration present in treated water sample was <0.31 mg/L 
and the photocatalysis products did not have antimicrobial activity. 
However, under only concentrated sunlight exposure, no bacteria were 
able to grow in CIP water sampled before and after photolysis treatment 
(Fig. 12 conditions a-b). This clearly shows that CIP was still present in 

Fig. 12. Residual antibacterial activity of the 10 ppm CIP water collected pre- and post-180 min sunlight exposure alone (a–b) or with ZnO/g-C3N4 NC coating 
photocatalyst (c–d), assessed on growth of E. coli, P. megaterium, S. aureus and P. aeruginosa; bacterial growth tested in positive control samples without CIP, i.e., 
water, water + photocatalysts, and water + photocatalyst +180 min of sunlight irradiation (e–g).
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the case of photolysis, indicating that both the photocatalyst (ZnO/g- 
C3N4) and concentrated sunlight are indispensable in the process. The 
positive control samples without CIP (water, water + photocatalysts, 
and water + photocatalyst + 180 min of sunlight irradiation) allowed 
the 4 bacteria growth, which ensured the elimination of any extra effects 
and confirmed the non-toxicity in water of the green synthesized pho
tocatalyst (Fig. 12 conditions e-g).

These results were also confirmed by assessing bacterial growth in 
CIP water samples collected during the photocatalytic process (Fig. 13). 
In this case, 150 min of treatment were sufficient to allow both S. aureus 
and P. aeruginosa growth, while 180 min of treatment were necessary to 
reduce CIP concentration at a level allowing P. megaterium growth. In 
contrast, since E. coli is more sensitive to CIP compared with S. aureus, 
P. aeruginosa and P. megaterium, even 240 min of treatment were not 
sufficient to reduce CIP concentration at a level allowing E. coli growth. 
Finally, based on the sensitivity of each bacterium to CIP, we can hy
pothesize that the remaining CIP concentration after photo-catalysis 
treatment is between 0.04 and 0.31 mg/L. However, the initial CIP 

concentration used in this study (10 mg/L) is presumed to surpass the 
levels typically present in actual wastewater; therefore, we assume that 
this treatment could reduce CIP at concentration below 0.04 mg/L, 
allowing E. coli growth, when starting from a lower concentration of 
antibiotic (Das et al., 2018).

4. Conclusion

Concentrated solar light-driven photocatalytic inactivation of CIP 
using ZnO/g-C3N4 NC coatings has been carried out in this study. The 
photocatalysts synthesized by a simple in-situ thermal condensation 
method coupled with green synthesis (of ZnO) showed particle size in 
the nanoscale range. To evaluate the inactivation of ciprofloxacin, both 
spectrophotometric and microbiological (loss of antibiotic activity) 
methods were employed. During 210 min of photocatalytic process, 
100% of the initial CIP (10 mg/L) was transformed under concentrated 
sunlight. The photocatalysts are found to be stable after a consecutive 
second recycle. The microbiological inactivation efficiency is found to 

Fig. 13. Residual antibacterial activity of the 10 ppm CIP water collected during the time course of sunlight irradiation with ZnO/g-C3N4 NC coating photocatalyst, 
assessed on growth of E. coli, P. megaterium, S. aureus and P. aeruginosa.
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be in the range of 96.9–99.6%. Thus, we successfully demonstrated the 
application of an immobilized, sunlight-activated green photocatalyst 
for sustainable treatment of emerging pharmaceuticals, aimed at AMR 
prevention. Also, the assessment of the remaining antibacterial activity 
after the treatment was conducted against multiple bacterial strains. It is 
significant to reflect that, although solar photocatalytic treatments are 
commonly aimed at complete pollutant removal by mineralization, the 
inactivation of antibiotic residues in water is sufficient for the likely 
reduction of AMR spread. In this work, a clear demonstration of this 
phenomenon is given through microbiological tests. We argue here that 
proving the antibiotic inactivation, a relatively underexplored aspect in 
current literature, is rather more important for our target application 
than focusing on mineralization and thus deserves further studies.

Although our study concentrates on a single antibiotic to offer in- 
depth insights, our results provide a solid foundation for evaluating 
photocatalytic wastewater treatment processes aimed at AMR preven
tion at scale. Building upon this, future research will address the com
plexities of real-world wastewaters, such as hospital effluents, where a 
mixture of antibiotics and other contaminants is likely present. To this 
end, the generally non-selective nature of photocatalysis-based pro
cesses may provide an advantage.

Our study also highlights the possible challenges arising from a 
perspective scale-up at industrial level. While using sunlight to power 
the process is definitely an advantage from an environmental perspec
tive, solar irradiance is not only intermittent but also much variable with 
latitude and season. Thus, a solar wastewater treatment process should 
not be considered as a standalone technology but integrated in the flow 
of a WWTP. To this end, our demonstration of a 10 liter/h flow system is 
a step forward, even though the required flow rates in industrial settings 
are generally much higher. A possible solution would then be to consider 
our system as a single unit module, to be coupled with other modules to 
generate a solar field, possibly with single trackers supporting multiple 
PTCs and their photoreactors.
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