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Abstract 

Water pollution caused by persistent pharmaceutical contaminants, such as azithromycin, presents serious public 

health and environmental challenges. This study introduces iron/zinc oxide-reinforced carbon nanofibers 

synthesized via a scalable electrospinning process as a novel solution for treating pharmaceutical waste streams. 

The synthesized nanofibers showed a crystalline structure, an optimized bandgap energy of 2.899 eV, and an 

impressive surface area of 554 m²/g, as confirmed by XRD, Raman, and DRS analyses. Their synergistic 

photocatalytic activity arises from the effective integration of iron/zinc oxide nanoparticles into the carbon 

nanofiber matrix. Key parameters influencing azithromycin degradation including pH, reaction time, catalyst 

concentration, and pollutant concentration were systematically optimized. Under optimal conditions (pH 4, 27.1 

mg/L catalyst dose, 15.8 mg/L azithromycin concentration), the nanofibers achieved a remarkable 97.5% 

degradation of azithromycin within 103 min under UV irradiation. The study further proved the photocatalyst's 

versatility, achieving degradation efficiencies of 98% under UV light and up to 85% under visible light, 

highlighting its ability to utilize diverse light sources. The reusability testing over five consecutive cycles revealed 

that the Fe/Zn-CNFs maintained over 80% degradation efficiency in the final cycle, underscoring their excellent 

stability and practical applicability. Beyond photocatalytic efficiency, the nanofibers exhibited notable 

antibacterial activity against Escherichia coli and Staphylococcus aureus, which can be attributed to the 

generation of reactive oxygen species (ROS). These results underscore the potential of iron/zinc oxide-reinforced 

carbon as a sustainable and effective photocatalyst for treating antibiotic-contaminated wastewater, offering a 

viable approach to modifying environmental antibiotic resistance. 

 

Key words: Azithromycin, Reactive oxygen species, Diffuse Reflectance Spectroscopy, COVID-19, Drinking 

water, Nanofiber 

Introduction  

The presence of pharmaceutical pollutants in water systems poses significant environmental challenges, 

particularly due to the accumulation of antibiotics, such as azithromycin, an azalide subclass of 

macrolides (Polianciuc et al. 2020). The extensive use of antibiotics in both human and veterinary 

medicine has led to their accumulation in various aquatic environments, including rivers, lakes, and 

wastewater treatment facilities (Sosa-Hernández et al. 2021; Ortúzar et al. 2022; Munzhelele et al. 
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2024). Effluents from pharmaceutical facilities frequently contain elevated levels of azithromycin (Al-

Hakkani et al. 2022), disrupting the natural physicochemical balance of ecosystems and contributing to 

the proliferation of antibiotic-resistant bacteria (Milaković et al. 2019). Due to its significant resilience 

to biodegradation, azithromycin is particularly difficult to remove from wastewater, and conventional 

biological treatment methods often fall short of complete elimination (Zheng et al. 2022). 

To reduce the effects of these pollutants and ensure safe water supplies for future generations, 

innovative treatment techniques are essential (Khan et al. 2024). One promising approach is 

photocatalysis, which effectively degrades pharmaceutical contaminants like azithromycin by 

generating reactive species that break down complex organic molecules, thus addressing environmental 

contamination (Kaswan and Kaur 2023). Among the various photocatalysts, Zinc Oxide (ZnO) stands 

out due to its advantageous properties, making it a preferred choice for environmental remediation 

(Chen et al. 2017). However, ZnO's reliance on UV light limits its practical effectiveness; therefore, 

extending its activation to the visible spectrum is crucial for maximizing its potential in sustainably 

degrading pharmaceutical and organic pollutants in water systems (Godin et al. 2018; Fiszka 

Borzyszkowska et al. 2022; Navidpour et al. 2023). 

The photocatalytic efficiency of ZnO can be significantly enhanced through iron (Fe) doping, which 

improves electron-hole separation and boosts light absorption (Fiszka Borzyszkowska et al. 2022). This 

modification enhances ZnO's photocatalytic properties and addresses serious environmental issues 

related to pharmaceutical contaminants in water systems (Kayaci et al. 2014; Godin et al. 2018; 

Dharmana et al. 2023). Numerous studies have confirmed the effectiveness of metal-doped ZnO in 

photocatalysis. For instance, Fe/Sn-doped ZnO microspheres exhibited reduced electron-hole 

recombination and improved visible light absorption, leading to enhanced photodegradation efficiency 

of pollutants such as ciprofloxacin and methylene blue (Song et al. 2019). Additionally, Fe-doped ZnO 

nanofibers demonstrated an 87% increase in pollutant degradation efficiency under sunlight compared 

to undoped ZnO, highlighting the significant enhancement in photocatalytic activity achieved through 

doping (Ranathunga et al. 2024). Research on Fe/ZnO/SiO2 nanoparticles also indicated successful 

degradation of methylene blue in the presence of light, attributed to reduced band gap energy from Fe 

incorporation (Mohamed et al. 2012). Furthermore, Sayadi et al (2019) demonstrated that the 

nanocomposite GO@Fe3O4/ZnO/SnO2 could degrade approximately 90.06% of azithromycin under 

optimal conditions, specifically at pH 3, with a reaction time of 120 min and a catalyst concentration of 

1 g/L when exposed to UV light. 

Carbon nanofibers (CNFs), with their high surface area, strong mechanical properties, and excellent 

conductivity, present an ideal support material for photocatalysts, further enhancing the efficiency of 

pollutant degradation in environmental remediation (Pant et al. 2021; Yao et al. 2023). The integration 

of CNFs with metal-doped ZnO represents a promising strategy for improving photocatalytic 

performance in the degradation of pharmaceutical contaminants like azithromycin. 
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This study aimed to identify novel applications of carbon nanofibers reinforced with iron/zinc oxide 

nanoparticles for the photocatalytic degradation of azithromycin in aqueous solutions. Given the limited 

existing research on using nanofiber substrates for degrading this antibiotic, our investigation looked-

for to fill this gap by leveraging the unique properties of the nanofibrous composites. The combination 

of carbon nanofibers with iron and zinc oxide nanoparticles not only enhanced the dispersion and 

stability of the catalysts but also improved charge separation and pollutant accessibility. These advances 

are expected to significantly increase the efficiency of azithromycin degradation, particularly under 

natural sunlight conditions. By developing and characterizing these nanofiber-supported Fe/ZnO 

composites, we aimed to provide a promising and effective solution for tackling pharmaceutical 

pollution, contributing to the broader goal of ensuring cleaner water systems and reducing 

environmental impacts. 

2. Materials and Methods 

2.1. Materials 

Azithromycin (C38H72N2O12) was purchased from Mascot Health Co., Ltd. Polyvinylpyrrolidone (PVP, 

K30, Mw = 44,000-54,000), Zinc nitrate (tetrahydrate, Zn(NO3)2 .4H2O), Ferric nitrate (nonahydrate, 

Fe(NO3)3.9H2O), Sodium hydroxide (NaOH, 96.0%), Hydrochloric acid (HCl, 37%), Anhydrous 

ethanol (C2H5OH, 99.7%), Sodium sulphate (Na2SO4, 99%), and Muller-Hinton (MH) agar were 

procured from Merck and Sigma-Aldrich. The mentioned materials were used without any purification 

or preliminary treatment. 

2.2. Fabrication of Fe/Zn-carbon nanofibers 

To prepare electrospun fibers, two solutions were prepared with 5 wt% Iron nitrate/Zinc nitrate and 40 

wt% polyvinylpyrrolidone (PVP) at molar ratios of 2:1 and 1:2 for the metal salts. For the Fe:Zn solution 

with a 2:1 ratio, 0.0528 g of iron nitrate and 0.0171 g of zinc nitrate were dissolved in 1.87 ml of 

absolute ethanol and stirred for 12 h at 45°C. Then, 1.33 g of PVP was added, and the solution was 

stirred for an additional 24 h to prepare it for electrospinning.  Similarly, for the 1:2 Fe:Zn solution, 

0.0305 g of iron nitrate and 0.0394 g of zinc nitrate were dissolved in 1.87 ml of ethanol, followed by 

the addition of 1.33 g of PVP. After stirring for 24 h, the final electrospinning solution was obtained 

(Xiea et al., 2021) The electrospinning process was conducted using the settings outlined in our previous 

study (Barani et al. 2020). The polymer solution was fed into a needle with an inner diameter of 0.4 

mm at a rate of 0.3 mL/h using a digitally controlled syringe pump. The needle was spaced 15 cm apart 

and charged with an applied voltage of 13.5 kV using a DC high-voltage power supply. The collector 

unit is a 20 cm ×15 cm flat plate (Wang et al. 2022).  To ensure complete solvent (ethanol) evaporation, 

the electrospun fibers were removed from the aluminum sheet's surface and subjected to a vacuum oven 

at 180°C for 90 min. Subsequently, for annealing, the electrospun fibers were placed in an electric 

furnace and subjected to a specific time-temperature profile (ramping from room temperature to 800°C 

and holding at this temperature for 30 min). This process facilitated the degradation of PVP within the 
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fiber structure and crystalline phase formation, resulting in the fabrication of Fe/Zn-carbon nanofibers 

(Fe/Zn-CNFs) with photocatalytic activity (Lin et al. 2019). The fabrication procedure of Fe/Zn carbon 

nanofibers is illustrated in Fig. 1. 

 

Fig. 1. Schematic representation of the fabrication process for Fe/Zn carbon nanofibers via electrospinning, 

including solution preparation, electrospinning parameters, and calcination process 

2.3. Characterizations 

Field Emission Scanning Electron Microscopy (FESEM, TESCAN MIRA2, TESCAN Company) and 

Energy-Dispersive X-Ray Spectroscopy (EDS) were used to examine the Fe/Zn-carbon nanofibers. 

Thermogravimetric analysis (TGA) was performed under Argon atmospheric conditions at 

temperatures ranging from 40°C to 1000°C, with a heating rate of 20°C min-1 (Q600, TA Company). 

X-ray diffraction (XRD) examination was performed on crystalline structures using an X-ray 

diffractometer (Philips PW 1730), with data collected ranging 10° to 80°. The chemical structure of 

Fe/Zn-CNFs within the range of 500-3500 cm−1 was characterized using a Raman spectrometer (Teksan 

company, model: Takram P50C0R10, Iran). Surface area analysis was conducted using a BELSORP 

Mini II surface area analyzer (BELSORP Company), which provided Brunauer-Emmett-Teller (BET) 

adsorption and desorption isotherms. The zeta potential and dynamic light scattering (DLS) of Fe/Zn-

CNFs were assessed using a Malvern Zetasizer Nano ZS ZEN3600 (Malvern Instruments Limited, 

Worcestershire, UK). The photocatalytic activity of the samples was assessed using an ultraviolet-

visible spectrophotometer (Bio Spec-1601, Shimadzu Co., Japan). 

2.4. Assessment of the photocatalytic degradation of Azithromycin 

In this study, a Box-Behnken response surface design was employed to optimize the photocatalytic 

degradation of azithromycin using Fe/Zn-CNFs. The independent variables were pH, reaction time, 

catalyst concentration, and azithromycin concentration. Table S1 outlines the levels of these variables. 
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The experimental design consisted of 30 randomized runs, including 2 center points. The selection of 

pH, reaction time, catalyst concentration, and pollutant concentration aimed to comprehend the 

fundamental aspects of photocatalytic degradation, optimize the process, and assess the potential of the 

proposed catalyst for modifying water pollution caused by pharmaceutical contaminants, such as 

azithromycin  (Marinho et al. 2022). 

The photocatalytic degradation experiments were conducted in a 100-mL Pyrex reactor with a 

cylindrical structure under UV-C light (6 W, Philips, 254 nm spectrum) at room temperature. After 

determining the parameter values for each experimental run, the required azithromycin solution was 

prepared using a 1000 mg/L stock solution. The azithromycin concentrations were quantified using an 

absorption peak at a characteristic wavelength of 462 nm via UV-Vis spectroscopy (Jayanna et al. 

2012), based on the calibration curve and spectra of azithromycin solutions (S2). 

The photocatalytic degradation efficiency of azithromycin was calculated using Equation 1: Efficiency (%)  = 𝐶0−𝐶𝑒𝐶0 × 100      (1) 

In this equation, C₀ represents the initial azithromycin concentration, Cₑ is the azithromycin 

concentration after light irradiation, and Efficiency (%) quantifies the percentage of photocatalytic 

degradation (Karimi et al. 2014). Finally, optimization was run to obtain the highest photocatalytic 

degradation efficiency of azithromycin. The photocatalytic degradation efficiency of azithromycin at 

the optimized condition was evaluated under three different conditions: UV-C light, visible light and 

dark conditions.  

In addition, the ability of the synthesized Fe/Zn-reinforced carbon nanofibers (Fe/Zn-CNFs) to degrade 

azithromycin was tested over five repeated reuse cycles under optimal conditions. To assess reusability, 

the photocatalyst was recovered after each cycle using an external magnetic field, ensuring minimal 

catalyst loss during the separation process. The recovered Fe/Zn-CNFs were then thoroughly washed 

multiple times with distilled water to remove any adsorbed reaction byproducts or residual pollutants 

and dried in an oven at 60°C for 1 h before reuse. 

2.5. Kinetics analysis 

Studies often use decomposition kinetics to investigate the photocatalytic degradation of a various 

organic compounds, particularly antibiotics. In this context, the following equation was utilized to 

analyze the kinetics of the azithromycin degradation reaction in the presence of Fe/Zn-CNFs 

(Chavoshan et al. 2020). 𝑑𝑐𝑑𝑡 =  −𝑘𝐶           (2) 

Integrating equation (2) yields equation (3): ln ( 𝐶𝐶0) =  −𝑘𝑡         (3) 
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Here, in the equation, "k" represents the constant reaction rate, "t" denotes time, "C" signifies the 

concentration of the reactant at time "t" and "C0" indicates the initial concentration of the reactant at 

time t = 0 (Golrizkhatami et al. 2023). 

2.6. Antibacterial activity of Fe/Zn-CNFs 

This study focused on the antibacterial properties of the prepared nanofibers. The Zone of Inhibition 

methodology was employed to evaluate this feature in accordance with the AATCC 100-2004 standard. 

The antibacterial properties of synthesized nanofibers have been investigated against two distinct 

microbial strains, Escherichia coli and Staphylococcus aureus (Morejon and Michel 2023). To prepare 

an appropriate culture medium for the bacteria, Mueller-Hinton agar medium was used (Murray and 

Zeitinger 1983). Bacterial strains of Escherichia coli (ATCC: 25922) and Staphylococcus aureus 

(ATCC: 6538) were procured in lyophilized form from the Pasteur Institute of Iran and subsequently 

cultured in the laboratory using the streaking method onto Petri dishes containing agar medium. The 

cultured bacteria were then incubated in an incubator (L.M100, Pars Azma Co.) for 48 h at 37°C. The 

slices of prepared nanofiber web (diameter around 1 cm) were placed onto the surface of the sterile 

Mueller-Hinton agar plates previously seeded with 100 μL of the bacterial suspension (1.5×10⁸ 

CFU/mL). The plates were then incubated for 24 h at 37 °C. The antibacterial activity was determined 

by measuring the inhibition zones around the samples in triplicate, ensuring the reliability and 

reproducibility of the data. 

3. Results and discussion 

3.1. Morphology of electrospun fibers 

The SEM images of the electrospun fibres (Fig. 2), along with their average diameter values in relation 

to the Fe:Zn molar ratio, demonstrate that the electrospinning process produced fibres with smooth 

surfaces and no bead formation. Additionally, the electrospun fibres displayed a uniform distribution of 

zinc nitrate and ferric nitrate with agglomerated nanoparticles visible on their surfaces after the 

annealing process. The sample containing Fe:Zn in the electrospinning solution with a molar ratio of 

2:1 resulted in a 32% reduction in fibres diameter (from 370 nm to 250 nm) compared with the sample 

with a molar ratio of 1:2. This reduction can be attributed to the increased conductivity resulting from 

the incorporation of Fe:Zn into the spinning solution. The annealing process led to the fracturing and 

crushing of the nanofibers because of the removal of organic constituents and the formation of a more 

durable mineral phase. The synthesized nanoparticles had average sizes of 53 nm and 85 nm, 

corresponding to Fe/Zn molar ratios of 1:2 and 2:1, respectively. EDS analysis was employed to identify 

the constituents of the targeted specimen. The annealing process resulted in the appearance of distinct 

peaks in the EDS spectrum associated with Fe, Zn, and O, highlighting the transformative effect of 

annealing on the fibre’s elemental composition. This transformation can be attributed to the impact of 
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temperature on the morphology and crystal orientation of the catalysts (Song et al. 2020; Lambora and 

Bhardwaj 2023).   
 

  

Fig. 2. Morphological analysis and EDS spectra of synthesized electrospun fibers with Fe:Zn molar ratios of 1:2 

(a) and 2:1 (b) before (top) and after (bottom) annealing. The inserted histogram presents the fiber diameter 

distribution. 

 

3.2. Characteristics of Fe/Zn-CNFs 

The X-ray diffraction (XRD) pattern provides insight into the structural and crystalline properties of 

Fe/Zn nanoparticles-reinforced carbon nanofibers. In the sample with a 1:2 Fe:Zn molar ratio (Fig. 3a), 

significant diffraction peaks corresponding to 2θ angles of 18.15°, 29.86°, 31.73°, 34.42°, 35.17°, 

36.22°, 36.79°, 42.73°, 47.51°, 53.01°, 56.50°, 56.53°, 62.03°, 62.83°, 69.01°, 70.35°, 72.56°, and 

73.36° aligned precisely with crystallographic planes (111), (022), (010), (002), (113), (011), (222), 

(004), (012), (224), (115), (110), (044), (013), (021), (026), (004), and (335). Similarly, in the sample 

with a 2:1 Fe:Zn molar ratio, distinctive diffraction peaks corresponding to 2θ values of 18.38°, 30.25°, 

35.63°, 37.27°, 43.30°, 53.73°, 57.28°, 62.91°, 66.15°, 71.38°, and 74.44° align with crystallographic 

planes (111), (022), (113), (222), (004), (224), (115), (044), (135), (026), and (335), respectively. These 

results corroborate the JCPDS card data (nos.96-900-2489, 96-900-4180, 96-101-0370, and 96-101-

0131) and confirm the successful synthesis of Fe/ZnO nanoparticles in the prepared samples. 

The variation in the XRD patterns of iron and zinc at certain angles may arise from a combination of 

factors, such as differences in crystalline, composition, and the Fe to Zn molar ratio. In mixed samples, 
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varying the Fe/Zn molar ratio in the nanofibers can influence the overall crystalline structure, lattice 

parameters, and peak intensities (Navidpour et al. 2023). Fe/ZnO nanoparticles exhibit a cubic crystal 

structure with lattice parameters of a = b = c = 8.38 Å. The nanocrystallite size, calculated from the 

XRD peak at 2θ = 35° using the Debye-Scherrer equation, was found to be 19 nm for the 1:2 Fe/Zn 

sample and 25 nm for the 2:1 Fe/Zn sample. 

The UV-Vis absorption spectra of Fe/Zn (1:2) and Fe/Zn (2:1) photocatalysts, recorded using diffuse 

reflectance spectroscopy (DRS), are shown in Fig. 3b. The spectra reveal significant light absorption 

within the 300–500 nm wavelength range, indicating the photocatalysts' potential effectiveness under 

both UV and visible light. Notably, the absorption spectra exhibit distinct shifts, which can be attributed 

to iron doping. 

To determine the band gap energy (Eg), the Tauc plot method was applied using the following equation 

(Sayadi et al. 2021): 

(αhv)n=A(hv−Eg)       (4) 

where Eg represents the band gap energy, hν is the photon energy, α is the absorption coefficient, n = 2 

for direct band gap materials, and A is a constant related to material properties (Hu et al. 2015). The 

band gap energies of Fe/Zn (1:2) and Fe/Zn (2:1) nanofibers were calculated to be approximately 2.899 

eV and 3.059 eV, respectively (the inset graph in Fig. 3b). These values are consistent with previously 

reported findings (Bakina et al. 2022). Pure ZnO typically has a band gap of 3.2–3.7 eV (Alam et al. 

2018; Alharshan et al. 2023). However, iron doping reduced the band gap to 2.899 eV for Fe/Zn (1:2) 

and 3.059 eV for Fe/Zn (2:1). This red shift in the absorption spectra is attributed to interactions between 

the localized dd-electrons of Fe³⁺ ions and the sp−d orbitals of ZnO. The Low Eg value increases the 

photocatalytic activity of ZnO by shifting its maximum absorption wavelength to longer wavelengths, 

thereby enhancing its effectiveness under visible light. A narrower band gap facilitates the separation 

of photogenerated electron-hole pairs, reducing recombination and promoting efficient charge transfer. 

This is crucial for generating reactive species, such as hydroxyl radicals, which play key role in pollutant 

degradation. Iron-doped ZnO, particularly the Fe/Zn (1:2) sample, exhibiting a narrower band gap and 

extended absorption in the visible region, demonstrates superior potential for photocatalytic 

applications. For instance, it can efficiently degrade pharmaceutical pollutants like azithromycin under 

visible light, offering a sustainable solution for water treatment. The ability to tailor the band gap and 

optical properties through iron doping provides a versatile platform for designing advanced 

photocatalysts that harness sunlight as an economical energy source. 

The Raman spectrum of Fe/Zn (2:1) exhibits two distinct peaks (Fig. 3c): the D peak centred at 1357 

cm⁻¹, associated with disordered Turbostratic structures, and the G peak located at 1599 cm⁻¹, attributed 

to vibrational modes of C=C bonds in graphite crystals. Both peaks correspond to sp² bonded carbon 

atoms (Wang et al. 2003). Similarly, the Raman spectrum of Fe/Zn (1:2) reveals two distinctive peaks: 
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the wavenumber 1357 cm⁻¹ associated with the D peak and the wavenumber 1604 cm⁻¹ corresponding 

to the G peak. The term 'RI' refers to the ratio of the intensity of the D peak to the intensity of the G 

peak in the Raman spectrum, providing insight into the degree of well-organized graphite crystallites 

within carbonaceous materials. A lower RI value indicates a greater extent of orderly graphitic structure 

within the nanofibers (Zhou et al. 2009). The RI value depends on the degree of graphitization and 

alignment of graphite layers within carbonaceous materials. Generally, a higher position of the G peak 

in the Raman spectrum (indicating a lower RI value) corresponds to an increased number of sp² graphite 

bonds within nanofibers, significantly enhancing their structural and mechanical properties (Zhang et 

al. 2007). In both nanofiber samples, the D peak's intensity exceeds that of the G peak, indicating a 

greater occurrence of Turbostratic structures over graphitic arrangements. 

  

 

Fig. 3. XRD (a), DRS (b), and Raman spectra (c) of Fe/ZnO nanoparticles-reinforced carbon nanofibers with 

molar ratios of 1:2 and 2:1. 

The nitrogen adsorption isotherms and desorption hysteresis curves for the Fe/Zn (1:2) and Fe/Zn (2:1) 

samples are shown in Fig. 4. According to the IUPAC classification, the adsorption isotherms of both 

samples are Type II, and they are accompanied by H2-type and H3-type hysteresis loops for Fe/Zn (1:2) 
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and Fe/Zn (2:1), respectively. The specific surface areas were measured as 554.18 m²/g and 251.89 m²/g 

for Fe/Zn (1:2) and Fe/Zn (2:1), respectively, while the respective pore volumes were determined as 

0.4866 cm³/g and 0.4733 cm³/g. Further data on the synthesized Fe/Zn (1:2) and Fe/Zn (2:1) samples 

are presented in Table S3. The significant difference in specific surface area between Fe/Zn (1:2) and 

Fe/Zn (2:1) can be explained by several factors beyond just the compositional changes: particle size 

and morphology (Yang et al. 2024), pore structure (Liu et al. 2023), crystal structure and phase 

composition (Zdainal Abidin et al. 2020), and synergistic effects (Hong et al. 2024). 

 

Fig. 4. Nitrogen adsorption-desorption isotherms (a) and corresponding pore size distributions (b) of Fe/ZnO nanoparticles-

reinforced carbon nanofibers with molar ratios of 1:2 and 2:1. 

 

The size and solution stability of the nanoparticles were determined by measuring the zeta potential in 

the range of -400 to +400 mV using a Horiba SZ100 Dynamic Light Scattering (DLS) instrument. The 

dynamic light scattering and zeta potential measurements of the iron and zinc oxide nanoparticles are 

presented in Table S3. The average nanoparticle sizes in the Fe/Zn (2:1) and Fe/Zn (1:2) nanofiber 

samples were approximately 261 nm and 374 nm, respectively. The thermal properties of alloys can 

influence their nanoparticle size, with iron having higher thermal conductivity than zinc. This difference 

affects the growth and nucleation of nanoparticles during synthesis, resulting in smaller particle sizes 

for the Fe/Zn (2:1) alloy  (Lamsaf et al. 2022). As shown in Table S4, the zeta potential values for the 

Fe/Zn (2:1) and Fe/Zn (1:2) nanofibers were -54.4 mV and -46.3 mV, respectively. The significant 

difference in zeta potential values can be attributed to the particle size, as smaller particles tend to have 

higher surface charges, resulting in more negative zeta potential values  (Rezaei et al. 2023). 

3.4. Photocatalytic degradation of Azithromycin  

The experimental design consisted of 30 randomized trials, including two center points in each run 

(Table S5). The response variable representing the photocatalytic degradation percentage of 

azithromycin was fitted to a linear model and correlated with the independent variables using the 
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Design-Expert software. The model's adequacy was evaluated using ANOVA (Table S5), which 

revealed a significant overall model with an F-value of 22.09 and a p-value < 0.0001, indicating a strong 

correlation between the independent variables and the degradation percentage. 

The ANOVA results further showed that all four independent variables pH, reaction time, catalyst dose, 

and pollutant dose had significant effects on the response, with p-values of <0.0001, 0.0007, 0.0087, 

and 0.0482, respectively. Among these factors, pH was identified as the most influential variable, with 

the highest sum of squares (3931.68) and an F-value of 60.46, demonstrating its critical role in 

azithromycin degradation. The lack-of-fit analysis yielded a p-value of 0.6603, confirming that the 

model's residuals were well-distributed, and no significant lack-of-fit was observed (Table S6). 

To evaluate data normality, a residual plot (Fig. S7a) was analyzed, revealing a predominantly linear 

trend in the data points, with only two minor exceptions. As noted by Silva et al )2020), the regression 

model is well-suited for describing the photocatalytic degradation of azithromycin, with the 

experimental data falling within the residual variance. Homoscedasticity was verified through the 

residual vs. predicted plot (Fig. S7b), which showed a random dispersion of data points within two red 

boundary lines. This random distribution indicates constant variance across the data. 

Further validation of the model's predictive accuracy is provided by the predicted vs. actual plot (Fig. 

S7c), where data points are closely aligned along the diagonal, confirming the reliability of the model 

in predicting degradation percentages. Additionally, a residual vs. run plot (Fig. S7d) was used to assess 

data trends over time, demonstrating the randomness and independence of residuals from time-

dependent factors. The absence of trends in this plot confirms that no latent variables influenced the 

experimental response, which is supported by Ali et al )2023). 

3.4.1. Impact of pH on Azithromycin photocatalytic degradation 

The photocatalytic degradation of azithromycin is significantly influenced by the pH of the solution. 

Generally, the photocatalytic degradation of organic compounds is more efficient under acidic 

conditions because of several factors. 

First, the surface charge of the photocatalyst is modulated by the solution's pH. For instance, Čizmić et 

al. observed that the surface charge of TiO₂ particles becomes more positive under acidic conditions, 

facilitating the adsorption of negatively charged azithromycin molecules onto the photocatalyst's 

surface (Čizmić et al. 2019). Similarly, for Fe/Zn-CNFs, the point of zero charge (PZC) is a critical 

parameter; below the PZC, the positively charged surface enhances the interaction with negatively 

charged azithromycin molecules, promoting photocatalytic activity. 

Second, acidic conditions enhance the generation of hydroxyl radicals (•OH), which are highly reactive 

species capable of degrading azithromycin (Rodríguez-López et al. 2022). During the photocatalytic 

degradation cycle, electrons from the photocatalyst are transferred to oxygen molecules, producing 

superoxide radicals (•O₂⁻). In an acidic environment, these radicals react with hydrogen ions (H⁺) to 

form hydroperoxyl radicals (•HO₂), which subsequently undergo homolytic cleavage to generate 
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hydroxyl radicals (•OH). These hydroxyl radicals attack on azithromycin molecules, ultimately leading 

to their degradation (Rodríguez-López et al. 2022). 

In addition, acidic conditions enhance the solubility of azithromycin, thereby increasing its ability to be 

degradation by the photocatalyst. This combination of increased solubility, production of reactive 

oxygen species, and pH-mediated changes in the photocatalyst's surface charge contributes to the higher 

efficiency of azithromycin degradation under acidic conditions (Sayadi et al. 2019). Quantitative results 

support these findings. At pH 3, the degradation efficiency of azithromycin reached 97.5%, compared 

to 88.2% at pH 7 and 74.6% at pH 10 under optimal reaction conditions.  This underscores the significant 

role of pH in optimizing the photocatalytic performance. Among the variables studied, pH demonstrated 

the most substantial impact on azithromycin degradation, with an observed 1.10-fold increase in 

efficiency at acidic pH compared to neutral pH. The statistical significance of pH as a factor was 

validated through ANOVA (Table S5), where p-values < 0.0001 confirmed its strong influence on the 

degradation process. Additionally, the three-dimensional response surface plot (Fig. 5a) illustrates the 

effect of pH on azithromycin degradation, further highlighting the enhanced efficiency in acidic 

environments.  

3.4.2. Impact of catalyst concentration on the photocatalytic degradation of Azithromycin 

As shown in Fig. 5b, the photocatalytic degradation efficiency of azithromycin increases with 

increasing Fe/Zn-CNF loading, peaking at 30 mg/L under pH 4. This enhancement can be attributed to 

the increased surface area, which provides a greater number of active sites, and more favourable 

interactions between azithromycin and the catalyst. At this optimal concentration, the catalyst is fully 

utilized without the saturation of active sites. 

However, increasing the nanocatalyst concentration beyond this point does not further improve the 

removal efficiency. In fact, excess catalyst loading can result in the aggregation of nanoparticles, 

leading to increased turbidity. This aggregation obstructs light penetration, which is crucial for 

photocatalytic activity, thus reducing the overall efficiency (Yazdani and Sayadi 2018; Al-Nuaim et al. 

2023). Therefore, it is essential to carefully balance the catalyst concentration to optimize the 

photocatalytic performance. This insight is particularly important for large-scale applications, where 

efficiency and cost-effectiveness must be balanced. 

3.4.3. Impact of Azithromycin concentration on photocatalytic degradation 

Numerous studies have indicated a decline in the photocatalytic activity of catalysts at higher initial 

pollutant concentrations, with improved degradation efficiency observed at lower concentrations (Chen 

et al. 2018). This behavior is attributed to the saturation of surface-active sites on the photocatalyst at 

elevated pollutant concentrations, leading to a decrease in photocatalytic efficiency. As shown in Figure 

5c, the photocatalytic degradation of azithromycin decreases with increasing concentration, indicating 

that azithromycin molecules occupy the active sites of the catalyst, leaving fewer sites available for 
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adsorption. While •OH radicals are still generated in constant amounts, their interaction with the 

pollutants becomes less efficient as the number of available active sites diminish. This reduction in 

efficiency can be attributed to the competition for •OH radicals, which are also consumed by 

intermediary compounds generated during the degradation process (Chamanehpour et al. 2023).  

Supporting this, Ruziwa et al. found that at higher pollutant concentrations, more •OH radicals are 

required to effectively degrade pollutants (Ruziwa et al. 2023). However, as more intermediates form, 

they compete for the available •OH, reducing its availability for the degradation of azithromycin. This 

indicates that, although higher concentrations of azithromycin require more catalyst loading or longer 

reaction times for effective degradation, there is an optimal concentration range in which the 

photocatalytic efficiency is maximized. This finding is consistent with those of previous studies (Shokri 

et al. 2019; Guo et al. 2020; Lupu et al. 2023) that highlighted the importance of balancing pollutant 

concentration with catalyst efficiency. 

 

Fig. 5. The effect of pH (a), catalyst dose (b), and pollution dose (c) on the photocatalytic degradation of 

azithromycin under optimal conditions 
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3.4.4. Impact of reaction time on Azithromycin photocatalytic degradation 

The duration of irradiation is a critical parameter in the photocatalytic degradation of pollutants because 

it directly affects the efficiency of the degradation process (Molla et al. 2020). As shown in Figure 5c, 

the photocatalytic degradation efficiency of azithromycin increases significantly as the irradiation time 

is extended from 10 to 120 min. Specifically, after 60 min, the degradation efficiency exceeds 82.4% 

and continues to improve, reaching 97.1% after 120 min. This trend demonstrates the importance of 

sufficient exposure time to achieve maximum pollutant breakdown. This enhancement can be primarily 

attributed to the prolonged availability of active sites on the photocatalyst surface, which allows for 

sustained interactions between the catalyst and azithromycin molecules. Additionally, the generation of 

hydroxyl radicals (•OH), which are essential for the degradation process, was more pronounced with 

an extended irradiation time. The longer reaction period provides sufficient time for these hydroxyl 

radicals to form and interact with the azithromycin molecules, resulting in the breakdown of the 

antibiotic (Kalantar et al. 2023; Bazrafshan et al. 2023). Over time, the continuous production of 

hydroxyl radicals ensures that more active sites on the catalyst are engaged, and the reactive species 

have enough time to effectively degrade the organic pollutants. 

3.4.5. Optimization of the photocatalytic degradation of Azithromycin 

The optimal reaction conditions for the photocatalytic degradation of azithromycin were determined by 

analysis of the Box-Behnken Design (BBD) model. The conditions that resulted in the highest 

degradation efficiency are summarized in Table 1. The optimal values identified were a reaction time 

of 103 min, catalyst concentration of 27.1 mg/L, pH of 4, and azithromycin concentration of 15.8 mg/L. 

To validate the accuracy of the model predictions, two experimental tests were conducted under optimal 

conditions. The experimental degradation value of azithromycin in the Fe/Zn (2:1) sample was 98.1%, 

which closely aligned with the model predicted value. Similarly, in the Fe/Zn (1:2) sample, 93.9% of 

azithromycin was degraded under these conditions, further confirming the model’s reliability in 

predicting the degradation process. 

 

Table 1. Optimal conditions for AZM degradation according to BBD model 

Sample pH 
Time 
(min) 

Catalyst dose 
(mg/L) 

Pollution dose 
(mg/L) 

Removal 
(%) Desirability 

Fe/ZnO (2:1) 
4 103 27.1 15.8 

98.1 
1.0 

Fe/ZnO (1:2) 93.9 
 

The effectiveness of the photocatalytic degradation of azithromycin under optimal conditions has been 

confirmed by other studies. For instance, Sharma et al. (2023) reported promising results for treating 

wastewater containing azithromycin under similar ideal conditions. In their study, photocatalytic 

degradation was achieved after 90 min of treatment, using Cu₂O-TiO₂ nanotubes at a concentration of 

1.5 g/L and azithromycin at a concentration of 100 μg/mL at neutral pH. In another investigation, 
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Mehrdoost et al. (2022).  utilized the PAC/Fe/Ag/Zn nanocomposite to degrade azithromycin, with 

efficiencies ranging from 40% to 99.5% over four consecutive cycles and 120 min of reaction time. 

These results highlight the effectiveness of the optimized conditions for enhancing the photocatalytic 

degradation of azithromycin and highlight the potential for scaling up this process in wastewater 

treatment applications. 

3.4.6. Effect of light source on the photocatalytic degradation efficiency of Azithromycin 

To evaluate the impact of different light sources on the degradation efficiency of azithromycin, 

experiments were conducted under UV, visible, and dark conditions. The initial azithromycin 

concentration was set at 15.8 mg/L, with a catalyst loading of 27.1 mg/L, and an initial pH of 4 (optimal 

conditions). Fig. 6 illustrates the degradation efficiency of azithromycin under these conditions.  

 

Fig. 6. Percentage of photocatalytic degradation of azithromycin under various light sources and optimal 

conditions 

The Fe/Zn (2:1) and Fe/Zn (1:2) catalysts demonstrated nearly complete degradation under UV light, 

achieving approximately 98% degradation within 103 min. Under visible light, significant degradation 

was observed, reaching 85% for Fe/Zn (2:1) and 81% for Fe/Zn (1:2). This relatively high efficiency 

under visible light can be attributed to the Fe-doping of ZnO, which enhances the photocatalytic activity 

by narrowing the bandgap and improving light absorption in the visible range. The remarkable 

photocatalytic performance of Fe/Zn-CNFs under both UV and visible light is linked to their reduced 

bandgap energy. As shown in the absorption spectrum of Fe/Zn-CNFs in Figure 3b, this material 

exhibits significant absorption in the wavelength range of 300–500 nm, enabling effective absorption 

of both UV and visible light. 

To clarify the role of active species in the photocatalytic degradation of azithromycin, a crucial 

preliminary step was performed to ensure effective adsorption of the antibiotic onto the catalyst surface. 

The catalyst-azithromycin mixture was maintained in darkness for 30 min to establish adsorption-
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desorption equilibrium before light exposure. This controlled equilibration step is vital for isolating the 

adsorption process from photochemical reactions, preventing interference from light-induced catalytic 

activity (Yu et al. 2019). Quenching experiments conducted in this context provided significant insights 

into the roles of active species in the degradation process under UV, visible, and reactive species, such 

as hydroxyl radicals (•OH), superoxide radicals (•O2⁻), and holes (h⁺). These findings identified the 

primary active species responsible for the degradation of azithromycin. By ensuring these conditions, 

the present study offers a robust foundation for understanding the catalyst performance and clarifying 

its degradation mechanism. 

3.5. The mechanism and kinetics of photocatalytic degradation of Azithromycin 

Photocatalysts accelerate chemical reactions when exposed to light, a phenomenon known as 

photocatalysis. This process involves the use of light in conjunction with a semiconductor substrate. A 

material that absorbs light and facilitates the catalysis of chemical reactions is referred to as a 

photocatalyst, and it typically consists of a semiconductor. In photocatalysis, the exposure of a 

semiconducting material to light generates an electron-hole pair  (Ameta et al. 2018). Fig. 7 illustrates 

the photocatalytic degradation mechanism of azithromycin using the Fe/Zn-CNFs catalyst. 

 

 

Fig. 7. Schematic diagram of the photocatalytic degradation of azithromycin by Fe/Zn-CNFs. 

 

Reactions (5-12) illustrate the generation of •OH via the following photocatalytic process: 𝐹𝑒/𝑍𝑛 − 𝐶𝑁𝐹𝑠 + ℎ𝑣 → 𝐹𝑒/𝑍𝑛 − 𝐶𝑁𝐹𝑠 (𝑒− + ℎ+)    (5)  ℎ+ +  𝐻2𝑂 → ℎ+ + • OH      (6) ℎ+ + 𝑂𝐻− → • OH       (7) 𝐹𝑒3+ + 𝑒− →  𝐹𝑒2+       (8) 
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𝑒− +  𝑂2 → • O2−       (9) • O2− + 𝐻2𝑂 + ℎ+ → 𝐻2𝑂2 + 𝑂𝐻−      (10) 𝐻2𝑂2 +  𝑒− → • 𝑂𝐻 + 𝑂𝐻−      (11) 

 𝐴𝑧𝑖𝑡ℎ𝑟𝑜𝑚𝑦𝑐𝑖𝑛 𝐴𝑛𝑡𝑖𝑏𝑖𝑜𝑡𝑖𝑐 + • 𝑂𝐻 → 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠  (12) 

During the photocatalytic degradation of azithromycin, various intermediates are formed through 

distinct chemical modifications of the original compound (Tong et al. 2011; Luo et al. 2016; Kadmi et 

al. 2025). A notable intermediate is desosaminyl lazithromycin (C10H9NO), which has been confirmed 

to be the main degradation product of this photocatalytic process. Other intermediates include 

hydroxylation-dehydration products (C6H12O3N), which result from the addition of hydroxyl groups to 

the azithromycin structure, and methylation products (C5H10NO), which are generated through 

methylation reactions that further modify the antibiotic. 

These transformations occur as hydroxyl radicals (●OH) actively attack the amino sugar and cladinose 

components of azithromycin, initiating a complex series of reactions (Tong et al. 2011; Luo et al. 2016; 

Kadmi et al. 2025). The degradation process may also yield smaller organic fragments, such as C5H7O, 

which could include various ketones or aldehydes. This intricate network of reactions highlights the 

importance of understanding the intermediates formed during degradation, as they can provide insights 

into the degradation mechanism and inform evaluations of the potential toxicity and environmental 

impact of the by-products produced in the treatment of azithromycin and similar pharmaceutical 

contaminants. 

Under optimal conditions pH 4, catalyst concentration of Fe/Zn-CNFs at 27.1 mg/L, an azithromycin 

concentration of 15.8 mg/L, and a reaction time of 103min the studies on azithromycin photocatalytic 

degradation kinetics reveal that the reaction follows first-order kinetics. This result is further supported 

by the linear degradation reaction curves shown in Fig. 8, which illustrate the efficient and predictable 

nature of the degradation process facilitated by the photocatalysts. 

 

Fig. 8. Kinetics of azithromycin photocatalytic degradation using Fe/Zn nanoparticle-reinforced carbon 

nanofibers 
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3.6. Stability and reusability of Fe/Zn-CNFs for photocatalytic Azithromycin degradation 

The stability and reusability of photocatalysts are key parameters that determine their practicality in 

large-scale wastewater treatment applications. The study tested Fe/Zn-reinforced carbon nanofibers for 

the degradation of azithromycin over five reuse cycles under optimal conditions. The photocatalytic 

performance was evaluated by measuring the concentration of residual azithromycin at the end of each 

cycle. The results demonstrate (Fig. 9) that the Fe/Zn-CNFs maintained a high degradation efficiency 

over five cycles, with the degradation efficiency exceeding 80% in the final cycle. A slight reduction in 

efficiency was observed, which is likely due to partial contamination, minor agglomeration, or gradual 

deactivation of the photocatalyst over repeated cycles. The durability and reusability of Fe/Zn-CNFs 

are attributed to their durable structural integrity, efficient magnetic recovery, and synergistic 

interactions between the Fe/Zn oxide nanoparticles and the carbon nanofiber matrix, which collectively 

enhance their photocatalytic activity and longevity. These findings highlight the potential of Fe/Zn-

CNFs as reliable, sustainable, and cost-effective photocatalysts for pharmaceutical wastewater 

treatment. By retaining significant degradation efficiency even after multiple cycles, Fe/Zn-CNFs 

demonstrate the feasibility of their application in real-world scenarios, thus addressing the need for 

recyclable materials in environmental remediation technologies. 

 

Fig. 9. Reusability of Fe/Zn-CNFs for photocatalytic degradation of azithromycin under optimal 

conditions over five cycles 

 

 

3.7. Antibacterial performance of Fe/Zn-CNFs 
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Metallic elements and metal oxides have potent antibacterial activities for treating various bacterial 

diseases. Among these, zinc oxide nanoparticles (ZnO-NPs) have received considerable 

attention globally owing to their natural antibacterial properties (Sirelkhatim et al. 2015). The Fe/Zn 

nanofibers formulated in different molar ratios exhibit varying inhibition zones against both Gram-

positive and Gram-negative bacteria (Fig. 10). Although the exact mechanism of the effects of ZnO-

NPs is not fully understood, studies have suggested their ability to inhibit the growth of diverse bacterial 

strains (Mendes et al. 2022a). As shown in Table 2, Fe/Zn (1:2) nanofibers exhibit inhibition zones of 

22.5 ± 1.3 mm against S. aureus and 18.7 ± 1.2 mm against E. coli, whereas Fe/Zn (2:1) nanofibers 

exhibit inhibition zones of 21.3 ± 1.2 mm against S. aureus and 15.5 ± 1.3 mm against E. coli. These 

variations in inhibition zones can be attributed to differences in bacterial sensitivity and the specific 

properties of the nanoparticles. 

 

Fig. 10. Antibacterial activity of Fe/Zn nanofibers against S. aureus and E. coli 

 

Table 2. Average inhibition zones of antibacterial activity for Fe/Zn nanofibers, measured in triplicate against 
two distinct bacterial strains 

Bacterial Strains Fe/Zn (1:2) Fe/Zn (2:1) 

S. aureus 22.5±1.3 21.3±1.2 

E. coli 18.7±1.2 15.5±1.3 

 

 

The antibacterial action of ZnO-NPs is primarily attributed to their production of reactive oxygen 

species (ROS), which impede bacterial growth through several mechanisms. Upon contact with 

bacteria, ZnO-NPs generate ROS, including hydrogen peroxide and superoxide radicals. These ROS 

can induce oxidative stress and damage bacterial cells. Furthermore, increased ROS levels can lead to 

lipid peroxidation of the bacterial cell membrane, disrupting its integrity and functionality. This 

disruption can destabilize the membrane, causing leakage of cellular contents, loss of essential 

functions, and ultimately leading to bacterial death (Tiwari et al. 2018).  

Findings from this study, along with recent research, indicate that the antibacterial efficacy of ZnO-NPs 

is more pronounced against S. aureus than against E. coli. It is important to note that the antibacterial 

property assessments were conducted in triplicate, and the averages shown in Table 2 reflect these 
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measurements. The generation of ROS by ZnO-NPs is a critical mechanism underlying their 

antibacterial activity. Studies have demonstrated that ROS production by ZnO-NPs is more effective 

against S. aureus than E. coli (Jones et al. 2008; Lallo da Silva et al. 2019; Mendes et al. 2022b). 

4. Conclusion 

This study demonstrated the potential of iron/zinc oxide nanoparticle-reinforced carbon nanofibers, 

synthesized via electrospinning, for photocatalytic degradation of the azithromycin in aqueous 

solutions. The experimental analysis confirmed that the iron/zinc oxide nanoparticles were successfully 

incorporated into the carbon nanofiber matrix, as verified by XRD, Raman, and DRS analyses, which 

demonstrated the crystalline structure and optimal bandgap energy of the nanofibers. The Fe/Zn (1:2) 

catalyst exhibited a narrower bandgap (2.899 eV) compared to pure ZnO (3.37 eV), enabling enhanced 

photocatalytic activity under UV light and achieving a degradation efficiency of over 97.5% of 

azithromycin under optimal conditions. Furthermore, the Response Surface Methodology (RSM) 

optimization identified the highest degradation efficiency at a reaction time of 103 min, with a catalyst 

dose of 27.1 mg/L, pH 4, and azithromycin concentration of 15.8 mg/L, which corresponds to the 

catalyst's optimized bandgap. The effect of the light source was also investigated, demonstrating that 

Fe/Zn-CNFs exhibit remarkable degradation efficiency under both UV and visible light. Specifically, 

the Fe/Zn (2:1) and Fe/Zn (1:2) catalysts achieved nearly complete degradation of azithromycin 

(approximately 98%) under UV light, while under visible light, the degradation efficiency reached 85% 

and 81%, respectively. The ability to use visible light further underscores the versatility of Fe/Zn-CNFs 

as photocatalysts. The stability and reusability of the Fe/Zn-CNFs were evaluated over five consecutive 

cycles under optimal conditions. The results indicate that the photocatalyst maintained over 80% 

degradation efficiency in the final cycle, highlighting its excellent reusability and stability. This stability 

is critical for practical applications in wastewater treatment. The superior photocatalytic performance 

can be attributed to the synergetic interaction between the iron and zinc oxide nanoparticles and the 

carbon nanofiber matrix, which enhanced the surface area, increased the number of reactive sites, and 

promoted efficient charge separation. Additionally, the nanofibers exhibited antibacterial efficacy 

against E. coli and S. aureus, likely due to the generation of reactive oxygen species, which inhibit the 

proliferation of antibiotic-resistant bacteria. In conclusion, iron/zinc oxide nanoparticle-reinforced 

carbon nanofibers demonstrated excellent photocatalytic degradation efficiency, stability, reusability, 

and antibacterial properties, highlighting their potential as an effective solution for pharmaceutical 

wastewater treatment. These findings mark a significant advancement in the utilization of 

nanotechnology to degrade of antibiotic pollutants and reduce antibiotic resistance in water systems. 
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