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Abstract 

   Antibiotic overuse and subsequent environmental contamination are significant threats to 

ecosystems and human health. To accomplish this objective, the CuFe12O19@ZnO/Au ternary 

nanocomposite (NCs) was synthesized using an eco-friendly, cost-efficient, and sustainable method. 

The synthesis, optimized using sodium dodecylbenzenesulfonate (SDBS) and Valeriana officinalis L. 

extract, resulted in uniform spherical nanoparticles ranging from 35-75 nm that confirmed with TEM, 

XRD, VSM, DRS, and FT-IR analyses. The photocatalytic efficiency of CuFe12O19@ZnO/Au was 

determined for the degradation of penicillin G under varying operational conditions. Under optimal 

conditions (pH 5, 20 ppm penicillin G concentration, and 0.8 g/L catalyst dosage), the nanocomposite 

revealed 89.61% degradation rate, outperforming CuFe12O19 and CuFe12O19@ZnO. This 

enhancement is attributed to the reduced energy band gap of the magnetic substrate after the 

incorporation of ZnO and Au. Furthermore, the reusability test revealed that the nanocomposite 

maintained high degradation efficiency after five cycles. Antibacterial testing confirmed the strong 

antibacterial activity of the nanocomposite against Gram-negative bacteria, including Escherichia 



coli and Klebsiella pneumoniae. This dual functionality, encompassing both photocatalytic 

degradation and antibacterial effects, positions CuFe12O19@ZnO/Au NCs as promising candidates for 

sustainable environmental remediation and antimicrobial applications. 
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1. Introduction 

   Water is vital for life and must be pollutant-free. In developing countries, water pollution from 

contaminants like pharmaceuticals and heavy metals is a major environmental concern [1]. 

Pharmaceuticals, including antibiotics, enter the environment through wastewater from hospitals and 

factories. Their toxicity, persistence, and contribution to drug resistance make them stable pollutants 

[2]. Penicillin G (PG) is a water-soluble antibiotic produced by Penicillium, used to treat bacterial 

infections. It can persist in the environment, with residual concentrations reaching up to 1.68 mg L -1 

in treated wastewater. The persistence of PG in the environment, due to its non-biodegradability, 

highlights the need for efficient degradation methods to prevent contamination of aquatic ecosystems 

and mitigate health risks associated with antibiotic exposure [3, 4]. 

   Conventional treatment methods for removing pharmaceutical pollutants are often inefficient due 

to the presence of aromatic rings in their molecular structure. Advanced Oxidation Processes (AOPs), 

particularly ultraviolet-based AOPs, present a promising solution for addressing water contamination 

caused by emerging organic pollutants [4, 5]. Photocatalytic methods offer eco-friendly solutions for 

removing organic pollutants, effectively avoiding secondary pollution [6]. Various nanomaterials, 

such as MgFe2O4 [7], CuAl2O4 [8], and MnO2 [9], have been used for pollutant degradation, all of 

which have demonstrated satisfactory results in pollutant removal. 

   Hexaferrites, particularly MFe12O19 (where M can be a divalent metal such as Cu2+, Zn2+, Ba2+, and 

others), are highly regarded for their unique magnetic and photocatalytic properties. These materials 

have been extensively studied due to their stability, low cost, and versatile applications in fields such 



as magnetic recording, high-frequency devices, and photocatalysis [10, 11]. MFe12O19 compounds 

can be fabricated via different processes, such as hydrothermal and sol-gel, ensuring the formation of 

homogeneous nanostructures with controlled morphology [12-14]. Among these, CuFe12O19 has been 

considered in this study due to its potential for improved charge separation, which may contribute to 

reduced electron-hole recombination and enhanced photocatalytic efficiency. A previous study have 

demonstrated that CuFe12O19 exhibits excellent photocatalytic activity when combined with carbon-

based materials such as CNTs and graphene [11]. However, further modifications are required to 

optimize its performance, particularly in aqueous environments where charge recombination and 

limited surface activity can reduce efficiency. 

   To address these challenges, CuFe12O19 was coupled with ZnO and Au to form a ternary 

nanocomposite with improved photocatalytic and antibacterial properties. ZnO is a well-known 

photocatalyst with a wide bandgap making it highly effective in pollutant degradation   [15, 16]. By 

integrating ZnO with CuFe12O19, we aim to enhance charge separation and extend the photocatalytic 

activity under UV light irradiation. Furthermore, the deposition of gold nanoparticles (AuNPs) onto 

the CuFe12O19@ZnO composite introduces additional advantages. AuNPs are known for their unique 

optical properties [17], which can improve light absorption through surface plasmon resonance (SPR) 

[18] and facilitate charge transfer at the interface, ultimately enhancing the photocatalytic efficiency. 

In this research, the rationale behind incorporating AuNPs is twofold: (i) they act as electron sinks, 

thereby reducing charge carrier recombination and extending the lifetime of reactive species [19], and 

(ii) they enhance light absorption through localized LSPR effects, further boosting photocatalytic 

performance. Chen's study reported that the increased absorption was attributed to the SPR effect of 

gold nanoparticles [20]. Additionally, while gold nanoparticles are known to sometimes promote 

charge recombination, their role in photocatalysis is largely dependent on factors such as particle size, 

deposition method, and material architecture.  



   Herein, we synthesized novel three-component nanocomposites to investigate their photocatalytic 

and antibacterial activities. Several key innovations of this work are as follows: (i) Synthesis of 

CuFe12O19@ZnO/Au NCs for the first time. (ii) Utilization of Valeriana officinalis L. plant extract 

for the reduction of Au3+ and the synthesis of nanocomposites. (iii) Adoption of a green and cost-

effective method for the synthesis of the nanocomposites. (iv) Exploration of various conditions to 

obtain the highest degradation performance of the antibiotic Penicillin G. These novel approaches 

contribute to the advancement of photocatalysis and antibacterial studies, offering new insights into 

sustainable material synthesis and effective antibiotic degradation. 

2. Experimental 

2.1. Materials 

   The precursors used in this study included iron (III) nitrate nonahydrate, sodium 

dodecylbenzenesulfonate, tetrachloroauric (III) acid trihydrate, zinc nitrate hexahydrate, copper (II) 

nitrate hexahydrate, methanol, and ethanol were purchased from Sigma-Aldrich that analytical grade 

without further purification. Additionally, double-distilled water was employed throughout the 

experiments. 

2.2. Preparation of Valeriana officinalis L. extract 

   The Valeriana officinalis L. plant was collected from the forests of Mazandaran Province, Iran. 

After thorough washing and removal of any debris, the plant was dried for 48 h. Extraction was 

carried out according to the method explained by Mohammadi-Aghdam et al., with slight 

modification [21]. In this process, 250 g of the powdered Valeriana officinalis was immersed in 

methanol. The mixture was left to soak in methanol for 72 h. After this soaking period, the solvent 

was evaporated using a rotary equipment. The resulting extract was stored at 4℃. 

2.3. Fabrication of magnetic CuFe12O19 nanoparticles 



   CuFe12O19 nanoparticles were fabricated using the auto-combustion sol-gel process, based on a 

procedure previously reported by Ansari et al., with slight modifications [10]. In this synthesis, 

sodium dodecylbenzenesulfonate was used as a capping agent, and citric acid (C6H8O7) served as a 

fuel to facilitate the auto-combustion process. Initially, 0.3 g of Cu(NO3)2.6H2O was dissolved in 10 

mL of H2O. Then, 10 mL of SDBS (whit a molar ratio 1:1 Cu:SDBS) was added dropwise to the 

copper solution while stirring gently. The reaction was allowed to continue for 30 min. Next, a 

stoichiometrically balanced amount of citric acid was added to maintain the appropriate fuel-to-

oxidizer (F/O) ratio in the mixture. Subsequently, 15 mL of distilled water containing iron nitrate 

(Fe(NO3)3·9H2O) was added dropwise (one drop every 5 seconds) to the reaction mixture in a molar 

ratio of 1:12 (Cu:Fe). The reaction was conducted at 100 ℃ with vigorous stirring for 50 min. During 

this stage, the solution gradually transformed into a viscous gel due to the complexation of metal ions 

with citric acid and the progressive evaporation of water. The gel was dried at 120 ℃ and subjected 

to calcination in a furnace at 950 ℃ for 3 h to obtain phase-pure CuFe12O19 nanoparticles.  

2.4. Fabrication of magnetic CuFe12O19@ZnO NCs 

   Initially, 200 mg of CuFe12O19 nanoparticles were dispersed in 20 mL of ethanol and water solution 

under ultrasonic conditions. Next, a specific amount of SDBS was dissolved in 15 mL of water and 

added to the CuFe12O19 solution. The SDBS surfactant playing a crucial role in obtaining uniform and 

homogeneous nanomaterials. To facilitate deposition, a 10% zinc oxide salt (Zn(NO3)2.6H2O) 

solution was prepared by dissolving a specific amount of zinc salt in 10 mL of water and adding it to 

the solution. By adding 0.8 M sodium hydroxide, the pH of the solution was subsequently adjusted 

to 12. A color change from nearly black to a lighter black indicated the preparation of Zn(OH)2 on 

the CuFe12O19. Finally, the obtained powder was calcined at 550°C for 3 h to obtain the 

CuFe12O19@ZnO NCs. 

2.5. Fabrication of CuFe12O19@ZnO/Au NCs 



   To introduce gold nanoparticles onto the magnetic substrate, 7 mg of gold chloride, dissolved in 5 

mL of distilled water, were slowly introduced into the CuFe12O19@ZnO NCs while stirring at a low 

speed. Subsequently, 5 mL of Valeriana officinalis L. extract was introduced dropwise into the 

solution. The extract served a dual function: it acted as a reducing agent, facilitating the reduction of 

gold ions to gold nanoparticles, and as a stabilizing agent, ensuring the stability and uniform 

dispersion of the formed nanoparticles. After 60 min, the mixture was centrifuged and then dried 

2.6. Antibacterial activity 

   In this study, the antibacterial performance of the synthesized nanocomposites was evaluated 

according to the method proposed by Kiani et al. [22]. As the primary focus of this research was on 

the photocatalytic properties of the nanocomposites, the antibacterial test was conducted as a 

supplementary analysis to assess any potential antibacterial effects of the synthesized material. Given 

the composition of the nanocomposite, strong antibacterial activity was not expected. To compare the 

antibacterial potential, tetracycline, a well-known antibiotic, was used as a reference. The 

antibacterial test was performed against four bacterial strains, including two Gram-positive bacteria 

(Staphylococcus aureus and Enterococcus faecalis) and two Gram-negative bacteria (Escherichia coli 

and Klebsiella pneumoniae). For the antibacterial assay, 100 µL of Muller-Hinton broth medium 

containing various concentrations of the NCs were added to microplate. Then, 100 µL of bacterial 

suspension was introduced into each well. The experiments were carried out in triplicate. Following 

24 h, the minimum inhibitory concentration (MIC) was evaluated by observing the turbidity of the 

wells. The lowest concentration that showed no turbidity was considered the MIC. 

2.7. Photocatalytic test 

   The photocatalytic degradation was carried out under UV-C light using a radiation source with a 

wavelength of 253.7 nm (18 W). The absorbance of Penicillin G, as an antibiotic pollutant, was 

recorded at 225 nm, which corresponds to its maximum absorption wavelength (λmax), using a UV-



Vis instrument. Optimization of the degradation process was performed to achieve the highest 

efficiency, considering various parameters, including nanocatalyst concentration (0.2-1.7 g/L), 

antibiotic concentration (20-80 mg/L), and pH (1-11). First, a known concentration of the peniciline 

G was diluted in 30 mL of distilled water. A set amount of nanomaterials was then introduced into the 

solution. Then, at designated time points, solution samples were taken, and their absorbance was 

determined with UV-Vis instrument. Sampling was performed at 140 min intervals of. Table. 1 

provides the details of this experiments. The degradation of Penicillin G was measured based on the 

following equation. A0-At/A0 × 100. A0 is the absorbance at initial time and At is the absorbance after 

t time.  

3. Results and discussion 

3.1. Suggested mechanism for Au3+ reduction 

   One critical aspect of this study is understanding the mechanism behind the reduction of Au3+ on 

the surface of CuFe12O19@ZnO nanocomposites and the subsequent formation of AuNPs using 

Valeriana officinalis L. extract. While the exact concentrations of phenolic compounds in the extract 

were not determined in this study, previous reports have shown that gallic acid is one of the most 

abundant phenolic compounds in Valeriana officinalis L. extract (e.g., [23]). Based on these findings, 

we propose that gallic acid may play a significant role in the reduction of gold ions, leading to the 

formation of Au3+ on the surface of CuFe12O19@ZnO NCs. The suggested mechanism is depicted in 

Fig. 1. It is important to note that this mechanism is based on literature evidence, and further studies 

are required to confirm the exact role of gallic acid and other phenolic compounds in this process. 

3.2. XRD analysis 

   The crystalline structure of the fabricated materials was examined using X-ray diffraction (XRD) 

analysis. The XRD patterns for CuFe12O19 nanoparticles, as well as for the CuFe12O19@ZnO and 

CuFe12O19@ZnO/Au NCs, are shown in Figure 2. The XRD pattern for CuFe12O19, shown in Fig. 2a, 



does not match any standard JCPDS reference card, which is expected, as this compound is relatively 

new and has not yet been assigned an official reference pattern. We hypothesize that the synthesized 

material may consist of a combination of Fe2O3 and CuFe2O4, as the single crystal of CuFe12O19 has 

not yet been isolated, and thus, its exact composition remains uncertain. However, similar diffraction 

patterns have been reported in the literature. Mahdiani et al. [11] observed an XRD pattern for 

CuFe12O19 that could not be identified using JCPDS cards, confirming its phase purity by comparing 

it with the reference provided by Ansari et al. [10]. Our results are in strong agreement with these 

previously reported XRD patterns, confirming the successful synthesis of CuFe12O19 in this study. 

Upon incorporation of ZnO onto the CuFe12O19, nine additional peaks were detected, as shown in 

Fig. 2b. These peaks correspond to ZnO and are located at 31.89° (100), 34.21° (002), 36.12° (101), 

47.52° (102), 56.72° (110), 62.52° (103), 68.07° (112), and 77.51° (202). These results confirm the 

presence of ZnO in the composite and align well with the JCPDS reference card (01-080-0075). 

Finally, the XRD pattern for the CuFe12O19@ZnO/Au NCs is presented in Fig. 2c. The presence of 

Au in the composite is confirmed by four distinct peaks at 38.32° (111), 44.34° (200), 64.26° (220), 

and 77.49° (311). These peaks are characteristic of face-centered cubic gold and match well with the 

JCPDS reference card (00-004-0784). Gold nanoparticles were formed on the magnetic substrate 

using Valeriana officinalis L. extract, which acts as both a reducing and stabilizing agent. Our results 

were consistent with the findings reported by Sundararajan et al. [24]. They demonstrated that the 

green-synthesized gold nanoparticles exhibited four main peaks at 38.18°, 44.38°, 64.57°, and 77.56°. 
3.3. FT-IR spectra 

   FT-IR spectroscopy was employed in this study to analyze the functional groups present in the 

synthesized materials. Figure 3 presents the FT-IR spectra of CuFe12O19, CuFe12O19@ZnO, and 

CuFe12O19@ZnO/Au NCs. The FT-IR spectrum of CuFe12O19 (Fig. 3a) exhibits a absorption band at 

3432 and 1642 cm-1, corresponding to the hydroxyl stretching vibrations of water molecules [11, 25, 

26], likely due to surface hydroxylation caused by ambient humidity during sample preparation. 



Additionally, weak absorption peaks in the range of 1000-1200 cm⁻¹ indicate the presence of residual 

nitrate groups from precursor materials [11]. The strong absorption bands at 474 cm-1 and 569 cm-1 

correspond to Fe-O and Cu-O stretching vibrations, verifying the presence of metal-oxygen bonds 

[11]. The FT-IR spectrum of CuFe12O19@ZnO NCs (Fig. 3b) reveals similar metal-oxygen bonds at 

466 cm⁻¹ and 553 cm-1. However, the intensity of these bands slightly decreases due to the 

incorporation of ZnO nanoparticles. A new absorption band at 579 cm⁻¹ is related with Zn-O 

stretching vibrations [21]. Furthermore, bands at 2931 and 3408 cm-1 correspond to C-H and hydroxyl 

stretching vibrations, respectively [27], with the latter likely arising from adsorbed moisture on the 

nanocomposite surface. The FT-IR spectrum of CuFe12O19@ZnO/Au NCs (Fig. 3c) exhibits spectral 

features corresponding to the functional groups of Valeriana officinalis L. extract, which was applied 

as a reducing agent for gold ion reduction and gold nanoparticle formation on the magnetic substrate. 

Absorption bands below 1000 cm-1 correspond to metal-oxygen bonds related to CuFe12O19 and ZnO, 

while a broad band at 3419 cm-1 represents O-H stretching vibrations. Additionally, strong absorption 

peaks at 1687 and 1051 cm-1 are attributed to carbonyl group (C=O), and -C-O stretching vibrations 

of alcohol groups, respectively [28], confirming the successful incorporation of extract-derived 

functional groups. These findings validate the successful synthesis of CuFe12O19@ZnO/Au NCs. 

3.4. Morphology and size study  

   The morphology, size, and uniformity of the synthesized products were evaluated using TEM 

analysis. Fig. 4 presents TEM images and histograms of the particle size distribution for the 

CuFe12O19, CuFe12O19@ZnO, and CuFe12O19@ZnO/Au NCs. As shown, the particle size increased 

with the addition of each new component. The CuFe12O19 nanoparticles (Fig. 4a) exhibit a size range 

of 15-45 nm, which is confirmed by histogram analysis. Some degree of agglomeration can be 

attributed to the magnetic nature of the nanoparticles. A similar particle size (~35-40 nm) was reported 

in a study by Javidan et al., where CuFe12O19 was fabricated using the co-precipitation method [29]. 

Upon adding ZnO nanoparticles onto the magnetic CuFe12O19 substrate, the particle size increased to 



25-60 nm (Fig. 4b). Some areas displayed partial agglomeration due to the composite’s magnetic 

properties, which occasionally explain the larger particle sizes observed in the histogram. Similar 

results were reported by Asri et al., where the deposition of zinc oxide on a magnetic substrate led to 

an increase in particle size [30]. After incorporating gold nanoparticles using Valeriana officinalis L. 

extract, the particle size slightly increased. TEM images of the nanocomposites show oval-shaped 

nanoparticles (Fig. 4c) with sizes ranging from 35 to 75 nm. The presence of the extract on the gold 

nanoparticles led to mild aggregation, although individual nanocomposites remain distinguishable. 

Overall, the synthesized nanocomposites exhibit spherical morphology and suitable size, indicating 

their potential for catalytic and biological applications.  

3.5. Magnetic properties of nanocatalysts 

   Magnetic properties are among the most critical characteristics of nanomaterials, facilitating their 

separation and reuse, particularly in environmentally focused applications. To assess the magnetic 

behavior of the synthesized nanocatalysts, Vibrating Sample Magnetometry (VSM) was performed. 

The VSM results for CuFe12O19, CuFe12O19@ZnO, and CuFe12O19@ZnO/Au NCs are presented in 

Fig. 5, revealing saturation magnetization (Ms) values of 13.27 (Fig. 5a), 8.11 (Fig. 5b), and 3.96 

emu/g (Fig. 5c), respectively. The observed decrease in Mₛ values following the deposition process is 

related to the non-magnetic nature of ZnO and Au NPs. Despite this reduction, both CuFe12O19@ZnO 

and CuFe12O19@ZnO/Au retained sufficient magnetic properties, allowing for their effective 

separation from aqueous solutions using an external magnet. This confirms their potential as 

recyclable and environmentally friendly magnetic nanocatalysts. Furthermore, the synthesis of 

CuFe12O19@ZnO/Au NCs using Valeriana officinalis L. extract reinforces their applicability as green 

catalysts, offering both recyclability and efficiency in various catalytic processes. 

3.6. DRS analysis  



   The photocatalytic activity of nanocomposites is significantly influenced by their ability to absorb 

light and their bandgap energy (Eg). In this study, diffuse reflectance spectroscopy (DRS) was used 

to evaluate the electronic structure and light absorption properties of the synthesized nanocomposites. 

The results showed (Fig. 6) that the bandgap values for CuFe12O19, CuFe12O19@ZnO, and 

CuFe12O19@ZnO/Au NCs were 3.26, 3.14, and 3.02 eV, respectively. The observed reduction in the 

bandgap of the CuFe12O19@ZnO/Au NCs is attributed to the synergistic effects of ZnO and Au 

nanoparticles. The incorporation of ZnO leads to improved charge separation at the heterojunction 

interface, while Au nanoparticles enhance light absorption, particularly in the visible range, due to 

the localized surface plasmon resonance (LSPR) effect. Furthermore, Au acts as an electron sink, 

facilitating charge transfer and reducing electron-hole recombination, which has been demonstrated 

in previous studies [31]. These combined effects contribute to the observed decrease in the effective 

bandgap, enhancing the photocatalytic efficiency of the nanocomposite under UV light. 

3.7. Antibacterial activity  

   The antibacterial performance of CuFe12O19, CuFe12O19@ZnO, and CuFe12O19@ZnO/Au NCs was 

evaluated against four bacterial strains. The results, summarized in Table. 2, indicate that CuFe12O19 

alone exhibited negligible antibacterial activity (MIC > 4000 µg/mL), likely due to its lack of intrinsic 

bactericidal properties. However, ZnO deposition significantly enhanced antibacterial efficacy, as 

evidenced by the reduced MIC values of 1000, 2000, 2000, and 2000 µg/mL for Escherichia coli, 

Klebsiella pneumoniae, Enterococcus faecalis, and Staphylococcus aureus, respectively. The 

incorporation of gold nanoparticles into CuFe12O19@ZnO NCs further enhanced antibacterial 

performance, with MIC values decreasing to 500, 500, 1000, and 1000 µg/mL for the respective 

bacterial strains. This improvement can be attributed to the ability of gold nanoparticles to increase 

cellular uptake and intensify ROS-mediated stress. Furthermore, the use of Valeriana officinalis L. 

extract in the synthesis process likely contributed to improved surface characteristics and 

biocompatibility. This extract contains bioactive compounds, such as polyphenols and flavonoids, 



which may aid in stabilizing nanoparticles and enhancing their antibacterial effects. The higher 

susceptibility of Gram-negative bacteria to these nanocomposites can be attributed to their thinner 

peptidoglycan layers [32], which facilitate better nanoparticle penetration. In contrast, Gram-positive 

bacteria exhibit greater resistance due to their thicker cell walls. The proposed antibacterial 

mechanism, supported by previous studies [22], involves the adhesion of nanomaterials to bacterial 

membranes, causing membrane disruption and pore formation. This allows nanomaterials to penetrate 

the bacterial cell, where they interact with intracellular components and induce oxidative stress via 

ROS generation, ultimately leading to bacterial cell death (Fig. 7).  

3.8. Photocatalytic degradation 

This study investigates the use of NCs for the degradation of the Penicillin G. Our approach involved 

determining the optimal dose of the nanocatalyst, CuFe12O19, pH, and pollutant concentration, 

followed by evaluating the photocatalytic activity of CuFe12O19@ZnO and CuFe12O19@ZnO/Au 

under these optimal conditions. To evaluate the effect of UV-C radiation alone, a control experiment 

was conducted without the nanocatalyst. The results showed that after 140 min of UV-C exposure, 

only ~4.3% of Penicillin G was degraded, indicating that direct photolysis is not significantly 

effective. This highlights the necessity of a photocatalyst to enhance degradation efficiency.  

3.8.1. Effect of pH 

The pH of the reaction medium plays a crucial role in the degradation efficiency of pollutants. In this 

study, pH values of 1, 3, 5, 7, and 11 were tested to identify the optimal condition. As illustrates in 

Fig. 8, the best degradation was observed at pH 5, with the lowest degradation occurring at pH 1 

(catalyst concentration 0.5 g/L and antibiotic concentration 40 ppm). As the pH increased from 1 to 

5, the degradation efficiency increased from 17.61% at pH 1 to 60.84% at pH 5. However, further 

increases in pH beyond 5 resulted in a decrease in degradation efficiency, with pH 11 showing a 

reduction to 47.72%. This behavior can be explained by the interaction between the nanocatalyst 



surface and ions in the solution. At pH values below 5, the surface of CuFe12O19 is predominantly 

occupied by H+ ions, resulting in a positive surface charge. In contrast, at pH values above 5, OH− 

ions dominate the surface, leading to a negative charge. Under basic conditions, Penicillin G 

transitions into its anionic form, leading to electrostatic repulsion with the negatively charged catalyst 

surface. This electrostatic repulsion hinders effective interaction between the catalyst and the 

antibiotic, leading to a decrease in degradation efficiency [33]. Furthermore, at lower pH values, 

hydroxyl radicals are less hindered by H+ ions, thereby facilitating more efficient degradation. On the 

other hand, at higher pH values, reduced degradation may be attributed to the formation of insoluble 

complexes, which decrease UV light penetration and, consequently, reduce hydroxyl radical 

generation potential. Additionally, Zeta potential measurements for CuFe12O19 were performed at 

various pH values to support these observations. The Zeta potential values at pH 1, 3, 5, 7, and 11 

were found to be +16.3, +7.4, -2.2, -6.8, and -19.6 mV, respectively. These values indicate the change 

in surface charge of the catalyst with pH, which is consistent with the proposed electrostatic repulsion 

mechanism between the catalyst and the antibiotic at higher pH values. 

3.8.2. Effect of CuFe12O19 concentration 

   Another significant factor influencing pollutant degradation is the nanocatalyst concentration. 

CuFe12O19 concentrations between 0.2 and 1.7 g/L were evaluated at the optimal pH of 5 for Penicillin 

G degradation, with the results presented in Fig. 9. The data indicate that degradation efficiency 

increases with catalyst concentration up to a certain level. Notably, increasing the concentration from 

0.2 g/L to 0.8 g/L enhanced the degradation efficiency from 56.17% to 67.43%. However, at 

concentrations above 0.8 g/L, the efficiency declined, reaching 47.38% at 1.7 g/L. This trend can be 

related to two main factors. Initially, increasing the catalyst concentration enhances the availability 

of active sites and the generation of reactive oxygen species (ROS), leading to improved degradation. 

However, at higher concentrations, particle aggregation occurs due to the magnetic nature of 

CuFe12O19, reducing the active surface area [3]. Additionally, excessive catalyst loading can limit 



light penetration, further decreasing degradation efficiency. Therefore, 0.8 g/L is considered the 

optimal concentration for Penicillin G degradation, balancing catalytic activity and minimizing 

unwanted side effects. 

3.8.3. Effect of antibiotic concentration 

   After determining the optimal pH and nanocatalyst concentration in the previous steps, this stage 

focused on evaluating the effect of penicillin G concentration to establish the most favorable 

conditions. Penicillin G concentrations of 20, 40, 60, and 80 ppm were studied, with the results 

presented in Figure 10. The findings illustrate that the degradation efficiency of Penicillin G decreased 

as the antibiotic concentration increased. The best degradation was observed at 20 ppm (73.27%), 

whereas the lowest efficiency (40.02%) was recorded at 80 ppm. This decline in degradation 

efficiency can be attributed to increased light absorption by the antibiotic molecules. As the antibiotic 

concentration rises, more light is absorbed by the antibiotic itself, reducing the amount of light 

reaching the nanocatalyst. Consequently, fewer photons interact with the catalyst surface, leading to 

a lower degradation rate. 

3.8.4. Photocatalytic performance of CuFe12O19@ZnO and CuFe12O19@ZnO/Au 

   In previous experiments, the optimal catalyst concentration, penicillin G concentration, and pH, 

using magnetic CuFe12O19 nanocatalysts were determined. To further investigate the synergistic role 

of ZnO and Au NPs in enhancing photocatalytic efficiency, Penicillin G degradation was examined 

using CuFe12O19@ZnO and CuFe12O19@ZnO/Au under UV light under optimized conditions. The 

results, presented in Figure 11, show an 83.56% degradation efficiency after 140 min when ZnO was 

deposited onto the CuFe12O19 substrate. Incorporating Au nanoparticles into the CuFe12O19@ZnO 

structure further increased the degradation efficiency to 89.61%. This improvement can be attributed 

to several synergistic effects: (i) Enhanced charge separation: The presence of Au facilitates electron 

transfer from ZnO, reducing electron-hole recombination and increasing charge carrier lifespan. (ii) 



Surface plasmon resonance effect of Au: This effect enables broader light absorption, enhancing 

photocatalytic performance. (iii) Reduced bandgap energy: The incorporation of Au lowers the 

bandgap of the nanocomposite, improving its efficiency under UV light. Additionally, ZnO provides 

active sites for the generation of hydroxyl (OH.) and superoxide (O2.−) radicals, which play a crucial 

role in Penicillin G degradation. These observations align with the measured reduction in bandgap 

energy, confirming the successful modification of the magnetic nanocatalyst. Overall, the synergistic 

effects of ZnO and Au significantly enhance the photocatalytic performance of the CuFe12O19 NCs. 

3.8.5. Photocatalytic mineralization 

   To evaluate the degree of mineralization during the photocatalytic degradation, both total chemical 

oxygen demand (COD) and organic carbon (TOC) were determined. The experiments were conducted 

under optimized conditions, which were previously determined, with a solution pH of 5, a catalyst 

dosage of 0.8 g/L, an initial antibiotic concentration of 20 ppm, and a reaction time of 140 min. TOC 

and COD are commonly used as key parameters to assess the mineralization of organic pollutants in 

advanced oxidation processes. The photocatalytic system achieved a TOC removal efficiency of 

63.9%, while the COD removal was 76.3% (Fig. 12). The higher COD removal indicates that a 

significant portion of the organic contaminants was oxidized into simpler intermediates, which were 

ultimately mineralized into CO2 and H2O. The remaining TOC suggests that some carbon-based 

intermediates were still present in the solution. The results also show that most of the reduction in both 

TOC and COD occurred within the first 80 min of the reaction, likely due to the rapid degradation of 

aromatic rings by reactive oxygen species [34]. Extending the reaction time may further enhance COD 

removal and improve the overall mineralization efficiency of the photocatalytic process.  

3.8.6. Mechanism of antibiotic degradation 

  The proposed degradation mechanism in the CuFe12O19@ZnO/Au nanocomposite system is based 

on general principles observed in similar metal-semiconductor photocatalytic systems, such as those 



reported in the literature for Fe3O4@TiO2-Au composites [35]. Although the components of these 

systems differ, particularly in the use of TiO2 instead of ZnO, the underlying photocatalytic 

mechanism, where electron transfer occurs from the semiconductor to metal nanoparticles (Au), could 

be similar. In this study, we hypothesize that a comparable mechanism may be occurring in the 

CuFe12O19@ZnO/Au system (Fig. 13). Upon UV light exposure, photoexcited electrons from ZnO 

conduction band migrate to the gold nanoparticles, causing a shift in the composite overall Fermi 

level (Ef) to a more negative potential (Ef’). The electron transfer is enhanced by the formation of a 

Schottky junction at the metal-semiconductor interface. Gold nanoparticles act as electron acceptors, 

enhancing charge separation and prolonging the lifetime of the electron-hole pairs, which in turn 

promotes photocatalytic activity. These transferred electrons are captured by adsorbed oxygen (O2), 

leading to the generation of reactive oxygen species such as superoxide anion radicals (O2.−) and 

hydroxyl radicals (OH.), which are highly effective in degrading Penicillin G. The magnetic properties 

of CuFe12O19 can facilitate the separation and retention of the catalyst after the reaction, which can 

be advantageous for catalyst recycling and stability. Furthermore, the magnetic nature of CuFe12O19 

helps to enhance the overall photocatalytic performance of the CuFe12O19@ZnO/Au nanocomposite 

by improving the charge carrier separation, which leads to increased degradation efficiency.  

3.9. Recyclability and photocatalytic stability of CuFe12O19@ZnO/Au NCs 

   The recyclability and photocatalytic stability of the CuFe12O19@ZnO/Au NCs were investigated by 

evaluating its performance in degrading the penicillin G over five consecutive cycles. The results, 

shown in Fig. 14, demonstrate that the photocatalyst retained a substantial portion of its activity. 

Specifically, 89.61% of the antibiotic was degraded after the first cycle, with only a slight decrease 

to 79.42% degradation observed after five cycles. This minimal reduction in photocatalytic efficiency 

indicates the robustness and stability of the CuFe12O19@ZnO/Au NCs under repeated use. Such 

recyclability highlights its potential for practical applications in wastewater treatment, where 

durability and efficiency over multiple cycles are critical requirements. The ability to maintain high 



degradation rates even after successive cycles underscores the nanocomposite's suitability as a 

sustainable photocatalyst for environmental remediation. 

4. Conclusion 

   In this research, CuFe12O19@ZnO/Au NCs were synthesized, exhibiting a high photocatalytic 

degradation efficiency of 89.61% for Penicillin G under optimized conditions (pH 5, 0.8 g/L catalyst 

concentration, and 20 ppm antibiotic). This performance outperformed that of the individual 

components, CuFe12O19 and CuFe12O19@ZnO. The enhanced degradation efficiency was related to 

the synergistic effects of ZnO and Au, which facilitated improved electron transfer, reduced 

recombination of electron-hole pairs, and enhanced UV light absorption. Furthermore, antibacterial 

tests demonstrated that the CuFe12O19@ZnO/Au nanocomposite showed superior activity against 

Gram-negative bacteria, due to the enhanced interaction between the nanocomposite and the thinner 

peptidoglycan layer of Gram-negative bacteria. 
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Figure captions 

Table.1. Various conditions for photocatalytic reactions under different parameters. 

Table.2. Antibacterial activity results of CuFe12O19, CuFe12O19@ZnO, and CuFe12O19@ZnO/Au 

nanocomposites against various strains. 

Fig.1. Proposed mechanism for the formation of CuFe12O19@ZnO/Au nanocomposites in the 

presence of plant extract. 

Fig.2. XRD patterns of synthesized nanomaterials: (a) CuFe12O19, (b) CuFe12O19@ZnO, and (c) 

CuFe12O19@ZnO/Au nanocomposites. 

Fig.3. FTIR spectra of (a) CuFe12O19, (b) CuFe12O19@ZnO, and (c) CuFe12O19@ZnO/Au 

nanocomposites. 

Fig.4. TEM images and corresponding histogram plots of (a) CuFe12O19, (b) CuFe12O19@ZnO, and 

(c) CuFe12O19@ZnO/Au nanocomposites. 

Fig.5. VSM analysis for investigating magnetic properties of ((a) CuFe12O19, (b) CuFe12O19@ZnO, 

and (c) CuFe12O19@ZnO/Au nanocomposites. 

Fig.6. Diffuse reflectance spectroscopy of (a) CuFe12O19, (b) CuFe12O19@ZnO, and (c) 

CuFe12O19@ZnO/Au nanocomposites. 

Fig.7. Proposed mechanism for the antibacterial activity of CuFe12O19@ZnO/Au nanocomposite 

against bacteria 

Fig.8. Degradation of penicillin G at different pH values using CuFe12O19. 

Fig.9. Degradation of penicillin G at different nanocatalyst dosage values using CuFe12O19. 

Fig.10. Degradation of penicillin G at various antibiotic concentration using CuFe12O19. 



Fig.11 Photocatalytic activity of CuFe12O19@ZnO and CuFe12O19@ZnO/Au nanocomposites under 

optimal conditions. 

Fig.12. COD and TOC removal of penicillin G under optimized circumstances. 

Fig.13. Possible mechanism for antibiotic degradation using CuFe12O19@ZnO/Au nanocomposites. 

Fig.14. Reusability of the CuFe12O19@ZnO/Au nanocomposites. 

 



Table.1. 

Sample no. pH 
Catalyst  

concentration (g/l) 

Antibiotic  

concentration (ppm) 
Figure 

1 1 0.5 40 Fig.8 

2 3 0.5 40 Fig.8 

3 5 0.5 40 Fig.8 

4 7 0.5 40 Fig.8 

5 11 0.5 40 Fig.8 

6 5 0.2 40 Fig.9 

7 5 0.8 40 Fig.9 

8 5 1.1 40 Fig.9 

9 5 1.4 40 Fig.9 

10 5 1.7 40 Fig.9 

11 5 0.8 20 Fig.10 

12 5 0.8 60 Fig.10 

13 5 0.8 80 Fig.10 

 

 

 

 

 

 

 



Table.2. 

Strain Extract CuFe12O19 CuFe12O19@ZnO CuFe12O19@ZnO/Au 

 
MIC 

(µg/ml) 

MIC 

(µg/ml) 

MIC 

(µg/ml) 

MBC 

(µg/ml) 

MIC 

(µg/ml) 

MBC 

(µg/ml) 

S. aureus >8000 >4000 2000 4000 1000 2000 

E. faecalis >8000 >4000 2000 4000 1000 4000 

E. coli >8000 >4000 1000 2000 500 1000 

K. pneumoniae >8000 >4000 2000 4000 500 2000 
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