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Abstract


This study investigates the green synthesis of zinc oxide nanoparticles (ZnO NPs) using leaf extract as a natural reducing agent, evaluating their antimicrobial and photocatalytic properties. The nanoparticles were annealed at 320 °C and 500 °C, and the effects of leaf extract concentration and annealing temperature on their structural, morphological, and electronic properties were systematically explored. X-ray diffraction (XRD) analysis confirmed the hexagonal wurtzite structure of ZnO, with crystallite size and defect density being influenced by the concentration of the extract. Scanning electron microscopy (SEM) revealed the formation of smaller, spherical particles, with increased aggregation observed at higher extract concentrations. Fourier-transform infrared spectroscopy (FTIR) identified key functional groups, such as hydroxyl groups, C–O bonds, and metal–oxygen vibrations. UV–Vis spectroscopy showed a reduction in band gap energy and an increase in Urbach energy as the extract concentration and annealing temperature were increased. The antimicrobial activity of the ZnO NPs was evaluated against Gram-positive and Gram-negative bacteria as well as Candida albicans, demonstrating significant antibacterial efficacy. Photocatalytic degradation studies of methylene blue dye revealed a superior efficiency of up to 74% for the annealed samples, particularly at 500 °C. This research highlights the potential of green-synthesized ZnO NPs for a wide range of applications, including antimicrobial agents, water purification, and environmental catalysis. It contributes to the advancement of sustainable nanotechnology, offering promising solutions for both technological and ecological challenges.
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1. Introduction


The growing population, combined with rising industrialization and economic demands, has necessitated the extensive use of synthetic chemicals and organic dyes, particularly in industries that produce by-products during their processes [1,2]. Despite the economic benefits provided by sectors such as textiles and chemicals, the untreated discharge of industrial wastewater leads to significant challenges, including health hazards, ecosystem imbalances, and reduced biodiversity due to its toxicity and persistence [3,4,5]. To address these issues, various treatment methods have been developed to eliminate contaminants before they are released into the environment [6,7]. These approaches include biological [8], chemical [9,10,11,12], physicochemical [13,14], and hybrid techniques for water purification [15,16].



Nanoremediation is an advanced remediation strategy that leverages nanomaterials to break down or remove pollutants efficiently [17]. This technique is recognized for its superior effectiveness in managing environmental contamination and enabling pollutant detection, monitoring, and treatment [18]. Nanoremediation methods are cost-efficient and significantly reduce the time needed to degrade pollutants, often lowering their concentration to near-zero levels [19,20]. This technology has been successfully applied to address various pollutants in water, such as chlorinated compounds, heavy metals, organic chemicals, hydrocarbons, pesticides, and inorganic ions [18,21,22].



A broad spectrum of nanomaterials, including zeolites, metal oxides, carbon nanostructures, and bimetallic nanoparticles, is employed in nanoremediation to transform or degrade environmental contaminants [23,24,25]. Conventional wastewater treatment techniques, such as filtration, coagulation, reverse osmosis, sedimentation, flotation, oxidation, precipitation, evaporation, and adsorption, remain widely used [26,27]. Among these, advanced oxidation processes (AOPs) are particularly effective for treating industrial wastewater [28,29]. Photocatalysis, a subset of AOPs, is especially advantageous because it does not generate secondary pollutants during the treatment process [29,30].



Heterogeneous photocatalysis is considered a highly promising method for breaking down organic pollutants due to its simplicity, high efficiency, and environmentally friendly characteristics. This technique is further valued for its non-toxic nature, low energy consumption, ease of use, and reproducibility [31,32]. It involves generating reactive oxygen species (ROS), such as hydroxyl radicals (OH•), superoxide ions (•O2—), and hydrogen peroxide (H2O2), to oxidize a wide range of organic contaminants. Semiconductor materials play a central role in photocatalysis, with important attributes including optimal band gap values, electronic structure, light absorption efficiency, charge transport, stability, and reusability [33,34]. For decades, metal oxides such as TiO2, ZnO, SnO2, and CeO2 have been extensively utilized as photocatalysts due to their desirable properties [35,36,37,38,39,40]. More specifically, they have played a crucial role as heterogeneous photocatalysts in various applications [41].



Among these, ZnO is a promising alternative to TiO2 due to its affordability, accessibility, and environmental compatibility. ZnO nanoparticles exhibit superior photocatalytic efficiency because of their high surface reactivity, which promotes the formation of numerous defect sites due to oxygen non-stoichiometry, making them more effective than many other metal oxides [42]. Additionally, ZnO nanoparticles have shown potential for enhancing the performance of perovskite-based photodetectors [43,44].



Several nanoparticle synthesis methods have been developed, including hydrothermal synthesis, sol–gel techniques, gas-phase processes, thermolysis, and hydrolysis. However, these approaches often face challenges such as high costs, environmental risks, and difficulties in controlling nanoparticle size and surface characteristics [45]. To overcome these issues, green synthesis methods using biological systems, such as plants and fungi, have gained traction [46,47]. These environmentally friendly methods are increasingly being explored as alternatives to conventional physical and chemical techniques [48].



Plants are particularly suitable for large-scale nanoparticle production due to their accessibility, safety, and ability to function as both reducing and stabilizing agents. They facilitate the synthesis of stable nanoparticles with diverse sizes and shapes [47,49,50,51,52]. Several plants, including Hibiscus sabdariffa [7], Carica papaya [53], Aloe barbadensis [54], Solanum nigrum [55], Agathosma betulina [56], Ruellia tuberosa [57], Foeniculum vulgare [58], have been employed to synthesize ZnO nanoparticles for various applications.



In this work, a green synthesis method was developed to produce zinc oxide nanoparticles (ZnO NPs) using an extract from Quercus robur leaves. This extract, rich in bioactive compounds such as flavonoids and polyphenols, was utilized as both a reducing and stabilizing agent to replace conventional synthesis methods, which are often costly and environmentally damaging. The synthesis parameters were carefully optimized to ensure precise control over the properties of the nanoparticles. The samples were dried at 25 °C and then calcined at 320 °C and 500 °C. The concentrations of the leaf extract varied between 0.03 g/L and 10 g/L. These adjustments allowed for the study of the impact of these parameters on the physical, chemical, and functional characteristics of the ZnO NPs.



Characterization techniques were employed to analyze the synthesized nanoparticles. X-ray diffraction (XRD) was used to determine the crystalline structure and crystallite size while scanning electron microscopy (SEM) provided information on the morphology, size, and distribution of the particles. Fourier transform infrared spectroscopy (FTIR) revealed the functional groups present on the nanoparticles, indicating interactions between the extract compounds and the ZnO NPs. Additionally, UV–Vis spectroscopy was used to study the optical properties of the nanoparticles, including their band gap energy and Urbach energy. The photocatalytic activity of the ZnO NPs was evaluated using methylene blue (MB) as a model organic pollutant. Tests were conducted under UV irradiation to track the degradation kinetics of the dye. This evaluation allowed for an assessment of the nanoparticle efficiency as a function of synthesis conditions, such as extract concentration and calcination temperature. The antimicrobial properties of the ZnO NPs were tested against several microbial strains, including Gram-positive and Gram-negative bacteria, as well as a fungal strain. The minimum inhibitory concentration (MIC) method was used to determine the lowest concentration of nanoparticles required to inhibit microbial growth. The tests evaluated the efficacy of the ZnO NPs in relation to calcination conditions and extract concentrations. Finally, this study explored the potential applications of these nanoparticles in environmental and biomedical fields, highlighting their potential as photocatalysts for pollutant degradation and as antimicrobial agents. This work represents a significant contribution to the development of sustainable and environmentally friendly nanomaterials.



The novelty of this work lies in the use of an extract from Quercus robur leaves as a reducing and stabilizing agent for the green synthesis of zinc oxide nanoparticles (ZnO NPs), offering an environmentally friendly and innovative approach to producing multifunctional nanomaterials. Unlike conventional methods that require costly and sometimes toxic chemicals, this approach harnesses natural bioactive compounds, such as flavonoids and polyphenols, to simultaneously control the size, crystalline structure, and optical properties of the ZnO NPs. Furthermore, this study introduces a systematic optimization of synthesis parameters, including calcination temperature and extract concentration, to tailor the properties of the ZnO NPs. This research stands out by combining evaluations of the photocatalytic and antimicrobial performance of the nanoparticles, paving the way for dual applications in environmental remediation and bacterial infection control. Finally, this research makes a significant contribution by integrating green synthesis strategies with thorough characterizations, positioning ZnO NPs as sustainable and versatile materials suited to address contemporary environmental and biomedical challenges.




2. Results


2.1. Characterisation


2.1.1. X-Ray Diffraction


Figure 1 illustrates the XRD patterns of both the as-synthesized and calcined ZnO nanoparticles, which were synthesized using varying concentrations of leaf extract (c = 0, 0.03, 0.1, 2, 10 g/L). The observed diffraction peaks correspond to the hexagonal wurtzite crystal structure of ZnO, in alignment with the data from the JCPDS card No. 36-1451 [59]. These peaks are present at specific angular positions (2θ) of 31.77°, 34.42°, 36.26°, 47.53°, 56.58°, 62.84°, 66.34°, 67.92°, 69.06°, 72.52°, and 76.92°. These positions are attributed to the (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), and (202) Bragg planes, respectively. The diffraction patterns do not display any additional peaks that would suggest the presence of other phases, thereby confirming the high purity of the synthesized ZnO nanoparticles. The crystallite size of the nanoparticles was estimated using Scherrer Equation (1), providing insights into the material’s structural properties [42].


  D =    k λ   β cos θ     



(1)




where D is the crystallite size in Å; k is the correction factor that accounts for the shape of the particles (k = 0.94); λ is the wavelength of the XRD beam in nm (λ = 0.15406 nm); β is the full-width at half maximum (FWHM) of the peak in radians, and θ is half of the Bragg’s diffraction angle [59].



The microstrain (ε%) and the density of the dislocations (δ) were computed based on relations (2) (3), respectively [60]:


  ε % =   β  4 t a n θ     



(2)






  δ =   1   D 2      



(3)








	
D denotes the mean crystallite size;



	
β represents the full width at half-maximum (FWHM) of the XRD peak, quantified in radians;



	
θ represents the Bragg angle, defined as half the angle formed between the incident X-ray beam and the dispersed X-ray beam.








Figure 2 reveals that for both the as-synthesized and the annealed green-synthesized ZnO nanoparticles, increases in lattice parameters and microstrain were observed at the nanometric scale when high concentrations of plant extract were used. This increase in lattice spacing can be attributed to the higher presence of plant-derived molecules that interact with the ZnO structure, potentially causing a modification of its crystallographic arrangement. At the macroscopic scale, however, the crystallite size was found to decrease, which, in turn, led to the creation of structural defects. These defects were reflected in a noticeable increase in dislocation density, which indicates the presence of imperfections in the crystal structure.



The results suggest that as the concentration of plant extract increased, the size of the crystalline domains of the green-synthesized ZnO nanoparticles decreased. The decrease in the size of the crystalline domains of the green-synthesized ZnO nanoparticles with an increase in the concentration of plant extract is primarily influenced by the interaction between the plant extract and the ZnO precursor during the synthesis process. As the concentration of the plant extract increases, the functional groups in the extract can better control the nucleation and growth of ZnO nanoparticles, leading to smaller crystalline domains. While thermal energy during the calcination process may also contribute, particularly in influencing crystallization and particle size, it is the concentration of plant extract that more directly drives the observed trend. The reduction in the size of the crystalline domains was primarily attributed to the increased concentration of plant extract, with thermal energy playing a secondary role during the calcination process [61].



These findings emphasize the importance of both the quantity of plant extract and the annealing temperature, as they have a significant impact on the crystallinity, structural defects, and the overall size of the ZnO nanoparticles. This highlights the delicate balance required to optimize the properties of the nanoparticles, ensuring their effectiveness for various applications [62,63].




2.1.2. Scanning Electron Microscopy (SEM)


Figure 3 presents the SEM images of ZnO nanoparticles synthesized via a green method under different annealing temperatures. These images offer valuable insights into the morphology, distribution, and degree of aggregation of the nanoparticles, which predominantly exhibit a spherical shape. Additionally, the particle size distribution of all samples was determined using SEM images and quantitatively analyzed with ImageJ software 1.51p, providing a comprehensive assessment of nanoparticle dimensions [64].



The results reveal a spherical shape and that both the leaf extract concentration and the annealing temperature significantly influence the nanoparticle size. Specifically, in the absence of leaf extract, the average nanoparticle size ranges from 10 to 35 nm. However, increasing the leaf extract concentration results in a noticeable reduction in particle size, albeit irregularly, as shown in Figure 3. This suggests that the leaf extract acts as a capping and stabilizing agent, crucial in controlling nanoparticle size by affecting nucleation and growth processes.



Furthermore, higher concentrations of leaf extract combined with elevated annealing temperatures reduce nanoparticle aggregation and lead to new surface morphologies. These changes, visible in Figure 3, reveal more distinct surface features than nanoparticles synthesized under lower extract concentrations and annealing temperatures. This enhancement in morphology can be attributed to the stabilizing effect of the leaf extract and the increased thermal energy during annealing, which prevent excessive aggregation and promote controlled growth.



In summary, the amount of plant extract used in the synthesis of ZnO nanoparticles (ZnO-NPs) plays a crucial role in controlling the nucleation, growth, and stabilization of these particles, ultimately influencing their size and morphology. As the concentration of the extract increases, the abundance of active phytochemical compounds, such as phenolics and flavonoid groups, also rises, enhancing their role as reducing and capping agents. This increased availability of reducing agents promotes faster nucleation of ZnO and inhibits particle growth by preventing agglomeration and uncontrolled crystallization. Studies have shown that when the extract volume is increased, the particle size decreases significantly. For example, the use of higher volumes of Azadirachta indica extract reduced ZnO-NP size from 25–60 nm (at 20 mL) to 8.2–11.9 nm (at 40 mL) due to more uniform nucleation and stabilization [65]. Similarly, varying extract concentrations with Moringa leaf and Dysphania ambrosioides demonstrated a clear trend: higher extract amounts yielded smaller, more stable particles with controlled morphology. The organic functional groups from the extract bind to Zn ions and modulate growth by capping the particles, which inhibits further growth and leads to uniform nanoscale structures [65]. However, insufficient extract levels may result in larger particles and agglomeration due to incomplete capping of ZnO surfaces. Therefore, optimizing the extract amount is key to controlling particle size, which is critical for applications where surface area and reactivity are important [64].




2.1.3. Fourier Transformation Infrared Spectroscopy (FTIR)


Spectroscopic analysis serves as a powerful tool for tracking the chemical and structural transformations that occur during heat treatment processes. Figure 4 presents the FTIR spectra of both as-synthesized and annealed green-synthesized ZnO nanoparticles, providing insight into their molecular characteristics. The Zn–O stretching vibration, which is indicative of the Zn–O bond, is confirmed by a distinct absorption band between 400–600 cm−1 [66]. This region is associated with the primary lattice vibration in ZnO, which is an essential feature of its crystal structure. The band observed between 800 and 900 cm−1 is attributed to the presence of Zn–OH bonds, suggesting the existence of hydroxyl groups that might be part of the nanoparticle surface or the surrounding environment [67].



Furthermore, vibrations in the 1500–1300 cm−1 region are likely due to the presence of hydroxyl (O–H) or carboxylate groups that are bound to the ZnO surface, confirming the interaction between the nanoparticles and these functional groups [68]. The range of 1600–1500 cm−1 is particularly significant as it corresponds to the carbonyl (C=O) stretch and other functional groups, such as C=C and −CO, originating from organic residues that are adsorbed onto the surface of the ZnO nanoparticles during synthesis [69]. Additionally, the broad absorption band between 3600–3200 cm−1 indicates the stretching vibrations of (OH) groups, which could either be due to adsorbed water molecules or hydroxyl groups that are chemically bound to the surface of the nanoparticles [70].



When ZnO nanoparticles are annealed at 320 °C and 500 °C, a significant reduction in the intensity of the infrared bands is observed. This reduction is likely caused by structural modifications occurring during the annealing process, such as the formation of ZnO-based composites or changes to the nanoparticle surface. These structural changes can disrupt or weaken the interactions between the functional groups and the nanoparticles, leading to the observed decline in band intensity [62].



The decrease in infrared intensity could also suggest a reduction in the number of surface-bound organic residues or hydroxyl groups, further supporting the idea that thermal treatment is influencing nanoparticle surface chemistry.



The FTIR spectrum of the leaf extract powder, which was used in the green synthesis of ZnO nanoparticles, also reveals distinct absorption bands corresponding to various functional groups in the plant material. One such peak, located at 1732 cm−1, is indicative of the carbonyl (C=O) groups present in the leaf extract, which are likely involved in the reduction and stabilization of the nanoparticles [71]. Another prominent peak around 1600 cm−1, within the 1600–1670 cm−1 range, reflects the stretching vibrations of carbon–carbon double bonds (C=C), which are common in aromatic compounds and may play a role in stabilizing the nanoparticles [71]. The peak at 1365 cm−1 is attributed to the in-plane bending vibration of O–H groups, further confirming the presence of hydroxyl groups in the leaf extract that contribute to the reduction in metal ions during synthesis [72]. Finally, the absorption feature at 1176 cm−1 is related to the symmetric stretching of C–O bonds, which could be involved in the coordination between the organic molecules and the ZnO surface [73]. These findings not only provide valuable information about the chemical composition and interactions within the green-synthesized ZnO nanoparticles but also underscore the important role that both the leaf extract and the annealing temperature play in determining the final properties of the nanoparticles. The FTIR analysis offers a comprehensive understanding of how the functional groups in the plant extract interact with the metal oxide, helping to stabilize the nanoparticles and influence their structural characteristics.




2.1.4. UV–Vis Spectroscopy


UV–Vis–DRS (Ultraviolet–Visible Diffuse Reflectance Spectroscopy) is a highly effective technique for analyzing the electronic properties of materials, particularly their band gap and Urbach energy, which are crucial for understanding their optical characteristics. Figure 5 presents the diffuse reflectance spectra of ZnO nanoparticles synthesized through a green method. The analysis of these spectra allows for the estimation of the band gap (“Eg”) and Urbach energy (“Eu”) of the nanoparticles. To quantify these properties, the absorption coefficients, denoted by F(R), were derived from the reflectance data using the Kubelka–Munk Equation (4) [74]:


  F  ( R )  =       (  1 − R  )   2    2 R     



(4)







In Figure 5 (insert), the variations in both the Urbach energy (“Eu”) and the band gap (“Eg”) are illustrated according to the Kubelka–Munk method. The band gap (“Eg”) is computed using the Tauc plot, which is a graphical method for determining the optical band gap of semiconductors. In the case of ZnO, the Tauc plot’s linear portion of the Equation (5) is as follows:


(αhν)n αhν − Eg



(5)







For direct band gap semiconductors, such as ZnO, the parameter ‘n’ is taken as 2. The photon energy, hν, is used, and the corresponding energy values are extracted accordingly.



The results of the band gap measurements are presented in Table 1, where the estimated band gap values for each sample are listed.



The Urbach energy (“Eu”) is an important parameter that gives insight into the tailing of the density of states near the conduction band edge. It is calculated using the following Equation (6), where E0 and α0 are constants that depend on the specific material being studied [74]:


  α =  α 0  e x p     (  h υ −  E 0   )    E u     



(6)







The Urbach energy (“Eu”) can be extracted from the slope of the linear portion of the plot of ln[F(R)] vs. hν, where hν is the photon energy. The Urbach energy reflects the degree of disorder in the material’s electronic structure, which is influenced by various defects such as vacancies, interstitial sites, lattice strain, and dislocations. These structural features contribute to the broadening of the band tail and affect the material’s optical properties.



UV–Vis–DRS spectroscopy, by directly analyzing the absorption and reflection spectra, provides valuable experimental data for determining key optical properties like the band gap and Urbach energy. Figure 3 showcases the spectra of ZnO nanoparticles that were synthesized using green methods at room temperature (25 °C), as well as those that were annealed at higher temperatures of 320 °C and 500 °C.



At the ambient temperature of 25 °C, the values for Ec (conduction band energy) and Eg (band gap energy) remain constant across all leaf extract concentrations (show Table 1). However, when the nanoparticles are annealed at 320 °C, the Eg values remain relatively uniform for all concentrations of leaf extract, while the Urbach energy decreases as the concentration of leaf extract increases (show Table 2). This suggests that higher concentrations of leaf extract may promote the formation of a more ordered crystal structure with fewer defects, thereby lowering the Urbach energy.



At an annealing temperature of 500 °C, both the Ec and Eg values exhibit an increase with higher concentrations of leaf extract (show Table 3). This trend is indicative of changes in the crystallinity and electronic structure of the nanoparticles as the temperature and extract concentration are varied. By comparing the calcined ZnO nanoparticles with those that were synthesized without annealing, a significant reduction in the band gap (Eg) is observed for the annealed nanoparticles. This decrease in the band gap is associated with an increase in the crystallite size of the nanoparticles, which tends to occur at higher calcination temperatures. As the crystallite size increases, the energy levels in the material become more defined, leading to a narrowing of the band gap.



Essentially, the increase in calcination temperature promotes the growth of ZnO nanoparticles, which, in turn, leads to the reduction in the band gap. This phenomenon is consistent with the general principle that larger particles typically exhibit a smaller band gap due to the quantum size effects becoming less pronounced as the particle size increases. Therefore, a narrower band gap results when the nanoparticles grow larger as the calcination temperature is increased [42]. This observation highlights the critical role of both the leaf extract concentration and the annealing temperature in modulating the size, electronic properties, and optical behavior of ZnO nanoparticles.





2.2. Photocatalysis


2.2.1. Photocatalytic Activity


A series of ZnO nanoparticles were synthesized using a green synthesis method with varying calcination temperatures to examine the influence of these temperatures on the photocatalytic performance of the ZnO semiconductors. The synthesis utilized different concentrations of leaf extract (c = 0, 0.03, 0.2, 2, and 10 g/L) to test the ability of the ZnO nanoparticles to degrade MB under UV light irradiation. The degradation process was monitored using UV–visible spectroscopy, and the decay of the normalized concentration (C(t)/C0) of MB was recorded at a wavelength of λ = 664 nm. The kinetic data were then fitted to an exponential decay model described by Equation (7):


     C  ( t )    C 0    =  A 0  +  B 0       e  − k   ap  t   



(7)







In this equation, A0 represents the integrated baseline, and A0 + B0 corresponds to the initial concentration of MB at t = 0 (after adsorption). The term kap denotes the apparent photocatalytic rate constant, which reflects the rate at which the ZnO nanoparticles break down the MB under UV light exposure.



The findings showed that the photocatalytic degradation of MB was more efficient for ZnO nanoparticles calcined at 320 °C and 500 °C compared to those that were not calcined. This improvement in photocatalytic efficiency can be attributed to several factors related to changes in the morphology and optical properties of the nanoparticles during calcination. Higher calcination temperatures likely increased the surface area of the ZnO nanoparticles, which is beneficial for photocatalytic reactions, as a larger surface area provides more active sites for the adsorption and degradation of the dye molecules. Additionally, the calcination process may have improved the crystallinity of the ZnO nanoparticles, making them more efficient in promoting photocatalytic reactions [75,76]. Using the pseudo-first-order reaction rate equation, the following equation is used:


  Ln (    C 0   C t    ) = kt  



(8)







This equation allows for the determination of the rate constant kt, where C0 is the initial concentration of MB, and Ct is the concentration of MB at time t. By plotting ln(C0/Ct) against reaction time, the rate constant can be extracted, providing insight into the efficiency of the photocatalytic degradation process. Table 4, Table 5 and Table 6 show the calculated rate constants for each experimental condition.



The results indicated that both the concentration of leaf extract used in the synthesis of the ZnO nanoparticles and the calcination temperature significantly impacted the degradation rates. The calcination temperature plays a pivotal role in determining the photocatalytic performance of materials, particularly in the context of materials calcined at 320 °C and 500 °C. Research suggests that this temperature range often leads to an optimal balance between crystallite size, surface area, and the material’s optical properties, which are crucial for photocatalysis. The calcining ZnO materials at 500 °C results in an increased crystallinity and surface area, facilitating the efficient separation of photogenerated electron–hole pairs, a critical factor in photocatalytic degradation. Additionally, the calcination process at these intermediate temperatures is ideal for maintaining a high surface-to-volume ratio while preventing excessive sintering, which would otherwise hinder the material’s photocatalytic capabilities. Moreover, the calcination temperature of 320 °C plays an important role in the green synthesis of ZnO nanoparticles, especially in terms of their photocatalytic performance. In the context of green synthesis, this temperature range is typically used to avoid high-energy consumption while ensuring the formation of crystalline and pure ZnO. At 320 °C, the precursor material undergoes decomposition, which promotes the development of ZnO with optimal crystallinity while preserving the eco-friendly aspects of the synthesis method. Research indicates that calcination at this moderate temperature helps achieve the right balance between particle size and surface area, both of which are crucial for photocatalytic efficiency. For instance, studies have demonstrated that ZnO nanoparticles calcined at lower temperatures (around 320 °C) tend to have a high surface area, which is beneficial for photocatalytic degradation due to an increased number of active sites available for reactions. Additionally, green synthesis methods, such as using plant extracts, are employed to minimize harmful chemical residues, contributing to both environmental sustainability and enhanced photocatalytic properties. The low-temperature calcination ensures the stability of these materials, which is vital for their application in long-term photocatalytic processes. Thus, the 320 °C calcination temperature is often chosen for its ability to optimize the physical properties of ZnO while maintaining an energy-efficient and environmentally friendly process [42].



Furthermore, the impact of the plant extract on the ZnO NPs and calcination temperature deserves attention. The plant extract reduces the particle size of ZnO, increasing the specific surface area accessible for catalytic reactions. This expanded surface area exposes more active sites, allowing for better adsorption of MB dye molecules and more effective catalytic turnover. The plant extract may add catalytic sites to the surface of ZnO NPs, increasing their activity. Adding more active sites to the photocatalyst improves its overall efficiency by providing extra catalyst centers [74].



The calcination temperature plays a crucial role in enhancing the photocatalytic performance of ZnO nanoparticles. We studied the photodegradation of BM dye using green-synthesized ZnO NPs (c = 0, 0.03, 0.5, 1, 2 g/L) at different calcination temperatures, as illustrated in Figure 6. Higher temperatures result in larger particles with better crystallinity, which are more effective at degrading pollutants like MB. Furthermore, the concentration of leaf extract used during synthesis also affects the photocatalytic efficiency, with higher concentrations generally leading to improved degradation performance. These findings highlight the importance of optimizing both the synthesis conditions and calcination parameters to maximize the photocatalytic potential of ZnO nanoparticles for environmental applications. In fact, the key factors influencing photocatalytic performance, such as crystallinity, surface area, and the presence of active sites, may stabilize at moderate calcination temperatures. Temperatures like 320 °C and 500 °C provide sufficient enhancement without introducing detrimental effects. ZnO synthesized through green methods has shown that both higher and lower calcination temperatures could lead to similar photocatalytic outcomes when specific material properties, such as particle size and surface defects, are optimized. For instance, ZnO calcined at 500 °C has been found to perform similarly to materials calcined at 320 °C in terms of photocatalytic efficiency despite differences in crystallinity. This suggests that the optimal temperature for photocatalytic performance may depend more on the specific properties of the synthesized material rather than solely on a higher calcination temperature. The recommendation to reconsider the assertion that the material calcined at 500 °C is the best is, therefore, well-supported, as both temperatures offer favorable outcomes for photocatalytic degradation, particularly under UV irradiation.




2.2.2. Photocatalytic Cycling Test for Methylene Blue Degradation Under UV Light


Photostability plays a vital role in determining the long-term functionality and practicality of a photocatalyst. To comprehensively evaluate the structural integrity and catalytic performance of the ZnO nanocomposite, a series of three consecutive photocatalytic degradation tests of MB were carried out. This approach not only provides insight into the material’s catalytic efficiency but also examines how well it can sustain its activity over multiple cycles of degradation.



Each photocatalytic test involved the degradation of MB under UV light, followed by a precise recycling process. After the completion of each test, the nanocomposite was separated from the reaction mixture through centrifugation, a key step to isolate the photocatalyst. To ensure the removal of any residual contaminants and maintain the material’s catalytic potential, the nanocomposite underwent a thorough three-step washing procedure. This involved washing with distilled water, followed by a mixture of distilled water and ethanol, and finally, a wash with double-distilled water. These steps helped eliminate any adsorbed organic molecules or by-products that could affect the photocatalyst’s performance in subsequent cycles. After the washing procedure, the ZnO material was carefully collected and dried at 60 °C for 24 h. The drying step was essential to ensure that the photocatalyst was completely free of any solvents and ready for reuse in the next cycle.



Figure 7 presents the results of the three consecutive photocatalytic degradation cycles, with the data showing consistent photocatalytic activity across all cycles. This stability indicates that the ZnO nanocomposite retained its efficiency in degrading MB under UV light despite undergoing multiple testing cycles. The results highlight the intrinsic stability and resilience of the pre-synthesized and annealed ZnO nanocomposite. This suggests that the material has a robust structure capable of maintaining its catalytic properties over extended use, a crucial factor for any practical application of photocatalysts in environmental remediation processes.




	
Surface Degradation: Prolonged exposure to reactive species or harsh conditions may lead to surface degradation of ZnO, such as oxidation, reduction, or the formation of defects that diminish its active sites;



	
Structural Changes: High temperatures or repeated cycles of catalysis can induce morphological or structural changes in ZnO, such as sintering or particle agglomeration, reducing the surface area available for catalysis;



	
Contamination or Fouling: The active surface of ZnO may become contaminated by impurities, byproducts, or undesired species, leading to a reduction in catalytic efficiency over time;



	
Leaching of Active Sites: In liquid-phase catalysis, ZnO may experience leaching, where catalytic components are gradually dissolved into the reaction medium, leading to performance decay;



	
Formation of Inactive Phases: Chemical interactions between ZnO and the reaction medium could result in the formation of secondary, less active, or inactive phases, altering the material’s catalytic behavior;



	
Photo-Induced Changes: For photocatalytic applications, prolonged exposure to UV or visible light can induce photocorrosion or electron–hole recombination, which can degrade the material over time.








The decline in photocatalytic performance of ZnO over successive reuse cycles is generally attributed to several factors. First, the surface deactivation of ZnO can occur due to the accumulation of by-products or contaminants from the reactions, which block the active sites necessary for photocatalysis. Additionally, the crystallinity of ZnO nanoparticles may degrade over time, especially under harsh conditions during photocatalytic reactions (e.g., UV light exposure). This degradation can lead to a reduction in the available surface area, further diminishing the material’s efficiency. Another key factor is the leaching of ZnO components during the photocatalytic process, which can result in a loss of catalytic activity with repeated cycles. Finally, structural changes, such as particle agglomeration or morphological changes, could also hinder the photocatalytic process by reducing the material’s surface-to-volume ratio and available active sites.




2.2.3. Effect of Catalyst Dosage


Figure 8 illustrates the relationship between catalyst dose and photocatalytic activity, measured by the C/C0 ratio over time, for varying catalyst concentrations of 0.25, 0.5, 1, and 2 g/L. At lower concentrations of 0.25 g/L and 0.5 g/L, the degradation of MB is moderate, with efficiency levels that are significantly lower compared to the 1 g/L concentration Table 7. This suggests that lower concentrations do not provide enough active surface area for efficient photocatalytic reactions, leading to incomplete degradation of the MB dye.



When the concentration is increased to 1 g/L, the degradation efficiency reaches an optimal value of 74%. This improvement can be attributed to a sufficient specific surface area and effective light transmission, which minimizes shading or saturation effects. At this concentration, the catalyst particles are dispersed enough to allow light to reach all active sites, promoting enhanced photon absorption. This, in turn, leads to the generation of more electron–hole (e−, h+) pairs, which are crucial for the photocatalytic process, and increases the production of reactive radicals that facilitate the breakdown of organic contaminants such as MB [77].



However, at the highest concentration of 2 g/L, the photocatalytic activity drops dramatically, with only 22% degradation observed. This decrease in efficiency is primarily due to two factors: shading and saturation. As the concentration increases beyond 1 g/L, the catalyst particles tend to agglomerate or overlap, blocking light from reaching the active sites on the particles. This shading effect prevents efficient photon absorption and hampers the photocatalytic process. Furthermore, the saturation effect occurs when the number of active sites becomes limited, meaning that even though the catalyst concentration is higher, there are not enough available sites to accommodate the increased amount of particles. This leads to a decrease in the overall catalytic performance.



The results from this study underline the importance of selecting the optimal catalyst concentration for photocatalytic applications. Too low concentrations result in inefficient use of the available surface area, while too high concentrations lead to inefficiencies due to shading and saturation effects. The 1 g/L concentration strikes a balance, offering the best combination of surface area and light transmission, ensuring maximum degradation of MB. This emphasizes that for efficient photocatalytic degradation, careful control over the catalyst concentration is necessary to avoid diminishing returns. Thus, 1 g/L is identified as the optimal concentration, where the photocatalytic activity is maximized, demonstrating the critical role of catalyst dosage in photocatalytic processes.




2.2.4. Effect of Reaction pH


Figure 9 provides a detailed overview of the effect of pH on the photocatalytic degradation of MB, with results measured by the C/C0 ratio as a function of time across a range of pH values (4, natural pH, 8, and 10). The data reveals that the natural pH condition (pH 7) is optimal for photocatalytic activity, achieving a degradation rate of 74%. This suggests that the natural pH maintains the stability of the ZnO photocatalyst surface and allows for efficient interaction between the photocatalyst and the pollutant, promoting the generation of active species required for degradation.



At pH 8, a slight decrease in degradation efficiency was observed, with a reduction of 58%. This result still indicates considerable photocatalytic activity, although it is not as efficient as at natural pH. The slightly basic environment may slightly alter the surface charge or the ability of the photocatalyst to interact effectively with the pollutant molecules, thus reducing the overall efficiency of the degradation process.



In contrast, the lowest pH value tested, pH 4, resulted in only 42% degradation, while at pH 10, the degradation was 51% (Table 8). These findings suggest that both acidic and basic environments are less ideal for photocatalytic activity. At acidic pH, the surface of the photocatalyst may develop a highly positive charge due to protonation, which could reduce its interaction with certain negatively charged pollutant ions. Additionally, ZnO is known to be sensitive to weak acids like acetic acid, leading to corrosion of the material and a subsequent decrease in catalytic performance. This degradation effect might explain the observed reduction in activity. Studies on the functionalization of ZnO powders for applications such as gas sensors may provide insights into strategies for improving its stability under acidic conditions.



This study underscores the importance of maintaining a neutral or slightly acidic pH range for optimal photocatalytic performance. The results suggest that pH significantly influences the photocatalytic degradation of MB, with neutral to slightly acidic conditions (pH 7–8) being the most favorable for achieving the highest degradation efficiency. On the other hand, very acidic (pH 4) or basic (pH 10) conditions diminish the photocatalytic efficiency, likely due to destabilization of the catalyst’s surface or unfavorable interactions with reactive species.




2.2.5. Effect of Initial Concentrations of MB


To investigate the impact of initial dye concentration on the photocatalytic degradation of MB, a series of experiments were conducted by varying the concentration of MB from 10 to 30 mg/L. The photocatalytic degradation process was monitored for a reaction time of 220 min, and the dye removal efficiency was calculated for each concentration. The results, shown in Figure 10, indicated that the removal efficiency decreased as the dye concentration increased. Specifically, at 10 mg/L MB, a high removal rate of 74% was achieved, with a corresponding rate constant (k) of 9.57 × 10−3 min−1. In contrast, for 20 mg/L, the removal efficiency dropped to 48% (k = 3.05 × 10−3 min−1), and at the highest concentration of 30 mg/L, the removal efficiency further decreased to 29% (k = 1.68 × 10−3 min−1) as it shown in Table 9.



This decline in removal efficiency with increasing MB concentration can be attributed to several factors. As the dye concentration increases, more MB molecules adsorb onto the surface of the photocatalyst, occupying the active sites required for the adsorption of reactive species such as oxygen and hydroxide ions. This reduces the available surface area for the formation of reactive radicals (such as hydroxyl and superoxide anion radicals), which are essential for the photocatalytic degradation process. As a result, the efficiency of the photocatalytic reaction is compromised.



Furthermore, at higher dye concentrations, the increased absorption of light by the dye molecules reduces the amount of light available for the photocatalyst, leading to lower photon absorption. This phenomenon, known as light shielding or light blocking, further reduces the efficiency of the photocatalytic process. As the concentration of MB increases, the dye molecules form a layer on the surface of the photocatalyst, obstructing the effective interaction between the catalyst and the light energy [78,79,80].



Overall, these results demonstrate that the photocatalytic degradation of MB is less effective at higher initial dye concentrations. The key factors contributing to this decrease in efficiency include the competition for active sites on the catalyst surface, reduced production of reactive radicals, and diminished light absorption due to photon shielding effects. Therefore, to optimize the photocatalytic degradation process, a moderate dye concentration is preferable, as it ensures maximum active site availability and efficient photon absorption by the photocatalyst.




2.2.6. Effect of Scavengers


In the photocatalytic degradation process, reactive species such as hydroxyl radicals (•OH), superoxide anions (•O2−) and electron–hole pairs (e−/h+) are generated and play a crucial role in the breakdown of pollutants like MB. To identify which specific reactive species are responsible for the degradation, selective scavengers or inhibitors are used in a test. These scavengers are chemical compounds that can effectively capture or neutralize a specific reactive species, preventing it from participating in the reaction. By introducing these scavengers into the reaction system, it is possible to determine the role of each reactive species in the photocatalytic process.



Typically, the experiment is set up by maintaining the same experimental conditions, including the photocatalyst concentration, plant extract concentration, and UV light intensity. A series of tests are carried out by adding different types of scavengers to the solution. These scavengers are chosen based on their ability to specifically react with and neutralize a particular reactive species. For example, t-butanol is commonly used as a scavenger for hydroxyl radicals, while potassium bromide (KBr) is used to capture superoxide anions.



After the scavenger is added, the photodegradation efficiency of the substrate is measured, usually by tracking the decrease in the concentration of the pollutant (e.g., MB) over time, often using UV–Vis spectroscopy. The comparison of photodegradation efficiency in the presence of each scavenger helps to pinpoint which reactive species are most responsible for the catalytic breakdown of the substrate.



In this way, the experiment allows for a clearer understanding of the mechanisms driving photocatalysis and can help in optimizing the photocatalytic process by highlighting which species need to be generated in larger quantities for more efficient pollutant removal. Additionally, this approach helps to identify potential limitations in the photocatalytic reaction, guiding further improvements in catalyst design or reaction conditions.



This study aimed to understand the roles of various reactive species involved in the photocatalytic degradation of MB dye by selectively trapping specific species such as •OH, e−, and h+. Ethanol was employed to capture hydroxyl radicals; K2Cr2O7 was used to trap electrons, and ethylenediaminetetraacetic acid (Na2-EDTA) was utilized to sequester holes. These scavengers were added to the reaction mixture under optimized experimental conditions, with the irradiation duration maintained at a fixed period of 220 min. The results, as illustrated in Figure 11, demonstrate significant variations in photocatalytic efficiency depending on the type of scavenger used.



The purpose of using selective trapping agents was to isolate and quantify the individual contributions of these reactive species to the overall photocatalytic degradation of MB. Figure 12 clearly shows the impact of these scavengers on the degradation process. When ethanol was used to trap •OH, the photocatalytic efficiency decreased significantly, with a degradation rate of only 34%. This is considerably lower than the degradation rate of 67% observed when no scavengers were used, indicating that •OH radicals are primarily responsible for the majority of the degradation process.



In contrast, when h+ ions were trapped using EDTA, the degradation rate was 41%. This result suggests that the photogenerated holes also play an essential role, although their contribution is less significant than that of the hydroxyl radicals. The presence of K2Cr2O7 to trap e− led to a degradation rate of 54%, showing that electrons also contribute substantially to the photocatalytic activity.



Overall, these findings demonstrate that multiple reactive species, including •OH radicals, h+ ions, and e−, are involved in the photocatalytic degradation of MB dye, with each species contributing to varying extents. The primary role of hydroxyl radicals in the degradation process is evident from the significant decrease in degradation efficiency when they were trapped. The results also suggest that optimizing the photocatalytic process could involve enhancing the production or efficiency of these key reactive species to improve degradation rates further.





2.3. Photocatalytic Mechanism


ZnO functions as an efficient photocatalyst, leveraging light to accelerate various chemical reactions, making it a crucial material in numerous environmental and energy-related applications. Its exceptional photocatalytic properties stem from its wide bandgap and the ability to form electron–hole pairs when exposed to light. These electron–hole pairs are essential for initiating the photocatalytic process, as they participate in redox reactions that degrade pollutants and harness energy from light.



The principle behind ZnO’s photocatalytic activity is that when it absorbs ultraviolet (UV) light, the photonic energy matches or exceeds its excitation energy (Eg), electrons in the valence band of ZnO are excited to the conduction band (CB). This excitation creates an electron–hole pair. These electron–hole pairs migrate to the surface of ZnO, where they interact with surrounding molecules, contributing to a series of redox reactions. The h+ ions are highly reactive and can react with water and hydroxide ions to form •OH, one of the most potent oxidizing agents in photocatalysis. The e− ions react with molecular O2 to form •O2−, which are also reactive and involved in the degradation process.



In addition to these fundamental reactions, H2O2 is formed as a byproduct of electron interaction with oxygen, which further contributes to the generation of •OH. These hydroxyl radicals, superoxide anions, and other reactive species collectively degrade pollutants on the surface of the ZnO photocatalyst. This process not only purifies the surrounding environment by breaking down harmful substances but also releases oxygen as a byproduct [81,82,83]. The consisted response equations are given below as follows:


ZnO + hυ→ h+ + e−



(9)






h+ + H2O → •OH + H+



(10)






h+ + OH− → •OH



(11)






h+ + pollutant → (pollutant)+



(12)






e− + O2 → •O2−



(13)






•O2− + H+ → •OOH



(14)






2•OOH+ → O2 + H2O2



(15)






H2O2 + •O2− → •OH + OH− + O2



(16)






H2O2 + hυ → 2•OH



(17)






Pollutant + (•OH, h+, •OOH/O2−) → degraded product



(18)







Despite its advantages, ZnO photocatalysts face challenges related to photostability and photocorrosion. Photocorrosion refers to the tendency of ZnO to degrade or dissolve when exposed to UV light, releasing Zn2+ ions into the environment. This contamination of the surface not only reduces the catalyst’s efficiency but also limits its effectiveness over prolonged use. The geometry and structure of ZnO play a significant role in mitigating photocorrosion. Higher crystallinity, the presence of crystalline planes, and optimized surface structure help prevent the breakdown of ZnO under UV exposure. Additionally, surface oxygen vacancies have been shown to prevent photocorrosion by stabilizing the catalyst surface [62]. To address these limitations and enhance the stability of ZnO photocatalysts, various strategies can be employed. One common method is post-synthesis heat treatment, such as annealing, which improves the crystallinity of ZnO and optimizes the Zn:O ratio. This can significantly enhance the photocatalyst’s stability and overall performance. Furthermore, combining ZnO with other materials, particularly carbon-based compounds like graphene or carbon nanotubes, has been shown to reduce photocorrosion. These materials can help improve the electronic properties of ZnO, facilitate electron transfer, and prevent electron–hole recombination, thereby enhancing photocatalytic efficiency [84]. In addition to these conventional strategies, green synthesis approaches are gaining attention. Using plant extracts as capping agents during the synthesis of ZnO nanoparticles can improve their stability and reduce photocorrosion. The phytochemicals present in the plant extracts act as protective agents that stabilize the ZnO structure, reducing the likelihood of degradation during photocatalytic reactions. These green synthesis methods are not only environmentally friendly but also cost-effective, making them an attractive option for the production of stable ZnO photocatalysts.




2.4. Comparison of the Photocatalytic Efficacy of ZnO Nanoparticles Synthetized by Different Methods


Photodegradation of dyes or organic contaminants using ZnO synthesized by “green” methods has attracted increasing interest in recent years due to its ecological and economic benefits. In this study, the photocatalytic performance of our ZnO green synthesized was evaluated by degrading methylene blue under UV light irradiation.



The results show that our green ZnO allowed a photodegradation of 67% of MB after 220 min. This rate is comparable to or higher than some works reported in the literature presented in Table 10.



The results obtained in this study confirm the effectiveness of green synthesis methods to produce ZnO-based photocatalysts. Differences in the literature can be attributed to variations in the synthesis method (nature of biomass used, calcination conditions), crystal structure, and experimental parameters. These variations directly influence the light absorption capacity and the generation of electron–hole pairs, essential for photocatalytic degradation.



2.4.1. Antibacterial Activity


This study investigates the antimicrobial properties of biosynthesized ZnO nanoparticles against a broad spectrum of pathogens, providing crucial insights into their potential as antimicrobial agents. The ZnO NPs were synthesized using a sustainable and environmentally friendly method, with varying concentrations ranging from 0 to 10 g/L. The antimicrobial efficacy of these nanoparticles was evaluated using the MIC method, a standard technique in microbiology. This method assesses the lowest concentration of an antimicrobial agent needed to inhibit the growth of microorganisms, providing quantitative data essential for evaluating the effectiveness of antimicrobial substances.



In this study, the antimicrobial activity of ZnO NPs was tested against both Gram-positive bacteria (Staphylococcus aureus and Bacillus subtilis), Gram-negative bacteria (Escherichia coli and Salmonella enterica), and the fungal species Candida albicans. The ability to inhibit the growth of these diverse microorganisms suggests that ZnO nanoparticles could be used as versatile antimicrobial agents. The application of the MIC method offers a reliable means of determining the potency of these nanoparticles, which is crucial for assessing their potential as therapeutic or disinfectant agents.



The microtiter plate technique, a high-throughput method used in this study, enables the simultaneous screening of multiple samples. This technique involves exposing microbial cultures to various concentrations of ZnO nanoparticles and observing growth inhibition, typically marked by the absence of turbidity in the wells. The use of this method allows for an efficient and detailed assessment of the nanoparticles’ antimicrobial activity against different pathogens.



The results shown in Table 11 indicate that the biosynthesized ZnO nanoparticles, particularly the ones that were annealed, exhibited significantly better antimicrobial performance compared to those produced by conventional methods. The green synthesis approach, which utilizes plant extracts or other eco-friendly methods, appears to preserve and even enhance the antimicrobial properties of ZnO nanoparticles. This suggests that the green synthesis method not only contributes to environmental sustainability but also plays a role in preserving the antimicrobial properties of the nanoparticles.



However, it is important to note that while the ZnO nanoparticles displayed consistent antibacterial effects, they did not exhibit significant antifungal activity against Candida albicans. This limitation suggests that while these nanoparticles are effective against bacterial pathogens, they may not be as effective against fungal infections. This finding underscores the need for further research to explore potential modifications to the ZnO nanoparticle formulations or to investigate alternative methods for improving their antifungal activity. Such research could help expand the range of applications of these nanoparticles in the treatment of fungal infections.



Despite the absence of significant antifungal effects, this study highlights the considerable promise of biosynthesized ZnO nanoparticles as effective antimicrobial agents for controlling bacterial infections. Their ability to inhibit both Gram-positive and Gram-negative bacteria suggests their potential use in various biomedical and environmental applications. For example, these nanoparticles could be integrated into wound dressings to prevent infections, incorporated into water purification systems to eliminate harmful pathogens, or used as coatings for medical devices to reduce the risk of bacterial contamination.



Moreover, the antibacterial properties of biosynthesized ZnO nanoparticles could be particularly valuable in healthcare settings, where bacterial resistance to conventional antibiotics is an emerging concern. The use of green-synthesized ZnO nanoparticles may offer a safer and more sustainable alternative to synthetic antibiotics, providing a novel approach to combating bacterial infections.



While the biosynthesized ZnO nanoparticles exhibit strong antibacterial activity, further investigations are needed to optimize their formulations for enhanced antifungal performance. This study paves the way for the potential use of ZnO nanoparticles in various applications, including biomedical treatments, environmental remediation, and disinfectant products.




2.4.2. Antibacterial Mechanism


Recent studies have extensively explored the advancements in the field of metal oxide and modified metal oxide nanoparticles, particularly focusing on their antibacterial properties and the eco-friendly synthesis methods used to produce them [88,89,90,91]. Among the various metal oxide nanoparticles, ZnO has attracted considerable attention due to its remarkable antibacterial potential. This is primarily because ZnO nanoparticles can release zinc ions (Zn2+) upon interacting with microbial cells, which can penetrate the cell membrane and disrupt crucial cellular functions, leading to the death of the microorganisms [92]. Similarly, ZnO nanoparticles have emerged as promising candidates for antibacterial applications, owing to their capacity to modulate the electrical properties of bacterial membranes. This modulation enhances the reactivity of the nanoparticles’ surfaces, facilitating interactions with microbial cells and ultimately resulting in bactericidal effects [93].



In-depth research on the mechanisms behind the antibacterial activity of ZnO nanoparticles has uncovered fascinating details about their mode of action Figure 13. These nanoparticles are believed to form strong interactions with essential biomolecules inside bacterial cells, including RNA and DNA [94]. By interfering with processes like DNA replication, these nanoparticles can induce cell cycle arrest, leading to the death of the bacteria. Besides direct damage to DNA, ZnO nanoparticles can generate oxidative stress within bacterial cells, which disrupts ATP synthesis and leads to the production of reactive oxygen species (ROS). These ROS then initiate a cascade of events that ultimately cause apoptosis in the bacterial cells, further contributing to the antibacterial effects of ZnO nanoparticles [95].



With the increasing concerns surrounding the environmental impact of synthetic processes, researchers have shifted their focus toward green synthesis approaches for nanoparticle production [96,97]. These methods utilize renewable natural resources such as plant extracts, bacteria, fungi, algae, and organic products to synthesize nanoparticles. This not only makes the process more environmentally friendly but also enhances the antibacterial properties of the nanoparticles, offering a sustainable alternative to traditional chemical synthesis methods [98]. Plant leaf extracts are particularly valuable for green synthesis, as they contain a wealth of pharmacologically active compounds that help facilitate the interactions between the nanoparticles and bacterial membranes, thus improving their antibacterial efficacy [99,100]. Among these, the green synthesis of ZnO nanoparticles using Quercus robur leaf extract has shown promising results, with the nanoparticles demonstrating substantial antimicrobial activity. This aligns with the traditional use of oak bark and leaf extracts in folk medicine to treat microbial infections. The use of Quercus robur extract underscores the potential of green synthesis in leveraging the therapeutic properties of natural resources, thus paving the way for environmentally sustainable and effective antimicrobial agents [101,102]. The incorporation of plant-derived compounds in the synthesis process not only enhances the antibacterial properties of the nanoparticles but also reduces the environmental footprint of nanoparticle production. These green synthesis methods offer a practical and sustainable route to producing antibacterial nanoparticles that can be applied in various fields, including medicine, environmental remediation, and material science.



Moreover, the continued research into the green synthesis of ZnO nanoparticles highlights the importance of exploring natural resources to reduce the reliance on synthetic chemicals in the production process. This has significant implications for reducing chemical waste, lowering costs, and improving the efficiency of nanoparticle production. By tapping into the power of natural materials, scientists are working toward developing antimicrobial agents that are both effective and sustainable, ensuring that the benefits of advanced nanotechnology can be enjoyed without compromising the environment.






3. Materials and Methods


3.1. Preparation of Leaf Extract


The selection of Quercus robur leaves for this study was based on their abundance and year-round availability, which makes them a practical and sustainable resource for experimental purposes. The leaves used in this research were harvested from the Mashrouha forest region, located in Souk Ahras, Algeria, during the month of January. This timing ensured the collection of healthy, mature leaves that could be effectively used in the synthesis of the extract.



Once collected, the leaves were thoroughly washed with deionized water to eliminate any dust, dirt, or other potential contaminants that might interfere with the quality and purity of the extract. This cleaning step was essential to ensure that only the compounds naturally present in the leaves were involved in the subsequent extraction process.



After the cleaning process, the leaves were dried under controlled conditions—specifically, in the shade at room temperature—for a period of one week. The drying process was performed slowly to prevent the degradation of bioactive compounds within the leaves due to excessive heat or direct sunlight exposure. The leaves were then ground using a blender to increase the surface area and enhance the extraction efficiency when the material was mixed with deionized water.



To prepare the Quercus robur extract, varying amounts of ground leaves (0.03, 0.1, 2, and 10 g) were dissolved in 1 L of deionized water. The water was heated to 60 °C and continuously stirred with a magnetic stirrer for 30 min. This heating process helped release the bioactive compounds from the leaf material into the solution, facilitating a more efficient extraction.



After the extraction, the solution was subjected to centrifugation to separate the solid plant matter from the liquid extract. The liquid extract was then filtered to remove any remaining particulates, ensuring a clear solution. Finally, the extract was stored in the refrigerator to preserve its bioactive properties until it was required for further experiments. This methodical preparation of the Quercus robur extract allowed for a controlled and reproducible extraction process, enabling the investigation of its potential antimicrobial properties and other relevant bioactivities.




3.2. Green Synthesis of ZnO NPs


To biosynthesize ZnO nanoparticles Figure 14, a precise method involving the combination of zinc acetate dihydrate and Quercus robur leaf extract was used. Initially, 6.6 g of zinc acetate dihydrate (Zn(CH3COO)2·2H2O) was dissolved in 5 mL of distilled water at room temperature while stirring magnetically. This solution was carefully prepared to ensure a uniform distribution of the zinc salt in the solvent, creating the necessary precursor solution for nanoparticle formation. Similarly, 2.85 g of sodium hydroxide (NaOH) was dissolved in water following the same procedure to create the alkaline solution required to adjust the pH during the synthesis process.



Next, the zinc acetate solution was mixed with 45 mL of Quercus robur leaf extract, which serves as a green reducing agent in the biosynthesis of nanoparticles. The leaf extract contains various organic compounds, such as polyphenols, flavonoids, and other phytochemicals, which aid in the transformation of zinc ions (Zn2+) into ZnO nanoparticles through precipitation and subsequent oxidation processes. Once dried, the ZnO nanoparticles were stored in an appropriate container, ready for further characterization and analysis, such as examining their morphology, size distribution, and potential applications in various fields.



The temperatures chosen in the study were based on the previous literature and our experimental optimization process to achieve the desired morphological, structural, and optical properties of ZnO. For instance, research has shown that low-temperature synthesis (~60–100 °C) using hydrothermal or sol–gel methods produces ZnO nanoparticles with controlled morphology and good dispersibility. The mixture was then heated to 70 °C using a magnetic heating stirrer. This temperature was selected to enhance the reaction rate while ensuring that the leaf extract maintained its reducing properties. Once the temperature reached a stable 70 °C, the sodium hydroxide solution was added dropwise over 15 min to adjust the pH of the mixture to the desired level, ensuring that it reached an optimal pH for nanoparticle synthesis.



The solution was kept under continuous stirring and heating for an additional 30 min. During this time, a white precipitate formed, indicating the successful synthesis of ZnO nanoparticles. This precipitate was then separated from the solution by centrifugation at 2500 rpm for 10 min. The solid nanoparticles were carefully washed multiple times with deionized water to remove any residual impurities. After the water wash, the nanoparticles were further cleaned with ethanol to ensure the complete removal of organic substances from the leaf extract. Finally, the obtained ZnO nanoparticles were dried in a laboratory oven at 45 °C for 48 h to remove any remaining solvents and moisture. Once dried, the ZnO nanoparticles were stored in an appropriate container, ready for further characterization and analysis, such as examining their morphology, size distribution, and potential applications in various fields. The percentage yields in this work range from 70% to 85%. The percentage yield can be calculated using the following formula (Equation (19)):


   Percentage   Yield  =  (     M a s s   o f   Z n O   o b t a i n e d   T h e o r e t i c a l   m a s s   o f   Z n O     )  × 100  



(19)







This green synthesis method not only provides an eco-friendly approach to producing ZnO nanoparticles but also integrates the beneficial properties of plant extracts, which can enhance the stability and functionality of the nanoparticles.




3.3. Photocatalytic Tests


The degradation process of MB using ZnO NPs, synthesized through an eco-friendly green method, was systematically studied by employing UV–Vis spectroscopy. This analytical technique allowed for the tracking of changes in the absorption spectrum, particularly at the wavelength of 664 nm, which is the characteristic λmax for MB. This method enables a precise monitoring of the degradation kinetics over time.



The photocatalytic reactions were carried out under controlled laboratory conditions, where a 100 mL double-walled beaker with a surface area of 32.17 cm2 was utilized. The beaker was equipped with a cooling water jacket, ensuring that the reaction temperature was consistently maintained at 20 ± 2 °C. This was important to minimize any temperature-related interference in the photocatalytic process.



To provide the necessary UV irradiation, a Haichao T8 15W UV lamp, emitting at 365 nm UVA, was employed. The lamp was positioned 10 cm from the solution, ensuring uniform exposure of the photocatalyst to the UV light. The controlled environment, including the precise regulation of temperature and UV light exposure, helped ensure that the experiment was conducted under optimal and reproducible conditions, thereby allowing for accurate evaluation of the ZnO NPs’ photocatalytic degradation efficiency MB. This approach not only ensured effective monitoring of the degradation process but also contributed to a better understanding of the photocatalytic properties of green-synthesized ZnO NPs in the degradation of organic pollutants like MB.




3.4. Antimicrobial Study


The MIC of ZnO was determined through a stepwise two-fold serial dilution technique. Initially, the ZnO NPs were introduced into wells 1 to 10 of row A in a 96-well microplate, where a series of 100 µL dilutions were systematically made across the plate. Each dilution progressively reduced the concentration of the nanoparticles, yielding concentrations of 200, 100, 50, 25, 12.5, 6.25, 3.13, and 1.56 µg/mL. This allowed for the establishment of a concentration gradient, which was essential for identifying the minimum concentration at which the ZnO NPs could effectively inhibit bacterial growth. After setting up the dilutions, the microplate was incubated at 37 °C for a period of 24 h, ensuring that the bacterial strains were exposed to the nanoparticles for sufficient time to allow any potential antibacterial effects to take place.



To evaluate bacterial viability and determine the MIC, 2,3,5-triphenyl tetrazolium chloride (TTC) was used as a viability indicator. TTC is a colorimetric agent that stains living bacterial cells pink due to the reduction in the tetrazolium salt by metabolically active cells. On the other hand, if bacterial growth was inhibited, the TTC remained colorless, indicating a lack of bacterial metabolism. The extent of the color change in each well directly correlates to the degree of bacterial growth inhibition, with the shift from pink to transparent providing clear visual evidence of the antibacterial activity of the ZnO NPs.



The lowest concentration of ZnO NPs at which the bacterial growth was significantly suppressed, as indicated by the absence of pink color in the wells, was identified as the MIC. The results showed that the biosynthesized ZnO NPs exhibited substantial antibacterial activity, demonstrating their potential as effective antimicrobial agents against the tested bacterial strains. The precise correlation between the concentration of ZnO NPs and bacterial inhibition provides critical information for optimizing the use of these nanoparticles in various applications, such as in the development of antimicrobial coatings or medical treatments aimed at combating bacterial infections.





4. Conclusions


This study provides a comprehensive analysis of zinc oxide nanoparticle (ZnO NPs) synthesis and characterization using environmentally friendly methods, highlighting their potential as both antimicrobial agents and photocatalytic catalysts. The research focused on optimizing calcination temperature and examining the effect of plant extract concentration on the structural properties of the nanoparticles. X-ray diffraction (XRD) confirmed the presence of characteristic diffraction peaks corresponding to the hexagonal wurtzite structure of ZnO, with crystallite sizes ranging from 10 to 29 nm, influenced by both extract concentration and annealing temperature. Scanning electron microscopy (SEM) revealed that increasing the leaf extract concentration led to smaller particle sizes; however, higher concentrations also resulted in greater nanoparticle aggregation. Fourier-transform infrared spectroscopy (FTIR) and UV–visible spectroscopy analyses identified functional groups on both the ZnO nanoparticles and the leaf extract, and variations in band gap energy and Urbach energy were observed as a function of extract concentration and calcination temperature. Antimicrobial studies demonstrated that the environmentally synthesized ZnO nanoparticles effectively inhibited the growth of both Gram-positive and G ram-negative bacteria, with minimum inhibitory concentrations ranging from 6.25 to 100 μg/mL depending on the concentration of the leaf extract. However, the antifungal activity against Candida albicans was minimal across all tested concentrations. Photocatalytic degradation tests showed that green-synthesized nanoparticles achieved optimal removal of methylene blue (MB) compared to their chemically synthesized counterparts, with efficiency further enhanced at higher calcination temperatures (320 and 500 °C). In conclusion, the environmentally friendly synthesis of ZnO nanoparticles using leaf extract holds promise for the development of antimicrobial agents and photocatalytic catalysts. While the nanoparticles exhibited notable antibacterial activity, further optimization is required to enhance their antifungal efficacy. Additionally, exploring strategies to improve photocatalytic efficiency—considering factors such as particle size, aggregation, and surface functionalization—should be prioritized. These findings contribute significantly to the advancement of nanoparticle technology for biomedical, environmental, and catalytic applications.
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Figure 1. (A–C) XRD patterns of ZnO at different calcination temperatures vs. extract concentration. 
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Figure 2. (a–c) Crystallite size (D), microstrain (ε%), and dislocation density (δ) vs. extract concentration. 
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Figure 3. SEM images of green synthesized ZnO NPs. Top images 100 nm. 
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Figure 4. FTIR spectra of green synthesised ZnO NPs. 
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Figure 5. UV–visible spectra of green synthesized ZnO NPs. The inset figure shows a variation in the band gap, e.g., according to the Kubelka–Munk method, and a variation in Urbach energy. All spectra are normalized to one by the maximum absorbance. 
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Figure 6. Photodegradation of BM dye using green synthesized ZnO NPs (c = 0, 0.03, 0.5, 1, 2 g/L) at different calcination temperatures. 
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Figure 7. Comparative Performance of Recycled ZnO Photocatalyst. 
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Figure 8. Effect of catalyst dose on photodegradation of MB by green synthesized ZnO (neutral pH, [MB] = 10 mg/L). 
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Figure 9. Effect of reaction pH on photodegradation of MB by ZnO (catalyst one g/L, [MB] = 10 mg/L). 
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Figure 10. Effect of the initial concentration of methylene blue on photodegradation performance of ZnO NPs. 
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Figure 11. Effect of scavengers on the photocatalytic activity of ZnO NPs. 
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Figure 12. Schematic illustration of the photocatalytic mechanism of ZnO. 
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Figure 13. Schematic illustration of the antimicrobial mechanism of ZnO. 
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Figure 14. Green synthesis of ZnO NPs using Quercus robur leaves extract. 
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Table 1. Direct band gap energy and Urbach energy of green synthesized ZnO NPs at 25 °C (c = 0, 0.03, 1, 2, and 10 g/L).






Table 1. Direct band gap energy and Urbach energy of green synthesized ZnO NPs at 25 °C (c = 0, 0.03, 1, 2, and 10 g/L).





	Concentration (g/L)
	ZnO
	0.03
	0.1
	2
	10





	Direct gap energy (eV)
	3.29
	3.29
	3.29
	3.28
	3.29



	Urbach energy (eV)
	2.94
	2.90
	3.01
	2.97
	2.90










 





Table 2. Direct band gap energy and Urbach energy of green synthesized ZnO NPs annealed at 320 °C (c = 0, 0.03, 1, 2, and 10 g/L).
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	Concentration (g/L)
	ZnO
	0.03
	0.1
	2
	10





	Direct gap energy (eV)
	3.28
	3.27
	3.25
	3.29
	3.28



	Urbach energy (eV)
	3.05
	3.03
	2.99
	3.01
	2.90










 





Table 3. Direct band gap energy and Urbach energy of green synthesized ZnO NPs annealed at 500 °C (c = 0, 0.03, 0.1, 2 and 10 g/L).






Table 3. Direct band gap energy and Urbach energy of green synthesized ZnO NPs annealed at 500 °C (c = 0, 0.03, 0.1, 2 and 10 g/L).





	Concentration (g/L)
	ZnO
	0.03
	0.1
	2
	10





	Direct gap energy (eV)
	2.98
	3.01
	3.15
	3.27
	3.26



	Urbach energy (eV)
	2.89
	3.01
	3.10
	3.07
	2.90










 





Table 4. Elimination efficiency and apparent rate constants of the photocatalysis (25 °C).
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	Concentration (g/L)
	0
	0.03
	0.1
	2
	10



	E%
	50
	44
	38
	35
	26



	k (10−3 min−1)
	4.90
	3.85
	3.14
	2.66
	1.90










 





Table 5. Elimination efficiency and apparent rate constants of the photocatalysis (320 °C).
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	Concentration (g/L)
	0
	0.03
	0.1
	2
	10



	E%
	62
	74
	55
	53
	47



	k (10−3 min−1)
	6.90
	9.09
	5.54
	5.05
	3.89










 





Table 6. Elimination efficiency and apparent rate constants of the photocatalysis (500 °C).
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	Concentration (g/L)
	0
	0.03
	0.1
	2
	10



	E%
	56
	74
	62
	60
	50



	k (10−3 min−1)
	4.52
	6.41
	5.49
	4.93
	3.70










 





Table 7. Rate constant K of degradation of MB with different dosages of ZnO.
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	Concentration (g/L)
	0.25
	0.5
	1
	2



	E%
	66
	44
	74
	22



	k (10−3 min−1)
	4.54
	2.61
	9.57
	1.88










 





Table 8. Rate constant K of degradation of MB with different pH reactions.
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	pH
	4
	neutral
	8
	10



	E%
	42
	74
	58
	51



	k (10−3 min−1)
	2.52
	6.41
	5.24
	3.56










 





Table 9. Rate constant K of degradation of MB with different initial concentration of dye.
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	Concentration (mg/L)
	10
	20
	30



	E%
	74
	48
	29



	k (10−3 min−1)
	9.57
	3.05
	1.68










 





Table 10. Comparison of the photocatalytic efficacy of ZnO nanoparticles.
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	Catalyst
	Preparation Method/Plant
	Dye
	Irradiation
	Catalyst

Dose/g L−1
	Dye

Conc/mg L−1
	Degradation Efficiency/%
	Ref.





	ZnO
	Green synthesis
	MB
	UV-lamp
	1.5
	10
	63%
	[85]



	ZnO
	Microwave-assisted urea-nitrate combustion
	MB
	UV-lamp
	0.30
	75
	>75%
	[86]



	ZnO
	Sol gel
	MB
	UV (Hg lamp 365 nm)
	0.33
	10
	37%
	[87]



	ZnO
	Green synthesis
	MB
	UV-lamp
	1
	10
	74%
	Present work










 





Table 11. Minimum inhibitory concentrations of green synthesised ZnO NPs.
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Staphylococcus aureus

	
Bacillus subtilis

	
Escherichia coli

	
Salmonella enterica




	
ZnO NPs

Concentrations (g/L)

	
Annealing Temperature

°C

	
MIC

(μg/mL)

	
MIC

(μg/mL)

	
MIC

(μg/mL)

	
MIC

(μg/mL)






	
c = 0.0

	
25

	
100

	
25

	
100

	
50




	
320

	
25

	
25

	
25

	
12.5




	
500

	
25

	
6.25

	
25

	
50




	
0.03

	
25

	
50

	
25

	
100

	
50




	
320

	
6.25

	
50

	
100

	
12.5




	
500

	
25

	
12.5

	
100

	
12.5




	
0.1

	
25

	
100

	
50

	
100

	
100




	
320

	
25

	
6.25

	
100

	
25




	
500

	
50

	
6.25

	
No

	
25




	
2

	
25

	
No

	
25

	
100

	
100




	
320

	
No

	
6.25

	
25

	
25




	
500

	
No

	
50

	
No

	
No




	
10

	
25

	
25

	
25

	
25

	
25




	
320

	
No

	
6.25

	
100

	
100




	
500

	
No

	
50

	
No

	
100
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