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Abstract

:

The biological synthesis of nanoparticles with copper, silver, and zinc (Cu, Ag, Zn) is reported in this study, adopting a greener, safe, reliable, and eco-friendly approach by using an aqueous leaf extract of Catharanthus roseus. The synthesised trimetallic nanoparticles were characterised using different characterisation techniques. The UV–visible spectroscopic technique was initially used to assess nanoparticle formation, in which absorption bands were observed at 220, 270, and 370 nm for Cu, Zn, and Ag nanocomposites, respectively. XRD revealed that the average crystalline size of the nanocomposites was 34.67 nm. The roles of reducing and capping/stabilising agents in the synthesis of Cu/Ag/Zn nanoparticles were confirmed by FTIR analysis, and the successful biosynthesis of the same was also confirmed by X-ray energy-dispersive spectroscopy (EDX) analysis. Potential applications of these synthesised trimetallic nanoparticles were evaluated by assessing their antioxidant and catalytic dye degradation activities. The antioxidant activity of the synthesised nanomaterial was studied using the DPPH assay. The catalytic breakdown of the harmful dyes phenol red and eosin yellow was examined using NaBH4 as a reducing agent. The results showed that the nanomaterial’s radical scavenging capacity at 1000 ug/mL was 75.76% and the degradation of these dyes was up to 78% in the presence of NaBH4. Furthermore, the biogenic trimetallic nanomaterial exhibited effective catalytic degradation activity against methyl red and phenol red dyes.
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1. Introduction


Over the last few decades, nanotechnology has become a field of extensive research due to its wide applications for human benefit, including medical science, as nanoclusters have a distinct size of less than 100 nm and possess a high surface area. This field of science has the potential to generate a more secure, clean, and useful living environment by using relatively greener nanotechnologies than remediation by industrial chemicals and dangerous contaminants. The idea of green nanotechnology has been explored to develop environmentally friendly processes for the synthesis of nanoparticles. Various categories of nanoparticles have been identified, including organic and inorganic nanoparticles. Of these, metal nanoparticles have attracted a great deal of attention from researchers because of their remarkable physical, chemical, optical, and magnetic characteristics. These distinctive properties of metal nanoparticles are closely associated with their size and shape [1]. Chemical or physical methods are routinely used to synthesise these different metal nanoparticles, including monometallic, bimetallic, and trimetallic NPs. The most commonly used chemical and physical synthesis methods of nanoparticles include the sol-gel method [2], vapour-phase method [3], pulsed laser deposition [4], atomic-layer deposition [5], micro-emulsion [6], laser ablation [7], and pyrolysis [8]. However, the need for biological methods is increasing due to the fact that the traditional methods of isolating nanoparticles are expensive, time-consuming, hazardous, and labour-intensive [9]. For the biosynthesis of nanoparticles, microorganisms (such as bacteria, fungi, yeasts, and algae) and plants are two peculiar biogenic sources that have the potential to be used as bioreducing agents, as the selection of green resources for solvents, reducing agents, and stabilising/capacitation agents are three major criteria that must be carefully considered in the green synthesis strategy [10]. Plants have been considered to be one of the most promising sources of green synthesis since an environmentally benign path can be taken for nanoparticle (NP) biosynthesis [11]. The fabrication of NPs using green methods as an easy, reliable, environmentally acceptable, and economically advantageous substitute for harmful chemicals typically used as reducing or capping agents is one of the main goals of green synthesis techniques [12].



Metal NPs are classified as monometallic (single metal), bimetallic (two metals), or trimetallic NPs based on the number of metals/metal oxides involved. In comparison to mono- and bimetallic nanomaterials, trimetallic NPs have recently gained interest due to their exceptional features, strong qualities, and enhanced physiochemical properties; for example, their physical, chemical, optical, and magnetic properties due to the combined synergistic effects of their metal counterparts [13]. Different electrochemical synthesis methods have been extensively used in practice for the fabrication of trimetallic nanoparticles, whereas only a few reports have been made to date utilising green synthesis techniques. The monometallic nanoparticle biosynthesis method is quite popular. Although some green methods use various techniques, such as microwave irradiation [14] and electrophoretic decomposition [15], some use various parts of plant organs, such as flowers [16], leaves [17], and so on, as reducing agents to reduce metal ions and create the corresponding metal or metal oxide NPs.



Catharanthus roseus is a dicotyledonous angiosperm belonging to the family Apocynaceae and has medicinal properties. The name of the plant known as Madagascar periwinkle or Catharanthus, originates from Greek and signifies “pure flower.” Meanwhile, the term Roseus means the shades red, rose, or pink. Although native and restricted to Madagascar, this plant is also cultivated as an ornamental and medicinal plant in other locations. The plant contains more than 400 alkaloids, including vinblastine, vincristine, tabersonine, vindesine, actineoplastidemeric, etc. Cinchonium oxide is mostly found in the aerial parts of the plant, while vincamine, vinceine, ajmalicine, catharanthine, etc. are found in the leaves and roots. These alkaloids have been widely used in applications such as pharmaceuticals, pesticides, agrochemicals, and food additives. In addition to alkaloids, different phenolic compounds are present in C. roseus, including C6C1 compounds, i.e., at least one carboxylic acid is attached to the aromatic ring. These compounds include flavonoids, phenylpropanoids, such as derivatives of cinnamic acid, anthocyanins, and 2,3-dihydoxybenzoic acid [18]. So far, studies have found profound antioxidant [19], antifungal, anticancer [20], and antimicrobial [21] activities. Due to the presence of alkaloids such as resperin, ajamalicine, and serpentine, the plant is also known to possess antihypertensive and antispasmodic properties. As a result, this plant is an excellent candidate for use as a source of powerful antioxidants in the green synthesis of NPs.



To the best of our knowledge, so far there have been no reports of the synthesis of Cu/Ag/Zn nanoparticles from C. roseus. Therefore, in this work, the aqueous leaf extract of C. roseus was employed to synthesise a blend of copper (Cu), silver (Ag), and zinc (Zn) nanoparticles. Silver nanoparticles (Ag) have become more popular among noble metals as a result of their unique physiological properties, such as catalytic, magnetic, optical, electronic, and antibacterial functions, in comparison to bulk metal. Additionally, silver nanoparticles have been used in the creation of numerous topical antimicrobial creams, lotions, and gels that are both bactericidal and fungicidal, in biomedical materials such as catheters and wound dressings, and in biotechnological products such as water filters and activated carbon air filters. The enormous natural availability and inexpensive price of copper make Cu NPs particularly alluring. Cu-based nanocatalysts have several uses in nanotechnology due to their special traits and attributes, such as catalysing organic transformations, electrocatalysis, and photocatalysis. Cu NPs have been shown to have amazing antioxidant and antimicrobial properties in many of the studies performed. Cu and its alloys have historically been among the most valuable metals due to their special qualities, and this trend will continue in the future. Iron nanoparticles can easily aggregate small floccules of either millimetre or micron size due to their large specific high surface energy, magnetic interaction, and surface area. According to reports, zinc nanoparticles function as catalysts and reductants to remove pollutants such as arsenic, lead, chromium, and chlorinated solvents. Because of the unique properties of Zn NPs, they exhibit potential antioxidant activity as well. Therefore, these three metals were chosen as part of our study. The research work also involved evaluating the properties of the resulting nanoparticles, including their antioxidant activity and their effectiveness in catalysing the degradation of harmful dyes such as phenol red and eosin yellow.



An antioxidant is a chemical that inhibits cellular molecules from oxidising. Antioxidants are compounds, either natural or synthetic, that can prevent or delay oxidant-induced cell damage, including unstable molecules such as free radicals and reactive oxygen species (ROS) [22]. Oxidation is a common chemical process that enables hydrogen or electrons to be removed from a substance. During the biological oxidation reaction, free radicals are formed. As a result of the the reactive nature of the free radicals formed, they start a chain reaction at the same time, which can cause cellular damage or even death. The antioxidant potential of a heterocyclic or aromatic ring is determined by the number and location of the hydroxyl groups. For a substance to be classified as an antioxidant, it must satisfy several criteria. These include being effective at low concentrations, generating a less toxic final product after the reaction, having sufficient capacity to deactivate the targeted molecule, and being able to react with oxygen or nitrogen free radicals [23]. Because plants have medicinal characteristics that can be added to nanoparticles during synthesis, using them to create nanoparticles is useful. Plant phytocompounds have antioxidant properties that give nanoparticles even more antioxidant protection. The phenolic compounds present in C. roseus possess antioxidant properties. In this study, antioxidant activity was examined in trimetallic nanoparticles synthesised using leaf extracts obtained from C. roseus. Metal nanoparticles, including gold, copper, silver, and iron oxide, have been studied for their antioxidant potential. The antioxidant activity of these nanoparticles is attributed to their high surface area, which allows for greater interactions with free radicals and ROS, and their ability to donate or accept electrons, which can neutralise reactive species. Research has been conducted on nanoparticles made up of three different metals to determine their ability to act as antioxidants, and certain studies have demonstrated encouraging findings. Trimetallic nanoparticles typically consist of three different metallic elements, such as gold, silver, and copper, and their antioxidant activity is thought to be due to the synergistic effects of these elements.



As a result of rapid industrialisation and urbanisation, renewable sources such as water resources are being polluted. Although more than 75% of our planet is covered by water, only about 5% of water resources are available for utilisation by living beings [24]. The leather, textile, cosmetics, and paper industries use dyes to impart colour to their products, which take time to degrade and are released into the water without being treated, resulting in environmental pollution [25]. As these dyes can be extremely carcinogenic, the distribution of untreated wastewater into waterways directly poses a significant risk to living beings, mainly aquatic organisms. Furthermore, due to their lack of biodegradability, these synthetic organic compounds must be processed prior to use [26]. Azo dyes are the most commonly used and the most hazardous dyes used in the textile and dyeing industries. At least one nitrogen atom is attached to the aromatic group, and the nitrogen is double-bonded (N=N). Various physical methods have been used for a long time to degrade these toxic dyes, such as reverse osmosis, absorption, and activated carbon. The aforementioned methods only lead to the movement of pollutants from one substance to another, causing contamination in the secondary medium. As a result, further treatment of solid waste and regeneration of the adsorbent is often required, thereby increasing the overall cost of the process [27]. Similarly, different chemical methods, for instance, chlorination and ozonation, are also used for the removal of dyes, but there are significant adverse effects due to the production of toxic metabolites that deteriorate the health of aquatic animals living in the water resources. Therefore, biological methods could be the most effective in eradicating toxic dyes from wastewater. This research focused on examining the catalytic breakdown of three dyes—methyl red, phenol red, and eosin yellow—using NaBH4 with the assistance of nanoparticles. The nanoparticles were found to have improved physical and chemical characteristics, resulting in greater reactivity compared to larger materials.




2. Results and Discussions


UV–Vis studies of synthesised nanoparticles:



An efficient technique for keeping track of the development of a reaction or studying the surface plasmon resonance (SPR) of metal nanoparticles is ultraviolet–visible (UV–Vis) spectrophotometry [28]. It is a method by which light absorption passes through an experimental sample. Color change show the synthesis of nanoparticles (Figure 1). Both the ultraviolet and visible spectrums of light are energetic and capable of raising the energy level of electrons. In this study, the wavelength range of 200–800 nm was used to measure the absorbance (Figure 2). This analysis was carried out 24 h after the reaction.



Three distinct peaks were observed during the UV–Vis analysis. An increase in the absorbance band was observed at a wavelength of 220 nm, which confirmed the presence of copper oxide (CuO). CuO NPs synthesised using Enicostemma axillare leaf extract showed a distinct peak at 234 nm [29]. In one study, CuO NPs were synthesised using Carica papaya, which was readily visible in the UV–Vis spectrum around 250 nm due to plasmon resonance [30]. Many other studies depicting the formation of CuO NPs observed a peak in a similar range. Another distinct peak at 270 nm was characteristic of zinc oxide (ZnO). The presence of a metal oxide (ZnO) was indicated by absorbance peaks at 230 and 270 nm in copper-doped ZnO nanoparticles in other research [31]. Furthermore, the presence of zinc ions was observed in the crystal lattices in an experiment, which led to a modification of the lattices, particularly in their extension. This modification caused an increase in the intensity of the absorbance peak after doping ZnO with Cu [32]. The absorbance band at 370 nm depicted the formation of Ag nanoparticles. A wide peak in the 400 nm region was recorded as a result of the silver nanoparticles synthesised using an aqueous extract of Berberis vulgaris leaf and root [33]. Furthermore, an intense SPR peak was observed at 390 nm in the biosynthesis of silver nanoparticles using sorghum bran extract [34]. These findings were consistent with the results observed in the current study. During the synthesis of bimetallic Ag–ZnO NPs, a widened peak was discerned in the UV spectrum within the range of 400–450 nm [35]. This peak was attributed to the surface plasmon of silver and provided compelling evidence for the interaction between silver and zinc oxide.



FTIR studies of synthesised nanoparticles:



FTIR analysis was performed on both C. roseus leaf extract and the trimetallic nanoparticles synthesised from the extract (Figure 3). The analysis revealed a wider band within the range of 3000 to 3500 cm−1, with a peak at 3331 cm−1, indicating the presence of alcohols and phenols as well as the vibration of OH stretching. During the synthesis of palladium nanoparticles using C. roseus leaf extract, a similar result was observed where the FTIR spectrum showed an absorbance band in the 3453 cm−1 region, indicating the presence of OH groups [36]. Furthermore, silver nanoparticles synthesised using Azadirachta indica exhibited absorption peaks at around 3489.2 and 3293.1 cm−1, which were assigned to the stretching vibrations of O–H. In addition, absorbance bands at 571.6, 534.8, and 661.5 cm−1 were reported, which were attributed to the presence of C–Cl and C–Br, indicating strong alkyl halides [37]. In another study, a stretch peak at 649 cm−1 was observed in the synthesis of Ag and TiO2 nanoparticles using an aqueous leaf extract of Euphorbia prostrata [38]. Therefore, it is logical that the sharp peak observed at 665 cm−1 in this study was due to a halogen compound. One study in the literature suggested the representation of the carbonyl group (C=O) in the absorbance band at 1643 cm−1, which was close to the absorbance peak at 1625 cm−1 in the current study, thus depicting the presence of the carbonyl group [39]. These results suggested the presence of phenols and flavonoids in the leaf extract, which likely played a role in the reduction of the metal precursors to their corresponding metal ions. Without other strong ligating agents present, polyphenolics can adsorb onto the surfaces of metal nanoparticles, possibly through pi-electron interactions. In a redox system, the pi-electrons of the carbonyl group (C=O) from the C ring of a flavonoid can transfer to the free orbital of a metal ion, converting it to its free metal form.



FTIR analysis was conducted to identify the functional groups present in the leaf extract that were responsible for the synthesis and stabilisation of the trimetallic nanoparticles through the bioreduction of metal ions. Figure 3 shows the FTIR spectrum of the trimetallic nanoparticles obtained from C. roseus, where strong peaks were observed at 3357, 1644, 728, and 691 cm−1. A research study suggested that the strong peak at 1644 cm−1 indicated a C=O bond due to stretching vibrations in the carboxyl group or maybe the bending of C–N in the amide group [40]. In addition, the absorption band observed at 3357 cm−1 suggested the presence of stretching vibrations of the N–H/C–H/O–H bonds of amines, amides, and alcohols. The stretch of bands between 3000 and 3500 cm−1, in which 3357 cm−1 demonstrated a sharp peak, could mean that the functional groups of flavonoids, caffeic acid, and cinnamic acid and its derivatives in the leaf extract of C. roseus were involved in the creation of the nanoparticles [41,42]. Furthermore, the absorbance band at 728 cm−1 depicted the presence of aromatic monosubstituted groups. The FTIR analysis of the trimetallic Zn/Cu/Ag NPs synthesised from the leaf extract revealed the presence of various functional groups related to active phytochemicals such as phenolic acids, flavonoids, aromatic compounds, etc. These groups are believed to be responsible for the reduction of metal precursors and the subsequent stabilisation of the produced trimetallic NPs. These phytochemicals present in the extract, mainly flavonoids and phenolic acids, could reduce the metal ions by donating electrons, leading to the formation of metal nanoparticles. Moreover, they could prevent the aggregation of nanoparticles by binding to the surface of the nanoparticles, creating a protective layer that reduced the surface energy and stabilised them. In addition, the carboxyl and hydroxyl groups could also bind to the metal ions on the surface of the nanoparticles and prevent further oxidation, helping to maintain their structural integrity.



DLS analysis:



The Cu/Ag/Zn nanoparticles had a hydrodynamic diameter of approximately 142 nm. In a study, silver NPs were synthesised using Lippia nodiflora extract and an average particle size of 143.7 nm was determined [43]. The researchers suggested that the presence of small amounts of larger particles, which resulted from agglomeration or contamination, may have contributed to the larger size and caused ambiguity in the particle size measurements. Similarly, in another study, while working on the biosynthesis of gold NPs using an extract of Cofea arabica, a particle size of approximately 500 nm was evaluated. They concluded that the value of the particle size was a result of the cloud of molecules created by the plant extract, as their interaction with the surface of the nanoparticle increased its hydrodynamic diameter [44]. The surface charge of the synthesised Cu/Ag/Zn nanoparticles was measured by zeta potential. Zeta potential values greater than +30 mV or less than −30 mV are typically thought to produce stable suspensions [45]. However, the surface charge of the NPS was found to be −8.94 mV. This may have been due to the agglomeration of synthesised NPs. Particles begin to aggregate when attraction outweighs repulsion, which progressively affects the zeta potential value. The development of negative zeta potential values was due to the binding of functional groups to the surface of NPs. Similarly, a zeta potential of 4.8 mV was recorded when zinc oxide NPs were created using the stem bark extract of Boswellia ovalifoliolata in one study. The authors came to the conclusion that this meant that the zinc nanoparticles were subject to repellent electrostatic forces [46]. Figure 4a,b shows the particle size and zeta potential of the synthesised nanoparticles, respectively.



XRD analysis:



The exact crystalline nature of the biogenic trimetallic nanoparticles was deduced by XRD analysis. X-ray diffraction (XRD) analysis is a technique used to identify the crystal structure and phase composition of materials, including metal nanoparticles. In this technique, a beam of X-rays is directed onto the surface of the material and the resulting diffraction pattern is analysed to determine the crystal structure and phase composition of the material. The average particle size was calculated from the width of the diffraction peaks using the Debye-Scherrer formula:


D = 0.94λ/βcosθ








where λ is the wavelength of the X-rays used, equal to 0.15418 Å; β is the full width at half maximum height measured in radians, which determines the spectral resolution; and θ is Bragg’s diffraction angle measured in degrees. The average crystallite size was found to be 34.67 nm. A high level of crystallinity was observed in the sample, which had diffraction angles of 26.1995 and 27.8029 that could be indexed at (210) and (111), respectively, corresponding to the characteristic face-centred cubic of copper (Figure 5) (Table 1). The signals at 31.6839, 32.2832, and 32.8055 could be indexed at (100) and (002), which corresponded to the characteristic hexagonal-shaped zinc crystal. The data obtained were compared to card no. 01-080-3002 in the ICDD PDF standard database [43]. The diffraction angles observed at 38.1354 and 46.2701 were indexed to (111) and (200), respectively, which corresponded to the crystalline facets of silver [44].



SEM-EDX:



The presence of Cu, Ag, and Zn was confirmed by SEM-EDX analysis, which is shown in the figure given below. The SEM micrographs of the trimetallic Cu/Ag/Zn nanoparticles biosynthesised using the leaf extract of C. roseus showed irregular shapes (Figure 6 and Figure 7). One reason for the observation of irregular shapes could be the tendency of biologically synthesised metal nanoparticles to aggregate. The composition of each element is shown in the table below. The EDX spectrum of the synthesised trimetallic nanoparticles showed strong copper, silver, and zinc signals. The presence of surface-bound biomolecules or phytochemicals that served as surface capping or stabilising agents may have been indicated by the presence of modest C and O signals among the other signals present in the EDX analysis. The synthesised trimetallic NPs had a compositional atomic ratio of 1:1.46:1.05 (Cu:Ag:Zn), which deviated from the standard stoichiometric ratio used to synthesise them. This may have been caused by variations in the NP surface energies or by the particular crystallographic orientation of the metal atoms.



Antioxidant activity:



The physical and chemical properties of trimetallic nanoparticles make them unique, and their potential antioxidant activities were studied using the DPPH assay. The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay is a widely used method to determine the antioxidant activity of different compounds, including metal nanoparticles (Figure 8). In this assay, DPPH, a stable free radical, is reduced to a nonradical form in the presence of an antioxidant, resulting in a change in colour from purple to yellow in a concentration-dependent manner. The unique physical and chemical properties of trimetallic nanoparticles, such as their high surface area-to-volume ratio and small size, make them highly efficient in electron transfer and allow them to easily penetrate cells and tissues. In addition, these nanoparticles have the ability to scavenge reactive oxygen species (ROS), which are highly reactive molecules that can cause damage to cells and contribute to oxidative stress.



To determine the antioxidant activity of the Cu/Ag/Zn nanoparticles (NPs), a DPPH assay was performed in which ascorbic acid was used as a positive control (Figure 9). The activity was observed to be 36.07%, 35.73%, 37.06%, 35.96%, 35.51%, 37.29%, and 68.03% at 10, 50, 100, 150, 200, 500, and 1000 µg/mL, respectively (Figure 10). The results suggested that the antioxidant properties of the Cu/Ag/Zn nanoparticles were more significant than those of ascorbic acid, a known antioxidant, at lower concentrations (10 µg/mL). Furthermore, at higher concentrations (1000 µg/mL), the Cu/Ag/Zn nanoparticles exhibited remarkably high antioxidant activity compared to lower concentrations.



The synthesis, characterisation, and antioxidant and antibacterial activity of copper nanoparticles were reported in a study using C. vitiginea leaf extract. The antioxidant activity of the synthesised copper nanoparticles was recorded to be 21% [47]. The antioxidant activity shown by the nanoparticles could be traced back to the various types of alkaloids present in C. roseus, the extract of which was used in the biosynthesis of the NPs. In addition to the terpenoid indole alkaloid, C. roseus synthesises over 150 terpenoid indole alkaloids and a diverse range of phenolic compounds, such as caffeic acid flavonoids, and cinnamic acid and its derivatives [48]. The antioxidant activity of phenolic compounds has been attributed to several mechanisms, and different methods are available to assess the antioxidant properties of lignins and tannins present in phenolic acids. The presence of one or two methoxy groups in the ring increases the antioxidant activity of compounds with one hydroxyl group. When an electron donor group, such as an alkyl or methoxy group, is introduced into the ortho position, the antioxidant properties of phenolic acids are strengthened [49]. The synthesis, characterisation, and antioxidant and antibacterial activity of copper nanoparticles were reported in a study using C. vitiginea leaf extract. The antioxidant activity of the synthesised copper nanoparticles was recorded to be 21% [47]. Silver nanoparticles have been reported to exhibit antioxidant activity due to their ability to scavenge free radicals. For example, in one study, silver nanoparticles synthesised using garlic extract exhibited strong antioxidant activity, which was attributed to their large surface area and unique physicochemical properties [50]. Nevertheless, there is limited research on trimetallic nanoparticles as antioxidants, although a few studies have reported their potential as antioxidant agents. In another study, trimetallic gold/silver/copper nanoparticles were synthesised, and their antioxidant activity was evaluated using the DPPH assay. The nanoparticles exhibited strong antioxidant activity, with higher scavenging activity than individual gold, silver, and copper nanoparticles [51]. There are numerous studies available in the field of nanotechnology depicting the antioxidant activity of metal nanoparticles using various medicinal plants. However, there is no report of the synthesis of Cu/Ag/Zn nanoparticles using C. roseus. Hence, this study aimed to investigate the antioxidant activity of these Cu/Ag/Zn NPs.



Catalytic degradation of phenol red:



Phenol red is a pH indicator that is commonly used in cell culture and microbiology. It is a yellowish-red crystalline powder that turns from yellow to pink to red depending on the pH of the solution. The degradation of phenol red can be challenging, depending on the method and conditions used for its degradation. Phenol red is a persistent organic compound that is relatively stable and difficult to degrade by natural processes. For example, high concentrations of phenol red and other organic compounds may be present in industrial wastewater treatment, making their degradation more challenging. Therefore, some degree of effort and expertise is required to break down its chemical structure and reduce it to harmless by-products. The use of nanoparticles for the degradation of phenol red can be an effective approach. There have been studies on the use of trimetallic nanoparticles for the degradation of phenol red in aqueous solutions. One study found that biologically synthesised zinc oxide (ZnO) nanoparticles using a methanolic leaf extract of C. roseus were effective in degrading phenol red within 8 h after the addition of the ZnO nanoparticles [40].



Figure 10 shows the UV absorption spectra of phenol red after the addition of trimetallic Cu/Ag/Zn nanoparticles over time. When treated with only NaBH4, the dye showed an insignificant reduction. Synthesised biogenic trimetallic nanoparticles exhibited very good phenol red degradation, almost up to 78%, in the presence of NaBH4 (Figure 10). The maximum absorption intensity of phenol red was recorded at 560 nm. The larger peak shown in the graph may have reflected the formation of intermediates such as hydrazines following the addition of the nanoparticles and NaBH4. The absorption intensity decreased with an increase in time. In fact, 6 h after the addition of biogenic NPs, the maximum reduction in absorption was observed. The mechanism of degradation of phenol red by trimetallic nanoparticles involved the generation of reactive oxygen species (ROS) such as hydroxyl radicals, which broke down the phenol red molecule into smaller and less toxic compounds (Figure 11). The study results suggested that the trimetallic nanoparticles have potential for use in the degradation of phenol red and may offer a promising solution for the remediation of environments contaminated with this dye.



Catalytic degradation of eosin yellow:



Metal nanoparticles have been studied extensively for their potential to degrade pollutants and environmental contaminants, including dyes such as eosin yellow. Eosin yellow is an anionic dye that can cause severe damage to the gastrointestinal and respiratory tracts. It is also an irritant to the skin and eyes [52]. Eosin yellow is a synthetic organic dye commonly used in the textile, food, and cosmetic industries. It is a potential environmental contaminant due to its toxicity and persistence in water bodies. Metal nanoparticles such as iron, silver, gold, and copper have been found to effectively degrade eosin yellow through various mechanisms, including photocatalysis, electrocatalysis, and catalytic reduction. For example, iron nanoparticles synthesised using Dimocarpus longan have been shown to degrade eosin yellow through a process called the Fenton-like reaction, in which the nanoparticles catalyse the formation of highly reactive hydroxyl radicals that oxidise dye molecules [53].



In the present study, the absorption spectrum for eosin yellow showed a peak at 515 nm. The percentage of degradation of eosin yellow was found to be 50.7% after the addition of biogenic Cu/Ag/Zn nanoparticles (Figure 12). The results clearly showed that when eosin yellow was reduced in the presence of NaBH4, the intensity of the absorbance peak decreased as the reduction progressed. The use of NaBH4 (sodium borohydride) as a reducing agent has been explored in the degradation of eosin yellow using metal nanoparticles. NaBH4 is a powerful reducing agent that can donate electrons to metal nanoparticles, leading to the reduction of pollutant molecules. This process can be used to break down eosin yellow into simpler, less toxic compounds. Several studies have reported the degradation of eosin yellow using metal nanoparticles and NaBH4. For example, the catalytic degradation of eosin yellow using silver nanoparticles and NaBH4 was demonstrated. The study showed that the degradation efficiency increased with the addition of silver nanoparticles. The authors also suggested that the degradation improved with a decrease in the particle size of the silver nanoparticles [25].



Trimetallic nanoparticles can be a promising approach for the degradation of eosin yellow in aqueous solutions. The use of trimetallic nanoparticles is based on the synergistic effect of combining different metals, which can lead to enhanced catalytic activity and efficiency for pollutant degradation. An example of trimetallic nanoparticles used for eosin yellow degradation is a combination of Fe/Pd/Cu nanoparticles. In a study, the degradation of eosin yellow was investigated using Fe/Pd/Cu nanoparticles and hydrogen peroxide (H2O2). The results showed that the trimetallic nanoparticles had superior catalytic degradation activity compared to that of binary or single-metal nanoparticles. The degradation efficiency reached 99.5% after 120 min of reaction time, which was attributed to the synergistic effect of the three metals in the nanoparticles [54]. Similarly, in another study, the degradation of eosin yellow was achieved using trimetallic Fe/Ni/Pd nanoparticles. The study showed that the degradation efficiency increased with increasing nanoparticle dosage and decreasing pH. The authors suggested that the degradation mechanism involved the generation of hydroxyl radicals through the Fenton-like reaction between Fe and H2O2, and the surface reaction between eosin yellow and metal nanoparticles [55].



These studies demonstrate the potential of trimetallic nanoparticles for the degradation of eosin yellow and other pollutants in aqueous solutions. The combination of multiple metals in the nanoparticles can lead to enhanced catalytic activity and synergistic effects, which can improve the efficiency of the degradation process.




3. Material and Methods


Distilled water was utilised as a solvent for the production of plant extracts and salt solutions. Metal precursor salts, namely silver nitrate (AgNO3) with a molecular weight of 169.87 g/mol, copper (II) sulphate pentahydrate (CuSO4·5H2O) with a molecular weight of 249.68 g/mol, and zinc sulphate heptahydrate (ZnSO4·7H2O) with a molecular weight of 287.6 g/mol, were acquired from the Department of Biotechnology Laboratory of Sharda University, Greater Noida, India. The leaves of C. roseus were obtained from nearby plants. Furthermore, 1,1-diphenyl-2-picrylhydrazyl (DPPH) with a molecular weight of 394.32 g/mol and L-ascorbic acid (C6H8O6) with a molecular weight of 176.12 g/mol were also obtained from the laboratory. The DPPH solution was prepared using ethanol as the solvent, which was obtained from the laboratory.



3.1. Preparation of Extract


Labolin was used to clean the C. roseus leaves, which were then rinsed with distilled water to remove any impurities and dust particles from the surface. Subsequently, the leaves were dried in a hot air oven and ground into a fine powder with a mortar and pestle. Subsequently, 5 g of fine powder was added to a 250 mL beaker and dissolved in 100 mL of distilled water. The solution was then subjected to a 50 °C water bath for an hour. After cooling, the mixture was filtered using Whatman Filter Paper No. 1, and the extract was stored in a falcon tube for use in nanoparticle synthesis.




3.2. Preparation of Salt Solutions


The 10 mM stock solutions of all three metal salts were prepared by dissolving them in distilled water. First, 0.2876 g of ZnSO4·7H2O (molecular weight = 287.6 g/mol) was dissolved in distilled water to make 100 mL of 10 mM zinc sulphate salt solution. Similarly, 0.2496 g of CuSO4·5H2O (molecular weight = 249.68 g/mol) was dissolved in distilled water to make 100 mL of 10 mM copper sulphate salt solution. Then, 0.1698 g of AgNO3 (molecular weight = 169.87 g/mol) was also dissolved in distilled water to make 100 mL of silver nitrate solution. The stock solutions were stored in a refrigerator for further use.




3.3. Preparation of Cu/Ag/Zn Nanoparticles


The trimetallic nanoparticles with Cu/Ag/Zn were synthesised in a typical reaction procedure by placing equal volumes of the metal precursor solutions of Cu (10 mM, 20 mL), Ag (10 mM, 20 mL), and Zn (10 mM, 20 mL) in a 250 mL beaker. A 20 mL aliquot of aqueous C. roseus leaf extract was added to this metal precursor reaction mixture until a dark greenish colour was observed indicating the formation of trimetallic nanoparticles, making the solution ratio 1:1:1:1. The solution was then kept overnight in a shaker incubator at 50 °C to achieve a homogenous mixture.




3.4. Preparation of Powderered Nanoparticles


The powdered nanoparticles were prepared simply by simply heating the aqueous solution of the nanoparticles at 70 °C for 1 h in a glass Petri dish. The resultant solid form of these nanoparticles was scraped from the glass Petri dish and collected in an Eppendorf tube.




3.5. Catalysis


Using NaBH4, the biologically synthesised trimetallic Cu/Ag/Zn nanoparticles were used to degrade the harmful dyes eosin yellow and phenol red. A test tube was filled with 1.4 mL of water, 0.3 mL of 0.5 mM aqueous dye, and 1 mL of freshly prepared 0.03 M NaBH4 solution. Then, 1 mL of biogenic Cu/Ag/Zn NPs was added, and spectroscopic assessment of the degradation reaction was conducted at regular intervals. Moreover, control tests without the trimetallic nanocatalysts were also performed. The degradation efficacy was determined by the equation:


% degradation = {(A0 − At)/A0} × 100








where A0  = absorbance at 0 min; At = absorbance at t minutes.




3.6. Characterisation of Synthesised Nanoparticles


The optical properties of the synthesised trimetallic nanoparticles were determined by measuring their UV–Vis (ultraviolet–visible light) absorbance spectra over a range of 200–800 nm. For this characterisation, the synthesised nanoparticle solution was diluted 100 times to give a clear reading. Fourier-transform infrared (FTIR) spectroscopy was used to examine the physicochemical properties of the synthesised trimetallic nanoparticles, which were synthesised using the leaf extract of C. roseus, and to determine their binding properties. Additionally, dynamic light scattering (DLS) was employed to ascertain the particle size and zeta potential of the synthesised trimetallic nanoparticles.




3.7. Evaluation of the Antioxidant Activity of Synthesised Nanoparticles


To determine the antioxidant potency of the synthesised trimetallic nanoparticles, the 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) assay was used with L-ascorbic acid as the standard. A 0.3 mM DPPH-reagent solution was prepared by dissolving 11.8 mg of DPPH in ethanol to make 100 mL. To prepare the standard ascorbic acid solution with a concentration of 1 mg/mL, 100 mg of ascorbic acid was dissolved in 100 mL of ethanol. It was then diluted to different concentrations (10, 50, 100, 150, and 200 µg/mL) to perform the assay. Similarly, different concentrations (10, 50, 100, 150, 200 µg/mL, and so on) of synthesised nanoparticles were also prepared in ethanol. A 3 mL volume of the standard or the nanoparticle solution was mixed with 1 mL of DPPH and incubated in a dark room for 30 min. The absorbance was recorded at 517 nm for the prepared solution. A 1 mL volume of DPPH diluted to 4 mL with ethanol was taken as a positive control. The antioxidant activity was determined by calculating the percentage (%) of inhibition using the following formula:


Scavenging effect (%) = [(Ac − As)/Ac] × 100








where Ac represents the absorbance of the control and As represents the absorbance of the sample.





4. Conclusions


A simple, safe, and environmentally friendly method was used for the synthesis of trimetallic Cu/Ag/Zn nanoparticles using a leaf extract of C. roseus. The synthesis of these trimetallic nanoparticles was characterised by UV–Vis, FTIR, and DLS analysis. The antioxidant activity of these trimetallic nanoparticles was studied. A comparative analysis of antioxidant activity was performed between ascorbic acid (standard control) and the biosynthesised trimetallic nanoparticles. The antioxidant assessment of the synthesised trimetallic nanoparticles showed excellent radical scavenging activity (75.76%) at 1000 µg/mL. Furthermore, the biogenic trimetallic nanoparticles showed effective catalytic degradation activity against red phenol and eosin yellow. The use of biosynthetic procedures opens up new avenues for the development of ideal catalysts with high activity and stability.
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Figure 1. The colour of the metal precursor changed to greenish after the addition of leaf extract. 
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Figure 2. UV spectroscopy of (a) Cu/Ag/Zn nanoparticles and (b) plant leaf extract. 
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Figure 3. FTIR spectra of C. roseus extract and trimetallic Cu/Ag/Zn nanoparticles. 
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Figure 4. (a) Particle size of Cu/Ag/Zn nanoparticles. (b) Zeta potential of Cu/Ag/Zn nanoparticles. 
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Figure 5. Graph representing the XRD pattern of intensity (y-axis) versus diffraction angle (2θ) (x-axis). 
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Figure 6. EDX spectrum of synthesised nanoparticles. 






Figure 6. EDX spectrum of synthesised nanoparticles.



[image: Catalysts 13 00891 g006]







[image: Catalysts 13 00891 g007 550] 





Figure 7. SEM image at 10X magnification. 
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Figure 8. Antioxidant activity of Cu/Ag/Zn nanoparticles. 
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Figure 9. Antioxidant activity of standard ascorbic acid vs. Cu/Ag/Zn NPs. 
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Figure 10. UV–Vis absorption spectra of phenol red in the presence of biogenic Cu/Ag/Zn nanoparticles together with NaBH4 at different time intervals. 
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Figure 11. Dye degradation using Cu/Ag/Zn nanoparticles. 
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Figure 12. UV–Vis absorption spectra of yellow eosin in the presence of biogenic Cu/Ag/Zn nanoparticles along with NaBH4 at different time intervals. 
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Table 1. XRD Analysis.
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	S. N
	2θ (°)
	Height (CTS)
	FWHM (Radians)
	Crystalline Size (nm)





	1
	26.1995
	52.68
	0.0051190507
	27.88



	2
	27.8029
	81.9
	0.0051190507
	28



	3
	31.6839
	51.31
	0.00204901654
	70.48



	4
	32.2832
	102.32
	0.00654149404
	22.11



	5
	32.8055
	41.64
	0.005119
	28.27



	6
	38.1354
	57.45
	0.005119
	28.697



	7
	46.2701
	77.08
	0.004044
	37.32
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