SYNTHESIS, CHARACTERIZATION AND PHOTOCATALYTIC DYE DEGRADATION ANALYSIS OF ZINC OXIDE NANOPARTICLES FROM FRUIT EXTRACT OF Manilkara zapota

ABSTRACT
Green synthesis of metal oxide nanoparticles using plant extracts offers an eco-friendly and sustainable approach for developing effective photocatalysts for environmental remediation. The present study reports the green synthesis of zinc oxide nanoparticles (ZnO NPs) using aqueous fruit extract of Manilkara zapota as a reducing and stabilising agent, with zinc nitrate as the precursor salt. The synthesised nanoparticles were characterised using Fourier Transform Infrared Spectroscopy (FT-IR), Field Emission Scanning Electron Microscopy (FESEM), Energy Dispersive X-ray Analysis (EDX), and X-ray Diffraction (XRD). FT-IR analysis revealed the presence of hydroxyl, amine, carbonyl, and alkyl functional groups involved in nanoparticle formation and stabilisation. FESEM micrographs showed predominantly spherical nanoparticles with slight agglomeration and an average particle size of approximately 35 nm. EDX analysis confirmed the elemental composition of zinc and oxygen, while XRD patterns verified the crystalline wurtzite structure of ZnO with an average crystallite size of 26.99 nm. The antioxidant potential of the nanoparticles was evaluated using the DPPH free radical scavenging assay and demonstrated appreciable antioxidant activity. Furthermore, the photocatalytic performance of the ZnO nanoparticles was assessed using methylene blue dye as a model pollutant under xenon lamp irradiation. The nanoparticles exhibited significant dye degradation efficiency, with degradation increasing progressively with irradiation time. The enhanced photocatalytic activity was attributed to the nanoscale size, high surface area, and abundance of active catalytic sites. The study demonstrates that Manilkara zapota-mediated ZnO nanoparticles are environmentally friendly, cost-effective, and promising materials for wastewater treatment and environmental remediation applications.
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1. INTRODUCTION
Metal oxide nanoparticles (NPs) have attracted considerable attention owing to their distinctive physical, chemical, and biological properties, including enhanced solubility, high chemical stability, and strong surface adhesiveness. These characteristics make them highly promising for a wide range of biomedical, industrial, and environmental applications. However, the conventional synthesis of nanoparticles frequently involves the use of hazardous reducing and capping agents, which may exert detrimental effects on plant systems, environmental sustainability, and the overall health of living organisms due to their associated toxicity. In this context, plant extracts have emerged as a preferable alternative for the synthesis of metal oxide NPs through green synthesis approaches. This method offers several advantages, including environmental compatibility, reduced toxicity, cost-effectiveness, operational simplicity, and sustainability, thereby providing an efficient and eco-friendly route for nanoparticle production. Since nanoparticles molecular activity can have an impact on living things, the most notable aspect of nanotechnology is its application in biology and biological systems, despite the field’s apparent advancements in medicine being very amazing [31]. Furthermore, the nanoparticles produced through green synthesis approaches are generally biocompatible and free from toxic stabilising agents commonly associated with conventional chemical synthesis methods. Plant extracts are particularly rich in diverse bioactive compounds, such as flavonoids, phenolics, alkaloids, terpenoids, and proteins, which play a crucial role in the reduction, stabilisation, and functionalisation of nanoparticles. Among the various metal oxides, zinc oxide (ZnO) has emerged as one of the most promising inorganic nanomaterials and has attracted substantial scientific interest for the biosynthesis of nanoparticles due to its remarkable physicochemical properties and broad spectrum of applications. ZnO nanoparticles have demonstrated significant potential in areas such as drug delivery systems, solar cell technology, photocatalytic degradation of pollutants, antimicrobial formulations, and personal care products, including sunscreens and cosmetic preparations [1–6]. Plant-based technologies in green synthesis have garnered significant attention due to their extensive array of medicinal and biotechnological applications. Zinc oxide nanoparticles (ZnO NPs) have garnered considerable attention in several sectors, including optics, electrics, packaged foods, and medicine, owing to their favorable attributes such as biocompatibility, low cytotoxicity, and cost-effectiveness [32-34].
According to previous studies, ZnO nanoparticles (NPs) have been created using various plant extracts like Cassia auriculata [7], Aloe vera [8-9], Duranta erecta [10], Cinnamomum verum [11], Bauhinia tomentosa [12], Vitex trifolia [13], Moringa oleifera [14], Azadirachta indica [15-16], Artocarpus gomezianus [17], and Olea europaea [19]. In biological systems, excessive production of highly reactive radical species (HRRS) leads to oxidative stress, which is linked to several diseases such as cancer, diabetes, cardiovascular issues, and arthritis [31]. All biological systems rely significantly on antioxidants for proper functioning. Therefore, there is a pressing need to find new and safe antioxidants derived from natural sources that are more effective and less harmful. Furthermore, the extensive use of antibacterial and anti-inflammatory medications has led to resistance, the emergence of new antibiotic-resistant pathogenic strains [19], and both chronic and acute toxic effects on various human physiological systems, especially the immune system. Consequently, it is essential to look for new, effective antibacterial and anti-inflammatory treatments that can successfully fight drug-resistant bacteria without causing immunosuppression. Biosynthesized nanoparticles are suggested as a potential alternative solution to these issues [20]. The present study reports the green synthesis of zinc oxide nanoparticles (ZnO NPs) using aqueous fruit extract of Manilkara zapota as a reducing and stabilizing agent, with zinc nitrate as the precursor salt.
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Herbal medicine is both safe and effective for treating a range of diseases. Traditional herbal medicine significantly contributes to the management of various illnesses and their related complications; therefore, it is essential to focus on further research to develop many active formulations for addressing health issues. Manilkara zapota (L.) P. Royen, commonly known as M. zapota, is part of the Sapotaceae family. M. zapota is originally from Central America, southern Mexico, and the Caribbean, and it is grown widely across India.
2. MATERIALS AND METHODS
2.1. Preparation of extract
The fruit were collected and it is washed several times with water to remove the dust particles and then to remove the residual moisture. The extract was stored in a refrigerator in order to be used for further experiments. 
2.2. Preparation of zinc nanoparticles
For the synthesis of nanoparticle 50 ml of fruit extract was taken and boiled to 60-80 degree Celsius using a stirrer heater. 5 grams of Zinc Nitrate was added to the solution as the temperatures reached 60 degree Celsius. This mixture is then boiled until it reduced to a deep yellow colored paste. This paste was then collected dried for  2 hours. A light white colored powder was obtained and this was carefully collected and packed for characterization
2.3. Characterization of  ZnO nanoparticles
The green synthesized ZnO nanoparticles using a fruit extract of M.Zapota was carriedout.  was The morphology structure and stability of the synthesized ZnO nanoparticles were analysed  by using Fourier Transform Infrared (FTIR) spectroscopy and XRD and  EDAX and Field Emission Scanning Electron Microscope (FESEM),  

2.4. Free Radical Scavenging analysis (Antioxidant).
The free radical scavenging activity of green-synthesised ZnO nanoparticles (ZnO NPs) derived from the fruit extract of M. zapota was evaluated using the DPPH assay and compared with biosynthesised ZnO NPs and the standard antioxidant, L-ascorbic acid, at varying concentrations [21]. Briefly, 2 mL of DPPH solution was mixed with 0.1 mL of each sample and standard L-ascorbic acid at concentrations ranging from 100 to 3125 μg mL⁻¹. The reaction mixtures were vigorously shaken for 1 min and subsequently incubated in the dark at room temperature (35 ± 2 °C) for 30 min. Following incubation, absorbance was measured at 517 nm using a U-2900 UV–Vis double-beam spectrophotometer (Hitachi, Tokyo, Japan). All experiments were conducted in triplicate to ensure reproducibility and accuracy of the results.
The free radical scavenging activity (FRSA) of each sample was expressed as the percentage inhibition of the DPPH radical and calculated using the following equation:

where A represents the absorbance value. The half-maximal inhibitory concentration (IC₅₀) values were determined from the plotted relationship between FRSA and the corresponding sample concentrations.

2.5. Photocatalytic degradation analysis
A xenon lamp was employed as the irradiation source to investigate the photocatalytic degradation of methylene blue dye. Prior to the photocatalytic experiment, the photocatalyst was dispersed in an aqueous methylene blue solution within a 500 mL reactor. The resulting suspension was subsequently stirred in the dark for 30 min to establish adsorption–desorption equilibrium between the photocatalyst surface and dye molecules. At predetermined time intervals, aliquots of the reaction mixture were collected and filtered prior to analysis. The absorbance of the filtered samples was measured using a spectrophotometer in order to evaluate the degradation efficiency of methylene blue during the photocatalytic process.
3. RESULTS &DISCUSSIONS
Figure 1: FT-IR analysis of synthesized ZnO nanoparticles from fruit extract of Manilkara zapota
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Figure : 1 FT-IR analysis is perhaps the most powerful technique for identifying the types of chemical bonds on the functional group present in the compound. The wavelength of light absorb is the characteristic feature of chemical bond as can be seen in the annotated spectrum. By interpreting, the infrared absorption spectrum the chemical bonds in the molecules can be determined. The powdered sample of nanoparticles was loaded in FT-IR spectroscope with a scan range from 400-4000 cm-1 with resolution of 4cm-1. [22] 
Table 1: FT-IR analysis of functional groups in synthesized zinc oxide nanoparticles from Manilkara zapota

	S.No
	Absorbance
	Bond
	Functional groups

	     1
	3370.89
	N–H stretch
	1˚, 2˚ amines, amides

	     2
	3141.22
	 OH stretch
	Strong

	     3
	2925.52
	Alkyl C-H stretch
	Alkane peaks above 3000 cm-1 are frequently diagnostic of unsaturation

	     4
	2856.82
	Alkyl C-H stretch
	Alkane peaks above 3000 cm-1 are frequently diagnostic of unsaturation

	     5
	1745.71
	 C = O Ester
	 Strong

	     6
	1634.53
	C=C Alkene
	Weak

	     7
	1515.56
	C=O Amide
	Strong

	     8
	1461.98
	CH2 Bend
	Medium

	     9
	1134.49
	C-OH Stretch
	 Strong

	    10
	863.26
	C-F
	Strong

	    11
	797.88
	C-Cl
	Strong

	    12
	674.36
	C-Cl
	Strong

	    13
	591.00
	C-Br
	Strong












FESEM  analysis of ZnO NPs
The morphological characteristics of the biosynthesised zinc oxide nanoparticles (ZnO NPs) were investigated using field emission scanning electron microscopy (FESEM) at magnifications corresponding to scales of 500 and 10 nm. The FESEM micrographs clearly demonstrated that the biosynthesised ZnO nanoparticles were predominantly spherical in shape, uniformly distributed, and exhibited a certain degree of agglomeration, as illustrated in Figure 2.
In addition, a few nanoparticles displayed slight deviations from the typical spherical morphology, which may be attributed to the presence of various naturally occurring phytochemical groups involved in the reduction and stabilisation processes during the initial stages of nanoparticle formation. The average particle size of the synthesised ZnO nanoparticles was determined to be approximately 35 nm [23].
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[image: ]Figure 2(A,B) : FESEM analysis of ZnO nanoparticles from the fruit extract of M.Zapota.
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[image: ]Figure 3: EDX analysis of ZnO nanoparticles from fruit extract of M.Zapota
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Energy dispersive X-ray spectroscopy (EDS, EDX or EDXRF) is an analytical technique used for the elemental analysis or chemical characterization of a sample. The EDX of the ZnO sample ( Figure 3) was done by the SEM (JEOL-JSM 5800) machine. The EDX reveals that the required phase has present. Both Zinc (Zn) and Oxygen (o) is present in the sample. Again the graph shows the presence of Mg. and Si. This is due to the substrate over which it was held to do the FESEM characterization. X-ray diffraction analysis of green synthesized Nanoparticles.
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Figure 4 : XRD analysis of synthesized ZnO nanoparticles from fruit extract of Manilkara zapota
Figure- 4 shows the XRD pattern of zinc oxide nanoparticle from Manilkarazapota extract. The Braggs reflection peaks at 31.6 o, 32.8 o, 36.1 o and 47.6o were observed corresponding to (100), (002), (101), and (102) plane respectively. The XRD pattern confirms the wurtzitestructure of zinc oxide nanoparticles.  The similar results have also been reported by synthesized zinc oxide nanoparticle by sol-gel method. The crystallite size of the zinc oxide nanoparticle has been calculated by Debye- Scherrer formula.
 .  
λ represents wavelength of X-ray source, β represents diffraction peak of full width at half maximum (FWHM) and θ represents the Braggs reflection peak. The average crystallite size of zinc oxide nanoparticle is 26.99 nm. 

Figure 5 : Antioxidant activities of control and zinc oxide nanoparticles from fruit extract

Figure 5 illustrates that antioxidants or oxidation inhibitors are substances that slow down or stop oxidation, generally extending the lifespan of oxidizable materials. Most diseases and disorders are primarily associated with oxidative stress caused by free radicals. Free radicals (oxidants) are highly reactive species with very short lifespans that can damage macromolecules like proteins, DNA, and lipids. Typically, reactive oxygen species in the body interact with the electrons of other molecules, affecting various enzyme systems and causing harm, which may lead to conditions such as cancer, ischemia, aging, adult respiratory distress syndrome, rheumatoid arthritis, and more. [24]. There has been significant interest in screening and characterizing antioxidants from natural sources, with efforts focused on finding suitable compounds to replace synthetic antioxidants. The ongoing search for phytochemicals with strong antioxidant properties remains crucial in finding treatments for diseases caused by free radicals, preventing oxidative reactions in food, protecting against DNA damage and cancer development, and discovering substances with a broad range of pharmacological effects, including anti-inflammatory, antibacterial, and antifungal properties. [25].




Figure 6 : Percentage of dye degradation by10 gm of synthesized ZnO nanoparticles from fruit extract at different time intervals.


Figure 7 : The absorbance spectra of Methylene blue dye treated with 10 gm of synthesized ZnO nanoparticles from fruit extract at different time intervals.

In recent years, contamination of surface and groundwater resources has increased substantially as a consequence of rapid population growth, industrialisation, and urban expansion. Among the major contributors to environmental pollution are organic dyes released from the textile, food, leather, and related industries. These dyes are characterised by high toxicity, chemical stability, and poor biodegradability, thereby posing significant risks to both environmental and human health, including potential carcinogenic effects. Methylene blue (MB), one of the most widely used synthetic dyes, is extensively employed in industrial applications such as silk dyeing, food colouring, and the processing of wool, leather, cotton, jute, and paper products [26]. Exposure to methylene blue and related dye compounds has been associated with adverse effects on the immune and reproductive systems, as well as possible carcinogenic and genotoxic outcomes. Consequently, the effective removal of such hazardous dyes from industrial wastewater has become an important environmental priority.
Various treatment strategies, including biological degradation, adsorption, membrane filtration, and advanced oxidation processes, have been investigated for the removal of organic dyes from industrial effluents. Among these approaches, photocatalytic degradation has emerged as a highly promising and environmentally sustainable technique due to its ability to decompose toxic organic pollutants into less harmful or completely mineralised products. The application of photocatalysts for the degradation of pollutants in contaminated air and water systems has therefore attracted extensive research interest in recent decades [27].
Heterogeneous photocatalysis, in particular, has gained significant attention because of its potential to achieve complete mineralisation of environmentally hazardous dye molecules into harmless end products such as carbon dioxide and water [28]. Among the various semiconductor photocatalysts investigated, zinc oxide (ZnO) and titanium dioxide (TiO₂) are the most extensively studied owing to their non-toxic nature, chemical stability, high photocatalytic activity, and strong resistance to corrosion. However, titanium dioxide exhibits a major limitation in that it primarily absorbs ultraviolet (UV) radiation, which constitutes only approximately 5% of the solar spectrum. Consequently, considerable efforts have been directed towards modifying photocatalysts to extend their light absorption capacity from the UV to the visible region. Strategies such as metal or non-metal doping, surface modification, and the synthesis of multi-metal oxide photocatalysts have been widely explored to improve photocatalytic efficiency under visible light irradiation.
Zinc oxide (ZnO), an n-type semiconductor with a wide band gap energy of approximately 3.37 eV, has recently emerged as a promising photocatalytic material for the degradation of organic pollutants present in wastewater. Its growing popularity is attributed to several advantageous properties, including high catalytic activity, low to moderate preparation cost, environmental compatibility, and ease of synthesis [29,35]. Figures 6 and 7 demonstrate the photocatalytic degradation behaviour of methylene blue dye in the presence of ZnO nanoparticles. Due to their nanoscale dimensions, ZnO nanoparticles possess a large surface area and a high density of active surface sites, which significantly enhance surface-mediated catalytic reactions and thereby improve photocatalytic performance.
Despite these advantages, ZnO nanoparticles also exhibit certain limitations. The wide band gap of ZnO restricts photoexcitation predominantly to photons with wavelengths below 400 nm, limiting its activity mainly to the UV region of the electromagnetic spectrum. In addition, the rapid recombination of photogenerated electron–hole pairs significantly reduces photocatalytic efficiency [30]. To overcome these challenges, various modification strategies have been developed to enhance the visible-light response of ZnO and suppress charge carrier recombination. Among these, the fabrication of nanoscale core–shell nanostructures has emerged as a particularly effective and widely investigated approach for improving the photocatalytic performance of ZnO-based materials.
Conclusion
The present study successfully demonstrated the green synthesis of zinc oxide nanoparticles (ZnO NPs) using the aqueous fruit extract of Manilkara zapota, offering an eco-friendly and cost-effective alternative to conventional chemical methods. The synthesized nanoparticles were effectively characterized using FT-IR, FESEM, EDAX, and XRD analyses, confirming their formation, stability, and crystalline nature. The nanoparticles exhibited a predominantly spherical morphology with nanoscale dimensions and good dispersion. The presence of bioactive phytochemicals in the plant extract played a crucial role in the reduction and stabilization of ZnO NPs. The biosynthesized ZnO nanoparticles showed significant antioxidant activity, indicating their potential in biomedical applications. Furthermore, the photocatalytic studies revealed efficient degradation of methylene blue dye under visible light irradiation, highlighting their environmental remediation capability. Overall, M. zapota-mediated ZnO nanoparticles demonstrate strong potential for wastewater treatment and other sustainable nanotechnological applications.
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