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ABSTRACT  
In this study, zinc oxide nanoparticles (ZnONPs) were synthesized using an eco-friendly green approach, 

employing banana peel extract as a reducing and stabilizing agent. The synthesized ZnO was characterized 

by AFM, XRD, SEM, EDX, FTIR, and UV-Vis spectroscopy to determine its structural and morphological 

features. The photocatalytic activity of ZnONPs was assessed for methylene blue (MB) dye removal from 

contaminated water under ultraviolet (UV) and sunlight irradiation. High degradation efficiency was 

achieved, with 99.1% of the dye removed within 60 minutes using 0.05 g/L of catalyst in 50 mL of 10 ppm 

MB solution at pH 10, under both light sources. These results confirm the effectiveness of biosynthesized 

ZnO NPs in removing organic dyes from water. In addition, optimal degradation conditions were studied, 

and the catalyst’s reusability was evaluated. After four reuse cycles, ZnONPs retained a degradation 

efficiency of 87.6%, indicating good stability and reusability. These findings suggest that green-synthesized 

ZnONPs are a promising candidate for large-scale water purification applications. 

 

Keywords: Green synthesis, Zinc oxide nanoparticles, Banana peel extract, Methylene blue dye, 

Photocatalysis, Water treatment. 

 

1. Introduction 

Over the past decades, the protection of marine life and aquatic ecosystems from harmful dye pollutants has 

emerged as a critical concern. Methylene blue (MB) dye is considered one of these pollutants, capable of 

causing irreversible damage to marine ecosystems even at trace concentrations[1, 2]. 

The uncontrolled and increasing discharge of various types of organic pollutants has led to the 

contamination of many clean water sources used for drinking, agriculture, and industry [3, 4]. Moreover, 

various industrial processes—such as those in the pharmaceutical, textile, and paper industries—contribute 

to the release of harmful organic compounds into the surrounding environment in the form of organic dyes 

or oily effluents[5,6]. 
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Pollutants originating from industries such as textile and paper manufacturing—particularly those 

associated with organic dyes—pose significant environmental risks due to their complex, persistent, and 

hazardous chemical structures. These substances have the potential to contaminate various water reservoirs, 

leading to detrimental impacts on ecosystems and the health of living organisms on Earth[7, 8] 

The presence of methylene blue (MB) dye molecules in water can lead to various health issues, including 

allergic dermatitis and dysfunction of vital organs such as the reproductive system, kidneys, brain, and liver 

[9, 10]. MB is a complex synthetic dye widely used in textile, paper, and plastic industries, known for its 

high stability and resistance to degradation. It adversely affects light penetration and water quality, and 

harms aquatic organisms, making it a serious environmental pollutant when discharged into water bodies 

without effective treatment [11, 12]. 

Currently, many researchers and environmental specialists are dedicating efforts to mitigate these risks by 

designing various catalysts to remove or reduce such pollutants [13, 14]. Advanced Oxidation Technologies 

(AOTs) have gained significant attention for their effectiveness in eliminating dye molecules and organic 

pollutants from water [15, 16]. Among these, semiconductor-based photocatalysis has emerged as an 

efficient, low-cost, reusable, and environmentally friendly method capable of fully degrading organic dyes 

even at low concentrations, offering advantages over conventional chemical treatment methods [17, 18]. 

The mechanism of dye and pollutant photodegradation relies on the generation of electrons (e⁻) and holes 

(h⁺) within the semiconductor photocatalysts under suitable light irradiation. Effectively preventing the 

recombination of photogenerated (e⁻/h⁺) pairs is essential to enhance the availability of charge carriers for 

photocatalytic reactions, thereby ensuring superior degradation performance in semiconductors [19, 20]. 

Numerous semiconductor-based photocatalysts have been extensively studied and applied for the removal 

of pollutants and heavy metals from contaminated water sources [21, 22]. 

Therefore, nanotechnology and photocatalysts have attracted widespread attention from researchers across 

various fields such as medicine, environmental science, and energy, due to the unique properties that 

nanomaterials possess compared to their conventional counterparts [23, 24]. Among these materials, zinc 

oxide (ZnO) holds a prominent position because of its chemical stability, abundance, distinctive properties, 

low preparation cost, and high efficacy in medical and environmental applications, particularly in 

photocatalytic processes for the removal of organic pollutants from contaminated water [25, 26]. 

In light of the shift toward environmentally friendly technologies, the green synthesis method has emerged 

as a safe and cost-effective alternative for preparing nanomaterials [27, 28]. This approach utilizes plant 

extracts rich in phenolic and terpene compounds that act as reducing and stabilizing agents. Banana peels, 

in particular, are abundant in bioactive compounds, making them a suitable choice for the green synthesis 

of zinc oxide nanoparticles [29, 30]. 

This study aims to synthesize and characterize zinc oxide nanoparticles using banana peel extract and to 

evaluate their efficiency in removing methylene blue dye from water through photocatalytic technology. 

Additionally, it seeks to assess the effects of various factors such as catalyst dosage, dye concentration, 

temperature, time, pH, and light sources on the removal efficiency, as well as to investigate the reusability 

of the catalyst over multiple cycles. 

2. Experimental Section 

2.1 Solutions and Chemicals: 

All chemicals used in this study were of high purity. Deionized water was used for the preparation of all 

solutions. 
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a. Zinc chloride solution: A 0.1 M solution was prepared by dissolving 1.37 g of zinc chloride (ZnCl₂) in 

a 50 mL volumetric flask, then transferring to a 100 mL volumetric flask and diluting to the mark with 

deionized water. 

b. Sodium hydroxide solution: A 0.1 M solution was prepared by dissolving 0.400 g of sodium hydroxide 

(NaOH) in a 50 mL glass flask, then transferring to a 100 mL volumetric flask and diluting to the mark with 

deionized water. 

c. Hydrochloric acid solution: A 0.1 M solution was prepared by transferring 0.82 mL of concentrated 

hydrochloric acid (12.06 M) into a 100 mL volumetric flask and diluting to the mark with deionized water. 

d. Methylene blue (MB) dye solution: A 100 ppm stock solution was prepared by dissolving 0.01 g of 

MB dye in a 20 mL volumetric flask, then transferring to a 100 mL volumetric flask and diluting to the 

mark with deionized water. A 10 ppm working solution was prepared by dilution according to the dilution 

formula. 

e. Banana peel powder. 

f. Ethanol. 

g. Deionized water. 

2-2 Apparatus used: 

 pH meter, Genway 3310, England. 

 Irradiation system equipped with an optical setup (custom-built). 

 Magnetic stirrer with hot plate, FTHPM-10, Korea. 

 Analytical balance, KERN ABS, Germany. 

 Oven, Caroll, Korea. 

 FTIR spectrometer (Shimadzu), Japan. 

 UV-Vis spectrophotometer, Shimadzu, Japan. 

2-3 Preparation of Banana Peel Extract: 

Banana peels were collected, thoroughly washed with distilled water to remove impurities and adhering 

dust, and then air-dried in the shade for five days. The dried peels were subsequently ground into a fine 

powder. Ten grams of the banana peel powder were mixed with 100 mL of deionized water and heated for 

90 minutes at 70°C. The extract was then filtered using filter paper and stored in a dark glass bottle in a 

refrigerator at 4°C for subsequent use in the synthesis of zinc oxide nanoparticles (ZnO). 

2-4 Green Synthesis of Zinc Oxide Nanoparticles (ZnONPs): 

Banana peel extract (100 mL) was gradually added to 100 mL of 0.1 M zinc chloride (ZnCl₂) solution in a 

400 mL flask with continuous stirring at 70°C for two hours. A color change to light yellow was observed, 

indicating the formation of zinc oxide nanoparticles. The precipitate was separated by centrifugation at 

3200 rpm for 15 minutes, washed several times with water and ethanol, then dried in an oven at 80°C for 

four hours. Subsequently, the precipitate was calcined at 500°C for four hours and ground to obtain zinc 

oxide nanopowder (ZnO), as illustrated in Figure 1. 
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Fig. 1: Diagram illustrating the preparation steps of zinc oxide nanoparticles (ZnO). 

 

3. Characterization of Zinc Oxide Nanoparticles (ZnONPs): 

The newly synthesized ZnO nanoparticles were precisely characterized using various advanced techniques. 

Fourier Transform Infrared Spectroscopy (FT-IR) analysis was performed using a Shimadzu FT-IR 8400 

spectrometer with potassium bromide (KBr) pellets to identify the chemical structure and functional groups 

of the ZnO nanoparticles. The crystalline structure of the photocatalyst was investigated using Powder X-

ray Diffraction (XRD) with a Shimadzu XRD-6000 instrument, employing Ni-filtered Cu-Kα radiation (λ = 

1.54060 Å). 

The average crystallite size (D) of the synthesized samples was estimated using the Debye–Scherrer 

equation, based on the full width at half maximum (FWHM) of the most intense diffraction peak, as 

expressed in Equation (1) [31, 32]. 

𝐷
𝐷𝑅𝑋

  
𝐾 

𝜃𝑠𝑜𝑐𝛽
             (1)  

Where K is the Scherrer constant (approximately 0.9) related to the shape of the crystal, λ is the wavelength 

of the X-ray source used, β represents the full width at half maximum (FWHM) of the diffraction peak in 

radians, and θ is the Bragg angle. The crystallite size (Dₓ) equation was used to determine the crystallinity 

of the photocatalysts [33, 34]. As follows: 

𝑦𝑡𝐶𝑛𝑟𝑙𝑎𝑎𝑦𝑠𝑦𝑟𝐶%  
𝑋𝑓𝑡𝑡𝑐𝑎𝑠𝑓𝑓𝑜𝐷 𝑘𝑎𝑎𝑝 𝑓𝐷𝑓𝑎𝐷𝑐𝑓𝑓𝑖

𝑙𝑜𝑓𝑎𝑇 𝑓𝐷𝑓𝑎𝐷𝑐𝑓𝑓𝑖
× 011   (2) 

Field Emission Scanning Electron Microscopy (FE-SEM; model ZEISS Sigma 300) provided detailed 

insights into the morphological features, particle size distribution, and the integrity of the zinc oxide 

nanoparticle sheets within the composite structure. Atomic Force Microscopy (AFM; Bruker Dimension 

Icon) offered precise descriptions of the height, thickness, surface roughness, and roughness of the prepared 

nanoparticles. Energy Dispersive X-ray Spectroscopy (EDX) along with mapping analysis was employed to 

determine the elemental composition of the newly synthesized ZnO photocatalyst. 
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Optical absorption properties were characterized using a UV-Visible spectrophotometer (JASCO V-650) 

over the wavelength range of 200–800 nm. Together, these techniques provide a comprehensive 

understanding of the structural, morphological, and chemical characteristics of the materials, which is 

essential for evaluating their potential applications. 

4. Photocatalytic Activity Study 

In this study, methylene blue (MB) dye was used as a model to evaluate the photocatalytic performance of 

the prepared photocatalyst samples under visible light, sunlight, and ultraviolet (UV) irradiation. A weight 

of 0.05 g of the green-synthesized zinc oxide nanoparticle photocatalyst was added to 50 mL of 10 ppm 

MB solution in a 200 mL glass flask. The solution was kept in the dark for 30 minutes to establish 

adsorption–desorption equilibrium between the MB dye and the photocatalyst. 

Subsequently, the flask and its contents were exposed to UV irradiation for 60 minutes. During irradiation, 

5 mL aliquots of the suspension were withdrawn every 10 minutes using a syringe and transferred to 

separate tubes. After removing any suspended residues by centrifugation (4000 rpm for 10 minutes), the 

photocatalytic efficiency of the ZnO catalyst was assessed by measuring the absorbance of the samples at 

the maximum wavelength of 664 nm using a UV-Vis spectrophotometer. The dye degradation efficiency 

over time was calculated using the following equation. 

𝐷𝑜𝑖𝑡𝑙𝑑𝑙𝑟𝑦𝑒𝑠 𝑡𝑙𝑟𝑜 (%)  
(𝐶𝑖−𝐶𝑡)

𝐶𝑖
× 011  (3) 

where Cᵢ is the initial concentration of MB dye, and Cₜ is the concentration of MB after different time 

intervals. 

The results demonstrated a removal efficiency of 99.1% under UV-A irradiation, 98.4% under sunlight, 

87.2% under visible light from a 100 W LED lamp, and 80.3% under halogen lamp illumination. The 

optimal conditions were observed at a pH range of 8–10, a catalyst dosage of 0.05 g per 50 mL, a dye 

concentration of 10 ppm, and a temperature of 30°C. A decrease in efficiency was noted with increasing 

dye concentration, excessive catalyst amount, or higher temperatures. 

5. Results and Discussion 

5-1 Atomic Force Microscopy (AFM) Measurement of Zinc Oxide Nanoparticles (ZnO-NPs): 

Atomic Force Microscopy (AFM) analysis of zinc oxide nanoparticles (ZnO-NPs) over a 1×1 μm² scan 

area revealed a uniform distribution of mostly spherical or quasi-spherical particles with minimal 

agglomeration, indicating well-prepared samples with reduced particle adhesion. 

The average surface roughness (Sa) was 4.033 nm, with maximum peak height (Sp) of 25.67 nm, 

maximum pit depth (Sv) of 16.86 nm, and total height (Sz) of 42.53 nm. Surface slope (0.655) and surface 

development ratio (Sdr = 17.17%) indicated slight complexity in surface morphology. The skewness (Ssk = 

0.6385) was positive, showing peak dominance, while the kurtosis (Sku = 3.842) fell within the acceptable 

range for a uniform nanoscale surface. 

A total of 397 particles were detected with a density of 3.97×10⁸ particles/mm² and surface coverage of 

43.29%. Particle heights ranged from 17.41 to 44.18 nm, averaging 18.74 nm, with a mean projected 

particle area of 0.001099 μm². 

These findings demonstrate that the synthesized ZnO nanoparticles exhibit uniform size and distribution 

with moderate surface roughness, making them suitable for photocatalytic, sensing, and biomedical 

applications [35, 36]. 
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Fig. 2: AFM images illustrating the atomic force microscopy measurements of the synthesized zinc oxide 

nanoparticles (ZnO). 

 

X-ray Diffraction (XRD) Analysis of Zinc Oxide Nanoparticles (ZnO NPs) 

X-ray diffraction (XRD) analysis of the zinc oxide nanoparticle sample was conducted using Cu Kα 

radiation with a wavelength of λ = 1.5406 Å to determine the crystalline phase, investigate the crystallinity 

pattern, and calculate the crystallite size of the synthesized nanoparticles. The XRD results exhibited 

distinct diffraction peaks at various 2θ angles, indicating a well-defined crystalline structure in the material. 

The peaks were analyzed, and their spectral and physical parameters were recorded as shown in the 

following table: 
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Table 1: X-ray diffraction results of zinc oxide nanoparticles (ZnO NPs). 

Pos. 

[°2Th.] 

Height 

[cts] 

FWHM Left 

[°2Th.] 

d-spacing 

[Å] 
Tip Width D nm 

11.4014 416.07 0.2952 7.76122 0.3542 27.04530458 

22.3867 168.49 0.7872 3.97143 0.9446 10.28752298 

25.0519 232.26 0.3936 3.55464 0.4723 20.67578874 

28.5828 743.55 0.3936 3.12305 0.4723 20.82823683 

30.6103 279.10 0.7069 2.92066 0.8482 11.65144124 

32.1107 1041.57 0.3444 2.78753 0.4133 24.00329031 

34.7118 848.35 0.4920 2.58438 0.5904 16.91716372 

36.5023 1511.67 0.4428 2.46162 0.5314 18.89140502 

38.1797 272.21 0.4920 2.35724 0.5904 17.08657312 

40.8754 443.64 0.3936 2.20779 0.4723 21.53952166 

45.1764 214.47 0.5904 2.00710 0.7085 14.57373485 

47.9539 404.51 0.3936 1.89713 0.4723 22.08981286 

51.2072 90.24 1.9680 1.78399 2.3616 4.476278729 

54.3865 164.11 0.5904 1.68698 0.7085 15.12785229 

57.1106 523.17 0.3444 1.61282 0.4133 26.26160341 

58.5829 261.00 0.4920 1.57574 0.5904 18.51409919 

63.3046 485.11 0.5904 1.46911 0.7085 15.80710865 

66.8858 200.09 0.3936 1.39889 0.4723 24.18840294 

68.4388 377.49 0.5904 1.37089 0.7085 16.27274568 

69.6760 224.43 0.4920 1.34954 0.5904 19.67289096 

73.0930 57.22 0.0900 1.29466 0.1080 109.8739744 

77.6930 92.61 0.0900 1.22910 0.1080 113.3366356 

Average 26.778  nm 

 

By comparing the peak positions with standard JCPDS cards for zinc oxide nanoparticles, the diffraction 

patterns showed excellent agreement with the hexagonal wurtzite crystalline phase of zinc oxide, 

corresponding to JCPDS Card No. 36-1451 [37, 38]. 

The characteristic peaks observed at 2θ values of 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°, and 67.9° 

correspond to the crystal planes (100), (002), (101), (102), (110), (103), and (112), respectively—typical for 

the hexagonal ZnO structure. The peaks exhibit sharp and relatively narrow shapes, indicating good 

crystallinity. Meanwhile, the Full Width at Half Maximum (FWHM) values reveal slight peak broadening, 

which reflects the nanoscale nature of the particles, as small size and lattice distortions cause peak 

broadening. Based on calculations, the average crystallite size ranged from 20 to 35 nm, with a median 

value of approximately 26.7 nm. This indicates that the nanoparticles possess good crystallinity and an 

appropriate size distribution suitable for practical applications. 

5-2 Energy Dispersive X-ray Spectroscopy (EDX) Analysis of Zinc Oxide Nanoparticles (ZnONPs) 

EDX analysis of the ZnO nanoparticles showed zinc (Zn) as the predominant element with 46.25 wt% and 

23.67 at%, confirming successful ZnO formation. Oxygen (O) was present at 20.10 wt% and 42.04 at%, 

verifying effective oxidation. Chlorine (Cl) appeared at 16.38 wt%, likely residual from zinc chloride used 

in synthesis. Potassium (K) and sodium (Na) were detected at 9.01 wt% and 5.73 wt%, respectively, 
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probably from reagents or processing. Minor phosphorus (P, 1.96 wt%) and silicon (Si, 0.57 wt%) 

impurities were also found, likely from additives or contamination. 

These results confirm high-quality ZnO nanoparticle synthesis with some residual impurities. 

 

Table 2: Elemental Percentage Composition of the Synthesized ZnO Sample 

Element Line Type Apparent Concentration k Ratio Wt% Wt% Sigma Atomic % 

O K series 4.05 0.01361 20.10 0.26 42.04 

Na K series 0.97 0.00408 5.73 0.34 8.34 

Si K series 0.09 0.00071 0.57 0.06 0.68 

P K series 0.48 0.00268 1.96 0.09 2.12 

Cl K series 2.92 0.02548 16.38 0.19 15.46 

K K series 1.71 0.01447 9.01 0.16 7.71 

Zn L series 5.88 0.05876 46.25 0.35 23.67 

Total:    100.00  100.00 

 

 

Fig. 3: EDS spectrum illustrating the elemental composition of zinc oxide (ZnO) nanoparticles, 

highlighting the elements with the highest weight percentages. 

 

5-4 Scanning Electron Microscopy (SEM) Analysis of Zinc Oxide Nanoparticles (ZnO NPs) 

SEM analysis of ZnO nanoparticles was conducted at accelerating voltage 15 kV and magnifications from 

5.00kX to 135kX. At low magnification (5kX), nanoparticles formed large, dense, irregular agglomerates 

due to van der Waals and hydrogen bonding forces.  

At medium magnification (35kX), flake-like morphologies appeared, showing irregular, interwoven thin 

sheets with somewhat smooth but wavy surfaces, indicating multi-directional crystal growth.  

Higher magnification (70kX) revealed overlapping thin plates, confirming non-spherical, plate-like shapes 

typical of hexagonal ZnO crystals. Small voids between flakes suggest porosity beneficial for adsorption. 

At 135kX, sharp edges of flakes were observed with particle widths around 44.7 nm, confirming nanoscale 

size (20–50 nm).  
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Overall, ZnO NPs exhibit flaky, non-spherical morphology with agglomeration likely from drying and 

surface forces. The porous flake structure and nanoscale size enhance their suitability for photocatalysis, 

sensing, and pollutant removal applications [39, 40]. 
 

 

Fig. 4: SEM images of the synthesized ZnO nanoparticles. 
 

5-5 FTIR Analysis of Synthesized ZnO Nanoparticles (ZnO NPs): 

FTIR analysis provides insights into the molecular structure, chemical bonds, and functional groups present 

in the material. To evaluate the crystalline nature and composition of zinc oxide nanoparticles (ZnO NPs) 

synthesized via green synthesis using banana peel extract, FTIR measurements were performed at room 

temperature over the spectral range of 400–4000 cm⁻¹. Figure 4 presents the typical FTIR spectrum of the 

synthesized ZnO NPs, displaying prominent absorption bands at 426 cm⁻¹, 472 cm⁻¹, and 557 cm⁻¹, which 

correspond to the strong Zn–O stretching vibrations, confirming the formation of ZnO [41, 42]. 
 

 

Fig. 5: FT-IR spectrum of the synthesized zinc oxide nanoparticles (ZnO NPs). 

 

5-6 UV–Visible Spectrum of the Synthesized Zinc Oxide Nanoparticles (ZnO NPs) 

The UV–Visible absorption spectrum of the green-synthesized zinc oxide nanoparticles (ZnO NPs), 

prepared using banana peel extract, was recorded against a blank solution using distilled water as a 
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reference. The spectrum showed a strong absorption peak at a wavelength of 300 nm. As illustrated in 

Figure 6. [43, 44]. 

 

Fig. 6: UV–Visible absorption spectrum of zinc oxide nanoparticles (ZnO NPs). 
 

6. Study of the Effect of pH, Catalyst Dosage, Dye Concentration, and Light Sources on the 

Efficient Photodegradation of Methylene Blue (MB) Dye 

Several experiments were conducted on the green-synthesized ZnO nanophotocatalyst to determine the 

optimal conditions required for the effective photodegradation of methylene blue (MB) dye. Various factors 

were investigated, including the pH of the reaction solution, the amount of photocatalyst used, the 

concentration of MB dye, and the light source, in order to identify the most suitable conditions for 

achieving maximum photodegradation efficiency. 

The pH value of the solution plays a key role in the photodegradation of MB dye. A range of pH values 

from 2 to 10 was tested, and the pH was adjusted using diluted hydrochloric acid and sodium hydroxide 

solutions under previously studied constant conditions. As illustrated in Figure 7A, the photocatalyst 

exhibited suboptimal photocatalytic performance under acidic conditions, specifically within the pH range 

of 2–5. In contrast, a significant improvement in photocatalytic performance was observed in alkaline 

conditions, with a maximum degradation efficiency of 99.1% at pH 10. 

The poor photocatalytic performance in acidic media can be attributed to the positively charged surface of 

ZnO, which leads to an increase in surface-bound H⁺ ions. This results in electrostatic repulsion between 

the positively charged MB dye molecules and the positively charged ZnO surface, thereby hindering the 

adsorption of MB onto the catalyst surface. Consequently, this leads to a lower dye adsorption rate and 

reduced degradation efficiency. Conversely, the enhanced photocatalytic activity under alkaline conditions 

can be explained by the negatively charged ZnO surface, due to the adsorption of OH⁻ ions, which causes 

electrostatic attraction of the cationic MB dye toward the negatively charged ZnO surface, thereby 

enhancing dye adsorption. 

Additionally, hydroxyl radicals (•OH) are more stable in alkaline environments, further increasing the 

photodegradation rate of MB dye. These results clearly indicate that alkaline conditions significantly 

enhance the photocatalytic degradation efficiency of MB dye [45, 46]. 

The amount of ZnO photocatalyst also plays a crucial role in MB degradation. Various catalyst doses (0.02, 

0.03, 0.05, and 0.08 g/L) were evaluated to determine their effect on degradation efficiency. According to 

Figure 7B, the optimal amount was found to be 0.05 g/L, which resulted in a high degradation efficiency of 
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99.1%. As expected, increasing the catalyst dose enhances photon absorption, leading to the generation of 

higher concentrations of electron–hole (e⁻/h⁺) pairs. 

However, further increasing the amount of ZnO beyond the optimal dose (0.05 g/L) resulted in a decline in 

photocatalytic activity, which may be due to light scattering and opacity in the solution, reducing the light 

penetration through the suspension. This effect restricts the photoreaction to only the upper catalyst layers. 

Additionally, higher catalyst concentrations lead to particle agglomeration, thereby decreasing the active 

surface area and weakening the overall catalytic performance [47, 48]. 

Therefore, a dose of 0.05 g/L was selected due to its superior performance compared to 0.08 g/L. 

Furthermore, the initial dye concentration in the solution plays a key role in determining the photocatalytic 

efficiency. Four different initial concentrations of MB dye (10, 15, 20, and 25 mg/L) were tested under UV 

irradiation for 60 minutes using a 0.05 g/L catalyst dose at pH 9, as shown in Figure 7C. The 10 mg/L MB 

concentration achieved the highest degradation percentage. 

At higher concentrations (20 and 25 mg/L), the degradation efficiency significantly declined. This could be 

attributed to light scattering and absorption by the dye itself, which hindered the photon flux reaching the 

catalyst surface, leading to reduced generation of electron–hole pairs (e⁻/h⁺), and consequently, a decrease 

in degradation efficiency [49, 50]. 
 

 

Fig. 7: Photodegradation efficiency of methylene blue (MB) dye over a 60-minute period under various 

experimental conditions: 

(a) Effect of pH: Degradation efficiency at different pH values (2–10) using 0.05 g/L of ZnO photocatalyst 

and 10 ppm MB dye concentration. 

(b) Effect of photocatalyst dosage: Degradation efficiency at various ZnO concentrations (0.02, 0.03, 0.05, 

and 0.08 g/L) at pH 10 and 10 ppm MB dye. 

(c) Effect of initial dye concentration: Degradation efficiency at different MB concentrations (10, 15, 20, 

and 25 mg/L) using 0.05 g/L of ZnO and pH 10. 

(d) Effect of light source: Degradation efficiency under different irradiation sources using 0.05 g/L ZnO, 

pH 10, and 10 ppm MB dye 
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The data presented in Figure 7d indicate a significant enhancement in the photodegradation efficiency of 

MB dye under UV and sunlight exposure. This improvement is attributed to the high-energy photons of UV 

light, which align well with the optimal absorption range of the ZnO photocatalyst, as well as the broad 

energy spectrum of sunlight. However, it is important to note the potential health hazards associated with 

prolonged UV exposure. In contrast, visible light sources such as LED and halogen lamps demonstrated 

lower degradation efficiency [51, 52]. As illustrated in Figure 8. 
 

 

Fig. 8: Illustration of the photocatalytic efficiency of different light sources. 
 

7. Study of the Reusability of the ZnO-NPs Photocatalyst: 

The reusability and stability of photocatalysts are important aspects worthy of investigation. This study 

evaluated the reusability of the ZnO photocatalyst under sunlight and UV light using identical reaction 

conditions. The ZnO photocatalyst was separated by centrifugation at 3000 rpm for 10 minutes, then 

washed with ethanol and deionized water, dried, and reused for subsequent photocatalytic degradation 

cycles of MB dye. 

The results presented in Figure 9 demonstrate four consecutive reuse cycles with promising outcomes. It is 

noteworthy that the photocatalyst efficiency may decline due to adsorption of degradation by-products on 

its surface, which can damage active sites and reduce catalytic performance. Additionally, loss of catalyst 

material during washing and drying may contribute to decreased efficiency. Nevertheless, the ZnO 

photocatalyst maintained a degradation efficiency of 86.7% even after the fourth cycle, indicating excellent 

reusability and stability. 

Therefore, ZnO photocatalyst represents a suitable and promising candidate for the treatment of wastewater 

contaminated with organic dyes and pollutants. 
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Fig. 9: Graphs illustrating the reusability test data of the ZnO photocatalyst for the degradation of MB dye 

under sunlight. 

 

Conclusions 

In this study, we successfully synthesized a novel, versatile ZnO nanoparticle photocatalyst via a green 

method using banana peel extract—an eco-friendly, simple, and cost-effective approach. The prepared ZnO 

nanoparticles were thoroughly characterized using various techniques including FT-IR, XRD, FE-SEM, 

AFM, EDX, and UV-Vis spectroscopy. The new ZnO photocatalyst demonstrated excellent performance, 

achieving a high degradation efficiency of 99.1% for methylene blue (MB) dye under UV light within 60 

minutes, and 98.2% photodegradation efficiency under sunlight over 180 minutes. Optimal conditions to 

maximize photocatalytic efficiency were determined, including catalyst dosage (0.05 g/L), pH range (2–

10), MB dye concentration (10 ppm), and identifying UV and sunlight as the most effective light sources. 

Importantly, the catalyst could be easily recovered from contaminated solutions, enhancing operational 

convenience and efficiency in water treatment. Furthermore, the study confirmed the remarkable stability 

of the ZnO nanocomposite, evidenced by its capability to be reused for four consecutive cycles with 

minimal loss in activity, underscoring its practical potential for sustainable environmental applications in 

the removal of organic pollutants and dyes from wastewater. 
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