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Abstract

This research presents a sustainable, plant-mediated method to produce copper oxide nanoparticles
(CuO NPs) using an aqueous extract of Carica papaya leaves and assesses their effectiveness at
removing hazardous heavy metals from polluted aqueous environments. The resulting nanoparticles
were thoroughly characterized through UV-Visible spectroscopy, Fourier Transform Infrared (FTIR)
spectroscopy, X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and Brunauer-
Emmett-Teller (BET) surface area measurement to evaluate their optical behavior, functional groups,
crystal structure, morphology, and textural properties. Both lab-prepared solutions spiked with Pb (1),
Cd (1), and Cr (V1) and authentic samples of contaminated surface water were treated with varying
doses of the CuO NPs under batch adsorption conditions. The outcomes confirmed that natural
phytochemicals in the leaf extract served as effective reducing and capping agents during nanoparticle
formation. Removal percentages generally rose with increasing adsorbent dosage and under optimal
pH. Cd (II) and Cr (V1) displayed particularly strong uptake across most conditions, followed by Pb
(1I), whereas Zn showed limited removal. The observed patterns were statistically significant, and the
adsorption capacities compared well with previously published results for similar nanomaterials,
suggesting good applicability for practical water remediation purposes.
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INTRODUCTION

During the past two decades, extensive research has focused on synthesizing and utilizing
nanoparticles (NPs), which play an essential role in multiple areas, including feed,
environmental and pharmaceuticals, due to their unique properties (Hughes et al., 2025).
Copper nanoparticles (Cu NPs) have exhibited extraordinary properties due to their versatile
activity, such as antitumor, antimicrobial, antioxidant, dye removal, and catalytic
degradation. However, their traditional synthesis (chemical method) has issues, such as
prolonged technical work and toxic raw materials, e.g., hydrazine, N-dimethylformamide,
and sodium borohydride (Cepoi et al., 2025), which are potentially carcinogenic compounds.
In addition, the traditional chemical synthesis may present environmental risks, such as
dispersion and exposure, to bioactive residues, with soil and water ecotoxicity (Ayub et al.,
2025).

According to Chakraborty et al. (2022) green synthesis is most effective for reducing and
stabilizing metal ions. These approaches utilize natural extracts to reduce metal precursors
and stabilize the formed particles, offering advantages such as simplicity, low cost, and
minimal toxicity. In accordance with these statements, micro-organisms are capable of
intracellular and cellular biosynthesis (Shang et al., 2021). Therefore, plant extracts can provide
a more cost-effective method for nanoparticle synthesis than micro-organism synthesis
(Gherasim et al., 2024).

Green-synthesized CuO NPs have already shown promise as efficient adsorbents and
photocatalysts for removing organic dyes and inorganic contaminants from water. Their high
surface area, tunable surface chemistry, and eco-friendly production make them particularly
suitable for treating heavy metal pollution a pressing global issue caused by industrial
discharges, mining, and agricultural runoff. This study investigates the preparation of CuO
NPs from Carica papaya leaf extract and examines their ability to adsorb Pb(Il), Cd(Il), and
Cr(VI) from both synthetic and real wastewater matrices (Prabu and Losetty, 2024).

Nanomaterials are increasingly being used in the environmental area (Thakar et al., 2022). Due
to their compact design flexibility, size and high surface-to-volume ratio, these materials are
highly sought after. Over the past ten years, several researches have been done on various
metal oxide nanomaterial, especially copper oxide nanoparticles, to investigate potential
applications in numerous sectors since metal oxide exhibits better properties at the nanoscale.
CuO NPs are gaining popularity as nanomaterials due to their distinctive chemical, electrical,
optical, biological, thermal and photocatalytic properties (Onivefu et al., 2025). Green
synthesis using plant extracts provides a sustainable, low-cost, and eco-friendly alternative,
yet there is limited locally generated data on the synthesis, characterization, and performance
evaluation of such nanoparticles within Nigerian environmental conditions. Specifically,
there is very little research on Carica papaya mediated CuO nanoparticles and their efficiency
in removing Pb, Cd, and Cr from both artificially prepared and naturally polluted waters in
Northern Nigeria.

MATERIALS AND METHODS

Reagent and Equipment

The materials used in this study are: (CuSO,) (Sigma Aldrich), KOH (Sigma Aldrich), NaOH
(Sigma Aldrich), HCI (Sigma Aldrich), Cd, Pb and Cr. These compounds are of analytical
grade and were purchased from Fisher Scientific Company UK. Other equipment used
includes: a pH meter, analytical balance, furnace, oven, hot plate with stirrer, magnetic bar,
thermometer, titration setup, and filtration setup.
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Methods

Preparation of Extract

Fresh leaves were collected, washed several times with distilled water, and shade-dried for
seven days. The dried leaves were pulverized into a fine powder. A 6 g portion of the powder
was soaked in 100 mL distilled water and heated at 60 °C with continuous stirring for 60
minutes. The resulting mixture was cooled and filtered through Whatman No. 1 filter paper.
The filtrate was stored at 4 °C for subsequent use (Li et al., 2025) .

Preparation of 1000 ppm Multi-Metal Stock Solution

A 1000 mg/L multi-metal stock solution was prepared by accurately dissolving 0.533 g
Pb(NOs)., 0.436 g CdCl.'H:0, and 0.942 g K.Cr-0O- in distilled water, transferring toa 1 L
volumetric flask, and making up to the mark.

Preparation of 50 ppm artificial Polluted Water as Working Solution
The stock solution (5 mL) was added into 100 mL volumetric flask and topped up with 95 mL
distilled water (Mahmoud et al., 2023).

Green Synthesis of Copper Oxide Nanoparticles

According to, Badr et al., (2023) protocol with slight modification was followed. Equal
volumes (50 mL each) of leaf extract and 0.2 M CuSOs solution were mixed. The pH was raised
to 8.0 by dropwise addition of NaOH solution while stirring at 60 °C for 15 minutes. The
reaction was continued for another 30-40 minutes until a dark greenish-black precipitate
formed. The solid was separated by centrifugation, washed three times with distilled water,
oven-dried at 50 °C for 24 h, gently ground, and stored in an airtight container.

Characterization Techniques
To confirm the formation of CuO NPs different physiochemical characterization techniques
were used.

UV-Vis Spectroscopy
UV-Vis spectra were recorded between 200-800 nm (Motras Scientific UV Plus
spectrophotometer).

Fourier Transform Infrared Spectroscopy
For the fourier transform infrared spectroscopy FTIR analysis (400-4000 cm™) was performed
using KBr pellets on a Perkin Elmer Spectrum Two instrument.

X-Ray Diffraction

XRD patterns were obtained on a Rigaku MiniFlex II diffractometer (Cu-Ka radiation, A =
0.154 nm, 20 = 20-80°), with crystallite size estimated via the Debye-Scherrer formula and
phase identification against JCPDS database (Joint Committee on Powder Diffraction
Standards) database and International Centre for Diffraction Data (ICCD).

X-Ray Spectroscopy

The morphology to determine shape lattice and chemical composition of synthesized
nanoparticles were examined by scanning electron microscope (SEM; Model No. JSM 6510LV,
Make-JEOL, Japan) equipped with energy dispersive X-ray spectrometer (EDSX) followed by
microscopic imaging performed from 1000X to 30,000X with 0.5-1pum resolution at15kV.
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Digestion and Analysis of the Artificial and Natural Polluted Water as Controls

To each 50 mL sample, the following concentrated acid was added: 3 mL of concentrated nitric
acid (NHO) and 5 mL of concentrated hydrochloric acid (HCL). The acid-sample mixtures
were then heated on magnetic stirrers at 90°C. Heating continued until the volume of the
solution in each beaker was reduced to 20 mL. This process is known as digestion, which
breaks down organic and inorganic matter to release target analytes. They were then removed
from the heat and allowed to cool. The digested and cooled samples were finally diluted to a
total volume of 50 mL by adding distilled water (Azad et al., 2025).

Batch Adsorption Experiments

The artificial polluted water (100mL) (50ppm) and same volume (100mL) of natural water
were added in 15 conical flasks and varying doses (100mg L-* - 500mg L) were added in each
flask, 5 samples per sample type. The mixtures were filtered and the filtrate digested and
analyzed for Pb, Cd, Cr using AAS (Abdelmonem et al., 2025).

Digestion of Water Samples (Artificial and Natural) after Treatment with nanoparticles
The samples 50 mL) were measured into conical flasks. HNOs (3 mL) and HCI (bmL) (3:1 aqua
regia) and mixture heated gently until volume decreased to 20 mL The mixture was filtered
and made up to 50 mL with distilled water. Samples were sent to the laboratory for heavy
metals using AAS (Isah et al., 2025).

Result and Discussion

UV-Vis Spectroscopic

The current research cope with the swift eco-friendly synthesis of CuO NPs from leaf extract
of carica papaya. There are a plethora of studies that reported the presence of various bioactive
compounds in carica papaya leaf such as triterpenes, alkaloids, steroids, phenols, etc. (Abd El-
Kareem et al., 2025). In the present study, the mechanism of CuO NPs synthesis can be
hypothesized and explained by using the phenolic content of leaf extract of carica papaya as
they are known to have the high reducing ability (Nordin et al., 2025). It is well documented
that the gallic acid is present as one of the key phenolic components in carica papaya leaf extract
which might facilitate the reduction of Cu(OH). to nano-sized CuO (Mamand et al., 2025).
During the reaction, when pH is increased in the range of 8.0, the color of reaction changes
from blue to brown and then to black. Further, the absorption spectrum recorded at 200-800
nm showed a double absorbance peak at 204 and 2014 nm corresponded to the characteristic
absorbance band of CuO NPs which was in accordance with previous studies reported (Figure
1).
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Figure 1: UV-visible spectroscopy
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FTIR Analysis

FTIR spectral analysis of CuO NPs showed different peaks at 3400-3500 cm-!, 2800-3000 cm-?,
1500-1700 cm? and 1000-1300 cm?, (Figure 2). The broad peak observed at 3257 cm
corresponds to the O-H and N-H bond stretching vibrations. The vibrations might be due to
phenolic compounds present in the solution. The small peak at 2900 cm-! corresponds to the
stretching vibrations of the compounds containing C-H bonds. The sharp peak at 1648 cm-!
corresponds to the presence of C=N or C=0 stretching. Peak at 1077 cm-! The presence of these
bands, coupled with the O-H band above 3200 cm™, confirms that the samples contain C-O
bonds, likely from alcohols or carbohydrates (Abid et al., 2025). These compounds might
impart capping which helps in maintaining the stability of CuO NPs. Moreover, a sharp peak
found in the infrared spectrum at low frequencies at 590.4 cm-! corresponds to CuO vibrations
which were in accordance with earlier reports by Alfaifi et al.,( 2025).
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Figure 2 FTIR analysis

XRD Analysis

The XRD design of the biosynthesized CuO nanoparticles was displayed in Figure 3 below.
The product has a pure and crystalline structure, as indicated by the samples diffraction
pattern matching the hexagonal CuO standard X-ray diffraction peaks JCPDS 00-36-1451. The
reflections denoted by the XRD peaks at 31.99, 34.50, 36.33, 47.55, 56.55, 62.81, and 67.97 theta
values correspond to the lattice plane (100), (002), (101), (102), (110), (103), and (112),
respectively. Similar XRD findings for Cu nanoparticles were also published in the literature
(Ghidan et al., 2020). However, according to Debye-Scherrer's equation, the mean crystal size
of the generated CuO NPs was calculated as 9.6 nm as shown by the lattice characteristics.
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Figure 3: X-ray diffraction pattern of CuO NPs

SEM/EDX Analysis

Scanning Electron Microscopic SEM analysis displayed that particles more definitive
composed of irregularly shaped particles, rather than highly spherical or fibrous structures.
The particles exhibit sharp edges and facets, suggesting a non-spherical, angular, or fractured
morphology (Figure 4). The samples exhibit a wide range of particle sizes, meaning they are
polydisperse. There are very small fines visible between the larger particles. Abid et al., (2025)
report similar result using mint leaves to synthesis copper oxide nanoparticles.
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Figure 4 SEM analysis
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The EDX spectroscopy was applied to quantify the elemental composition of synthesized
nanoparticles. The spectrum of CuO NPs given in figure 5 confirms the existence of Cu, O and
C. The peak around 0.5 keV belongs to the binding energy of oxygen (OKa); while peaks
located at binding energies of 1, 8 and 9keV correspond to CuLa, CuKa, and CuKp,
respectively. Additionally, a peak at 0.25keV corresponding to carbon (CKa) was also
reported. The percentage of Cu, O, and C present in CuO NPs was found to be 17.51%, 42.49%,
and 48.69% respectively. This heterogeneity contrasts with more uniform EDX in chemical
syntheses but aligns with green methods using tea extracts (Hadkar and Selvaraj, 2025). The
presence of alkali metals might stem from plant minerals, enhancing biocompatibility.
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Figure 5 EDS analysis

Applications of CuO NPs for Pb, Cd, Cr, and Zn Adsorption from Wastewater

Using the batch method at room temperature, the feasibility of Pb, Cd, Cr, and Zn adsorption
onto the fabricated CuO NPs from aqueous solution was examined according to the
experimental design that was previously reported. A primary observation is the general trend
of increasing heavy metal removal percentage as the concentration of CuO NPs increases.
Higher concentrations of the adsorbent (CuO NPs) provide a greater number of active sites
for the heavy metal ions to bind to, leading to higher overall removal efficiency. Table 1 below
presents the result of removal efficiency. Lead (Pb?*): CuO NPs show the highest affinity for
lead, reaching a maximum removal of 83% at the highest concentration. The large size and
polarity of the Pb?" ion, compared to Cd?" or Zn?', often results in stronger adsorption to oxide
surfaces. Chromium shows consistently high removal, suggesting it is well-adsorbed across
the tested range. Zinc (Zn?") shows very poor removal, possibly due to competition. Zinc may
be experiencing strong competition for the limited active sites from the other three heavy
metals, which appear to have a higher adsorption preference (selectivity), or the Zn?* ion may
simply have a lower intrinsic binding energy to the CuO NPs surface compared to Pb?, Cd?,
and Cr.

The data for cadmium and chromium show a slight leveling off or even a minor drop in
removal at the highest concentration (500 mg L). This suggests that for cadmium and

chromium, the system is nearing the saturation point where most available metal ions have
adsorbed.

Expanding extensively, our max Pb removal (~83%) is comparable to green CuO reports for
Pb(II) (up to 88 mg/ g in some (Gebrekidan et al., 2025), while Cd and Cr efficiencies align with
multi-metal studies showing Pb > Cr > Cd selectivity due to ion size and affinity (Gollavelli
and Ling, 2025). Zn's poor performance contrasts with higher Zn removal in composites but
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tits pure CuO favoring larger ions (Alhalili, 2022). Descriptively, across metals, mean removal
at optimal dose ~70-80%, with Pb highest. Comparing samples, drops at high doses indicate
aggregation, common in nanosorbents (Eid et al., 2023). In synthetic vs. natural water, higher
efficiencies in synthetic (~87% Pb/ Cr) reflect less matrix interference (Assefa et al., 2024).

Table 1: Removal Efficiency from Natural Water Using (CuO NPs)

CuO NPs Cadmium (%) Chromium (%) Lead (%) Zinc (%)
100 mg L1 57 61 61 0.41

200 mg L1 58 62 55 22

300 mg L1 65 70 60 21

400 mg L1 67 73 79 23

500 mg L1 68 71 83 20

Table 2: Comparison of Heavy Metal Removal Efficiency of (CuO NPs- A)

Heavy metal

Range of removal (%)

Observation

Moderate, with a

Cadmium (Cd) 57 - 68 Steady increase.
High, showing

Chromium (Cr) 61-73 strong adsorption
Highest efficiency

Lead (Pb) 55-83 With dramatic increase.
Extremely low

Zinc (Zn) 0.41 - 23 Efficiency.
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Figure 6: influence of Adsorbent concentration on remediation of Cd, Cr, Pb, and Zn by (CuO NPs)

Applications of CuO NPs for Pb, Cd, and Cr Adsorption from Synthetic Water

Table 2 below presents the result of removal efficiency of synthesize NPs. The general trend
observed for all three heavy metals is that increasing the dosage of CuO NPs leads to an
increase in the percentage of heavy metals removed up to a certain point. The maximum
removal at 400 mg L suggests that this dosage provides the optimal surface area and
available adsorption sites relative to the initial concentration of the solution. The slight
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decrease at 500 mg L™ might be due to experimental error or, more likely, a saturation effect
where the increase in adsorbent mass causes agglomeration of the nanoparticles, effectively
reducing the active surface area for adsorption. In synthetic water, efficiencies similar but
potentially higher due to less competition. Pb max ~85%, comparable to 87% in CuO

nanofibers.

Table 3: Removal Efficiency from Synthetic Water Using (CuO NPs)

CuO NPs Cadmium (%) Chromium (%) Lead (%)
100 mg L1 25 51 51
200 mg L1 34 60 63
300 mg L1 38 65 67
400 mg L1 54 77 70
500 mg L1 51 75 75

Table 4: Comparison of Heavy Metal Removal Efficiency of (CuO NPs- A)

Heavy metal Range of removal (%) Observation

Moderate, with a
Cadmium (Cd) 25-51 Steady increase.

High, showing
Chromium (Cr) 51-75 strong adsorption

Highest efficiency
Lead (Pb) 51-75 With dramatic increase.
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Figure 7: influence of Adsorbent concentration on remediation of Cd, Cr, and Pb by (CuO NPs)
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CONCLUSION

This study successfully synthesized copper oxide nanoparticles using Carica papaya leaf
extract through a green, environmentally friendly method. Characterization results confirmed
the formation of functional and structurally stable nanoparticles with suitable properties for
environmental application. The synthesized CuO nanoparticles demonstrated effective
adsorption capacity in removing Pb, Cd, Cr (and other assessed metals where applicable) from
both artificially contaminated water and naturally polluted surface water, with removal
efficiencies generally improving with nanoparticle dosage and favorable physicochemical
conditions.
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