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Wastewater from industrial and domestic sources is frequently contaminated with pathogenic bacteria, such as coliforms, posing
a significant threat to human and environmental health. Conventional methods for synthesising metal nanoparticles are often
hazardous and energy-intensive, highlighting the need for sustainable alternatives. Green synthesis using plant-derived bio-
molecules offers an eco-friendly and cost-effective route, yet systematic studies exploring Allium cepa L. (onion) peel extract
(OPE) for multifunctional copper nanoparticle (CuNP) synthesis remain limited. In this study, OPE was employed as a natural
reducing and stabilising agent to synthesise CuNPs via a sand-bath-mediated method. The reaction parameters (pH, temperature
and time) were optimised to achieve stable nanoparticles, with characterisation by UV-Vis spectroscopy, FT-IR, HRTEM, DLS
and XRD confirming spherical, crystalline OPE-CuNPs with an average size of ~3-21 nm. The biosynthesised OPE-CuNPs
exhibited effective antibacterial activity against Klebsiella pneumoniae, obtaining a minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) of 12.5 ug/mL, values lower than several previously reported plant-mediated CuNPs.
At concentrations of 50 and 100 pg/mL, inhibition zones of 12.5+0.3 mm and 25.5+0.3 mm were recorded, demonstrating
concentration-dependent activity. Ciprofloxacin was used as a positive control and OPE as a negative control, confirming that the
antibacterial activity originated from the OPE-CuNPs. In addition, the OPE-CuNPs showed excellent photocatalytic activity, with
96% degradation efficiency for methyl orange under sunlight within 25 min, which surpasses several green-synthesised CuNP
studies reported in the literature. These findings suggest that onion peel, a readily available biowaste, can be effectively valorised
for the sustainable synthesis of OPE-CuNPs with dual antibacterial and photocatalytic applications, offering a promising strategy
for wastewater remediation and environmental protection.

Keywords: Allium cepa; antibacterial activity; copper nanoparticles; Klebsiella pneumoniae; methyl orange degradation;
photocatalysis

1. Introduction an increasing demand for portable water, but the availability

of portable water is becoming difficult due to water pollu-
Water is a scarce and precious natural resource in South  tion. Water pollution is a major concern throughout the
Africa. The increasing population in South Africa resultsin ~ world, causing an ever-increasing water shortage. Recent
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studies report that 60% of the global human population is
expected to face a water shortage problem by the year 2026
[1]. The main sources of water pollution include different
human activities, such as domestic, commercial and in-
dustrial. Wastewater is a heterogeneous blend of both in-
organic and organic substances, including antimicrobial
agents and antibiotics that are discharged from hospitals,
households and pharmaceutical industries. All the waste-
water from industries, households and hospitals is discarded
into wastewater treatment plants (WW'TPs) to be prepared
for reuse. Typically, there are three classes of pollutants
present in wastewater, namely biological, organic and in-
organic pollutants. Waterborne bacteria are largely detected
in wastewater, and studies report that 80% of wastewater is
released to the environment without sufficient treatment [2].

Recent studies report the presence of Klebsiella pneu-
moniae (K. pneumoniae) in wastewater. K. pneumoniae is
a Gram-negative, nonmotile opportunistic waterborne
pathogen [3], which belongs to the Enterobacteriaceae family
[4]. It is one of the ESKAPE pathogen, an acronym used to
name the six highly virulent and antibiotic-resistant bacterial
pathogens, namely E—Enterococcus faecium,
S—Staphylococcus  aureus, K—Klebsiella  pneumoniae,
A—Acinetobacter baumannii, P—Pseudomonas aeruginosa
and E—Enterobacter species [5]. Human health is at risk
because of this bacterium’s resistance to several antibiotics [6],
thus causing severe and often fatal infectious diseases, such as
pneumonia and bloodstream infections [7]. K. pneumoniae is
discharged through sewage into wastewater, and studies re-
port that hospital wastewaters are a major source for
spreading this bacterium into the WWTPs. A recent in-
vestigation carried out by Mapipa shows that the wastewater
collected from South African hospitals is contaminated with
K. pneumoniae [8]. Another study by Okafor and Nwodo also
confirmed that South African hospital wastewater effluents
are contaminated with K. pneumoniae; therefore, wastewater
is a major threat to human health [9] resulting in huge
concerns for South African communities.

However, organic dyes have emerged as another class of
water contaminants. These dyes are normally used in in-
dustries, such as pharmaceutical, cosmetics, plastic, textile,
paper and food [10]. The discharge of these dyes from these
industries into overused and less maintained WWTPs causes
wastewater pollution and poses a potential hazard to our
water bodies and environment [11]. Organic dyes, such as
Congo red, methyl orange (MO), methyl blue, methyl red
and methylene blue, are the most used organic dyes in these
industries [12] as colouring agents in cosmetics, leather,
textile, paper, paint and plastic industries [13]. Municipal
and industrial wastewater undergo various types of treat-
ments to eliminate the presence of dyes before discharging to
the WWTPs. However, the current available methods are
not effective enough. MO and other organic dyes have
a complex structure that makes them extremely stable in
water. The nitrogen-nitrogen double bond (-N=N-) that
distinguishes MO dye makes it difficult for the bond to break
down or dissolve in water [14]. Therefore, there is a strong
need for the complete removal of these dyes from the in-
dustrial effluent before discharging to WWTPs. To minimise
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water pollution and the amount of dye present in WWTPs,
there is growing interest in the application of catalysis to
break down harmful dyes Reference [15] because the catalyst
completely changes the chemical structure of the dye, thus
making them less toxic [16]. However, this process is slow
and requires a fast catalysis process to facilitate the degra-
dation process. Research studies report that the use of
a green strategy approaches utilising suitable nanocatalysts
in the presence of sunlight presents a viable way to remove
dyes from the environment [17].

Metal-based nanoparticles (MNPs) are widely recog-
nised for their effective antibacterial and photocatalytic
activity against waterborne bacteria [18]. Their unique
electronic and optical properties in the 1-100 nm size range,
combined with accessibility and potential for specific tar-
geting, have led to broad applications in biotechnology,
electronics, sensing and environmental remediation of in-
terest [15]. There are many varieties of MNPs, depending on
the type of metal atom present, such as metallic, transition
and magnetic metal nanoparticles [19]. Among these, copper
nanoparticles (CuNPs) were selected due to their broad-
spectrum of antimicrobial properties, and the ability to
generate reactive oxygen and nitrogen species (ROS and
RNS) that disrupt microbial cells, and potential for cost-
effective water purification [20]. Different synthesis methods
have been used to synthesise CuNPs, such as electro-
chemical, photochemical and chemical methods resulting in
various sized and shaped nanoparticles to meet the specific
demands of different applications. The drawbacks of the
current conventional synthesis methods are that they involve
toxic reagents, high energy consumption and environmental
pollution and are not cost-effective [21], therefore high-
lighting the need for greener approaches. In this study,
onion peel extract (OPE) was used as a reducing and sta-
bilising agent due to its richness in flavonoids, phenolics and
antioxidants [22], providing an eco-friendly and sustainable
synthesis route while valorising agricultural waste [23].

Using a sand bath-assisted method, CuNPs were rapidly
synthesised, characterised for their chemical composition
and crystalline structure, and evaluated for antibacterial
activity against K. pneumoniae and also used in the pho-
tocatalytic degradation of MO. To the best of our knowledge,
this is the first study to report the green synthesis of CuNPs
via a sand bath method using OPE and to explore their dual
functionality in both waterborne bacteria inactivation and
dye degradation, demonstrating a multifunctional platform
for sustainable wastewater remediation.

2. Experiment Details

2.1. Materials. Copper (II) sulphate pentahydrate
(CuSO4-5H,0; 99% purity), sodium hydroxide (NaCl; 98%
purity) and hydrochloric acid (HCl; 35% purity) were ob-
tained from Merck, and all were of analytical reagent grade,
and used as received without any additional purification.
During the experiment, distilled water (DW) was utilised as
a solvent and in the preparation of the extracts and metal salt
solutions. All equipment was sterilised before and after
analyses.
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2.2. Collection and Preparation of Onion Extract. Fresh onion
peels (Allium cepa) were collected from onion purchased
from Spar Supermarket, Belhar, Cape Town. DW was used
to wash the onion peels several times to remove dirt and
dust. The peels were sliced thinly and chopped after which
40 g was taken and boiled for 30 min in 400 mL DW to make
the extract. After boiling, the extract was then cooled and
chilled at —4°C until further use. The prepared extract from
the onion peels was employed as both the reducing and
stabilising agent during the synthesis process of the
nanoparticle.

2.3. Synthesis of Onion-Capped Copper Nanoparticles. In
a round-bottom flask, a known volume of the OPE (50 mL)
was added to a 100 mL of copper (II) sulphate pentahydrate
solution (1x107>M), and the volume was adjusted with
10mL of DW. The round-bottom flask was then placed in
a sand bath maintained at 80°C for 24 h, and the pH of the
reaction medium was kept at pH 11 using sodium hydroxide
(NaOH) pellets with continuous stirring taking place using
a clean magnetic stirrer. The colour changes to dark brown/
black of the final solution confirmed the formation of CuNP
and are illustrated in Figure 1.

2.4. Characterisation of OPE-CuNPs

2.4.1. UV-Vis Spectroscopy Analysis. Visual observations of
the changes in the reaction mixture were also noted in this
study. The absorption spectra of the green-synthesised OPE-
CuNPs in this study were obtained using a UV-Vis spec-
trometer (Nicolet Evolution 100, Thermo Electron Corpo-
ration, United Kingdom). Samples of the diluted
nanoparticle solutions were placed in quartz cuvettes and
scanned within the 200-800 nm wavelength range. DW was
used to create the baseline before conducting the experi-
ment. Different conditions, such as reaction pH, reaction
temperature and reaction time, were studied to determine
the optimum conditions for synthesis of OPE-CuNPs [24].

24.2.  Fourier  Transformation  Infrared  (FI-IR)
Analysis. FT-IR measurements for OPE extract, copper (II)
sulphate pentahydrate and the OPE-CuNPs were carried out
using a Spectrum Two FT-IR spectrometer (PerkinElmer,
USA) within a spectral range of 500-4000 cm ™. A portion of
1 mL of each sample was placed in a glass vial and dried
overnight at ambient temperature. The dried sample was
then combined with potassium bromide (KBr) to form
a pellet suitable for FT-IR analysis using a manual hand
press. FT-IR background correction was conducted using
a reference blank KBr pellet [25].

2.4.3. X-Ray Diffraction (XRD) Analysis. The crystallinity of
the synthesised OPE-CuNPs was examined using XRD
analysis. The diffraction patterns were recorded using
a Bruker AXS D8 High-Resolution Diffractometer (Uni-
ted States) operating at 40kV and 40 mA. The XRD spectra
were collected in the range of 10°-90°, using a Cu Ka

(A=0.154nm) monochromatic X-ray source. The nano-
particles were centrifuged and dried to a powder form at
room temperature before being submitted for XRD analyses
to determine their crystalline structure. The XRD experi-
ments and analysis were conducted at iThemba LABS,
Somerset West, South Africa [26].

2.4.4. High-Resolution Transmission Electron Microscopy
(HRTEM) Analysis. The morphology of the samples was
examined using HRTEM equipped with a selected area
electron diffraction (SAED) and energy-dispersive spec-
troscopy (EDS) detector. The analysis was performed with
a FEI Tecnai G2 20 field-emission gun (FEG) microscope
(Oregon, United States) operated in bright field mode at an
accelerating voltage of 200kV. The EDX spectra were
recorded using an EDAX liquid nitrogen-cooled lithium-
doped silicon detector. Samples were prepared by drop-
coating a single drop of the specimen solution onto a car-
bon-coated gold grid, which was then dried under a xenon
lamp for approximately 10 min. The coated grids were
subsequently analysed under the HRTEM microscope.
Furthermore, the SAED pattern was achieved by directing
the electron beam perpendicular to the spheres. The ob-
tained images were further analysed using the Image]
software [24].

2.4.5. Dynamic Light Scattering (DLS). The zeta potential,
polydispersity index (PDI) and the hydrodynamic size of the
nanoparticles were determined using DLS with a Litesizer
500 particle analyser (Anton Paar Instruments, Austria).
Measurements were performed at 25°C in disposable cu-
vettes with a fixed scattering angle of 90°. Before the analysis,
samples were diluted appropriately with DW to avoid
multiple scattering effects. The OPE-CuNP sample was
equilibrated for 1 min before measurement. All measure-
ments were performed in triplicate, and the results were
reported as mean values + standard deviation (SD) [25].

2.5. Antibacterial Assays

2.5.1. Bacterial Strain Collection. The waterborne bacteria
Klebsiella pneumonia (ATCC 13883) (Gram-negative) was
chosen for this study. The bacterial strain was collected from
the Molecular Science and Biochemistry Laboratory
(MSBLab), University of the Western Cape. A loopful of the
desired organism was streaked on standard nutrient broth
(NB) agar; then, the plates were incubated at 37°C on a rotary
shaker at 200 rpm for 24 h.

2.5.2. Agar Well-Diffusion Method. The antibacterial activity
of the synthesised OPE-CuNPs was investigated using the
agar well-diffusion method against Gram-negative bacte-
rium, K. pneumoniae [27]. The organism under examination
was suspended in a saline solution, and its concentration was
determined to be equivalent to 0.5 McFarland standard [28].
After solidification, the bacterial culture was evenly spread
on the media surface on individual Petri dish using the
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FIGURE 1: Schematic representation of eco-friendly synthesis of copper nanoparticles using onion peel extract (OPE).

spread plate technique [29]. The media was punched with
a sterile cork borer of 6 mm. About 20uL of OPE (I),
CuSO4.5H20 (II) and OPE-CuNPs (III) and 40 pL of OPE-
CuNPs (IV) were added in the wells using a micropipette
and were allowed to stand for 20-30 min. Ciprofloxacin
antibiotic solution (50 pg/mL) was used as a positive control,
and the OPE (50 pg/mL) was used as a negative control. The
Petri dishes were then incubated for 24 h at 37°C. Thereafter,
the diameter of the obtained zones of inhibition (ZOI) of
each treatment was measured using a transparent ruler in
(mm) [30]. The experiment was conducted three times, and
the diameter of the ZOI was expressed as a mean + SD [31].

2.5.3. Determination of Minimum Inhibitory Concentration
(MIC) of OPE-CuNPs. The MIC of OPE-CuNPs was mea-
sured using the method adapted from Nqunqa and co-
workers [32] with modifications. The concentration range
used for the twofold serial dilutions was 100 to 0.19 pg/mL of
OPE-CuNPs. The microorganisms were inoculated at the 0.5
Mc Farland standard of turbidity and were used to de-
termine the MIC in NB. The positive control contained only
OPE-CuNPs, and the negative control contained only in-
oculated bacteria which was incubated at 37°C for 24 h. The
MIC point is the minimum concentration of OPE-CuNPs,
where no visible growth was observed. Three duplicates of
the experiment were carried out.

2.5.4. Determination of the Minimum Bactericidal Concen-
tration (MBC). MBC is referred to as the minimum con-
centration of the antimicrobial agent required to kill all the
bacteria. MBC was performed following the same steps as in
MIC. The MBC of the antimicrobial OPE-CuNPs was de-
termined using the broth dilution method. The plates were
incubated at 37°C for 48h after a volume of 100 uL was
collected from each dilution (MIC) and inoculated in nu-
trient agar. MBC plates were those on which there was no
sign of bacterial growth [33].

2.6. Degradation of MO. The photocatalytic potential of the
biosynthesised OPE-CuNPs was evaluated subsequent to the
successful degradation of MO dye in the presence of sodium
borohydride (NaBH,). The experiment of degrading MO
was performed in a 100-mL beaker with a magnetic stirrer at
ambient temperatures (25°C) in a dark room. About 10 mL
of deionised water was mixed with 100 pL of a 50 mg/L MO
dye contaminating solution. About 100 puL of 0.1 M NaBH,
and 50 uL of OPE-CuNPs were added in this solution. The
solution was continuously stirred using a magnetic stirrer
while simultaneously recording UV-Vis spectra to evaluate
the degradation of MO at different time intervals in the UV
range of 200-800 nm [34]. The experiment was performed in
triplicates. The percentage degradation was calculated using
Equation (1) as follows [35]:

. Int. A. — Fin. Abs.
Percentage degradation (%) = x 100,

Int. Abs.
(1)

where Int. A.=initial absorbance and Fin. Abs.=final
absorbance.

3. Results and Discussion

3.1. Visual Observation. The biosynthesis of CuNPs medi-
ated by OPE was successfully synthesised in this study.
When the colourless OPE solution (Figure 2(a)) was mixed
with the soft blue CuSO4-5H,0 solution (Figure 2(b)), the
mixture immediately changed to a green solution indicating
a reaction between CuSO,-5H,0 solution and the flavanols
from the OPE. Hemalatha and coworkers observed these
visual changes when synthesising CuNPs using Ocimum leaf
extract [36]. After 15 min, the colour of the solution turned
to turquoise (Figure 2(c)), as a result from the oxidation of
0, from CuO, to Cu®* to form OPE-CuNPs (Figure 2(d))
with dark brown/black colour. The dark brown/black colour
indicates the completion of the OPE-CuNPs from Cu®" to
Cu’. Bhanushali and coworkers observed similar findings
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FIGURE 2: The visual colour changes during the green synthesis of
OPE-CuNPs, (a) OPE solution, (b) CuSO4-5H,0 solution, (c) OPE
and CuSO,-5H,0 mixture and (d) OPE-CuNPs.

where the colour changes were due to surface plasmon
resonance (SPR) vibrations [37] also illustrating the presence
of bioactive compounds acting as antioxidants in the syn-
thesis of CuNPs. In a study by Rajeshkumar and Rinitha,
a change in colour increased with the number of synthesised
metal nanoparticles and also due to SPR excitation vibra-
tions [38]. SPR can also be described as the absorption of the
visible electromagnetic radiation resulting from the collec-
tive oscillation of electrons at the surface.

3.2. Optical Properties of OPE-CuNPs. The optical absorption
spectra of OPE, CuSO,5H,0 and OPE-CuNPs were mea-
sured using UV-Vis spectroscopy as illustrated in Figure 3
and recorded in a wavelength range of 200-800 nm. As seen
in Figure 3, the spectra obtained from the OPE showed
a shoulder at 280 nm indicating the presence of phenolic
compounds and flavonoids [39]. The absorption spectra
obtained from the CuSO4-5H,0 solution have no SPR over
the wavelength range of 200-800 nm [40] as also confirmed
by a study from Ghosh and coworkers [41] where similar
findings were recorded. The absorption spectra obtained
from the OPE-CuNP solution show a SPR absorption band
at 210 nm due to bioactive compounds, such as flavonoids
and polyphenolics, from the OPE extract arising as a result of
n—> 7" transitions which occurs during the synthesis
process, revealing that the synthesised OPE-CuNPs were
capped by OPE bioactive compounds [42]. The appearance
of the SPR band at 210nm provides evidence for the in-
teraction of OPE bioactive compounds with Cu®* ions to
form CuNPs. An intense SPR absorption peak at 260 nm was
also detected due to SPR vibration excitations confirming
the electronic spectrum of CuNPs [43]. The difference in this
spectrum as opposed to that obtained after the combination
of OPE and copper salt solution is that it confirms the
bioreduction of Cu?* to Cu® [44]. The SPR band of CuNPs
has been documented in the literature to fall within the range
of 240-270 nm [45] as also observed in this study. A single
SPR absorption peak was detected for the biosynthesised
CuNPs confirming literature reports that a single SPR band
represents round-shape nanoparticles [46], while Mie’s
theory further emphasises this fact [47].

Absorbance

L) L] T
200 250 300 350 400
Wavelength (nm)

—— Onion peel extract
—— Copper (II) sulphate pentahydrate

OPE-CuNPs

F1Gure 3: UV-Vis spectra of solution (a) onion peel extract (black
line), (b) copper (II) sulphate pentahydrate (red line) and (c) OPE-
CuNPs (green line).

3.3. Effect of Reaction Parameters on the Biosynthesis of OPE-
CuNPs. To determine the optimum experimental condi-
tions of the biosynthesised OPE-CuNPs, the effects of pH,
reaction temperature and reaction time were evaluated.
These optimised parameters were used to control the shape,
size and agglomeration state of the nanoparticles.

3.3.1. Effect of pH. The pH of a reaction media is commonly
adjusted to regulate shape and size of synthesised nano-
materials, as it strongly influences the capping and stabil-
ising abilities of biomolecules, thereby enhancing the
development of nanoparticles [48]. The effect of pH during
the synthesis of OPE-CuNPs using OPE extract was studied
in three different conditions, namely acidic, neutral and
basic conditions. Figure 4(a) demonstrates the UV-Vis
spectra of OPE-CuNPs synthesised wunder various
pH conditions (3, 7, 11 and 15). The obtained UV-Vis
spectra showed a significant difference in pattern. The
spectrum of the acidic conditions (pH 3) shows a low SPR
peak intensity compared to other pH values, and this is
associated with poor nucleation rate and low reaction ki-
netics observed at low pH [49]. The absorption spectra of the
lower pH’s, pH 3 and pH 7 have a flattened and broader SPR
peak which shows that the synthesised CuNPs were partially
completed due to a slow reaction rate. The broadening of the
SPR peaks was attributed to uneven shapes of the nano-
particles or aggregation at lower pH caused by weak in-
teractions between phenolic -OH and CuO nuclei. At pH 11,
a higher SPR peak and a blue shift were observed indicating
the formation of well-defined and fully synthesised CuNPs.
The observed blue shift is associated with a reduction in
nanoparticle size, resulting in enhanced SPR due to in-
creased quantum confinement effect [44, 45]. However, at
pH 15 the SPR peak intensity decreased, and a red shift was
observed suggesting particle growth and possible
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FiGure 4: Effect of different parameters on synthesis of OPE-CuNPs (a) reaction pH, (b) reaction temperature and (c) reaction time.

aggregation. A red shift indicates the formation of larger
nanoparticles or aggregation, which results in a shift of the
SPR absorption band to longer wavelengths [46-48]. It is
evident that in acidic environments, some phytochemicals
may lose their activity, thus inhibiting the full synthesis of
nanoparticles [50]. Literature studies also report that the
formation of CuNPs is possible when the reaction mixture is
changed to basic medium, such as pH 8-13 [51, 52]. Rajesh
and coworkers investigated the impact of pH in a reaction
medium during the synthesis of CuNPs where they observed
that as the pH increased from 6 to 10, the formation of the
particles started to occur, and at pH 11, they obtained
a maximum amount of synthesised CuNPs [53].

3.3.2. Effect of Reaction Temperature on Synthesis of OPE-
CuNPs. Literature studies indicate that reaction tempera-
ture plays a significant role in the synthesis of nanoparticles
through the green synthesis methods [54]. At lower tem-
peratures, nanoparticle production is limited with output

reduced by half. In contrast, higher temperatures accelerate
the reduction of metal ions, leading to faster formation of
nanoparticles [55]. In this study, OPE-mediated CuNPs
were synthesised at different reaction temperatures ranging
from 20°C to 100°C, as shown in Figure 4(b). The obtained
UV-Vis spectra revealed that increasing the reaction tem-
perature from 20°C to 80°C resulted in a gradual rise in the
intensity of the SPR peak [56]. At 20°C and 40°C, only weak
peaks were observed indicating the incomplete reduction of
Cu** ions which limited nanoparticle formation. When the
temperature was increased to 60°C, a sharp and more defined
peak was observed, suggesting enhanced reduction efficiency
and nucleation of CuNPs. The optimal temperature was
identified at 80°C, where a strong and intense SPR band was
recorded, confirming the complete reduction of Cu** ions
and the formation of nanoparticles. The maximum SPR was
observed due to increase in temperature, thus increasing the
synthesis rate, which increased the reaction kinetics, and
then, the availability of copper ions to the phytochemicals
also increased resulting in more particle formation.
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The phytochemicals, also known as primary and sec-
ondary metabolites, are the main reason for the reduction of
metal salt (copper, silver, etc.) into nanoparticles, and they
provide prevention against aggregation of NPs [57]. How-
ever, further increasing the temperature to 100°C results in
a decreased SPR intensity, which may be attributed to the
denaturation of bioactive compounds in the OPE. Literature
studies report that reaction temperatures above 85°C during
the synthesis of nanoparticles can lead to the denaturation of
bioactive compounds within the extract, thus compromising
their reducing capabilities. This alteration in reduction
potential may result in significant increase in nanoparticle
size and promote agglomeration due to destabilised syn-
thesis conditions [58]. This is consistent with the work by
Abdel and coworkers, who observed that at high tempera-
tures ranging from 85°C to 100°C, the green synthesis of
nanoparticles is not possible. According to Abdel, this is due
to denaturation of the bioactive compounds responsible for
nanoparticle formation. This structural alteration disrupts
the nucleation process of metal ions, leading to nanoparticle
aggregation and size enlargement. Under such unfavourable
conditions, nanoparticle stability decreases primarily due to
the diminished activity of enzymes involved in the bio-
synthesis process.

These findings align with previous studies reported in the
literature on the effect of temperature in green nanoparticle
synthesis. Jahan and coworkers reported that increasing the
reaction temperature up to 75°C improved the rate of silver
nanoparticle formation when using Terminalia arjuna ex-
tracts, and Eucalyptus camaldulensis extract, as well as their
combined extract resulting in smaller and more uniform
particles. However, temperatures exceeding this threshold
led to a broader size distribution due to uncontrolled nu-
cleation and particle growth [59]. Similarly, Elwy reported
the synthesis of copper and copper oxide nanoparticles at
80°C using seedless dates extract [60]. The obtained results
show that the OPE contains both strong reducing agents and
effective stabilising agents [61]. Similar results were reported
in the literature using different plants for the synthesis of
CuNPs [62].

3.3.3. Effect of Reaction Time on the Formation of OPE-
CuNPs. Reaction time, also referred to as the incubation
period, has a large influence on the rate of nanomaterial
formation, properties and morphology of the biosynthesised
nanoparticle. In this study, the effect of reaction time on the
synthesis of OPE-CuNPs was investigated using SPR peaks
analysed by UV-Vis. As shown in Figure 4(c), OPE-
mediated CuNPs were synthesised at different time in-
tervals (8, 16, 24 and 48 h). The obtained results show that
the SPR absorption of the biosynthesised nanoparticles at
260 nm increases progressively with an increase in reaction
time from 8 to 24 h indicating that the nucleation or con-
version of nanoparticles increased with time [49, 63]. At
24h, the maximum SPR peak was observed indicating that
the reaction medium reached its optimum time due to the
depletion of copper ions (Cu®*) in the extract. At 48 h, the
SPR intensity decreased, and the peak shifted from 260 nm

to 270 nm indicating a redshift and an increase in particle
diameter [64]. This may be due to shrinkage or aggregation
due to long reaction times, and it can potentially reduce the
nanoparticles” yield [55]. A similar behaviour was observed
in a study conducted by Nouren and coworkers when
synthesising CuNPs using Jasmin sambac extract [65]. Also,
in a study by Srikhao and coworkers a decrease in the in-
tensity of SPR peak was observed due to agglomeration at
longer synthesis times [66]. Rajeshkuma and coworkers also
obtained the optimum time of 24h for the synthesis of
CuNPs using A. paniculata leaf extract [61].

3.3.4. Stability of OPE-CuNPs. After the synthesis of gold
nanoparticles via room temperature approach, the UV-Vis
spectroscopy was performed at different time intervals (days
to months) to check the stability of the colloidal suspensions.
Figure 1lshows the corresponding UV-Vis data of gold
nanoparticles taken after 2h, 18h, 10 days, 40 days, and 6
months, respectively.

In nanoparticle-based applications, the stability of the
nanoparticles is an important concern. After the bio-
synthesis of OPE-CuNPs using the optimised conditions, the
stability of the green-synthesised OPE-CuNPs was examined
using UV-Vis by recording the SPR absorption peaks for
a period of 3 months of storage without adding any extra
stabiliser.

The OPE-CuNP solution was analysed on the initial day
of the synthesis and marked as day 0, and it was analysed
again once every 31 days until 93 days which is proximately
3 months. Figure 5 represents the corresponding UV-Vis
data of the OPE-CuNP stability studies taken on the day of
the synthesis 0 days, and after 31 days, 62 days and 93 days,
respectively. As illustrated in Figure 5, the obtained results
display that the OPE-CuNPs were stable for 62 days as there
was no change observed from the SPR peak intensity from
the day they were prepared and after 31 and 62 days in-
dicating that the OPE-CuNPs were stable for 62 days. The
stability of the metallic nanoparticles strongly depends on
the bioactive compounds present in the extract [67]. The
presence of a strong reductant in the extract promotes a fast
reaction rate and favours the formation of smaller nano-
particles, which are more stable [68]. After 93 days, a shift in
the SPR peak position from 260 to 270 nm was observed with
a decrease in optical intensity from absorbance of 0.92 to
0.80. The decrease in SPR peak intensity is due to the release
of the capping agents surrounding the nanoparticles due to
prolonged storage [69]. These results were better compared
to chitosan stabilised CuNPs, which were only stable for
1 month [70], while in a study conducted by Caroling and
coworkers for the synthesis of CuNPs using a guava extract,
the nanoparticles were only stable for 15 days [71].

3.4. FT-IR and XRD Studies of OPE-CuNPs. The FT-IR
spectral analysis was conducted to identify the possible
functional groups of the biomolecules presented in the OPE
that would be responsible for the reduction of copper ion to
CuNPs. Figure 6(a) exhibits the FT-IR spectrum of (i) OPE
powder; (ii) copper (II) sulphate pentahydrate powder and
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Figure 5: UV-Visible spectra showing stability of biosynthesised
OPE-CuNPs.

(iii) OPE-CuNPs powder, where they were compared in
order to investigate the changes before and after the reaction
with peak assignment. From the results, the FT-IR spectrum
of OPE revealed characteristic bands at 3496 cm™" due to O-
H stretching vibrations that could originate from phenol
functionality and the secondary amide group due to the
presence of quercetin in the onion [72]. The weak absorption
bands observed at 2944 cm™" correspond to C-H stretching
in alkanes indicating the presence of carbohydrates, while
strong stretching vibration of C=0 linked to ketones was
observed at 1610 cm™! caused by bioactive compounds, such
as isoalliin, terpenes and quercetin present in onion peels.
The medium intensity peak observed at 1450 cm™" was due
to C=C vibrations of aromatic groups [73]. By comparing
the spectrum of OPE-CuNPs with that of the OPE and
copper (II) sulphate pentahydrate, the OPE-CuNP spectrum
has similar chemical compositions to OPE and copper (II)
sulphate pentahydrate spectral features, indicating in-
volvement of both solutions in the synthesis of nano-
particles. The peaks obtained from (Figure 6(a) i) and
(Figure 6(a) ii) were repeated in the spectrum of OPE-
CuNPs with changes in the intensity of absorption as well
as the position. The spectrum of OPE-CuNPs (Figure 6(a)
iii) showed a strong broad peak at 3250 cm™" linked to O-H
vibrations and a medium intensity peak at 2980 cm ™" linked
to C-H stretching. The peaks appearing at 1630 and
1470cm™" are linked to C=0 and C=C stretching from
ketones and aromatic groups. The presence of these func-
tional groups could be attributed to the presence of bioactive
compounds, such as flavonoids and polyphenolic acids
present in the OPE, thus indicating that the bioactive
compounds were responsible for reduction of copper ions to
CuNPs. A peak at 530 cm ™" is linked to metal Cu indicating
the formation of nanoparticles from its metallic salt [74]. The
obtained results are similar to a recent reported study by
Sood and coworkers who reported the synthesis of CuO
nanoparticles using OPE [75].

Journal of Nanotechnology

The structural analysis of the biosynthesised CuNPs was
examined using XRD analysis. Figure 6(b) displays the
obtained XRD pattern for OPE-CuNPs between 2 theta of
15°-75°. The diffraction peaks obtained at 20.22°, 28.47",
39.41°, 48.07° and 58.92° can be assigned to (110), (111),
(220), (800) and (713) crystal planes, respectively. The dif-
fraction peaks confirm the monoclinic crystalline structure
of the nanoparticles [76]. The relative intensity and the
position of the obtained diffraction peaks match with the
standard metallic of copper JCPDS NO: 89-5899. The ob-
tained findings are similar with the recent research on
biosynthesis of CuNPs using a leaf extract by Jayadev and
coworkers [77]. Ghosh and coworkers reported similar re-
sults for green-synthesised CuNPs using Jatropha curcas leaf
extract [41]. The diameter of the obtained nanoparticles was
calculated using Debye-Scherrer formula (Equation (2))
where D = diameter of the nanoparticle, K is a constant and
can be defined as the dimensionless shape factor and is equal
to 0.94 K, which usually ranges from 0.5 to 1, A is the X-ray
wavelength (0.154 nm), 8 is the full-width half-maximum
(FWHM in radians), and 6 is the angle of reflection [78]. The
diameter of the synthesised OPE-CuNPs was determined to
be 18 nm.

D= K .
B cosB

(2)

3.5. Shape and Particle Size Analysis of OPE-CuNPs. The
morphological studies, particle size and further assessment
of the crystallinity of the synthesised OPE-CuNPs were
performed using HRTEM under an ambient atmosphere.
Results are shown in Figures 7(a), 7(b), 7(c), 7(d). The data
illustrated in Figure 7(a) show that the majority of the
synthesised OPE-CuNPs are spherical in shape and are
almost homogeneous. From the obtained results in this
study, UV-Vis has a single SPR absorption peak which
confirms the spherical nanoparticles, which agrees with
HRTEM image obtained for OPE-CuNPs. HRTEM images
show individual separated particles of copper which in-
dicates an efficient electrostatic barrier between the particles
offered by the negative -COO- groups that present an
electrostatic repulsion against attraction by van der Waals
forces between the CuNPs therefore preventing agglomer-
ation [79]. The mean particle diameter measured by Image]J
software from 100 particles for OPE-CuNPs was estimated
to be in a range of 3-21 nm which agrees well with the XRD
results. Figure 7(b) shows the lattice fringes obtained for
OPE-CuNPs. The observed lattice fringes indicate good
crystallinity, and the d-spacing of these lattice fringes in one
direction is 0.23 nm close to the d value of the Cu (110) and
Cu (111) plane of the monoclinic structure of Cu crystal
structure with an orientation angle of approximately 50
between them. The d-spacing is known as interplanar
spacing, which is in between the horizontal or vertical lattice
fringes, indicating the space between the XRD Bragg’s re-
flection. Literature studies report that in the monoclinic
lattice, there are two axes with some angle between them;
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FIGURE 6: (a): FT-IR spectra of (i) onion peel extract (OPE) powder; (ii) copper (II) sulphate pentahydrate powder; and (iii) OPE-CuNP

powder. (b) XRD pattern on biosynthesised OPE-CuNPs.
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FIGURE 7: (a) HRTEM image of OPE-CuNPs at 100 nm range, (b) lattice fringes, (c) selected area electron diffraction (SAED) patterns and

(d) crystal structure of monoclinic Cu.

then, the third axis is normal to both of the axes; therefore,
the d-spacing is equal to the third axis of the crystal axis
length. Khan and coworkers reported lattice spacing of
0.27nm corresponding to the (110) lattice fringe of

monoclinic Cu. Figure 7(c) illustrates the SAED patterns of
OPE-CuNPs obtained in HRTEM from a thin lamella tilted
by an angle. The SAED pattern can be used to determine
crystal orientation, and the selected region from the HRTEM
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image is shown in Figure 7(b). The SAED pattern shows
a bright spot indicating a crystalline CuNPs, and the ar-
rangement of the bright spots corresponding to the (110)
and (111) planes indicates a monoclinic crystalline. Fig-
ure 7(d) demonstrates the monoclinic crystal structure
obtained from OPE-CuNP XRD results produced using
JEMS software [80]. The structure shows Cu unit cell that
contains eight Cu atoms, with the Cu atoms occupying the
octahedral sites, which correspond to monoclinic crystal
structure. The monoclinic structure has three axes of un-
equal length, that is a, b and ¢, where a is perpendicular to
b and ¢, but b and c are not perpendicular to each other [81].
Literature studies report that the monoclinic unit cell is
differentiated by a single axis, known as the axis of twofold
symmetry around which the cell can be rotated 180° without
affecting its appearance [82]. The SAED and the crystal
structure are in good agreement with XRD pattern
(Figure 6(b)).

The elemental composition of the synthesised OPE-
CuNPs was examined using energy-dispersive X-ray spec-
troscopy (EDX/EDS), and the resulting spectrum with the
inset elemental table is presented in Figure 8. The EDX
analysis confirms the successful formation of CuNPs, with
characteristic Cu peaks observed at binding energies of
approximately 1.0, 8.0and 9.0 keV, indicating the presence of
metallic copper [83]. The signals for carbon (C) and oxygen
(O) originate from the OPE used as a reducing and capping
agent, confirming that the extract forms an organic coating
on the nanoparticle surface. The minor gold peaks detected
in the spectrum are attributed to the gold HRTEM grid on
which the sample was deposited for analysis. No other
significant peaks were observed, demonstrating the complete
reduction of copper salts to CuNPs. Quantitatively, the
synthesised OPE-CuNPs consist predominantly of Cu,
contributing 68.27 wt% and 98.23 at% of the elemental
composition. The high Cu content strongly supports the
successful synthesis of CuNPs, while the detected C (19.04 wt
%, at 0.68%) and O (9.34 wt%, at 0.97%) reflect the presence
of organic molecules from the OPE. Similar observations
were reported by Mathur and coworkers, where EDX spectra
revealed elemental carbon originating from the onion skin
extract [10]. The results of this study align closely with
previously reported EDX data for plant-mediated CuNPs,
which typically show copper as the dominant element
(60-70 wt%) with smaller amounts of C and O from capping
agents. The similarity of our EDX data to those studies
further validates the successful green synthesis of CuNPs
using OPE. Previously obtained reports similar to these
results were also reported by [84]. All these characterisation
techniques confirmed the formation of good and stable
colloidal CuNPs.

3.6. DLS Studies of OPE-CuNPs. DLS was employed to de-
termine the zeta potential, PDI and the hydrodynamic size of
the synthesised OPE-CuNPs. Zeta potential is known as the
electric potential that is generated by a nanoparticle in
solution due to the formation of an electrical double layer at
its surface [85]. Zeta potential is commonly analysed to
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FiGure 8: Energy-dispersive spectroscopy pattern of OPE-CuNPs.

assess the surface charge and colloidal stability of nano-
particles [86]. The magnitude of the charge and the dis-
persion of nanoparticles that are obtained on the zeta
potential indicate the mutual repulsion between the particles
[87]. Figure 9(a) shows that the obtained zeta potential for
the synthesised OPE-CuNPs was —25 mV. Literature studies
report that CuNPs dispersed in water exhibit a zeta potential
of —34.6+5.54mV at pH values between 2 and 12 [88],
which agrees with this study. The zeta potential values within
the +30mV range have been reported to indicate greater
stability in solution [89]. Therefore, the synthesised OPE-
CuNPs possess moderate stability [90]. The observed neg-
ative zeta potential of the synthesised OPE-CuNPs may be
due to the presence of hydroxyl groups (-OH) from the
polyphenols in onion peel, which contribute to strong
electrostatic repulsion among the nanoparticles. This re-
pulsion effectively hinders aggregation, thereby enhancing
the stability of the colloidal system [91, 92]. Similarly, Mali
and coworkers obtained a zetapotential of —22.2mV for
green-synthesised CuNPs using C. paniculatus leaf extract
[93]. Saikia and coworkers reported zeta potentials of
-10.03, —13.7 and —12.6 mV for green-synthesised CuNPs
using Yellow oleander, Allamanda and Night jasmine ex-
tracts, respectively [94].

Furthermore, the DLS was also used to determine the
PDI and the hydrodynamic size of the nanoparticles as
shown in Figure 9(b) where the obtained PDI was 0.254 with
a size of 63.5nm. The low PDI indicates a monodisperse
distribution or a high homogeneity and a good quality of the
OPE-CuNPs. The PDI is a measure of the uniformity of
particle size, ranging from 0 to 1. Values below 0.5 signify
a highly homogeneous particle size distribution, whereas
values above 0.5 indicate a broader variation in particle sizes,
reflecting a heterogeneous distribution of nanoparticles
[88, 89].

The obtained hydrodynamic size of the OPE-CuNPs on
DLS (63.5 nm) was larger than the sizes obtained from XRD
(18 nm) and TEM (3-21 nm). This divergent may be due to
the inherent principles of each characterisation technique
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FIGURE 9: (a) Zeta potential, (b) particle size of the synthesised OPE-CuNPs.

and the conditions under which measurements were per-
formed. Literature studies report that DLS determines the
hydrodynamic size, which not only includes the nano-
particle core but also the surrounding solvation layer,
adsorbed biomolecules and possible agglomeration in so-
lution [95]. Therefore, the size measured by DLS is larger
than that obtained from other techniques. In contrast, the
size determined by XRD estimates crystallite size from peak
broadening, which does not account for surface coatings or
particle aggregation, thus leading to smaller calculated size
[96]. TEM, however, provides high-resolution images of
individual nanoparticles allowing direct visualisation of their
morphology and size estimation. However, as the analysis is
performed on dried samples deposited on a grid, the
measured dimensions may not fully represent the hydro-
dynamic size in suspension, and some degree of aggregation
can still occur during sample preparation [97]. The observed
difference in size shows that using several complementary
methods is important for accurately measuring the nano-
particle size, although the nanoparticle size can change in
biological condition due to aggregation and protein corona
formation.

3.7. Determination of Antimicrobial Activity of OPE-CuNPs.
The agar well-diffusion method was used to study the an-
tibacterial activity of the OPE and OPE-CuNPs against
K. pneumoniae where clear ZOI confirmed that the bio-
synthesised OPE-CuNPs effectively inhibited bacterial
growth [98]. Different concentrations of 50 and 100 pg/mL
were used to assess the antibacterial performance of OPE-
CuNPs at both a relatively low and a higher dosage, thereby
demonstrating the concentration-dependent effect of the
nanoparticles [99]. The diameters of the obtained ZOI are
demonstrated in Figure 10. As shown in Figure 10, the
diameter of inhibition zones increased with nanoparticle
concentration. At 50 ug/mL, the OPE-CuNPs produced an
inhibition zone of 12.5+ 0.3 mm, while at 100 pg/mL the
inhibition zone widened to 25.5+0.3mm. The positive
control (ciprofloxacin) yielded a zone of 15.0+ 0.3 mm,
whereas no inhibition was observed for the negative controls
(OPE) [100]. Table 1 shows the summary of the obtained

FIGUure 10: Antimicrobial activity of OPE-CuNPs against water-
borne microorganism by the well-diffusion assay. K. pneumoniae;
(i) onion peel extract (negative control), (ii) ciprofloxacin (positive
control), (iii) OPE-CuNPs of 50 ug/mL and (iv) OPE-CuNPs of
100 pg/mL.

ZOL1. The strong antibacterial efficiency of OPE-CuNPs can
be attributed to their high surface-to-volume ratio and
nanoscale dimensions, which promote direct interaction
with bacterial membranes [101]. The nanoparticles disrupt
the cytoplasmic membrane, release copper ions, interfere
with respiration and ultimately cause cell death [102].

A similar study conducted by Bai and coworkers using
green-synthesised CuO nanoparticles exhibited the ZOI of 4
and 16 mm against K. pneumoniae bacterium with con-
centrations of 50 and 100 pg/mL CuO nanoparticles, re-
spectively [103]. The ZOI obtained by Bai and coworkers in
their study were slightly lower than those reported in this
study, indicating that the synthesised OPE-CuNPs were
more effective. This highlights the enhanced efficiency of the
OPE-mediated synthesis approach.

3.8. MIC and MBC of OPE-CuNPs Against K. pneumoniae
Bacterium. The MIC and MBC values of the biosynthesised
OPE-CuNPs against K. pneumoniae were both 12.5 ug/mL.
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TaBLE 1: Antimicrobial activity as indicated by the growth-inhibition zone of OPE-CuNPs against K. pneumoniae bacterium.

. . Onion peel extract Ciprofloxacin OPE-CuNPs at different concentrations
Bacterial species
50 ug/mL 50 pg/mL 50 ug/mL 100 ug/mL
K. pneumoniae 0.00 mm 15.0+0.3 mm 12.5+0.3 mm 25.5+0.3mm

Note: ZOI (mm) are presented as mean + SD.

These values are lower than those reported for other anti-
microbial nanomaterials, indicating superior antibacterial
activity of the synthesised OPE-CuNPs.

Table 2 provides a comparative analysis of MIC and
MBC values from previously reported studies alongside the
current results. These results indicate that OPE-CuNPs are
more effective against K. pneumoniae compared to pre-
viously reported nanomaterials, highlighting the effective-
ness of the green synthesis method using OPE.

3.9. Possible Mechanism of Antibacterial Activity.
Literature reports several proposed mechanisms explaining
the antimicrobial effectiveness of metal nanoparticles. Due
to their positive surface charge, metal nanoparticles readily
interact with the negatively charged bacterial cell membrane
[107]. Upon attachment to the microbial cell wall, they bind
to enzymes via sulthydryl (-SH) groups, disrupting mem-
brane integrity. This disruption facilitates nanoparticle
penetration into the bacterial cell, where they release metal
ions [108]. The interaction between nanoparticles and
bacterial components further induces the generation of ROS
through physicochemical surface modifications. These ROS,
together with released metal ions, react with cellular pro-
teins, leading to enzyme inactivation [109]. Consequently,
this sequence of events results in protein denaturation,
mitochondrial dysfunction, DNA damage and ultimately cell
death [110].

3.10. Catalytic Dye Degradation Using OPE-CuNPs. Azo dye
waste eftfluents are discharged by industries, such as textile
industry into aquatic environments, which then reach
municipal wastewaters. Due to their high constancy in water,
they are not degraded and find their way into treated water
bodies which causes a major concern to human health and
the environment. Thus, in this study the potential of OPE-
CuNPs for the degradation of MO dye was investigated.
Figure 11(a) shows a degradation of MO dye using
NaBH, only in the absence of nanoparticles. As seen in
Figure 11(a), the obtained UV-Vis spectra of MO dye
showed a small SPR peak at 270 nm and a broad SPR peak at
465 before the degradation at =0 min. The SPR absorption
peak at 270 nm is attributed to the presence of aromatic
rings, and the SPR absorption band at 465 nm is due to the
prolonged delocalisation of 7 electrons caused by the azo
group [111]. The NaBH, was added to the MO dye solution
and examined in UV-Vis spectra at different time intervals
from t=2min to t=24h. The degradation of MO using
NaBH, only shows minor changes in the intensity of MO
dye absorption [112]. The degradation process with NaBH,
took 24h with only 8% of degradation percentage, the

TaBLE 2: Comparisons of MIC and MBC of the earlier research with
the current biosynthesised OPE-CuNPs.

K. pneumoniae

Material used MIC (ug/ MBC (ug/ Reference
mL) mL)

V antimicrobial agent 32 56 [104]
Zinc oxide nanoparticles 40 40 [105]
Silver nanoparticles 16 32 [106]
Copper oxide 125 125 [41]
nanoparticles

Copper nanoparticles 12.5 12.5 This study

Note: Ref: reference. Minimum inhibitory concentration value in this study
is 12.5 as indicated in bold. Minimum bacterial concentration value is also
12.5 as indicated in bold. As compared to the studies in the table, the study
produced the lowest MIC and MBC using copper oxide nanoparticles.
Abbreviations: MBC, minimum bactericidal concentration; MIC, mini-
mum inhibitory concentration.

experiment was continued for 1 day, and no further changes
were observed. Literature studies report that MO reduction
through NaBH, alone is not much effective. Although the
reaction is thermodynamically favourable; however, kinet-
ically, the reaction is extremely slow [113]. The reduction of
azo dyes, such as MO dye using NaBH,, occurs through an
electron transfer process, where the transferred electrons
from BH,™ to azo dyes need high activation energies; hence,
kinetically, it is a difficult reaction [114]. Previous scientific
studies reported small or no change on peak intensity of MO
dye at 465 nm in the absence of a catalyst; this is consistent
with the results obtained in this study [115]. Aki-
landaeaswari and Muthu reported that no significant
changes were observed in the SPR absorption intensity
during the reduction of MO dye with NaBH, alone, even
after 24 h, which is consistent with the findings of this study
[116]. Barzinjy and coworkers in their study also observed
that the use of NaBH, alone resulted in only slight degra-
dation after 60 min [117].

Figure 11(b) shows degradation of MO dye using NaBH,
in the presence of OPE-CuNPs as a nanocatalyst. The ob-
tained UV-Vis spectra show that in the presence of OPE-
CuNP nanocatalyst, the SPR absorption bands of MO shifted
from 270 to 245nm and from 465 to 390 nm indicating
a blue shift. The observed spectral shifts indicate structural
changes in the MO molecules. Literature reports that in the
presence of nanoparticles when used as catalyst, the N=N
double bond breaks into single phenyl ring compounds with
the amine group as possible byproduct, thus decolourising
the MO [118]. During the experiment, as the catalyst was
added to the MO dye solution, the colour of the reaction
mixture began to change, indicating the progression of the
degradation process. The associated colour transformations
are illustrated in the inset image of Figure 11(b). The solution
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FiGure 11: UV-Vis spectra of degradation of MO dye (a) with NaBH, only and (b) with OPE-CuNPs as a catalyst (Inset picture visually

illustrating the reduction of methyl orange).

marked as (i) in the inset represents the original orange-red
colour of MO dye before degradation, while the solution
marked as (ii) shows the final colourless solution obtained
after 25 min of degradation in the presence of OPE-CuNPs.
This phenomenon is attributed to the N=N chromophore,
which is bonded by two aromatic molecular systems and
undergoes a transformation to -NH-NH- in the presence of
the catalyst. It was observed that with time, the SPR ab-
sorption band of MO and NaBH, decreased when OPE-
CuNPs were used as a catalyst, confirming the successful
degradation process.

In this study, the degradation of MO was rapid and
complete within 25min, demonstrating that OPE-CuNPs
possess superior catalytic efficiency compared to many
previously reported nanomaterials. The accelerated degra-
dation rate can be attributed to the high surface-to-volume
ratio of the synthesised OPE-CuNPs. Moreover, the bio-
active phytochemicals from OPE that cap the nanoparticles
facilitate electron transfer, while the stability of the nano-
particles under alkaline conditions further supports the
reaction. This synergistic contribution of metallic copper
and natural reducing/stabilising agents highlights the po-
tential of OPE-CuNPs as an efficient green nanocatalyst for
dye removal.

The optimum time for the reduction of MO dye using
OPE-CuNPs was found to be 25min with a degradation
percentage of 96%. The percentage degradation was calcu-
lated using Equation (1). In comparison, Rashmi and co-
workers reported a degradation efficiency of 93.91% for MO
dye within 6 min using green-synthesised CuNPs mediated
by Averrhoa carambola extract [119]. Shaker and coworkers
achieved a lower degradation efficiency of 77% after 6h

using Chlorophytumextract-mediated iron nanoparticles
[120]. Similarly, Biradar and coworkers reported an opti-
mum degradation time of 90 min, with a maximum deg-
radation efficiency of 95% for MO dye [121]. Table 3 shows
the comparative percentage degradation of this study as
opposed to previously reported studies in the literature. A
comparative summary of the degradation performance of
this study with previous literature studies is presented in
Table 3. These findings demonstrate that OPE-CuNPs not
only achieved a higher degradation percentage but also
achieved a significantly shorter reaction time compared to
most reported green-synthesised nanoparticles, highlighting
their potential as an efficient catalyst for dye degradation.

3.11. Possible Mechanism of Photocatalytic Activity. The
general mechanism of photocatalytic activity is illustrated in
Figure 12. The valence electrons absorb energy and tran-
sition from the valence band (VB) to the conduction band
(CB) upon photon interaction, thus resulting in the creation
of positive holes (h*) in the VB. The electrons subsequently
produce superoxide free radicals (¢O,), while the positive
holes generate hydroxyl free radicals (¢OH™) through the
ROS and the oxidation of water molecules, respectively
[126]. These ROS are highly reactive and can break down
complex dye molecules into smaller, nontoxic products,
such as water, carbon dioxide and mineralised organic
compounds. The formation of ROS is a major outcome of
photocatalysis, as it can cause different effects, such as dye
degradation and antibacterial activity. The efficiency of this
process is influenced by the type of nanoparticles used, their
surface properties, the intensity of light and the concen-
tration of dyes in the solution [127].
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TaBLE 3: Comparative literature on percentage degradation of methyl orange using different nanomaterials as catalyst.
Catalyst Biological extract Dye % Degradation Time Reference

AuNPs Sargassum spp. MO 94.9% 60 min [122]
rGONPs Phyllanthus emblica MO 78% 90 min [123]
CuNPs Aegle marmelos MO 90% 9h [124]
CuONPs Tribulus terrestris MO 84% 120 min [125]
CuNPs Onion peel MO 96% 25min This study

Note: 96% indicates the degradation value of methyl orange dye. Time taken for the total degradation is 25 min. The OPE-CuNPs exhibited higher degradation

percentage in 25 min as compared to other studies provided in the table.

Photo-reduction

e+0,+0)>H0'»0,+H0
e+H,0,>OH' > OH’

Source of
e+0,+0!>0,>OH +OH'

photons

Excitation

h*+0! 50!

ROS

h*+H,0>H' + OH’
h*+ OH' > OH'

Photo-oxidation

FIGURE 12: Photocatalytic mechanism process including chemical
reactions.

3.12. Study Limitations and Future Perspectives. While this
study demonstrated the successful green synthesis of stable
OPE-CuNPs with strong antibacterial and photocatalytic ac-
tivity, some limitations remain. The antibacterial evaluation
was limited to a single pathogen (K. pneumoniae), and the
photocatalytic performance was assessed only with MO under
controlled conditions. Furthermore, although the nanoparticles
remained stable for 62 days, their long-term behaviour and
potential ecotoxicity in natural aquatic systems were not in-
vestigated. Future studies should therefore focus on testing
a wider range of pathogenic microorganisms, evaluating
degradation of diverse pollutants in real wastewater samples
and assessing environmental safety. In addition, scaling up the
synthesis process and integrating OPE-CuNPs into practical
treatment systems will be important steps towards translating
these laboratory findings into real-world applications.

4. Conclusion

This study demonstrated a green and sustainable approach
for the synthesis of OPE-CuNPs using OPE as a natural
reducing and stabilising agent. The nanoparticles remained
stable for extended periods and were confirmed by multiple
characterisation techniques to be crystalline and nanoscale
in size. The OPE-CuNPs exhibited strong antibacterial ac-
tivity against K. pneumoniae and excellent photocatalytic
efficiency in MO dye degradation, highlighting their po-
tential as dual-function materials for wastewater treatment
and environmental protection. While the results are
promising, the study was limited to controlled laboratory
conditions and a single test organism. Future work should
assess their performance in real wastewater systems, broaden
antimicrobial evaluation to multiple bacterial strains and
examine potential environmental safety concerns.
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