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INTRODUCTION
The palm oil industry is one of the fastest-
growing agro-industrial sectors, especially in 
Malaysia, Indonesia, Africa, and South America. 
It contributes significantly to national economies 
through exports and job creation, but also generates 
substantial waste, particularly palm oil mill effluent 
(POME). POME, a liquid by-product from crude 
palm oil extraction, arises from sterilization, 
clarification, and hydrocyclone separation stages1. 
It is a thick, brownish effluent with high discharge 
temperatures (often >80 °C) and extremely 
high organic loads, with COD levels exceeding 
50,000 mg/L, making it far more polluting 
than domestic wastewater. If untreated, POME 
depletes dissolved oxygen in aquatic systems, 
causing hypoxia, eutrophication, and biodiversity 
loss2,3. Open anaerobic lagoons release methane 
(CH₄), intensifying climate change concerns, 
while residual oils, phenolics, heavy metals, and 
suspended solids threaten soil, groundwater, and 
public health in rural communities4.

Although environmental laws exist, many mills 
lack modern treatment facilities due to cost and 
infrastructure limitations. Conventional systems 
like anaerobic ponds are land-intensive, slow, 
and often ineffective, sometimes leading to illegal 

discharges5. Therefore, there is an urgent need for 
sustainable and cost-effective alternatives. Advances 
in biotechnology, particularly bioremediation and 
nanotechnology, provide promising solutions. These 
strategies aim to reduce pollutant load of POME 
while enabling resource recovery and value-added 
products6.

Photocatalysis has emerged as a ccomplementary 
treatment approach for the reduction of organic 
pollutants in wastewater, while antimicrobial 
disinfection remains essential for controlling 
pathogenic microbial loads. Metal nanoparticles, 
especially those synthesized from plant extracts, 
influence antimicrobial disinfection and light-
assisted redox processes, depending on experimental 
conditions7. Copper nanoparticles (CuNPs) 
synthesized using Azadirachta indica (neem) leaf 
extract are particularly promising due to their 
redox activity, surface plasmon resonance, and 
antimicrobial properties. Compared with silver (Ag), 
zinc oxide (ZnO), titanium dioxide (TiO₂), and iron 
(Fe) nanoparticles, neem-mediated CuNPs often 
show competitive or superior antibacterial activity 
for POME. previous studies such as Niharika and 
Devra (2018) mainly focused on the synthesis and 
physicochemical characterization of neem-mediated 
CuNPs, their direct application to POME treatment 
remains underexplored8.

ABSTRACT
Objective: Palm Oil Mill Effluent (POME) is a high-strength agro-industrial wastewater of serious 
environmental concern due to its high organic load and microbial contamination. Methods: Copper 
nanoparticles (CuNPs) were synthesized using Azadirachta indica (neem) leaf extract and copper sulfate 
at different extract-to-metal salt ratios (1:1 and 2:1). The formation of CuNPs was confirmed by color 
change, FESEM, and EDX analyses. POME samples were collected from two treatment stages (raw and 
acidification ponds), and bacteria were isolated and identified using morphological, Gram staining, and 
biochemical tests. The antimicrobial activity of CuNPs at two concentrations (0.008 g and 0.016 g) was 
evaluated against isolated bacterial strains (Bacillus spp., Pseudomonas spp., and Stenotrophomonas 
spp.) using the agar well diffusion method. Results: The synthesized CuNPs ranged from 11–40 nm 
in size, confirming the presence of elemental copper with bioorganic capping. Antibacterial activity 
increased with CuNP loading, with the maximum inhibition zone (50 mm) observed for Bacillus spp. 
using CuNPs synthesized from a 0.1 M precursor solution and 0.016 g nanoparticle dose. At higher 
precursor concentrations (1.0 M), aggregation of nanoparticles occurred, leading to reduced antibacterial 
efficiency. Neem-CuNPs therefore demonstrated strong antimicrobial (disinfection) activity, while 
photocatalytic effects were observed as a secondary, light-assisted reduction of organic content rather 
than direct biodegradation. Conclusion: The green-synthesized CuNPs offer an eco-friendly and effective 
antimicrobial strategy for managing POME-associated bacteria. These findings provide a basis for future 
work combining CuNPs with biological systems to enhance wastewater remediation.
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Unlike conventional chemical nanoparticle synthesis, which uses 
hazardous reducing agents, green synthesis with plant extracts provides 
a safe, sustainable, and scalable alternative. Neem leaves contain 
phytochemicals such as nimbin, quercetin, and azadirachtin, which act 
as reducing and capping agents9.

Beyond photocatalysis, CuNPs can work synergistically with 
microbial consortia in biodegradation. Nanoparticles enhance enzyme 
production, electron transfer, and microbial metabolism, thereby 
creating effective bio-nano hybrid systems for complex effluents like 
POME10. Their integration with anaerobic digestion can also boost 
methane production while reducing inhibitory compounds such as 
long-chain fatty acids.

This study explores a sustainable nanobiotechnological strategy for 
POME treatment using CuNPs synthesized from A. indica leaves. These 
nanoparticles demonstrate antimicrobial effects useful for isolating 
and enriching POME-derived bacterial strains while also supporting 
biodegradation. By combining biosynthesized CuNPs with indigenous 
microbial consortia, we aim to establish a synergistic bio-nano platform 
for enhanced treatment of POME. This work contributes to scalable, 
eco-friendly wastewater management approaches, addressing both 
environmental and resource challenges in palm oil-producing regions.

MATERIALS AND METHODS 

Materials 
Fresh leaves of Azadirachta indica (neem) were collected from the 
vicinity of the main building at MAHSA University, Bandar Saujana 
Putra, Malaysia (2.9346° N, 101.5700° E). The botanical identity of the 
specimen was confirmed by a taxonomist at the Department of Biology, 
Universiti Putra Malaysia. A voucher specimen (Voucher No.: UPM 
6892) was deposited in the university herbarium for future reference. 
Copper(II) sulfate pentahydrate (CuSO₄·5H₂O) of 98% purity was 
procured from Chemiz (M) Sdn. Bhd. Selangor, Malaysia. Culture 
media of nutrient agar, oil agar (palm oil agar (POA)), Mineral Salt 
Medium (MSM), carboxymethyl cellulose (CMC) agar, tryptone brot, 
MR-VP mediu, simmon’s citrate agar, pepton, TSI Aga, Urea, hydrogen 
peroxide, oxidase paper, Kovac’s Reagent, Methyl Red solution, alpha-
naphthol solution (VP1), Potassium peroxide (KOH) (VP2) purchased 
from HiMedia Laboratories, Maharashtra, India. MacConkey Agar 
(MAC), Gram stain set, 250 mL of Crystal violet, Iodine, Decolorizer, 
Safranin procured from Thermo Fisher Scientific Malaysia Sdn. Bhd. 
Penang, Malaysia.

Synthesis of CuNPs
The leaves were washed, chopped, and boiled with water (10 g leaves in 
100 mL of distilled water) at 90 °C for 2 h to extract phytochemicals. 
The extract was filtered to obtain a clear greenish-brown solution. 
Copper(II) sulfate pentahydrate (CuSO₄·5H₂O) stock solutions were 
prepared at three molarities are 0.1 M (2.49 g in 100 mL distilled 
water), 0.5 M (12.46 g in 100 mL), and 1.0 M (24.93 g in 100 mL). 
For nanoparticle synthesis, the neem extract was mixed with copper 
sulfate (CuSO₄·5H₂O) solutions at two different ratios: 1:1 and 2:1 
(extract: metal salt solution). The mixtures were heated again at 90 °C 
for 2 h with continuous stirring. A visible colour changes from blue 
to brownish-black indicated CuNP formation11. The mixtures were 
left overnight to stabilise followed by centrifugation at 6000 rpm for 
10 min, washing and drying at 70°C overnight to obtain brown CuNP. 

Following centrifugation and reaction completion, the CuNP 
precipitate was collected, purified, and oven-dried at 60 °C until a 
uniform weight was achieved. The actual yield (0.8 mg·mL⁻¹ and 
1.6 mg·mL⁻¹ from 10 mL reactions at 0.5 M and 1.0 M precursor, 
respectively) of the dried CuNPs was measured by weight. The CuNP 

powder was reconstituted in sterile distilled water and ultrasonically 
agitated to create working suspensions with specified concentrations 
(measured in mg/mL) for biological tests. For instance, 0.8 mg/mL was 
equivalent to 0.8 mg·mL⁻¹ g of CuNPs reconstituted in 10 mL of water. 
Instead of using the precursor molarity, these standardized solutions 
were used for all antibacterial and photocatalytic studies.

Field-Emission Scanning Electron Microscopy (FESEM) 
ofCuNPs
The prepared surface structure and morphology of CuNPs were 
examined using a Field-Emission Scanning Electron Microscope 
(FESEM; SUPRA 55VP, Carl Zeiss, Germany). Using double-sided 
carbon tape attached to an aluminum stub, 1 mg of the dried CuNP 
powder was evenly distributed. To avoid charge and improve picture 
quality, the samples were then sputter-coated with a thin coating of 
platinum (about 5 nm thick) using a Quorum SC7620 sputter coater. 
In order to observe particle size and surface shape, micrographs 
were taken at various magnifications under high vacuum and at an 
accelerating voltage of 5–15 kV12.

Energy-dispersive X-ray (EDX) analysis of CuNPs
A standard EDX spectrometer connected to the FESEM device was 
used to ascertain the chemical composition and purity of the produced 
CuNPs. The spectra, which were obtained in the 0–20 keV energy 
range, verified the existence of distinctive oxygen (O) and copper 
(Cu) peaks devoid of any impurity signals13. To ensure compositional 
uniformity, quantitative analysis was used to estimate the relative 
atomic percentages of Cu and O for samples made from varying 
precursor concentrations.

Collection and Storage of Raw Palm Oil Mill Effluent 
(POME)
POME samples were collected from Seri Bandar Palm Oil Mill in 
Malaysia at two treatment stages, namely the raw pond (Pond 1) and 
the acidification pond (Pond 2). Within 4 h after collection, each 
sample was taken in sterile 500 mL amber glass bottles, carefully sealed, 
and brought to the lab. To maintain sample integrity, samples were 
used for all experimental analyses within 48 h of collection and kept 
in the dark at 4 °C to avoid microbial overgrowth and compositional 
alterations14.

Photocatalytic Degradation Assay (PDA)
This assay was conducted to preliminarily evaluate the light-
assisted organic load reduction potential of CuNPs. It was designed 
independently from antibacterial assays and does not assess microbial 
inactivation. The light-assisted photocatalytic activity of CuNPs toward 
organic content reduction in POME was preliminarily evaluated using 
palm oil mill effluent (POME) as a model organic matrix. For the assay, 
100 mL of raw POME (pH 6.8) was mixed with CuNPs (1.0 mg/mL) 
and magnetically stirred under visible light illumination (LED lamp, 
60 W, λ = 420–700 nm, 5000 lux) at ambient temperature. The mixture 
was maintained under constant aeration to ensure uniform dispersion 
and oxygen supply15. A dark control (POME + CuNPs without light) 
and a light-only control (POME without CuNPs) were simultaneously 
run. Samples (5 mL) were collected at 0, 30, 60, and 90 min, centrifuged 
(10,000 rpm, 10 min), and analyzed for total organic carbon (TOC) 
reduction using a TOC analyzer (Shimadzu TOC-L). The degradation 
efficiency (%) was calculated as:

Where C0 and Ct are TOC value at initial and time t, respectively.
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Preparation of Nutrient Agar
Medium was prepared following the manufacturer's protocol (OXOID). 
Approximately 28 g of the nutrient agar was dissolved in 1000 mL of 
distilled water, boiled to dissolve completely, followed by autoclaving 
at 121°C for a duration of 15 min. After autoclaving, the media was 
poured into a sterile petri dish, around 20 mL for each plate. The plates 
were stored at 4°C.

Preparation of MSM-POA Medium
The POA was prepared by dissolving 2.78 g of mineral salt agar in 
accordance with the manufacturer's protocol (HiMedia) in 100 mL of 
distilled water with constant stirring, followed by sterilization at 121°C 
for 15 min. Once cooled to around 50 °C, 3.12 g of filtered palm oil was 
added and thoroughly mixed to ensure even distribution throughout 
the medium. The final mixture was poured into sterile petri dishes 
under aseptic conditions. The plates were stored at 4°C.

Preparation of MAC Agar
MAC agar is a selective medium used to differentiate gram-negative 
bacteria based on lactose fermentation. Medium was prepared following 
the manufacturer's protocol (HiMedia). Approximately 49.53 g of the 
mineral salt agar was dissolved in 1000 mL of distilled water, boiled to 
dissolve completely, and then autoclaved at 121 °C for a duration of 15 
min16. After autoclaving, the media was poured into a sterile petri dish, 
around 20 mL for each plate.

Evaluation of Antibacterial Activity 
Nutrient agar plates were prepared and sterilized, and then spread the 
POME sample (Pond 1 and 2). Small wells were made in the agar, and 
synthesis ratios of CuNPs (1:1 and 2:1) in different concentrations (0.8 
mg·mL⁻¹ and 1.6 mg·mL⁻¹) were added. The plates were incubated at 
37 ± 0.5°C for 24 to 48 h17. Clear zones around the wells showed where 
bacteria were killed or inhibited. Larger zones meant more effective 
antibacterial action. 

Bacterial Isolation and Identification 
For bacterial isolation, the serial dilution method was used. The POME 
sample was diluted stepwise up to 10⁻⁷, and selected dilutions (10⁻³, 10⁻⁵, 
10⁻⁷) were spread onto the prepared agar plate, followed by incubation 
at 37± 0.5 °C for 24 h. Distinct colonies were isolated using the 
quadrant streak method to obtain pure cultures. The purified colonies 
were observed and documented for their morphological traits such as 
shape, colour, size, surface texture, and elevation18. Gram staining was 
performed to identify the Gram-positive and Gram-negative bacteria 
based on their cell wall structure. The isolates were stored on agar 
slants at 4°C for further analysis. The isolates were identified based on 
their morphological and biochemical characteristics. These findings 
offer a presumptive genus-level identification; molecular methods 
like 16S rRNA sequencing would be necessary for a definitive species 
identification, which was outside the purview of this investigation.

Bacterial Inhibition Testing
Two complimentary techniques were used to evaluate antibacterial 
activities of CuNPs are direct plating of POME samples and agar well 
diffusion against reference strains. POME plating involved serially 
diluting 100 µL of POME wastewater (10⁻¹–10⁻⁶) in sterile saline, 
then spreading 100 µL aliquots of each dilution onto nutrient agar 
plates. Bacterial cultures were grown in nutrient broth until reaching 
the logarithmic growth phase, defined by an optical density of OD₆₀₀ 
= 0.4–0.6. Standardized inocula (10⁸ CFU/mL) were spread evenly 
onto nutrient agar plates to form uniform bacterial lawns19. Colonies 
were enumerated after being incubated for 24 hours at 37 °C (30–300 

CFU/plate range).  Well diffusion assay involves the P. aeruginosa and 
Bacillus cereus overnight cultures were uniformly distributed across 
Mueller-Hinton agar plates after being adjusted to 0.5 McFarland 
standard (~1×10⁸ CFU/mL).  50 µL of CuNP suspensions at certain 
concentrations (0.8 mg/mL and 1.6 mg/mL, made by redistributing dry 
CuNPs) were added to each well after wells (6 mm in dm) had been 
punched.  The control wells contained gentamicin (10 µg/mL) as a 
positive antibiotic control; neem extract only (plant extract control), 
and sterile distilled water (negative control).  Inhibition zones were 
measured in millimeters after plates were incubated at 37 ± 0.5 °C for 
24 h.  Three duplicates of each assay were run, and mean ZOI ± SD 
were determined.

Statistical analysis 
The results are shown as mean ± standard deviation (SD), and each 
experiment was run in triplicate. Tukey's post hoc test (GraphPad 
Prism 9.0) was used after a one-way ANOVA to examine statistical 
differences between groups. p-values < 0.05 were regarded as statistically 
significant. Throughout the manuscript, precursor concentration (M) 
refers exclusively to the molarity of CuSO₄·5H₂O used during synthesis, 
whereas all experimental concentrations of CuNPs in suspension are 
reported as mg·mL⁻¹ based on the dry nanoparticle mass.

RESULTS AND DISCUSSION 

Morphology
FESEM was used to examine the surface morphology and particle size 
distribution of the photocatalysts and Cu dopant dispersion within the 
nanoparticles (Figure 1). The images reveal mostly spherical to irregular 
CuNPs with different extents of agglomeration, the typical feature 
owing to high surface energy and the tendency of nanoparticles to 
agglomerate. The nanoscale dimensions from the chosen measurement 
regions range from about 11.17 nm to 40.99 nm across the three 
images. The biggest particle size that was measured was ~40.99 nm, 
and the smallest was ~11.17 nm, indicating successful synthesis of 
nanoparticles with a size in the nanometer range. The products were in 
the nanoparticle range, with average diameters of 24.97–40.99 nm for 
0.1 M Cu (Figure 1a), 13.44–15.19 nm for 0.5 M Cu (Figure 1b), and 
11.17–12.33 nm for 1.0 M Cu (Figure 1c). CuNPs synthesized with 0.1 
M copper were larger and more aggregated, while those from 0.5 M 
were smaller and more defined. The 1.0 M sample yielded the smallest 
and most uniformly dispersed nanoparticles. 

The precursor molarity (0.1–1.0 M) influenced both the yield and 
particle size distribution of the synthesized CuNPs. Increasing CuSO₄ 
concentration from 0.1 M to 1.0 M raised the nanoparticle yield (from 
0.3 to 1.6 mg·mL⁻¹ g/10 mL batch), producing more concentrated 
suspensions (0.3–1.6 mg/mL). These standardized suspensions were 
used for dose-dependent antibacterial assays and photocatalytic 
degradation studies, ensuring reproducibility. Size differences between 
images can be attributed to different nucleation and growth rates 
during synthesis and potential aggregation effects. The relatively regular 
positioning of finer particles in later images indicates high yields of 
fine nanoparticles, and bigger particles within the initial image may be 
indicative of aggregated morphology or nuclei overgrowth20. Overall, 
FESEM confirm that particle size decreases with increasing precursor 
molarity due to rapid nucleation and limited growth at higher Cu²⁺ 
concentrations, consistent with classical nucleation theory.

Elemental composition of CuNPs
The effective synthesis of CuNPs with bio-organic capping was 
demonstrated by the EDX spectra, which verified the presence of 
copper (Cu) and oxygen (O) as the main constituents. With very 
few impurity signals, the distinctive Cu peaks (about 0.9 keV and 8.0 
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Figure 1. FESEM images of CuNPs synthesized from CuSO₄ precursor solutions at (a) 0.1 M, (b) 0.5 M, and (c) 1.0 M. Scale bars = 100 nm. Particle size 
distribution was measured from 100 individual nanoparticles per sample using ImageJ software. Mean particle diameters are shown on each subfigure.

keV) and O peaks (about 0.5 keV) were reliably seen in all samples. 
The Prepared CuNPs exceptional elemental purity and stability were 
indicated by a quantitative evaluation of the Cu/O ratios. The patterns 
in particle size distribution are therefore based on FESEM observations 
rather than EDX interpretation, although the EDX results confirm 
elemental composition21. Table 1 highlights that increasing precursor 
concentration increases Cu content and purity of the prepared CuNPs.

According to Nguyen et al. (2014), higher precursor concentrations 
accelerate nucleation, leading to rapid formation of smaller particles, 
whereas slower nucleation at lower concentrations allows for larger 
particle growth. Thus, CuNPs synthesized from 1.0 M copper precursor 
exhibited smaller particle sizes with more uniform dispersion compared 
to those synthesized from 0.1 M precursor, which produced larger, 
more aggregated particles22,23 (Figure 2).

Figure 2.EDX spectra of green-synthesized CuNPs from A. indica leaf extract using precursor concentrations of (a) 0.1 M and (b) 1.0 M CuSO₄·5H₂O. 
Prominent peaks corresponding to Cu (Kα, Lα) and O (Kα) confirm the presence of elemental copper with surface oxide or bioorganic capping. The Cu/O 
ratio increases with precursor concentration, indicating enhanced metal purity and nanoparticle formation efficiency.
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PDA 
Using the 1.0 M precursor-derived CuNPs, the CuNPs showed 
visible-light-driven photocatalytic activity, removing 91.8% of the 
TOC in 90 minutes as opposed to 77.6% for 0.5 M and 58.3% for 0.1 
M formulations. The dark or light-only controls showed very little 
degradation (<10%), indicating that photocatalysis was the responsible 
for organic content reduction, while antibacterial effects were 
evaluated separately and are not attributed to this assay. There was a 
substantial difference between the treatments, according to statistical 
analysis (ANOVA, p < 0.001), with 1.0 CuNPs synthesized from a 1.0 
M CuSO₄·5H₂O precursor solution exhibiting the maximum activity. 
The increased surface plasmon resonance and smaller crystallite size of 
the CuNPs, which encourage charge separation and the production of 
reactive oxygen species (ROS) in the presence of light, are responsible 
for the improved degrading efficiency. CuNPs absorb photons 
under visible light, producing electron–hole pairs (Cu⁰ → Cu⁺ + e⁻). 
Superoxide (•O₂⁻) and hydroxyl (•OH) radicals are formed when these 
charge carriers combine with oxygen and water, oxidizing organic 
contaminants in POME to CO₂ and H₂O24 (Figure 3).

Grams Staining
The microscopic analysis of the isolated bacterial strains revealed 
rod-shaped cells, often appearing singly or in pairs (Figure 4a). Gram 
staining showed that one isolate was Gram-positive, retaining the crystal 
violet stain and appearing purple, indicative of a thick peptidoglycan 
cell wall (Figure 4a). The presence of unstained, elliptical endospores 
further confirmed it as a spore-forming bacterium, consistent with 
the Bacillus genus25. A second isolate, presumptively identified as 
Stenotrophomonas maltophilia, exhibited Gram-negative, rod-shaped 
morphology (Figure 4b). Another isolate, designated Bacteria 2, 
formed well-isolated colonies with greenish pigmentation on nutrient 
agar, suggesting its identity as Pseudomonas aeruginosa (Figure 4c) and 
Gram staining confirmed it as Gram-negative. 

Biochemical and Functional Characterization 
Biochemical characterization of bacterial strains isolated from POME 
(Table 2) indicated profiles consistent with Bacillus, Pseudomonas, and 
Stenotrophomonas genera. While the observed patterns are suggestive 
of B. subtilis, P. aeruginosa, and S. maltophilia, these identifications 
remain presumptive, as molecular confirmation (e.g., 16S rRNA 
sequencing) was not performed26. Another isolate designated Bacteria 
2, formed well-isolated colonies with greenish pigmentation on 
nutrient agar, suggesting its identity as P. aeruginosa. Gram staining 
confirmed it as Gram-negative, and its biochemical profile aligned with 
Pseudomonas characteristics negative for MR, VP, indole, and urease, 
but positive for citrate, catalase, and oxidase activity. The strain did not 
ferment sugars in the TSI test, confirming its oxidative metabolism 
based on the Abdelaziz et al. (2023) outcome27.

Based on biochemical profiles, species-level identification is 
expected for B. subtilis, P. aeruginosa, and S. maltophilia. Molecular 
identification, such as 16S rRNA gene sequencing, would be necessary 
for confirmation.

The biochemical overview was followed by the interpretation of 
strain-specific characteristics. B. subtilis demonstrated aerobic 
metabolism and the capacity to use a variety of carbon sources, which 
are characteristics consistent with its environmental adaptability, as 
demonstrated by positive results for the catalase, oxidase, citrate, and 
Voges-Proskauer tests. P. aeruginosa demonstrated its capacity to 
produce biosurfactants and oxidative metabolism by forming greenish-
pigmented colonies on nutrient agar and testing positive for catalase, 
oxidase, and citrate consumption28. The decomposition of palm oil in 
POME settings was facilitated by lipid hydrolysis, which is suggested 
by the presence of extracellular lipase activity. Strong metabolic 
flexibility was demonstrated by the third isolate, S.maltophilia, which 
tested positive for catalase, oxidase, urease, and citrate utilization. The 
emulsification zones seen during growth on MSM-POA medium point 
to the solubilization of palm oil constituents by biosurfactants29. When 

Figure 3. Visible-light-assisted reduction of organic content (TOC) in POME using CuNPs synthesized from different precursor concentrations (0.1 M, 0.5 
M, and 1.0 M). Results expressed as mean ± SD (n = 3). 
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taken as a whole, these biochemical characteristics demonstrate how 
Pseudomonas and Stenotrophomonas contribute to the generation of 
biosurfactants and the breakdown of lipids, two important processes in 
POME remediation.

Growth on MacConkey agar produced pale, translucent colonies, 
consistent with non-lactose fermentation, and the light green hue 
suggested pyocyanin production, a virulence factor and redox-active 
compound. On MSA, the colonies appeared irregular, mucoid, and 
slightly translucent, with zones of clearing, indicating extracellular 
enzyme activity, likely lipase-mediated, these features suggest 
biosurfactant and lipase production, facilitating palm oil degradation. 
A third isolate, presumptively identified as Stenotrophomonas 
maltophilia, exhibited Gram-negative, rod-shaped morphology and 
a biochemical profile marked by positive reactions for citrate, urease, 
catalase, and oxidase, but negative for MR and VP tests. 

Its metabolic flexibility is well-documented in environmental adaptation. 
When grown on MSM-POA, initial growth was delayed, but visible 
colonies formed after 48 h, accompanied by white emulsification zones, 
this concept suggesting biosurfactant-mediated solubilization of palm 
oil in accordance with the Williams et al. 202530. Unlike Bacillus, which 

did not produce clear hydrolytic zones, Stenotrophomonas appeared 
to utilize emulsification rather than enzymatic hydrolysis, consistent 
with biosurfactant-assisted degradation mechanisms (Figure 5a and 
b). Together, these observations shown in Figure 5c and d, confirm 
the potential of Pseudomonas aeruginosa and Stenotrophomonas 
maltophilia in the bioremediation of POME through a combination 
of biosurfactant production, oxidative metabolism, and selective 
hydrocarbon degradation pathways, which is consistent with Thomas 
et al. 2014 outcome31.

Antibacterial Effect of CuNPs against POME-Associated 
Bacteria

Bacillus spp.

Neem-synthesized CuNPs exhibited strong antibacterial activity 
against Bacillus spp., a Gram-positive bacterium commonly present in 
POME. As shown in Figure 5a, the combination of 0.1 M precursor 
and 1.6 mg·mL⁻¹ CuNP loading (1:1 ratio) produced the largest 
inhibition zone (50 mm) against Bacillus cereus, followed by 0.5 M (42 
mm) and 1.0 M (35 mm). The investigation considered varying copper 
precursor concentrations (0.1 M, 0.5 M, 1.0 M), nanoparticle weights 
(0.8 mg·mL⁻¹, 1.6 mg·mL⁻¹), and synthesis ratios of plant extract 
to metal salt (1:1 and 2:1). At a 1:1 synthesis ratio, the 0.1 M copper 
concentration combined with 1.6 mg·mL⁻¹ of CuNPs yielded the largest 
inhibition zone (50 mm), suggesting optimal nanoparticle stability 
and dispersion. In contrast, higher copper concentrations (0.5 M and 
1.0 M) at the same nanoparticle weight produced reduced inhibition 
zones of 40 mm and 35 mm, respectively (Figure 6a). This trend likely 
reflects nanoparticle agglomeration at higher metal concentrations, 
according to Todorova et al. 2025, which reduces active surface area 
and antimicrobial efficacy32.

At the 2:1 synthesis ratio, where neem extract was in excess, the highest 
inhibition (42 mm) was observed at 0.5 M with 1.6 mg·mL⁻¹ CuNPs. 
Although neem phytochemicals aid in capping and stabilization, an 
overabundance may hinder Cu²⁺ ion release, slightly diminishing 
antibacterial potency compared to the 1:1 ratio. Across both synthesis 
ratios, increasing the nanoparticle weight consistently improved 
antibacterial outcomes, reinforcing the role of CuNPs loading in 
enhancing contact with bacterial cells based on Ifijen et al. 202533.

Surface oxidation of CuNPs in aqueous and aerobic environments 
encourages the production of ROS, including hydrogen peroxide 
(H2O₂), superoxide anions (O₂•⁻), and hydroxyl radicals (•OH). 
Essential macromolecules including proteins, lipids, and DNA are 
harmed by the oxidative stress that these extremely reactive species 

Figure 4. The Gram staining performance observed under a light microscope for (a) Bacillus, (b) Pseudomonas, (c) Stenotrophomonas maltophilia

Sample Cu (wt%) O (wt%) C (wt%) Cu/O Ratio
0.1 M CuNPs 68.4 23.5    8.1 2.91       
1.0 M CuNPs 78.9     17.2    3.9     4.58       

Table 1. The atomic (%) and weight (%) composition for each element 
(Cu, O, C).

Biochemical Test
Results
B. subtilis P.aeruginosa S.maltophilia

Methyl Red (MR) Test − − −
Voges-Proskauer (VP) Test + − −
Citrate Test + + +
Urease Test − − +
Catalase Test + + +
Oxidase Test + + +
Triple Sugar Iron (TSI) test − − −

Table 2. Biochemical test results of bacterial isolates from POME showing 
presumptive identification based on morphological and biochemical 
characteristics

Note: (+) indicates a positive reaction; (−) indicates a negative 
reaction. POME – Palm Oil Mill Effluent; B. subtilis – Bacillus 
subtilis; P. aeruginosa – Pseudomonas aeruginosa; S. maltophilia – 
Stenotrophomonas maltophilia
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Figure 5. Isolated pure colonies streaked on MSM-POA of (a) Bacillus sp. (b) Stenotrophomonas sp. The colony growth and pigmentation of 
Pseudomonason MSM-POA(c) and (d)Bacillus sp on MAC

Figure 6. Antimicrobial activity of (a) Bacillus sp., of CuNPs synthesized from varying precursor concentrations (0.1 M, 0.5 M, 1.0 M) and CuNP loadings 
(0.8 mg·mL⁻¹, 1.6 mg·mL⁻¹). Maximum inhibition (50 mm) observed for 0.1 CuNPs synthesized from a 1.0 M CuSO₄·5H₂O precursor solution at 1.6 mg·mL⁻¹ 
loading (1:1 ratio). (b) Pseudomonass sp., and (c) Stenotrophomonass sp. against POME-associated pathogens in the presence of CuNPs. Mean ± SD (n = 3).
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cause in bacterial cells (Mammari et al., 2022). At the same time, 
released Cu2+ ions interact with the negatively charged bacterial cell 
wall, causing permeability to increase and membrane integrity to be 
disrupted. Cell death eventually follows from cytoplasmic leakage34,35.

Pseudomonas spp.

Pseudomonas spp., known for their intrinsic resistance to antimicrobial 
agents, exhibited relatively weak inhibition at lower CuNP 
concentrations. At both 0.1 M and 0.5 M, inhibition zones remained 
modest (12–15 mm), regardless of nanoparticle mass or synthesis 
ratio (Figure 6b). This limited effect is attributed to the robust 
defense mechanisms of Pseudomonas, including low outer membrane 
permeability, metal-efflux systems (e.g., CzcCBA), and ROS-
neutralizing enzymes based on Elfadadny et al. 2024 research work36. A 
significant improvement was observed at 1.0 M copper concentration. 
At this level, inhibition zones expanded to 20 mm (0.8 mg·mL⁻¹) and 25 
mm (1.6 mg·mL⁻¹), indicating that elevated copper levels are necessary 
to overcome theresistanceof bacterium. This effect, due to higher Cu²⁺ 
availability, likely boosts ROS generation and membrane interaction, 
overwhelming efflux systems and causing oxidative damage37.

The results affirm that while nanoparticle dosage contributes to 
antibacterial performance, copper concentration is the critical 
factor when targeting highly resistant Gram-negative species like 
Pseudomonas. This highlights the importance of tailoring nanoparticle 
formulations to match the resistance profiles of target pathogens.

Stenotrophomonas maltophilia

Stenotrophomonas maltophilia, another Gram-negative opportunistic 
pathogen commonly found in POME, displayed moderate sensitivity 
to neem-synthesized CuNPs. The most pronounced inhibition was 
observed at 1.0 M copper with 1.6 mg·mL⁻¹ of nanoparticles, yielding a 
zone of 23 mm. At lower nanoparticle weights (0.8 mg·mL⁻¹), inhibition 
was reduced (13–16 mm), underscoring the combined importance of 
high copper concentration and sufficient nanoparticle mass (Figure 
6c).

The resistance of S. maltophilia stems from its ability to form biofilms, 
utilize metal efflux pumps (e.g. SmeDEF), and produce metal-binding 
proteins. Nevertheless, high concentrations of CuNPs appear to disrupt 

these defenses by inducing oxidative stress and destabilizing the outer 
membrane. The generation of ROS and release of Cu²⁺ ions contribute to 
protein denaturation, lipid peroxidation, and DNA damage, consistent 
with previously reported mechanisms by Brooke 202138. These findings 
suggest that neem-mediated CuNPs can be tuned to effectively inhibit 
S. maltophilia by optimizing synthesis conditions, particularly copper 
precursor concentration and nanoparticle loading.

Antibacterial Effect of CuNPs against POME in Pond 1 
and Pond 2
POME plating revealed a microbial load of ~1.2 × 10⁵ CFU/mL, 
dominated by Bacillus and Pseudomonas species, confirming the 
wastewater as a natural microbial source39. In the well diffusion assay, 
CuNPs were dose-dependent, with 1.6 mg/mL CuNPs producing 
significantly larger zones (18.2 ± 0.8 mm against B. cereus, 15.6 ± 0.7 
mm against P. aeruginosa) compared to 0.8 mg·mL⁻¹ suspensions 
(12.5 ± 0.6 mm and 10.1 ± 0.5 mm, respectively). ANOVA confirmed 
significant differences between treatments (p < 0.001), and Tukey’s 
test showed that both CuNP concentrations were significantly 
superior to controls (p < 0.001), while neem extract alone showed no 
inhibition (p > 0.05). Gentamicin showed the largest inhibition zone 
(~21 mm), which was statistically higher than CuNPs at 0.8 mg·mL⁻¹ 
but not significantly different from CuNPs synthesized from a 1.0 M 
CuSO₄·5H₂O precursor solution at 1.6 mg/mL (p > 0.05). The 2:1 ratio 
also showed antibacterial activity, but slightly reduced, possibly due to 
excess phytochemicals hindering nanoparticle reactivity39. The 0.5 M 
concentration consistently exhibited the weakest antibacterial effect, 
as shown in Figure 7a. Overall, the study highlights the importance 
of optimizing synthesis conditions to enhance the antibacterial 
efficacy of synthesized CuNPs for potential use in environmental 
bioremediation40.

The antibacterial evaluation of neem-mediated CuNPs using POME 
from Pond 2 showed that the 1:1 synthesis ratio (copper sulfate to 
neem extract) consistently produced larger inhibition zones than the 
2:1 ratio. The highest antibacterial effect was observed at 1.0 CuNPs 
synthesized from a 1.0 M CuSO₄·5H₂O precursor solution with 1.6 
mg·mL⁻¹g dosage in the 1:1 ratio, yielding a 55 mm inhibition zone. 
Even at lower concentrations, the 1:1 ratio maintained strong activity, 

Figure 7. Antibacterial activity of CuNPs synthesized using different extract-to-precursor ratios against bacteria from POME (Pond 1 and Pond 2). Data 
shown as mean ± SD (n=3). Statistical analysis performed using one-way ANOVA, p< 0.05.
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suggesting optimal nanoparticle formation and bioactivity41. In 
contrast, the 2:1 ratio, despite excess neem extract, showed slightly 
reduced effectiveness due to possible over-capping, which may limit 
Cu²⁺ ion release. Both ratios exhibited dose-dependent antibacterial 
action, but the 1:1 formulation proved superior and more consistent, as 
shown in Figure 7b. These findings highlight its potential for effective 
wastewater disinfection and environmental bioremediation, according 
to the conclusion revealed by Wylie et al. 202242.

Mechanistic Role of Photocatalysis
The enhanced antibacterial effects of CuNPs could also relate to 
photocatalytic-like mechanisms, as supported by prior literature on 
metal nanoparticles. While this study evaluated light-assisted organic 
load reduction using TOC analysis, photocatalytic mechanisms were not 
directly correlated with microbial inactivation. Therefore, antibacterial 
activity and photocatalytic organic degradation are discussed as distinct 
but potentially complementary processes. Future work should include 
quantitative photocatalytic assays (e.g., COD or dye degradation) to 
validate this hypothesis. Electrons reduce molecular oxygen to form 
superoxide radicals (O₂⁻•), while holes oxidize water to generate 
hydroxyl radicals (•OH), both of which possess strong antimicrobial 
potential. These ROS not only damage microbial cells but also play a 
role in degrading organic pollutants in POME, offering a dual-function 
benefit of disinfection and environmental remediation43.

CONCLUSION 
This study demonstrates the successful sustainable synthesis of copper 
nanoparticles (CuNPs) using Azadirachta indica leaf extract, offering 
an eco-friendly route for producing bioactive nanomaterials. The 
inverse relationship between precursor concentration and nanoparticle 
size yielded smaller, more reactive CuNPs at higher copper levels, 
enhancing their antimicrobial (disinfection) efficacy, while exhibiting 
secondary potential for light-assisted organic load reduction. The 
synthesized CuNPs exhibited strong antibacterial activity against both 
individual strains (notably Bacillus, Pseudomonas aeruginosa, and 
Stenotrophomonas maltophilia) and complex microbial communities 
in POME, with optimal performance at a balanced 1:1 CuNP-to-sample 
ratio. These findings underscore the potential of neem-mediated 
CuNPs as a cost-effective and sustainable antibacterial disinfection 
agent for industrial wastewater treatment, with additional potential 
for photocatalytic enhancement. Future studies should focus on their 
long-term stability, environmental interactions, and scale-up potential 
for broader applications in environmental and biomedical fields.
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