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Abstract

Access to safe water for agricultural, industrial, and domestic applications remains a global
challenge, with conventional methods often proving inadequate for emerging contaminants and
antibiotic-resistant pathogens. This research presents a sustainable approach to water purification
through the biosynthesis of silver nanoparticles (Ag NPs) and Iron oxide nanoparticles (Fe3O4 NPs)
using Moringa oleifera seed extract. The biosynthesized nanoparticles were characterized using
Fourier transform infrared (FTIR), powder X-ray diffraction (XRD), and Scanning Electron
Microscopy (SEM) with Energy Dispersive X-Ray (EDX). Controlled synthetic water systems were
used to test the nanoparticles’ efficacy against Escherichia coli (ATCC 25922), Pseudomonas
aeruginosa (ATCC 9027), a multidrug-resistant Pseudomonas aeruginosa isolate, and Enterococcus
faecalis. The antibacterial activity of Ag NPs (500 pg/mL) was evaluated over various exposure
durations (0, 30, 60, 120, and 180 minutes). Residual Ag NPs in treated synthetic water were
removed using biosynthesized Fe;O4 NPs (5, 10, 15, and 20 mg/mL). The study shows that Ag NPs
have a time-dependent, primarily bacteriostatic effect that progressively increases with exposure
time against E. coli (ATCC 25922) and E. faecalis ,with inhibition of 59.58% and 94.70%,
respectively, while also demonstrating a strong bactericidal effect against both P. aeruginosa strains
from the earliest exposure, with inhibition reaching 100%. Furthermore, the synthesized Fe;O4 NPs
demonstrated a high capacity to adsorb Ag NPs (94.01% removal efficiency). The results of this
study support a dual-function strategy that utilizes nanoparticles synthesized via Moringa oleifera
extract, where Ag NPs effectively eliminate pathogens and Fe;O4 NPs subsequently remove AgNP
residues. This approach offers a promising, environmentally sustainable solution for comprehensive
water purification.
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1. Introduction

Water is a valuable resource for humankind and the most important element for all life on Earth
(Qu et al., 2013). Industrial pollutants, including heavy metals, toxic chemicals, and dyes, continue
to contaminate soil and water systems, and this can be poisonous and

threaten the ecosystems (Qurbani and Hamzah 2021; Kyzas & Mitropoulos, 2021; Yass et al.
2024). Therefore, a robust system must be developed to ensure zero waste and environmental
sustainability (Poornima et al., 2022). Chlorination is a popular and efficient method for
disinfecting water. When chlorine reacts with natural materials in water, it creates toxic disinfection
byproducts (DBPs). Trihalomethanes and haloacetic acids are two examples of DBPs that have been
connected to risks for cancer, reproduction, and developmental health. Although chlorination keeps
waterborne illnesses at bay, its drawbacks underscore the need for safer substitutes or methods to
lower the production of DBP ( Li & Mitch, 2017). In addition, due to the high cost and, in certain
situations, inadequate treatment of wastewater by traditional wastewater treatment processes, novel
strategies are continually being researched to enhance and augment conventional water treatment
techniques (Sharma & Sharma, 2012). Nanotechnology holds considerable promise for advancing
wastewater and water treatment by increasing the use of smaller molecules, which has major
ecological consequences (Esakkimuthu, 2014).

As the field continues to advance, nanotechnology has emerged as a promising method for dye
degradation and water purification, with catalyst nanoparticles serving as an essential component
due to their increased surface area, reactivity, and distinctive size-dependent characteristics
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(Qurbani et al. 2024). Their small size and high surface-to-volume ratio of nanoparticles give them
extremely high absorption, interaction, and reaction properties (Prachi et al., 2013). Additionally,
silver nanoparticles (AgNPs) are widely recognized for their unique optical, electronic, and
antibacterial properties, enabling their use in biosciences to be more effectively and efficient (Vance
et al., 2015). Such characteristics make Ag NPs common components in sanitizing, personal care,
and textile compositions because they are utilized extensively as antimicrobials and antiseptics
(Blaser et al., 2008; Chernousova and Epple, 2013; Lopez-Garcia et al., 2014). Such a biological
process can be taken up as an alternative method for the synthesis of Ag NPs without leading to any
environmental problem. Moreover, biologic synthesis has inherent advantages such as scaling, cost-
effectiveness, and biocompatibility, making it an appropriate option for sustainable nanoparticle
synthesis (Ahmed et al., 2018; Hamzah et al., 2018; Fattah et al., 2022; Mohammed and Hamzah,
2024). Plant extracts that have been employed for the biosynthesis of the Ag NPs are a more eco-
friendly process (Haris & Ahmad, 2024). Different parts of plants (roots, stems, leaves, flowers, and
seeds) of many plants, which are called medicinal plants, can be applied for the green synthesis of
various kinds of metallic nanoparticles, including Ag NPs (Al Mashud et al., 2022).

Besides other phytochemicals that are involved in mediating metal ion bio-reduction during NPs
synthesis and stabilization, they contain proteins, amino acids, lipids, and phenolics. The
composition of biomolecules in the plant extract determines the NPs' size, shape, and morphology
(Jiang et al., 2025). There are 13 species of moringa, which are known by a variety of common
names depending on where they are grown (Mohammed & Hawar, 2022). The most commonly
grown species of Moringa, the sole genus in the Moringaceae family, is M. oleifera (Brahmachari,
2001). The plant, which is indigenous to the southern foothills of the Himalayas in northwest India,
grows quickly and can withstand drought (Dan-kishiya et al., 2023). It has several applications in
the food, cosmetics, and pharmaceutical industries, as well as in bioremediation (water
purification), and is well-known for its high nutritional value (Coelho et al., 2023). Alkaloids and
proteins, which are very beneficial biomolecules that can serve as capping agents, were only found
in the seeds, despite the fact that both the leaf and the seed had flavonoids and phenolics, according
to the phytochemical analysis .M. oleifera seed (MOS) has garnered a lot of interest lately due to its
benefits to rural economies and its superiority as a source of oil and other products. For
approximately 40 years, MOS has garnered scientific attention for its conventional use in
flocculating contaminants in water. Despite its great potential as a coagulant for water treatment,
MOS lacks antimicrobial properties. Water treated with MOS is therefore unfit for human
consumption without additional treatment (Mehwish et al., 2021).

Since heavy metals exist in both aquatic and soil environments, are non-biodegradable, and tend
to build up in organisms, they become one of the major concerns, as they could be highly toxic and
carcinogenic even in small quantities (Sun et al., 2018). However, according to studies done by
Kiwumulo et al. (2022), Fe304 NPs are biodegradable and harmless to organisms. The large
surface area, high number of active surface sites, low intraparticle diffusion rate, and high
adsorption capacities of Fe304 NPs (nano-adsorbent particles) compared to conventional
adsorbents make them a highly effective approach for treating contaminated water with heavy
metals and dyes. Moreover, a permanent magnet can quickly remove them from the solution
because of their high saturation magnetization levels (Gémez-Pastora et al., 2014).

This study aimed to employ M. oleifera seed extract for the green biosynthesis and
characterization of silver nanoparticles (Ag NPs) and Iron oxide nanoparticles (Fe;Os4 NPs), to
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evaluate the antimicrobial efficacy of Ag NPs in wastewater treatment, and to utilize biosynthesized
Fe;04 NPs for the precipitation and removal of silver from treated water.

2. Materials & Methods

2.1. Preparation of M. oleifera Seed Extract

The seeds of M. oleifera were procured from the cultivation field of Dr. Jamal Saeed Rashid
(Sulaymaniyah, Kurdistan Region), where the species is grown under controlled agricultural
practices. 30 g of powdered M. oleifera seeds was taken and mixed with 300 mL of sterile distilled
water. The solution was stirred using a magnetic stirrer on a hot plate. Following thermal extraction,
the solution was allowed to cool and subsequently filtered through Whatman No. 1 filter paper to
obtain a clear aqueous extract, which was used immediately for nanoparticle synthesis.

2.2. Biosynthesis of Silver (Ag NPs) and Iron (Fe;O4 NPs) Nanoparticles from M. oleifera
Seed Extract

Silver nanoparticles were synthesized by adding 300 mL of the moringa seed extract to 600 mL
of 1 mM silver nitrate (AgNOL[) solution. The mixture was placed under direct sunlight at room
temperature for 24 hours to assist the reduction of Ag" ions from AgNOs: and formation of MOS-
Ag NPs (Varthini et al., 2018). Initially, the formation of Ag NPs was confirmed by a visible color
change of the solution from light yellow to brown (Coelho et al., 2023). In addition to Ag NPs, the
production of iron (III) nanoparticles was performed according to (Kiwumulo et al. 2022). 9.73 g of
ferrous iron (III) oxide was mixed with 350 ml of distilled water. Subsequently, 350 mL of the M.
oleifera seed extract was added to the mixture, the pH of the mixture was adjusted to 9, then
incubated in a water bath for 1 hour at 60 °C to enhance the release and the activation of
photochemicals. Following the incubation, the solution color changed from reddish brown to dark
brown. Further, the confirmation of Ag NP and Fe;O4NP formation was recorded by UV—vis
spectroscopy at (200-800) nm. Both solutions containing the synthesized nanoparticles were dried
at 40°C for 72 hrs in a hot air oven. The resulting Ag NPs and Fe304 NPs powder were collected
and stored in sterile containers.

2.3. Characterization Techniques

The most crucial and straightforward method to verify the bioreduction of nanoparticles is by
UV-Vis spectroscopy. The colloidal sample's absorbance spectrum was measured between 200 and
800 nm using a UV-—Vis spectrophotometer (Agilent Technologies Cary 60, USA). The
biomolecules that were responsible for metal reduction and nanoparticle stability were identified
using FTIR analysis. The silver nanoparticles' functional group was further examined using a
Thermo Scientific Nicolet iS10 FTIR spectrometer in the 4000—400 cm ' wavelength range. In
addition, an X-ray diffractometer (PAN Analytical Xpert Pro, Netherlands) employing Cu-Ka
radiation (A = 1.54 A) operating at 45 kV and 40 mA was used to examine the crystal structure of
biosynthesized nanoparticles. All samples' diffracted intensities were measured using a step size of
0.1° and a scanning speed of 1 steps per second, throughout the 20 range of 10° to 80°. Moreover,
scanning electron microscopy (SEM) was used to examine the shape and dispersion of powdered
nanoparticles (Quanta 4500, FEI). Energy Dispersive X-ray Spectroscopy (EDX) was used to verify
the elemental silver and the cleanliness of the produced nanoparticles (Anandalakshmi, Venugobal,
& Ramasamy, 2016; Ashrafi-Saiedlou, Rasouli-Sadaghiani, Fattahi, & others, 2025).

2.4. Antibacterial Activity of Biosynthesized Ag NPs
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Four bacterial strains were employed to assess the antibacterial efficacy of the MOS-Ag NPs ,
including E. coli ATCC (25922), and P. aeruginosa ATCC (9027) as a quality control strain and
clinical isolate of multidrug-resistant bacteria P. aeruginosa, E. faecalis. The antibacterial activity
of MOS-Ag NPs was assessed using a synthetic water sample, as shown in Figure 1, following the
methodology used by Moustafa (2017) with modifications. The synthetic ponds were subsequently
inoculated with multidrug-resistant bacteria P. aeruginosa, E. faecalis, and standard strains E. coli
ATCC (25922), and P. aeruginosa ATCC (9027). MOS-Ag NPs were re-dispersed in sterile
distilled water, followed by sonication to obtain a homogeneous suspension. Each assay comprised
50 mL sterile distilled water (SDW) with 1 mL MOS-Ag NPs suspension and 150 pL standardized
bacterial inoculum. Controls included positive (SDW + bacterial inoculum) and negative (SDW +
MOS-Ag NPs). Aliquots (100 pL) were collected at 30, 60, 120, and 180 min, plated on nutrient
agar, and incubated at 37°C. After a 24-hour incubation period, colony-forming units (CFUs) were
enumerated to determine bacterial viability.

Figure 1. Experimental setup for antibacterial testing of MOS-Ag NPs. Each synthetic water
sample, standardized bacterial inoculum, and MOS-AgNP suspension. Positive and negative
controls were included.

2.5. Water Treatment Using Fe;O04 NPs

Residual silver nanoparticle and microbial debris removal was assessed by treating 5 mL aliquots
from each bacterial pond with Iron oxide nanoparticles (5, 10, 15, or 20 mg), using the water
treatment setup (Figure 2). Samples were vortexed, and at 30, 60, and 120 min, 200 pL was
transferred to a 96-well plate. Additionally, 200 pL of the corresponding supernatant (post-
centrifugation) was added to adjacent wells, and negative controls were included for comparison.
An absorbance reading was done at 400 nm using a UV—Vis microplate reader to evaluate turbidity
and removal efficiency.
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Figure 2. Water treatment setup using MOS-Fe;O4 NPs for the removal of residual Ag NPs and
microbial debris. Treated samples were incubated with varying FeNP concentrations, vortexed, and
analyzed for turbidity and removal efficiency.

2.6. Data Analysis for Removal Efficiency

For each treated synthetic water, 200 pL aliquots were transferred to a 96-well plate for
absorbance measurement at 400 nm. Adjacent wells contained 200 pL of the corresponding
supernatant obtained after centrifugation at designated time points (30, 60, and 120 minutes). This
setup allowed comparison between total and precipitated particulates.

%RE:% x 100

Where RE is the removal efficiency, C, is the initial absorbance of the treated sample, and C. is
the absorbance of the centrifuged supernatant. This reflects the proportion of bacteria and
nanoparticles removed by Fe;O4 NPs, with higher values indicating greater removal performance.

3. Results

3.1. Biosynthesis of MOS-Ag NPs and MOS-Fe;04 NPs

Silver nanoparticle formation was initially observed through a color change of the M. oleifera
seed extract—silver nitrate mixture from light yellow to bronze brown after 24 hrs of exposure to
sunlight, indicating Ag" reduction and nanoparticle nucleation (Figure 3). As for the biosynthesis
of MOS-Fe;04 NPs, upon mixing iron (III) oxide with the seed extract, the solution initially
appeared reddish brown. Following incubation, the color deepened to a dark brown, indicating Fe*"
reduction and nanoparticle formation. After centrifugation and drying in the oven, the nanoparticles
yielded a dark reddish-brown crystalline powder. The resulting nanoparticles exhibited magnetic
properties, confirming the successful synthesis of magnetically responsive MOS-Fe;O4 NPs (Figure
4).
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Figure 3. Visual confirmation of biosynthesized silver nanoparticles (MOS-Ag NPs ). Light
yellow to bronze-brown color change indicates Ag® reduction and AgNP formation. Final dried

powders exhibit metallic properties.
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Figure 4. Visual confirmation of biosynthesized Iron oxide nanoparticles (MOS-Fe;O4 NPs).
Reddish-brown to dark-brown color change indicates Fe** reduction and Fe;O4NP formation. Final
dried powders exhibit magnetic properties.

3.2. Characterization of Biosynthesized Nanoparticles

Ag NP formation was further confirmed by UV-Vis spectroscopy, as shown in (Figure 5A),
which showed a sharp absorbance peak at about 400 nm, followed by a slow decrease toward longer
wavelengths. The peak indicates that the metallic silver nanoparticles' surface plasmon resonance
(SPR) was successfully formed (Ahmed et al., 2016; El-Desouky et al., 2021). The main peak's high
optical density (~4 OD) indicates a significant concentration of nanoparticles(Li et al., 2020).
Furthermore, the Fe;O4NP spectra (Figure 5B) showed a broad absorbance band that gradually
decreased in the range from ~230 to 300 nm, with a slight maximum in the middle. Iron oxide
nanoparticles, which show UV absorption as a result of charge transfer transitions between Fe*
and Fe** ions, are compatible with this profile (Bhattacharjee et al., 2023; Gowsalya et al., 2024).
The non-plasmonic character of iron-based nanoparticles is consistent with the lack of noticeable
visible-region peaks (Yew et al., 2023).

FTIR analysis was used to determine which bioactive compounds were in charge for reducing
the silver ions in the M. oleifera-formed nanoparticles (Figure 5C). A prominent absorption band
that is seen at 3300-3400 cm™ ! is indicative of the O—H stretching vibrations of alcohols and
phenols. The C-H stretching is indicated by the peak close to 2920 cm™ . Proteins connected to the
surface of the nanoparticle are shown by distinct bands at about 1650 cm™ ' and 1540 cm™ ', which
correspond to amide I (C=O stretching) and amide II (N-H bending/C—N stretching). Symmetric
COO™ stretching is responsible for a characteristic around ~1440 cm™ ', whereas C—O or C-O-C
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stretching vibrations from polysaccharides or other carbohydrate moieties are responsible for
signals around ~1100-1130 cm™ ! ( Lach et al., 2023; ). A band near ~1630-1650 cm™ ! and a
broad O—H stretching at ~3200-3400 cm™ ! are indicative of adsorbed water or hydroxyl groups,
according to the FTIR analysis of Fe;O4 NPs (Figure 5D). Peaks at ~1340 cm™ ' and ~1110 cm™ !,
which relate to biomolecule capping, correspond to organic functional groups like C—N, COO" ,
and C-O/C—0O-C. The presence of Iron oxide nanoparticles is confirmed by a noticeable absorption
at about 560 cm™ ', which is indicative of Fe—O stretching vibrations (Lach et al., 2023; Lesiak et
al., 2019; Bordbar, Moghdami, & Ghorbani, 2014).

The XRD analysis of Ag NPs can help analyze the exact nature of the nanoparticle; the graph in
(Figure SE) shows weak diffraction peaks at approximately 38°, 44°, and 65°, matching the (111),
(200), and (220) crystallographic planes of face-centered cubic (fcc) silver (JCPDS card No. 04-
0783). The low intensity and broadness of the peaks indicate a tiny nanoparticle size and/or the
presence of amorphous organic capping (Chavez-Granados et al., 2024; Hua et al., 2024).
Regarding the nature of Fe;04 NPs, the XRD analysis according to (Figure 5F) displayed distinct
diffraction peaks at ~34°, 38°, 44.5°, 53.5°, 57°, and 62° corresponding to the (220), (311), (400),
(422), (511), and (440) planes of spinel iron oxide (either Fes Os or y-Fe: Os ). These sharp
planes indicate the formation of crystalline Iron oxide nanoparticles, consistent with previous
studies (Chen et al., 2017; Mohammadi et al., 2021).

The SEM images of Ag nanoparticles reveal polydisperse, quasi-spherical particles forming
dense, porous agglomerates. Primary grains are in the nanometer range, while secondary aggregates
range from submicron to several microns. The morphology is relatively uniform across the imaged
regions. Additionally, the SEM micrographs of FesO4 NPs display rough, raspberry-like secondary
particles formed from tightly packed nanosized grains. Clusters vary from ~1 um to several pm in
diameter, with occasional cracking observed in larger agglomerates. The EDX spectra analysis
results (Figure 7A) for Ag reveal a dominant signal at 2.98 keV. Quantitative data for the tested
region show 100% normalized mass and atomic percentages of Ag. The presence of the silver
element but no silver ions indicates the complete reduction of Ag+ to Ag0, moreover the formation
of Ag NPs using M. Oleifera seed extract. Depending on the EDX results, the produced Ag NPs are
highly pure and crystalline (Aouf et al.,, 2024). The EDX spectrum (Figure 7B) of Iron oxide
nanoparticles shows a significant signal for Fe at ~6.40 keV and O at ~0.525 keV. Quantitative
analysis gives Fe at ~69.94 wt% (40 at%) and O at ~30.06 wt% (60 at%), closely matching the
theoretical Fes Os stoichiometry. The considerable amounts of iron ions in the Iron oxide
nanoparticles contribute to the successful formation of Fe;O4 NPs from M. oleifera seed extract
(Jalal & Fakhre, 2021).
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Figure 5. Characterization of biosynthesized nanoparticles. (A) UV—Vis spectrum of MOS-Ag
NPs showing a surface plasmon resonance peak at ~400 nm. (B) UV—Vis spectrum of MOS-Fe;04
NPs with broad absorbance at 230-300 nm. (C) FTIR spectrum of MOS-Ag NPs highlighting
phenols, proteins (amide I/Il), and polysaccharides. (D) FTIR spectrum of MOS-Fe;Os NPs
showing Fe—O vibrations and organic capping groups. (E) XRD pattern of MOS-Ag NPs with
(111), (200), and (220) reflections of fcc silver. (F) XRD pattern of MOS-Fe;O4 NPs matching
spinel iron oxide (Fe[JOL[l/y-Fe[JOLJ) crystalline phases.
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Figure 6. SEM images of MOS-Ag NPs (A, B) and MOS-Fe;04 NPs (C-E) illustrating
nanoscale morphology, size distribution, and particle aggregation.
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Figure 7. (A) EDX spectrum of silver nanoparticles, displaying prominent Ag La and L peaks,
confirming the presence of elemental silver with no detectable impurities. (B) EDX spectrum of
Iron oxide nanoparticles,
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nanoparticles. (B) SEM micrographs, quantitative EDX data, and elemental mapping of Fe
nanoparticles

3.3. Antibacterial Activity of Biosynthesized Ag NPs

The antibacterial activity of Moringa oleifera mediated silver nanoparticles (MOS-Ag NPs ) at
500 pug/mL was evaluated against multidrug-resistant bacteria P. aeruginosa, E. faecalis, and
standard strains E. coli ATCC (25922), and P. aeruginosa ATCC (9027), over exposure times of 0,
30, 60, 120, and 180 minutes (Figure 9 ). Both P. aeruginosa ATCC (9027) and MDR strains
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exhibited complete susceptibility from the initial contact, maintaining an inhibition ratio of 100%
throughout the experimental period, indicating a rapid and sustained bactericidal effect.In contrast,
E. coli ATCC (25922) showed a progressive inhibition, with the initial inhibition rate of 36.18% at
0 minutes, increasing to 59.68% after 180 minutes. Similarly, E. faecalis demonstrated high initial
susceptibility (81.73%), gradually increasing to 94.70% at 180 minutes (Figure 9). These findings
suggest that Ag NPs exert an immediate bactericidal effect against P. aeruginosa strains, while
displaying a time-dependent, predominantly bacteriostatic activity against E. coli ATCC (25922)

Inhibition Ratio %
120
100 100 100 100 100 100 100 100 100 100
100 91.2 93 94.7
81.73 84.52
80
9.6
60 5.9 i
46 ‘
37.5 ||
40 6. , ‘ ‘
20
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W Pseudomonas aeruginosa ATCC B Pseudomonas aeruginosa MDR
M Escherichia coli ATCC M Enterococcus faecalis MDR
and E. faecalis .

Figure 9. Antibacterial activity of MOS-Ag NPs (500 pg/mL) against P. aeruginosa ATCC
(9027), P. aeruginosa , E. coli ATCC (25922), and E. faecalis over 0—180 min. P. aeruginosa
strains showed complete inhibition from initial exposure, while E. coli and E. faecalis exhibited
progressive, time-dependent inhibition.

3.4. Removal of Residual Ag NPs Using Biosynthesized Fe;O4 NPs

The adsorption capacity of M. oleifera-mediated Iron oxide nanoparticles (Fe;O4 NPs) for the
removal of residual Ag NPs from treated synthetic water was evaluated at 5, 10, 15, and 20 mg/mL
after 30 minutes of contact time (Figure 10). Removal efficiencies for P. aeruginosa ATCC (9027)
ranged from 86.04% at 5 mg/mL to 91.12% at 20 mg/mL, while the MDR P. aeruginosa isolate
showed slightly higher efficiencies (87.36-92.27%). For E. coli ATCC (25922), adsorption
efficiencies increased from 89.08% at the lowest dosage to 94.16% at 20 mg/mL. E. faecalis
exhibited slightly lower initial removal (84.26% at 5 mg/mL) but reached 94.01% at 20 mg/mL.
Across all bacterial systems, Fe;O4 NPs demonstrated an apparent dosage-dependent increase in
adsorption capacity, achieving more than 94% removal at 20 mg/mL (Figure 10). Overall, the
results confirm the dual-function potential of M. oleifera nanoparticles in water purification. Ag
NPs achieved complete and immediate elimination of P. aeruginosa strains and significant time-
dependent inhibition of E. coli ATCC (25922) and E. faecalis . Subsequent treatment with Fe;O4
NPs effectively removed residual Ag NPs from the treated water, ensuring high antibacterial
efficacy while minimizing nanoparticle residues, thus supporting a sustainable and comprehensive
water treatment approach.
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Figure 10. Removal efficiency of MOS-Fe;04 NPs (5-20 mg/mL) for residual Ag NPs in
synthetic water after 30 min. Data for P. aeruginosa ATCC 9027, P. aeruginosa MDR, E. coli
ATCC 25922, and E. faecalis MDR indicate dose-dependent removal, with >94% efficiency at the
highest concentration.

4. Discussion

In the present study, biosynthesis of silver and Iron oxide nanoparticles was carried out using
Moringa oleifera seed extract. The visual color changes from light yellow to bronze brown for Ag
NPs and reddish brown to dark brown for Fe3O4 NPs due to surface plasmon resonance phenomena
which are associated with nanoparticle formation, confirming the reduction of Ag" and Fe** ions
by phytochemicals present in the seed extract. The hydrophilic hydroxyl groups found in the
phytochemicals attached to the surface of these nanoparticles enable the NPs to scatter and
distribute uniformly in aqueous solutions (Kiwumulo et al., 2022). Similar visual cues have been
widely reported in green synthesis studies (Coelho et al., 2023; Haris & Ahmad, 2024),
underscoring the reliability of M. oleifera seeds as a reducing and capping agent source.

The optical response of Ag NPs is in line with reported SPR bands of 350-450 nm for spherical
silver particles (Ahmed et al., 2016). Variations in peak position and width reflect differences in
particle size, shape, and degree of aggregation (Li et al.). The sharp and intense SPR peak here
suggests small spherical particles and a relatively narrow particle size distribution. In contrast,
Fe304 NPs showed broad UV absorption without the presence of any sharp visible features, as is
typical for Iron oxide nanoparticles. (Bhattacharjee et al., 2023; Gowsalya et al., 2024). These
spectra are from ligand-to-metal charge transfer and d—d transitions rather than plasmonic
resonance. The slope observed beyond 400 nm supports the presence of polydisperse iron oxide
particles in varying oxidation states (Yew et al., 2023). The UV-Vis data strongly support the
successful biosynthesis of Ag NPs and Fe3Os NPs, with Ag NPs exhibiting clear plasmonic
characteristics and Fe;O4 NPs displaying broad electronic transitions typical of iron oxides (Li et
al., 2020; Ahmed et al., 2016; El-Desouky et al., 2021).

The FTIR and XRD data collectively confirm the successful synthesis of biogenic silver and Iron
oxide nanoparticles; the presence of biomolecules stabilizes the nanoparticles derived from the plant
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extract. In the analysis of the Ag NPs, the FTIR spectrum demonstrates the presence of surface-
adsorbed biomacromolecules, including proteins (amide I/I), polysaccharides (C—O/C—O-C), and
phenolic compounds (O—H, C=0), consistent with their role as reducing and stabilizing agents in
green synthesis methods (Lach et al., 2023; Pasieczna-Patkowska et al., 2025). The XRD analysis
confirms fcc metallic silver, referring to successful reduction of Ag® to Ag® nanoparticles
(Chavez-Granados et al., 2024; Hua et al., 2024), with peak broadening consistent with nanoscale
dimensions and organic capping.

For the Iron oxide nanoparticles, the FTIR profile with Fe-O stretching at ~560 cm™ ' and
signatures of organic capping correspond to the formation of iron-oxide cores coated by
biomolecules (Lach et al., 2023; Lesiak et al., 2019; Bordbar et al., 2014). XRD characterization
confirms a spinel structure observed for magnetite, suggesting a successful formation of crystalline
Fes Os /y-Fe: Os nanoparticles (Chen et al., 2017; Mohammadi et al., 2021). Together, these
results confirm the efficacy of the green synthesis method in producing well-defined, biomolecule-
stabilized nanoparticles. The successful synthesis of silver nanoparticles (Ag NPs ) using Moringa
oleifera seed extract was validated by SEM analysis. In line with other studies on green synthesis,
the micrographs showed primarily spherical to quasi-spherical particles with a small amount of
aggregation (Ahmed et al., 2016; Khalil et al., 2014). This morphology is explained by the presence
of phytochemical compounds, specifically proteins, polysaccharides, and phenolics, which served
as capping and reducing agents, stabilizing the nanoparticles and regulating nucleation (Gurunathan
et al., 2014). The measured particle size fell within the nanometer range, aligning with prior studies
on M. oleifera-mediated AgNP synthesis (Mishra et al., 2020). Minor agglomeration frequently
occurs in plant-mediated synthesis owing to elevated surface energy and potential incomplete
capping (Rajeshkumar & Bharath, 2017).

The strong Ag peaks at ~3 keV confirm the purity of silver (Kortright & Thompson, 2001;
Vernieres et al., 2021). The Au peaks are attributed to gold sputter coating for charge mitigation
during SEM imaging (Thermo Fisher Scientific, 2019; Jeol USA, 2022) and are not indicative of
contamination. The Fe:O ratio of ~40:60 at% matches closely with theoretical Fes O
stoichiometry (42.9:57.1), allowing for standard EDS uncertainties in oxygen quantification
Karmakar et al., 2023). Co-located Fe and O signals confirm single-phase magnetite. Minor Au
peaks are again linked to sputter coating . A notable difference was observed in microbial
susceptibility profiles when evaluating antibacterial activity tests of biosynthesized MOS-Ag NPs .
Both P. aeruginosa ATCC 9027 and P. aeruginosa MDR exhibited complete inhibition from initial
exposure, suggesting a potent bactericidal mechanism, potentially involving the generation of
reactive oxygen species and causing oxidative stress that damages cellular components and disrupts
bacterial cell structure, and damages the cell wall, leading to leakage of intracellular contents,
additionally interfering with DNA replication (Liao et al., 2019). Whereas E. coli ATCC (25922)
and multidrug-resistant E. faecalis exhibited a time-dependent inhibition, showing a bacteriostatic
effect that intensifies over extended contact. This variation could be attributed to structural
differences between Gram-negative and Gram-positive bacterial envelopes, as well as strain-
specific defence mechanisms (Chernousova & Epple, 2013; Dakal et al., 2016). The rapid
bactericidal action against P. aeruginosa in particular highlights the potential of MOS-Ag NPs for
controlling waterborne pathogens, including antibiotic-resistant strains. This variability likely stems
from differences in cell wall architecture and defence systems among bacteria (Jiang et al., 2025,
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Haris & Ahmad, 2024). Similar observations were made by (Moustafa, 2013). It was reported that
silver nanoparticles from Penciillium Citreonigum Dierck and Scopulariopsis brumptii Salvanet,
with a concentration of 676.9 mg/L, and contact times of 15 and 120 min, can remove all types of
bacteria in polluted water.

In this study, the removal efficacy of biosynthesized Fe;O4 NPs effectively removes residual Ag
NPs following antimicrobial treatment of synthetic water, thereby addressing a significant
environmental challenge associated with nanoparticle-based disinfection, the contamination of
treated water with nanoparticle residues (Ramirez et al., 2025). The adsorption efficiency of
biosynthesized Fe;O4 NPs in removing residual Ag NPs aligns with reported removal mechanisms
such as electrostatic attraction and surface complexation typical of iron-based nanoparticles, as well
as pH and Ag NPs concentration (Aragaw et al., 2021; Ramirez et al., 2025). Fe;04 NPs had
adsorption capacities with over 94% removal efficiencies at a dose of 20 mg/mL, and showed
improved adsorption performance in a dose-dependent manner. This removal process is assumed to
be caused by electrostatic attraction between the positively charged surfaces of Fe;04 NPs and
negatively charged Ag NPs, as well as van der Waals forces and the surface complexation
phenomenon (Gutierrez et al., 2017; Maestri et al., 2017). The biosynthesis using M. oleifera seeds
does not utilize toxic reagents and harsh conditions but is a low-cost and eco-friendly process,
which can be carried out under mild conditions (Moodley et al., 2018; Haris & Ahmad, 2024).
Therefore, the synergy of these two biosynthesized nanomaterials in a sequential treatment process,
which marries intense antimicrobial activity with eftective nanoparticle residue adsorption, is an
innovative achievement in green nanotechnology for water purification systems (Kumar et al.,
2024). It is important to note that factors like dissolved substances, suspended particles, and
chemical interactions can influence nanoparticle behavior and efficacy. Further studies are needed
to assess the long-term environmental fate, transformations, and ecotoxicity of Ag NPs and Fes;Os4
NPs, as well as the regeneration, reuse, and scalability of FeNP adsorbents through field studies
(Maestri et al., 2017; Madadi & Mokhtarani, 2024).

Conclusion

In conclusion, the current investigation showed that Ag NPs made with M. oleifera enable rapid
and effective disinfection against pathogenic and multidrug-resistant bacteria, while the following
application of the Fe;O4 NPs suggested efficient removal of residual nanoparticles. This green dual-
functioning approach offers a promising and sustainable method for full and safe water treatment.
However, our study does have some limitations. The experiments did not replicate the full
complexities of natural waters, which could be impacted by factors such as organic matter,
turbidity, or competing ions on the behavior, stability, and performance of nanoparticles. Therefore,
additional research is required to determine the long-term environmental behavior, possible
transformations, and ecotoxicological impacts of Ag NPs and Fe;O4 NPs in real-world applications.
Future studies should seek to scale up the process, determine the regeneration and reuse potential of
Fe NP adsorbents, and confirm performance through pilot and field studies, to aid the
implementation of practical experiments.
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