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The persistent environmental and health threats posed by nitroaromatic pollu-
tants—particularly 4-nitrophenol (4-NP)—and the rise of multidrug-resistant bacterial
pathogens demand sustainable, efficient, and eco-friendly remediation strategies. To ad-
dress these challenges, this study developed monometallic (CuO and Fe,03) and bimetallic
(CuO/Fe,03) nanoparticles via a green, one-pot synthesis using Khaya senegalensis leaf
extract, leveraging its rich phytochemical content as natural reducing and capping agents.
The synthesized nanoparticles were characterized using UV-Vis spectroscopy, XRD, FTIR,
and HAADF STEM, confirming the formation of spherical, monodispersed particles (20 nm
to 50 nm) with distinct surface plasmon resonance peaks at 224 nm (CuQ), 290 nm (Fe,03),
and a redshifted peak at 295 nm (CuO/Fe,03). The XRD analysis revealed the crystallite
sizes of CuO, Fe,03 and CuO/Fe,03; NPs to be 26 nm, 22nm and 28 nm, respectively.
Bimetallic CuO/Fe, 03 nanocomposite demonstrated exceptional photocatalytic efficiency,
achieving complete reduction of 4-NP to 4-aminophenol in just 2 min, over 50% faster than
monometallic counterparts. Furthermore, it exhibited potent antibacterial activity, with
minimum inhibitory concentrations (MIC) of 8 ng/mL against Escherichia coli and Bacillus
subtilis, and 40 pg mL ! against Pseudomonas aeruginosa, alongside minimum bactericidal
concentrations (MBC) of 16 ng/mL and 80 ng/mL, respectively. These results underscore
the multifunctional potential of K. senegalensis-derived CuO/Fe,O; nanocomposites as
green, high-performance agents for simultaneous environmental detoxification and antimi-
crobial applications. We recommend their further development for scalable water treatment
and as alternatives to conventional antibiotics, particularly against resilient Gram-negative
pathogens.
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1. INTRODUCTION

The unique characteristics of nanoparticles in the physical, bio-
logical, and chemical realms allow for a broad and versatile ap-
plication of nanoparticles in many different areas. They have
advanced medicine, biotechnology, and the environmental sci-
ences, as well as the interdisciplinary fields of catalysis and en-
ergy research [1]. Iron (Fe) and copper (Cu) in their hybrid and
copper-iron (Cu/Fe) formats are also used. The remarkable op-
tical, electrical, and magnetic, as well as the catalytic properties
of nanoparticles have attracted considerable attention within the
scientific community [2, 3]. Their remarkable properties have
also enabled their application in the purification of water, mag-
netic resonance imaging, drug delivery, biosensing, antibacterial
therapy, and other nanoparticle-associated therapies [4, 5].

That being said, traditional methods for nanoparticle fabri-
cation such as chemical reduction, sol-gel synthesis, and co-
precipitation, have certain limitations [5, 6]. These limitations
stem from complex procedures, excessive energy use, the poten-
tial for bodily harm, and the requirement for expensive and spe-
cialized tools [6, 7]. These methodological shortcomings nega-
tively impact the environment and pose risks to human health,
thereby reducing the potential for scalability and compromis-
ing the yield of stable nanoparticles. Hence, a need for a sim-
pler, more economical, and environmentally benign approach to
nanoparticle synthesis.

One of these techniques is the use of plant extracts in the syn-
thesis of metal nanoparticles [7, 8]. Plant extracts contain phy-
tochemicals such as phenols, flavonoids, terpenoids, alkaloids
and others. During synthesis, metal ions are reduced and barriers
preventing oxidation and clumping are formed [5, 9]. This plant-
mediated route is considered a green synthesis approach because
the K. senegalensis extract functions simultaneously as a natural
reducing and capping agent, avoiding toxic reagents, minimiz-
ing hazardous waste, and enabling nanoparticle formation under
mild, energy-efficient conditions consistent with green chemistry
principles [10].

The leaf extract of Khaya senegalensis is well known for its
use in the treatment of microbiological infections, diabetes, pain,
inflammation, fever, and malaria. This medicinal plant is indige-
nous to Africa and Asia. K. senegalensis has numerous bioactive
compounds that are capable of serving as reducing and capping
agents and have antibacterial, anti-inflammatory, and antioxidant
qualities, hence the choice of the plant extract for the current
study [11, 12]. Despite exploration of the therapeutic potency of
the plant extract, there remain unexplored aspects within the lit-
erature regarding the synthesis and the characterization of CuO,
Fe, 03, and CuO/Fe, 03 nanoparticles utilizing K. senegalensis
extract, as well as the evaluation of their antibacterial and cat-
alytic properties.

Nitrophenols, particularly 4-nitrophenol (4-NP), are primar-
ily introduced into the environment through industrial effluents
from pesticide, dye, pharmaceutical, and explosive manufactur-
ing processes [13, 14]. Although nitrophenol serves as an impor-
tant chemical building block, it is also an extremely destructive
soil and water pollutant due to its high water solubility and persis-
tence. It poses significant danger to all forms of life [13]. Com-
pared to conventional physicochemical remediation approaches
such as activated-carbon adsorption and chemical oxidation, bio-

logical remediation techniques have been reported to offer higher
environmental compatibility, greater selectivity, and reduced sec-
ondary pollution [15]. Nonetheless, biological methods suffer
from poorly defined suitable microbial agents and slow reaction
velocities [15]. Of all nitrophenols, 4-nitrophenol is the most
toxic. Its electron-withdrawing nitro group renders it resistant
to hydrolysis, biological degradation, and chemical oxidation.
More innovative approaches will be necessary to overcome this
recalcitrance [13, 14].

4-Nitrophenol was selected as a model pollutant due to its
widespread presence in industrial wastewater, high toxicity, en-
vironmental persistence, and ease of detection via UV-Vis spec-
troscopy (notably its intense yellow color and characteristic ab-
sorbance at ~400 nm under alkaline conditions) [13]. The con-
version of 4-nitrophenol to 4-aminophenol is driven by catalytic
reduction (e.g., using NaBH, and a catalyst), which transforms
the nitro group (-NO,) into an amino group (-NH;) [15]. This
reduction is significant because 4-aminophenol is far less toxic,
more biodegradable, and serves as a valuable intermediate in
pharmaceutical and chemical synthesis, thereby illustrating both
environmental remediation and resource recovery [14].

One managing technique for nitrophenol contamination is
photocatalytic reduction. In this sense, metallic nanoparticles
are fundamental for their environmental compatibility and their
catalytic efficacy [16]. Most of the research has been focused
on noble metal alloy nanoparticles, while there is little research
on transition metal nanoparticles, particularly bimetallic pairs
[17, 18]. Due to their unique properties, bimetallic nanoparticles
have many potential applications, for instance, in catalysis and
antibacterial activity. Recent studies have shown that Fe/Ru and
Ag-Pd nanoparticles are more efficient in these respects [19, 20].

This study aims to fill in this research gap by sustainably syn-
thesising Cu, Fe, and Cu/Fe nanoparticles using K. senegalen-
sis extract. Besides determining the photocatalytic capacity of
the green-synthesised nanoparticles to reduce 4-NP and their an-
tibacterial activity against some pathogens. This research seeks
to focus on urgent and significant health and environmental chal-
lenges while paving the way for positive advancements in the
synthesis of nanoparticles.

2. MATERIALS AND METHODS

2.1. PLANT MATERIAL COLLECTION, IDENTIFICATION AND
AUTHENTICATION

K. senegalensis was obtained from Mararaba-Lafia, Nasarawa

State, Nigeria, and was utilised for the synthesis of metallic

nanoparticles via a green route method. Plant identification was

carried out at the Federal University of Lafia, Department of

Botany and Plant Science, herbarium unit, and afterwards, the

plant was prepared for laboratory phytochemical analysis and the

synthesis of the nanoparticles.

2.2. PLANT EXTRACT PREPARATION

After being cleaned with double-distilled water to get rid of dust
and debris, K. senegalensis leaves were allowed to air dry for two
to three days. A blender was used to grind the dried leaves into
a fine powder. For three days at room temperature with periodic
shaking, 10 g of the leaf powder was soaked in 100 mL of double-
distilled water. Whatman No. 1 filter paper was then used to
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filter the resultant solution [21]. Until it was needed again, the
concentrated extract was kept at 4 °C.

2.3. PHYTOCHEMICAL SCREENING OF AQUEOUS PLANT
EXTRACT

2.3.1. Test for tannins

A few drops of 0.1% FeCl; were added to filtered mixtures of

5 g of the samples and 20 mL of distilled water. A colour change

from brownish green or a blue-black colouration was observed

and was taken as evidence for the presence of tannins [22].

2.3.2. Test for saponins

The froth and emulsion tests were applied. The screening test
was based on saponins’ capacity to form an emulsion with oil.
In a water bath, 2 g of the material were cooked for 5min in
25 mL of distilled water before being filtered. 5 mL of distilled
water were combined with 10 mL of the filtrate, and the mixture
was agitated vigorously to create froth. Froth was combined with
three drops of olive oil, agitated briskly, and the formation of an
emulsion was monitored [23].

2.3.3. Test for flavonoids

To obtain the filtrate, 5g of the materials were suspended in
100 mL of distilled water. Ten milliliters of filtrate were mixed
with around five milliliters of diluted ammonia solution, and then
a few drops of concentrated H,SO4 were added. The yellow col-
oring indicated the presence of flavonoids [23].

2.3.4. Test for terpenoids

3 mL of concentrated H,SO, were carefully added to create a
layer after 5 mL of each extract had been combined with 2 mL of
chloroform. Terpenoids were present because the contact devel-
oped a reddish-brown coloring [24].

2.3.5. Test for sterols
2mL of each extract was mixed with 2mL of concentrated

H,SOy,. The presence of sterols was indicated by a red colouring
[22].

2.3.6. Test for alkaloids

To check for alkaloids, the Mayer, Dragendroff, Wagner, and
picric acid tests were employed. In a steam bath, 1 g of the
plant material was cooked with 5 mL of 2% hydrochloric acid for
nearly two minutes before being filtered. Two drops of Mayer’s
and Wagner’s reagent were added to one millilitre of the filtrate.
The presence of alkaloids was demonstrated by turbidity or pre-
cipitation with either of the reagents [25].

2.3.7. Test for glycosides

5 mL of aqueous extract in glacial acetic acid were mixed with a
few drops of FeCls and concentrated sulphuric acid. Glycosides
are indicated by a bluish-green hue in the top layer and a reddish-
brown colouring at the intersection of two layers [22].

2.4. GREEN SYNTHESIS OF IRON OXIDE NANOPARTICLES
The procedure by Ref. [26] was slightly modified to create Fe-
based nanoparticles by adding 0.5 M Fe(NO3)3-9 H,O to aqueous

K. senegalensis extracted in a 1:5 volume ratio. A colloidal sus-
pension was obtained by stirring the mixture for 60 min and then
letting it stand at room temperature for an additional 30 min. The
Fe;04-NPs were obtained by centrifuging the mixture, washing
it with ethanol many times, and then vacuum-drying it at 40 °C.

2.5. GREEN SYNTHESIS OF COPPER OXIDE NANOPARTICLES
A solution of 0.2 M aqueous Cu(NO3),.3H, 0 was made and kept
in brown bottles. 400 mL of 0.2 M Cu(NO3),.3H,0 solution was
gradually added dropwise to 100 mL of plant leaf extract while
being continuously stirred. For 24 hours, the mixture was in-
cubated at room temperature. At 30- and 60 min intervals, the
colour change was monitored. The solution was centrifuged for
15 min at 10000 rpm when the colour changed from blue to light
brownish, which visually shows the synthesis of CuO NPs. To
get rid of contaminants, the produced CuO NPs were cleaned
with ethanol and deionised water [27, 28]. The NPs were dried
before being crushed for use in additional analysis.

2.6. SYNTHESIS OF BIMETALLIC COPPER AND IRON OXIDE
NANOPARTICLES
10mL each of 0.2 M Fe(NO3);.9H,O and 02 M
Cu(NO3),-3H,0 salts were dissolved in 80mL of deion-
ized water in 250 mL beaker. Filter paper filtration was used to
eliminate the contaminants once the salts had fully dissolved.
100 mL of extract was added dropwise to the 100 mL Fe (II)/Cu
(II) mixture to develop the synthesis of CuO/Fe;O3;-NPs.
When several drops of K. senegalensis extract were added, the
mixture’s color progressively changed from yellow to brown to
black, indicating that the metals’ equivalents were reduced to
zero-valent and that CuO/Fe,03-NPs synthesis was finished.
This procedure has also been reported in the recently published
work from our lab [29].

2.7. CHARACTERIZATION OF CuO, Fe,05; AND CuO/Fe, 05
NANOPARTICLES

A UV-visible spectrophotometer (Biochrom Libra PCB 1500
UV-VIS spectrophotometer model) was used to determine the
wavelength with the highest absorbance of the mono and bimetal-
lic nanoparticles by dispersing them in a 1 cm path length quartz
cuvette, and the wavelength scan was performed to obtain a sta-
ble absorbance at the maximum wavelength. UV-Vis spectra be-
tween 300 nm and 700 nm were used to identify the monometal-
lic and bimetallic nanoparticles’ surface plasmon resonance
(SPR) peak. The XRD analysis of the synthesized nanoparti-
cles powders were performed on Phillips PW 1820 X-ray diffrac-
tometer at a scan rate of 0.064s~!, in the 26 range from 5° to
90° with monochromatized Cu Ka (1 = 1.5406 nm) radiation
to determine their crystalllinity. The PerkinElmer Spectrum and
Fourier Transform Infrared (FTIR) spectrometer (PerkinElmer,
Inc., Waltham, Massachusetts, USA) was used to identify the
functional groups of the phytochemicals in the aqueous plant ex-
tract that enabled the bio-reduction of salt ions in the 500 cm ™!
to 4000 cm ™! range. High-Angle Annular Dark-Field Scanning
Electron Microscopy (HAADF STEM) was used to examine the
morphology of the nanoparticles (STEM-LEO S1430 VP from
M/S LEO Electron Microscopy Ltd, Cambridge, UK and UHR
FE-SEM Carl Zeiss ULTRA Plus, Carl Zeiss Meditec AG, Jena,
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Germany) [28, 29].

2.8. 4-NITROPHENOL CATALYTIC REDUCTION USING CuO,
Fe,05, AND CuO/Fe,05; NANOPARTICLES AS NANO
CATALYSTS

To examine the catalytic activity of the as-synthesized nanoparti-
cles and determine how quickly sodium borohydride can reduce
4-nitrophenol, the reduction of 4-NP by NaBH, was selected
as a model reaction. Usually, the reaction was conducted in a
quartz cuvette and observed at room temperature (298 K) using
UV-vis spectroscopy. To improve concentration, all of the pro-
duced samples were appropriately diluted with distilled water.
Thus, an aqueous solution of sodium borohydride was combined
with the freshly made 10 mM 4-nitrophenol. A bright yellow so-
lution formed when 1.0 mL of aqueous 4-NP solution was com-
bined with 0.35mL of 0.1 mM NaBH,. Following that, deion-
ized water was used to disperse metal oxides, including CuO,
Fe, 03, and CuO/Fe, 03, respectively. The generated yellow so-
Iution in each of the monometallic and bimetallic oxide nanopar-
ticles was mixed with 2.14 mL of the 4-nitrophenol and sodium
borohydride solution. UV-vis absorption spectroscopy was used
to measure the reaction’s progress at intervals of 0.5 min, 1.0 min,
1.5min, 2.0min, 2.5min and 3.0 min, respectively, within a
scanning range of 200 nm to 800 nm. It was observed that the
solution’s color gradually disappeared as the reaction went on
[27, 29].

2.9. ANTIBACTERIAL ASSAY

2.9.1. Zone of inhibition

The agar-well diffusion method, as outlined by Refs. [30, 31],
was used to examine the as-synthesized nanoparticles’ antibac-
terial efficacy. Bacterial isolates were cultivated in nutritional
broth for 12-18 h, encompassing both Gram-positive (Bacillus
subtilis) and Gram-negative (Escherichia coli and Pseudomonas
aeruginosa) microorganisms. Following this time, the inoculum
was standardized to 0.5 McFarland standards, which is equiva-
lent to 10° cfu/mL. The agar medium was punctured with wells
of 6mm in diameter and filled with equal amounts of solu-
tions of CuO/Fe,03; bimetallic nanoparticles at different con-
centrations (10 pg/mL, 20 pg/mL, 30 pg/mL and 40 ng/mL) on
Mueller-Hinton agar plates (Hi Media) after 100 uL of the stan-
dardized cell suspensions had been spread out on the agar sur-
face. A zone of inhibition was checked for on the plates follow-
ing a 24 h incubation period at 37 °C.

2.9.2. Bacterial strains and culture conditions

Gram-positive Bacillus subtilis and Gram-negative strains of Es-
cherichia coli and Pseudomonas aeruginosa were among the test
microorganisms. CLSI criteria were followed in the maintenance
of the cultures [32, 33]. For normal growth and maintenance,
Mueller-Hinton Broth (MHB) and Agar (MHA) were utilized,
and for biofilm development, Tryptic Soy Broth (TSB) supple-
mented with 1% glucose was employed. For 24 h, all strains were
incubated aerobically at 37 °C. Overnight cultures were used to
create bacterial suspensions for the tests, which were then cor-
rected to a 0.5 McFarland standard in sterile water.

2.9.3. Minimum inhibitory concentration (MIC) assay

Using broth microdilution, the antibacterial activity of
CuO/Fe,03; bimetallic nanoparticles was assessed. Each
well in a 96-well plate received 100nL of MHB, which was
followed by 100puL of either the nanoparticle solution (in
DMSO) or controls (DMSO as a negative control, Vancomycin
for Gram-positive, and Norfloxacin for Gram-negative) at an
initial concentration of 1 mg/mL. After performing successive
two-fold dilutions (500 pg/mL to 0.49 pg/mL), 10 pL of bacterial
inoculum was added to every well. The plates were incubated
for 24h at 37°C. Absorbance at 620 nm was used to measure
bacterial growth. Three duplicates of each test were run [32, 33].

2.9.4. Minimum bactericidal concentration (MBC)
determination

Following MIC analysis, samples from wells exhibiting no dis-
cernible growth were plated onto MHA plates to estimate MBC.
In comparison to the control, the MBC was found to be the low-
est concentration that produced a reduction in viable colonies of
> 99.9%. For every strain, testing was conducted three times
[32, 33].

2.9.5. Minimum biofilm inhibitory concentration (MBIC)

In a 96-well plate, biofilm inhibition was measured using TSB
and 1% glucose. 20uL of bacterial suspension was injected
and statically incubated for 24 h at 37 °C following the addition
of nanoparticle dilutions (using the same range and technique
as MIC). After removing non-adherent cells with PBS, biofilms
were fixed for an hour at 60 °C and stained for 15 min with 1%
crystal violet. Following rinsing, ethanol was used to dissolve the
bound dye, and absorbance at 595 nm was recorded. In compar-
ison to untreated controls, the percentage suppression of biofilm
formation was computed. Three duplicates of each assay were
carried out, and the results were statistically represented as mean
+ standard deviation [32, 33].

ODso5 of the test well
ODsg5 of non-treated control well

x 100.
(D

Biofilm Formation (%) =

2.70. DATA ANALYSIS

Machine data obtained from UV-Vis, FTIR, STEM were plotted
using Origin Pro 2020 graphing and analysis software.

3. RESULTS AND DISCUSSION

3.1. PHYTOCHEMICAL COMPOSITION OF K. senegalensis
Saponins, alkaloids, flavonoids, tannins, steroids, and terpenoids
were found in K. senegalensis after a preliminary screening of
its phytochemical content. Tannins were found to be strongly
present, while saponins, flavonoids, alkaloids and steroids were
moderately present. Terpenoids were the least present, while gly-
cosides were found to be absent.

3.2. CHARACTERISTICS OF CuO, Fe,05 AND CuO/Fe,05
NANOPARTICLES

3.2.1. UV-visible spectroscopy analysis
Metallic nanoparticles show absorbance in the UV-Vis region;
hence, UV-Vis spectrophotometric examination was utilised as
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Table 1. Phytochemicals of K senegalensis.

Parameters Qualitative analysis
Alkaloids ++
Flavonoids ++
Saponins ++
Tannins +++
Steroids ++
Terpenoids +
Glycosides -

+++ strongly present, ++ moderately present, + least present, — absent.
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Figure 1. UV-vis spectrum of CuO nanoparticles.

an immediate preliminary test for the confirmation of nanopar-
ticle formation. The UV-Visible absorption spectrum shown in
Fig. 1 demonstrates the optical properties of CuO NPs. A promi-
nent absorption peak is observed at 224 nm, which is character-
istic of CuO NPs. This peak arises due to the electronic transi-
tions within the CuO nanoparticles, specifically the charge trans-
fer transitions between the copper and oxygen atoms in the CuO
lattice. The absorption peak at 224 nm matches the findings of
Ref. [34], confirming the consistency of the optical behavior of
CuO NPs in various studies. This agreement validates the pro-
duction method utilized in the present study and demonstrates
that the nanoparticles have the anticipated optical characteristics.
Furthermore, as is typical for CuO NPs, the absorbance gradu-
ally decreases following the peak, suggesting that light interacts
with the nanoparticles less at higher wavelengths.

The optical features observed in Fe,O3 NPs are shown in Fig.
2. There is an obvious absorption peak at 290 nm. This peak can
be attributed to the specific electronic transitions in the Fe, O3
NPs and the structural interactions between the iron and oxygen.
Notably, the spectrum does not contain any further peaks. This
clearly indicates that there are no measurable contaminants influ-
encing the absorbance of the nanoparticle, confirming its purity.
The spectrum clearly highlights the extent to which the synthesis
process worked. The identity and behavior of the Fe, O3 nanopar-
ticles are supported by this particular absorption property, which
is consistent with earlier studies [35]. Beyond 290 nm, the ab-

FeNPs

0.8 4290 nm

Absorbance
o © © © ©o o o
i XY w .p- o )] ~
1 1 1 1 1 1 1

o
o
1

T T T T T
300 400 500 600 700 800
Wavelength ((‘m’l)

Figure 2. UV-vis spectrum of Fe;O3 nanoparticles.

sorbance gradually decreases, illustrating the limited interaction
of light with the particles at higher wavelengths. This feature is
in line with what is expected based on the bandgap energy of the
material, thus, it can be linked to the bandgap energy of Fe, O3,
arising from the absorption spectrum.

The UV-visible spectroscopy analysis of CuO/Fe,03; (NPs)
has been reported in the recently published work from our lab
[29].

3.2.2. FTIR analysis

The functional groups on the generated metallic oxide nanopar-
ticles were identified using FTIR spectroscopy. The compounds
and their functional groups that were present in the samples
were identified using FTIR characterisation. Several unique ab-
sorption bands that correlate to particular functional groups and
chemical bonds can be seen in the CuO NPs’ infrared spectrum.
The range from 3282cm™! indicates the presence of surface
bound hydroxyl functionalities. This characteristic is pivotal as
it generally affects the reactivity of the nanoparticles and their
interaction with their environment. The peak at 2965cm™! is
attributed to carboxylic acid groups, which may originate from
some organic residues or stabilising agents employed during the
synthesis.

The band at 1625 cm ™! corresponds to carbonyl groups (C=0
stretching). This feature is typical of ketones or aldehydes [35].
It provides insight into the potential interactions and chemical
composition of CuO NPs. Additionally, the band at 1065 cm™!
suggests the presence of unsaturated organic molecules or struc-
tural elements in the nanoparticles, as it is indicative of C=C
bonds [35, 36].

The spectrum also shows bands in the lower wavenumber re-
gion. These bands are important for identifying oxide phases.
Bands between 500cm™! and 810cm™' are associated with
magnetite. Bands between 620cm—! and 660cm™! relate to
maghemite. In addition, bands at 470 cm™—' and 540 cm~' are
typical of hematite, as noted by [36]. These features help us
understand the crystalline phases and structural makeup of CuO
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Figure 3. FTIR spectra of CuO nanoparticles.

NPs. The FTIR spectrum not only confirms the presence of CuO
nanoparticles but also offers further explanation about their func-
tional groups and structural characteristics.

The FTIR showing the functional groups in the Fe;O3 NPs is
shown in Fig. 4. The broad band at 3692.5cm~! in the FTIR
spectra of the Fe,O3; NPs is associated with the surface O-H
group, which is linked to phenolic compounds. Since the com-
pound had a C-H stretching vibration and the -CH, functional
groups were as reported by Refs. [5, 37], the bands that were
seen at wave numbers of 2928.8 cm™! were attributed to C-H.
The band at 1617.9 cm™~! was identified as the ketone group from
dimerized saturated aliphatic acids which is C=0, as described
by [38]. The C-O stretching in carboxyl groups was identified as
the cause of the bands at 1309.4 cm ™. The stretching vibration
of an alkyl amine is symbolized by the band at 1189.8 cm™!.

The bands at 1060cm™~' to 1031.2cm™! stretching vibra-
tion were attributed to C-O groups [39]. The band 767.5cm™!
represents Fe-O nanoparticles, which corresponds to the alkyl
halides stretching vibration in metals [40]. The FTIR analysis
of CuO/Fe, 03 NPs has been reported in the recently published
work from our lab [29].

3.2.3. HAADF STEM analysis

The HAADF STEM image of CuO NPs is presented in Fig. 5.
The particles are evenly distributed and have an average size
of 20 nm, according to the photograph. By detecting elemental
contrast, the HAADF STEM approach offers information about
the distribution and shape of the nanoparticles. The spherical
shape and even distribution of the CuO particles are shown by the
significant contrast between them and the surrounding medium
when utilizing the annular dark-field imaging mode. These char-
acteristics are crucial for electronics and catalysis applications.
Reliable performance is the result of stable particle sizes and uni-
form distribution. A high surface area is also indicated by a tiny
particle size in reactions that need surface activity.

The mean grain size for the Fe,O3; NPs is 50nm as deter-
mined from the HAADF STEM image (Fig. 6). The larger size

140 4 FeNPs
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Figure 4. FTIR of Fe; O3 NPs.

Figure 5. HAADF STEM images of CuO NPs.

for Fe;O3 NPs, contrasted with the CuO NPs, may alter their
physical and chemical properties as the larger size CuO particles
implies a lower surface area, and therefore, the Fe,O; NPs will
have a smaller surface area for the adsorption, catalysis and other
surface-related chemical processes. The Fe,O3 NPs are HAADF
STEM characterised which denotes their uniformity in composi-
tion and the structural stability of the particles. Our lab published
CuO/Fe,03; NPs HAADF STEM analysis in Ref. [29].

3.3. X-RAY DIFFRACTION (XRD) ANALYSIS OF THE
SYNTHESIZED NANOPARTICLES

The XRD patterns of the green synthesized CuO, Fe,O; and
CuO/Fe,03; NPs (Figure 7) were studied to determine the fab-
rication of highly crystalline metal oxides phases. The CuO and
Fe, O3 NPs displayed a sharp monoclinic tenorite and rhombohe-
dral haematite, respectively, indicating excellent phase purity for
the two metal oxides. The CuO/Fe,O3; NPs diffraction showed
the heterostructural diffractions of both metals without any im-
purity phases instead of the single phases. The average crys-
talline sizes of the CuO, Fe,O3 and CuO/Fe,O3; NPs were as-
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Figure 6. HAADF STEM images of Fe; O3 NPs.

certained using the Scherrer equation and taking the full width at
half maximum (FWHM) of the most intense peaks around 2 theta
at 38°. The crystallite sizes of CuO, Fe,03 and CuO/Fe, 03 NPs
were found to be 26, 22 and 28 nm, respectively. The XRD re-
sults show that green synthesized metal oxides exhibited a sharp
phase-pure nanoscale and highly crystalline NPs for antimicro-
bial and catalytic applications [41, 42].

3.4. CATALYTIC REDUCTION OF 4-NITROPHENOL (4-NP) TO
4-AMINOPHENOL (4-AP)

The need to convert 4-nitrophenol to 4-aminophenol is hinged
on the fact that 4-aminophenol is a key precursor for the manu-
facture of acetaminophen (paracetamol), one of the most widely
used analgesic and antipyretic drugs globally. The direct hydro-
genation of 4-NP to 4-AP provides a cleaner and more efficient
route to this essential pharmaceutical compound compared to
older multi-step processes that generated more waste. As demon-
strated by control experiments, sodium borohydride by itself is
not efficient in reducing 4-nitrophenol (4-NP) [41]. The catalytic
reduction was greatly enhanced by the addition of CuO nanopar-
ticles. The uniform dispersion and substantial surface area of the
CuO NPs promote electron transport and enhance catalytic ac-
tivity. After 1.0 min, the mixture of CuO NPs and sodium boro-
hydride (0.5 ml) was added to 4-NP, thereby reducing 4-NP as
shown in Figure 8a. Consequently, the same operation was per-
formed at 2.0 min for the blue curve, which was reduced from
green. After 3.0 min, the 4-NP was completely reduced (purple
curve) on the graph. This shows that CuO NPs and NaBH,4 have
the capacity to convert 4-NP to 4-AP after 3 minutes. The time-
dependent study of the UV absorption of the CuO NPs catalyst
with sodium borohydride causes a significant reduction.

The synthesized nanoparticles accelerated the reduction of ni-
trophenol through a Langmuir-Hinshelwood mechanism, where
both nitrophenolate ions and BH] co-adsorb on the nanoparticle
surface to enable rapid electron transfer [41]. Their high surface
area and surface defects facilitate hydride activation and lower
the activation energy for conversion to aminophenol. Although
metallic or metal-oxide nanoparticles may theoretically generate
oxidizing species, the strongly reducing environment of excess

CuO/Fe,O3; NPs

Fe203 NPs

Intensity (a.u)

WLLLMJLMJ\W

CuO NPs

-

20 40 60 80
2 Theta (degree)

Figure 7. XRD patterns of CuO, Fe; 03 NPs and CuO/Fe, O3 NPs nanopar-
ticles.

NaBH, suppresses such pathways. Consequently, the nanopar-
ticles remain in a reduced, catalytically active state, promoting
efficient nitrophenol reduction rather than hindering it.

In the catalytic reduction of nitrophenols, the excellent per-
formance of the catalyst is attributed to the uniform distribu-
tion of nanoparticles on the support surface. The reduction of
4-nitrophenol (4-NP) occurs within 2.5 minutes. 4-NP is shown
by the red curve in Figure 8b, which has a distinct UV-visible
spectrum peak at 400 nm. The 4-NP solution was mixed with
0.5 ml of NaBH, and Fe, O3 NPs at 1.0 min. This resulted in an
apparent change in color from yellow to blue. The green curve
indicates that the identical combination was applied again at 2.0
minutes. Thereafter, a new peak appeared in the UV-visible spec-
trum that moved down to 380 nm. By 2.5 mins, the reduction was
complete, indicated by a light green colour. This demonstrates
the capability of Fe,O3 NPs and NaBH,4 to effectively convert
4-NP to 4-aminophenol.

The bimetallic nanoparticles had the perfect reduction of 4-NP
to 4-AP coupled with sodium borohydride. As described in the
catalytic reduction of 4-nitrophenols, the excellent performance
of the catalyst is due to the uniform distribution of nanoparticles
on the support surface. The red curve, as indicated in Figure 8c,
was 4-NP with a sharp peak of UV-visible at 300 nm. At 0.5
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Figure 8. Catalytic reduction of 4-nitrophenol to 4-aminophenol using NaBH, and (a) CuO NPs (b) Fe; O3 NPs (c) CuO/Fe, O3 NPs.

min, which indicated the blue curve, the mixture of CuO/Fe,05
NPs and NaBH, at 0.5 ml was added to 4-NP, thereby reducing
the effect of the 4-NP. Consequently, the same operation was per-
formed at 1.0 min for the green curve and 1.5 minutes for the pur-
ple curve, respectively (Figure 8c). At 2.0 mins, which is the yel-
low curve, the sharp peak disappeared, which shows a complete
reduction. This shows that the effect of the combined catalyst
with sodium borohydride brings a better result on the reduction
of 4-nitrophenol to 4-aminophenol. The catalytic reduction of 4-
nitrophenol to 4-aminophenol proceeds via a surface-mediated
hydrogenation mechanism where borohydride ions decompose
on the catalyst surface to generate reactive hydrogen species.
For the monometallic systems, semiconducting CuO nanoparti-
cles act as an electron relay, utilizing Cu*/Cu’* redox cycling to
facilitate reduction, while Fe,Os3 is significantly less active due
to its inferior capacity for borohydride activation and electron
transfer [41]. However, in a CuO/Fe,; O3 bimetallic nanocompos-
ite, a synergistic interfacial effect dominates: a heterojunction is
formed, causing electron transfer to the CuO phase, which cre-
ates an electron-rich surface that dramatically enhances borohy-
dride decomposition and hydrogen generation, thereby accelerat-
ing the sequential hydrogenation of the nitro group and resulting

in superior catalytic performance [41].

3.5. ANTIMICROBIAL ASSAY

3.5.1. Zone of inhibition (antimicrobial effectiveness test)

The Agar well diffusion method was used to evaluate the antibac-
terial activity of CuO/Fe,0O3; nanoparticles produced by K. sene-
galensis against Escherichia coli, Bacillus subtilis, and Pseu-
domonas aeruginosa. CuO/Fe, 03 shown notable concentration-
dependent action against both Gram-positive and Gram-negative
bacteria (Table 2, Figure 9). Against Escherichia coli, the
CuO/Fe,03 nanoparticles produced a concentration-dependent
response, up to 14 mm at 40 ug/ml. This surpasses the amox-
icillin (12 mm) positive control. This suggests a synergistic in-
teraction between the copper and the iron oxides. Similar supe-
riority was recorded against Bacillus subtilis, where CuO/Fe,0;
gave a 15 mm response and closer to amoxicillin (16 mm). This
could be attributed to the dual action of the Cu?>* and Fe** ions
intensifying oxidative stress through the ROS generation and en-
hanced cell wall penetration [42], especially when the function-
ality present on the CuO/Fe,0O3 nanoparticles, as shown in the
FTIR spectra, stabilises and functionalizes the particles [29]. In
contrast, CuO/Fe, 03 nanoparticles showed limited inhibitory ac-
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Table 2. Antibacterial effects of different concentrations of synthesized
CuO/Fe, 03 nanoparticles against the tested bacteria.
Test organism Zone of inhibition (mm)

10 20 30 40 Amoxicillin (25 pg/ml)

Table 3. The minimum inhibitory concentration (MIC) and minimum bacte-
ricidal concentration (MBC) of the CuO/Fe; 03 bimetallic nanoparticles in

pg/ml. Data represent the median values of three replicates.
Test organism Nanoparticles

MIC MBC

Escherichia coli 6 7 12 14 12
Bacillus subtilis 6 6 6 15 16
Pseudomonas aeruginosa 8 10 9 9 8

Gram-positive
Bacillus subtilis CuO/Fe,03 Nanoparticles 8 16

Vancomycin (Control) 8.5 17

Figure 9. The zone of inhibition test measures the effect of CuO/Fe,03
nanoparticles at different concentrations (10, 20, 30, and 40 ug/ml) on the
bacterial strains (A) E. coli, (B) Bacillus subtilis, and (C) Pseudomonas aerug-
inosa (D) The positive control was amoxicillin at 25 pg/ml.

tivities against Pseudomonas aeruginosa, a pathogen known for
its multidrug resistance. The CuO/Fe, O3 nanoparticles showed
a maximum zone of 10 nm. This could be attributed to Pseu-
domonas aeruginosa robust defence mechanism, which involves
efflux pumps, thick exopolysaccharide layers and antioxidant en-
zymes that neutralise ROS [43]. While the bimetallic nanopar-
ticles showed modest advantages, their efficacy was insufficient
to overcome the intrinsic resistance strain.

3.5.2. Minimum inhibitory concentration (MIC)

The green-synthesised CuO/Fe,O3; bimetallic nanoparticles
shown remarkable antibacterial activity against both Gram-
positive and Gram-negative bacteria, according to the MIC data
shown in Table 3. The MIC of CuO/Fe,O5 for Escherichia coli
and Bacillus subtilis was low, at 8.00 pug/ml. Compared to the
common antibiotics norfloxacin (8.25 ug/ml) and vancomycin
(8.50 pug/ml), these values are somewhat better. A synergistic
impact between copper and iron oxides was demonstrated by the
decreased MICs of CuO/Fe,03, which improved the NPs’ ca-

Gram-negative

Escherichia coli CuO/Fe, 03 Nanoparticles 8 16

Norfloxacin (Control) 8.25 16.5
Pseudomonas aeruginosa CuO/Fe,O3 Nanoparticles 40 80
Norfloxacin (Control) 16 32

pacity to rupture microbial membranes and suppress metabolic
activity at comparatively low concentrations. For Pseudomonas
aeruginosa, the MIC of CuO/Fe,0; reached 40.00 pg/ml, higher
than Norfloxacin (16.00 pg/ml). This result suggest a moderate
inhibitory effect of the CuO/Fe, O3 nanoparticles is likely due to
the combined ROS generation through Fe** and Cu?* ions medi-
ated Fenton-like reactions. While CuO disrupts protein and DNA
via oxidative process, Fe,O3 aids the ROS propagation within the
bacterial cells, leading to potent and antimicrobial mechanisms
[44].

3.5.3. Minimum bactericidal concentration (MBC)

The MBC results in Table 3 further support the bactericidal po-
tential of the synthesized nanoparticles. For both Bacillus sub-
tilis and Escherichia coli, CuO/Fe,O3; showed MBCs of 16.00
ug/ml, which doubles their MICs, indicating its bactericidal
action rather than bacteriostatic [45]. This indicate the en-
hanced killing efficiency of the CuO/Fe,O3 nanoparticle formu-
lation. These are similar to the ones obtained for Norfloxacin
(16.50 pg/ml) and Vancomycin (17.00 ug/ml), suggesting that
CuO/Fe, 03 can serve as a viable substitute in clinical diagnosis.
The most resistant organism, Pseudomonas aeruginosa, requires
a higher MBCs. CuO/Fe,O3 gave MBC of 80.00 ug/ml con-
firming bactericidal activities. The increased dosage required for
Pseudomonas aeruginosa reflects its known resistance mecha-
nism, which include biofilm formation and reduced permeability
[46]. However the ability of CuO/Fe,;0j3 to exhibit 2-fold MIC-
MBC relationship support its potential as antimicrobial agent.

3.5.4. Minimum biofilm inhibitory concentration (MBIC)

The MBIC values of the synthesized nanoparticles are presented
in Table 4. The CuO/Fe,03 showed the most promising activ-
ity. The MBIC for Bacillus subtilis was 16.00 ug/ml, achieving
52% inhibition, while for Escherichia coli it was 32.00 pg/ml,
with 55% inhibition. Considering the extracellular polymeric
substances (EPS) matrix of a biofilm functions as a strong physi-
cal and chemical barrier, limiting the penetration and efficacy of
antimicrobial drugs, it is typical and expected that these values
are larger than the corresponding MICs [47]. The fact that the
nanoparticles could achieve over 50 % inhibition of biofilm for-
mation at these relatively low concentrations underscores their
potential to disrupt the initial stages of biofilm development. At
an MBIC of 160.00 ug/ml for the highly resistant Pseudomonas
aeruginosa, 50% inhibition was noted for CuO/Fe, 3. The con-
trol antibiotic, norfloxacin, had an MBIC of 64.00 ug/ml and
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Table 4. Minimum biofilm inhibitory concentration (MBIC) of the synthesized CuO, Fe; 03, and CuO/Fe; O3 nanoparticles in zg/ml, showing the respective
concentration and % inhibition (Data represents the median values of three replicates).

Test organism Nanoparticles MBIC (ug/ml) % Inhibition at MBIC

Gram-positive

Bacillus subtilis CuO/Fe,03; Nanoparticles 16 52%
Vancomycin (Control) 17 51%

Gram-negative

Escherichia coli CuO/Fe,03; Nanoparticles 32 55%
Norfloxacin (Control) 33 54%

Pseudomonas aeruginosa  CuO/Fe, O3 Nanoparticles 160 50%
Norfloxacin (Control) 64 75%

displayed 75% inhibition. This indicates that, on the biofilm for-
mation inhibition front, norfloxacin surpassed the performance
of the nanoparticles in this study for the biofilm formation in-
hibition of P. aeruginosa. This aligns with earlier reports that P,
aeruginosa biofilm are highly resilient due to low membrane per-
meability and efficient efflux pump systems [47]. These findings
aligned with recent studies supporting the enhanced antibiofilm
activity of multimetallic nanocomposites over monometallic sys-
tems. For instance, CuO-ZnO nanoparticles using a greener
approach have been reported to inhibit over 60 % of E.coli
biofilm at concentrations of 25-50 pg/ml [48]. The performance
of control antibiotics vancomycin and norfloxacin is compared
with the pg/ml values of the MIC, MBC, and MBIC for the
CuO/Fe, 03 nanoparticles against Bacillus subtilis, Escherichia
coli, and Pseudomonas aeruginosa.

4. CONCLUSION

This study establishes a scalable, eco-conscious strategy for
the fabrication of multifunctional CuO, Fe, O3, and CuO/Fe,0;
nanoparticles via a green synthetic route utilizing Khaya
senegalensis phytochemicals. The successful integration of
plant-derived reductants and stabilizers yielded monodispersed
nanoparticles with tailored optical, structural, and surface fea-
tures conducive to high catalytic and antimicrobial efficacy. The
CuO/Fe, 03 bimetallic composite was the most promising of the
nanostructures that were produced. In less than two minutes,
4-nitrophenol was rapidly reduced. The efficient contact be-
tween the Cu and Fe oxide surfaces, which permits rapid electron
transfer, is responsible for the observed result. These nanopar-
ticles significantly suppressed biofilms and demonstrated min-
imum inhibitory concentration (MIC) and minimum bacterici-
dal concentration (MBC) values that were equal with or higher
than those of conventional antibiotics in tests for antibacterial ac-
tivity. The bimetallic CuO/Fe, O3 nanoparticles exhibited excel-
lent results with Bacillus subtilis and Escherichia coli, represent-
ing better performances, specifically, the benefits of bimetallic
compositions in bolstering antimicrobial activity, thereby illus-
trating the potential of bimetallic compositions as a promising
green nanotechnology pathway to tackle ubiquitous and tena-
cious pathogens. More research will attempt to create surface
functionalisation to allow better selectivity, biocompatibility, and
targeted delivery to the pathogens.
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