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catalyst for ammoxidation of aromatic aldehydes
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An economically efficient and operationally simple method was developed for synthesizing FezO4

nanoparticles using the aqueous peel extract of Punica granatum L. fruit. The biosynthesized FesO,@PPE

nanoparticles were characterised using different analytical techniques, such as UV-visible spectroscopy,

Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) analysis, scanning electron

microscopy (SEM), energy-dispersive X-ray analysis (EDAX), elemental mapping analysis, transmission

electron microscopy (TEM), dynamic light scattering (DLS) and zeta potential analysis, which confirmed

their outstanding morphology and stability. The synthesized nanoparticles were investigated as a potent

source of antimicrobials towards methicillin-resistant Staphylococcus aureus (Gram-positive MRSA1 and
MRSA2) and Escherichia coli (Gram-negative). Moreover, the biosynthesized FesO4@PPE NPs were
effective in inhibiting chronic infections by decreasing the biofilm formation. The biosynthesized
FesO,@PPE NPs demonstrated anti-diabetic properties by inhibiting amylase activity (50.89% alpha-
amylase inhibition at 400 pg mL™) and scavenging ROS (78.5% at 200 ng mL™Y), highlighting their anti-
oxidant activity. Moreover, the catalytic efficiency of the biosynthesized FezO,@PPE NPs was explored
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for the ammoxidation of aromatic aldehydes to aryl nitriles under an O, atmosphere. Notably, the

catalyst was recycled and used for five consecutive cycles, and its good catalytic reactivity was
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1. Introduction

Metal oxide nanoparticles are attractive candidates for the
scientific community because of their quantum size, electron-
confining ability, remarkable surface-to-volume ratio, high
catalytic activity, and good selectivity compared with their cor-
responding bulk material.* Metal oxide nanoparticles have been
synthesized using a variety of physio-chemical techniques,
including ion sputtering,” hydrothermal,® reverse micelle,* sol-
gel,® co-precipitation,® polymers,” metal-organic frameworks® in
the last few years. Although the reported methods have their
merits, most of them employ hazardous reagents, expensive
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maintained. This study provides a green synthetic route for nitriles from easily accessible aldehydes and
ammonia using a cost-effective catalyst in the presence of atmospheric O, as an eco-friendly oxidant.

chemicals, high-temperature calcination, and toxic nonpolar
solvents, which show adverse impacts on the environment from
a sustainability perspective. Recently, plant extract-mediated
synthesis of metal oxide nanoparticles has been considered
an economically efficient and environmentally benign alterna-
tive to conventional physical and chemical methods of
production of metal oxide nanoparticles.” Moreover, metal
oxide nanoparticles synthesized by biogenic approaches have
been reported to exhibit no toxicity in contrast to nanoparticles
produced by physio-chemical methods. Recently, the use of
metal oxide nanoparticles has increased significantly in clinical
and industrial fields.™ It is very essential to protect medical and
surgical devices and materials for implantation from any
bacterial growth to reduce disease transmission." However,
resistance to several antimicrobial agents and biofilm forma-
tion on medical devices remain as major problems.”” The
presence of methicillin-resistant Staphylococcus aureus has now
increased all over the world. Biofilms are essential for their
survival in a reservoir for a long time, which cause chronic
infection.”*™ To date, several studies have synthesised new

© 2025 The Author(s). Published by the Royal Society of Chemistry
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antimicrobials with novel strategies for killing microorganisms,
such as iron oxide nanoparticles with bactericidal and fungi-
cidal activity."**® Several researchers have shown the anti-
biofilm activity of such synthesized iron oxide
nanoparticles.**™*

In this context, the present study focused on the biogenic
synthesis of Fe;0, nanoparticles using Punica granatum L. fruit
peel extract (PPE). Agricultural residues obtained from fruits are
attracting significant attention because of their low cost, low
toxicity, and high abundance. Pomegranate peels contain
a significant number of phenolic compounds, which are widely
recognised as a natural source of antioxidants (Fig. 1).*° As
a result, pomegranate fruit peels were used in the green
synthesis of metal oxide nanoparticles in an aqueous phase due
to the general significance of using natural, renewable, and
low-cost materials, thereby avoiding the effects of harmful
reagents and hazardous solvents. Moreover, in this work the
biosynthesized Fe;O,@PPE NPs were investigated for their
anti-oxidant and anti-diabetic properties, antibacterial
properties against E. coli and S. aureus, and role against the
biofilm formation by Staphylococcus aureus strains (MRSA1 and
MRSA2).

In developing advanced synthetic approaches, “green
chemistry” has been regarded as a crucial factor for centuries; it
is considered that the synthetic strategies* > without a green
procedure will become incompetent with time. In the field of
modern organic synthesis, nitriles and their derivatives are
valuable intermediates for the synthesis of polymers, materials,
pigments, dyes, pharmaceuticals, and natural products.*
Furthermore, nitriles are a prevalent pharmacophore in many
commercially available drugs, including Letrozole® (used for
breast cancer treatment), Fadrozole® (used for oncolytic drug),
Citalopram® (used for antidepressant drug), Periciazine® (used
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for anti-psychotic drug), Etravirine® (used for anti-HIV), and
Bicalutamide® (used for prostate and breast cancer treat-
ments).>” Traditional approaches for synthesizing nitriles
involve the Sandmeyer reaction®® and the Rosenmund-von
Braun reaction.”® However, these methods require extremely
toxic cyanides and harsh reaction conditions and produce
significant amounts of waste in the environment, which is
highly undesirable from a sustainability perspective. Moreover,
several reports on the synthesis of nitriles, such as oxidative
rearrangement of alkenes,* cyanation of aryl halides,** hydro-
cyanation of alkenes,* methyl arenes,* benzyl or allyl halides,**
and oxidative transformation of aldehydes®* have been devel-
oped in the last few years. Some reported methods have serious
limitations, such as the requirement for capricious ligands,
high temperatures, or harmful reagents, low tolerance to func-
tional groups, low atom economy or harsh reaction conditions.
Therefore, it is essential to develop atom-economic and greener
routes®***” to nitriles. Catalytic ammoxidation of aromatic alde-
hydes to nitriles is an important class of organic transformation
because of its economic viability, synthetic utility, and envi-
ronmental efficiency.®® The ammoxidation method requires
ammonia and oxygen, thereby circumventing the use of
hazardous reagents and meeting the basic criteria of green
chemistry principles through the utilization of renewable
feedstocks with high atom-economy and good selectivity.****
Remarkably, Fe-based catalysts have been extensively explored
because of their high abundance, low toxicity and cost-
effectiveness. Therefore, Fe-based catalysts can be ideal candi-
dates for replacing some existing precious transition metal
catalysts. Due to these advantages, we have developed the
catalytic ammoxidation of aromatic aldehydes to aryl nitriles
using bio-based iron oxide nanoparticles (Fe;0,@PPE) as an
efficient recyclable catalyst in the presence of aqueous NH; as
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Fig. 1 Different types of secondary metabolites involved in the biosynthesis of metallic nanoparticles from pomegranate peels.
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the source of nitrogen and atmospheric O, as an eco-friendly
oxidant. The present work establishes an eco-friendly route
for synthesizing Fe;O, nanoparticles using agricultural waste,
demonstrating their multiple functionality as antimicrobial
agents (effective against methicillin-resistant Staphylococcus
aureus and Escherichia coli), therapeutic substances (exhibiting
antioxidant and anti-diabetic activities), and recyclable catalysts
for the synthesis of pharmaceutically important nitriles using
atmospheric oxygen. This study also develops a sustainable
platform that combines waste valorisation, nanotechnology
development, and eco-friendly organic synthesis with potential
applications in healthcare and pharmaceutical production.

2. Experimental section

2.1. Materials and reagents

Ferrous sulphate heptahydrate (FeSO,-7H,0) was purchased
from Sigma-Aldrich, India. The peel extract used in the study
was obtained from Punica granatum L. fruit that was collected
from Berhampore, Murshidabad, India. All preparations were
carried out with double-deionized water.

2.2. Preparation of peel extract

Punica granatum L. fruits (commonly called “pomegranate”)
were collected from Berhampore, Murshidabad, India. The
peels were separated from the fruits and washed several times
with double-deionized water to remove unwanted dust mate-
rials. The peels were then diced into fine pieces (approximately
1 c¢cm) and dried for seven days at room temperature. The extract

Punica Granatum L. Fruit

Peel Extract
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was prepared using the dried peels. To prepare the extract, 10 g
of Punica granatum L. dried fruit peels were weighed and added
to 100 mL of double-deionized water in a 250 mL Erlenmeyer
flask. The mixture was then boiled for 30 minutes with
continuous stirring to obtain the aqueous extract. The yellow
plant extract was filtered through Whatman No. 41 filter paper
and stored at 4 °C for further investigations.

2.3. Synthesis of Fe;0,@PPE NPs from aqueous peel extract

Fe;0,@PPE nanoparticles have been synthesized using natural
resources as replacements for harmful chemicals, advancing
green practices and reducing superfluous waste generation
(Fig. 2). For the synthesis of Fe;0,@PPE NPs, in a 25 mL
Erlenmeyer flask, 10 mL of the pomegranate fruit peel aqueous
extract was mixed with 0.1 g of ferrous sulphate heptahydrate
(FeSO,-7H,0) at room temperature in an ambient atmosphere.
The immediate appearance of a black colour in the solution
indicated the formation of iron oxide nanoparticles. The NPs
were centrifuged at 10 000 rpm and washed several times with
double-deionized water and ethanol to eliminate dust particles.
The obtained black product was then dried in an oven.

2.4. General experimental procedure for the ammoxidation
of aromatic aldehydes

To a stirred suspension of the appropriate aromatic aldehyde
(1.0 mmol) in EtOH (4 mL), Fe;0,@PPE (40 mg) was added,
followed by 800 pL of NH;-H,O (Table 1). The reaction mixture
was stirred at 60 °C in an oxygen atmosphere for 24 hours to
complete the reaction. Thin-layer chromatography (TLC) was

Fe304 NPs
Centrifugation

Biomolecules Assisted
Fe 304 NPsSynthesis

Fig. 2 Schematic of the green synthesis of FesO4@PPE NPs using the aqueous peel extract of Punica granatum L. fruit.
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Table 1 Screening of reaction conditions for the ammoxidation of aromatic aldehydes®

(o)

N
=
H Catalyst, NH3.H,O
Solvent, Temperature
0, atmosphere
Entry Catalyst (Wt%) NH;-H,O (uL) 0, Solvent Temp. (°C) Time (h) Yield” (%)
1 — 600 + EtOH 40 20 —
2 Fe;0,@PPE (2.4) 700 + EtOH 40 20 47
3 Fe;0,@PPE (3.2) 800 + EtOH 60 24 72
4 Fe;0,@PPE (4.2) 800 + EtOH 60 24 91
5 Fe;0,@PPE (5.2) 800 + EtOH 60 24 90
6 Fe;0,@PPE (4.2) 800 - EtOH 60 24 —
7 Fe;0,@PPE (4.2) 800 + EtOH 80 24 68
8 Fe;0,@PPE (4.2) 800 + H,0 60 24 80
9 Fe;0,@PPE (4.2) 800 + n-hexane 60 24 33
10 Fe;0,@PPE (4.2) 800 + CH;CN 60 24 51
11 Fe;0,@PPE (4.2) 800 + DMF 60 24 48
12 Fe;0,@PPE (4.2) 800 + DMSO 60 24 69

“ Reaction conditions: benzaldehyde (1.0 mmol), solvent (4 mL), catalyst and temperature (as indicated), under O, atmosphere. ? Yield of isolated
product. (+)/(—) indicates the reaction was carried out in the presence/absence of O, atmosphere, respectively.

used for monitoring the progress of the reaction. Upon
completion of the reaction, ethyl acetate (3 x 3 mL) was used to
extract the crude product. The organic layer was dried with
anhydrous sodium sulphate to remove remaining water. The
solvent was removed under reduced pressure to afford the crude
products. Finally, the crude product was purified by filtration
chromatography on a short column of silica gel with ethyl
acetate-hexane as eluent. The catalyst was recovered from the
aqueous part by centrifugation (15000 rpm), and the isolated
catalyst was washed with EtOH several times and dried for
further use in the next catalytic reaction.

2.5. Characterization of Fe;0,@PPE nanoparticles

A Shimadzu FTIR-8400S spectrophotometer was used to record
Fourier transform infrared (FTIR) spectra. XRD data of the
powdered sample were measured in transmission mode using
a Bruker D2 Phaser X-ray diffractometer (30 kv, 10 mA) and Cu-
Ka (A = 1.5406 A) radiation. A Zeiss (Gemini) scanning electron
microscope was used to record FESEM images of the samples.
Energy dispersive X-ray spectroscopy (EDX) was carried out
using a Hitachi S3400N instrument. Transmission electron
microscopic images were obtained using a JEOL 2010 TEM
operating at 200 kV. A dynamic light scattering (DLS) system
(Malvern Zetasizer Nano) was used to investigate the particle
size distribution and determine the zeta potential.

2.6. Bacterial strains used for the study

Methicillin-resistant Staphylococcus aureus (MRSA1 and MRSA2)
and Escherichia coli were used in the present study. Methicillin-
resistant Staphylococcus aureus strains used in this study were
laboratory strains isolated from post-operative wounds, as

© 2025 The Author(s). Published by the Royal Society of Chemistry

previously reported.*> All of the strains were cultured on LB agar
plates at 37 °C.

2.7.
NPs

Antibacterial activity of the biosynthesized Fe;0,@PPE

The antimicrobial activity of biosynthesized Fe;0,@PPE NPs
was tested against Staphylococcus aureus (MRSA1 and MRSA2)
and Escherichia coli using the agar well diffusion method.
Diluted cultures (0.1 mL) of Staphylococcus aureus (MRSA1 and
MRSA2) and Escherichia coli were spread on mannital salt
(MRSA1) and Mueller-Hinton agar plates (MRSA1, MRSA2 and
E. coli), respectively. Fe;0,@PPE NPs (40 pL) were added to the
well made in the plate, and the plates were incubated at 37 °C
for 24 to 48 h. The zone of inhibition was determined to study
the antimicrobial activity of the NPs towards the target strains.
The antimicrobial activity assays were performed in triplicate
together with controls.*>** Distilled water was used as a negative
control.

2.8. Concentration-dependent antibacterial activity

The effect different concentrations of Fe;0,@PPE NPs (250,
500, 750, and 1000 pg mL’l) on the antibacterial activity against
the target bacteria was studied using the agar well diffusion
method.***

2.9. Minimum inhibitory concentration and minimum
bactericidal concentration (MIC and MBC) determination

The MIC of the Fe;0,@PPE NPs for each strain was determined.
The nanoparticle solutions were diluted to final concentrations
of 1000, 500, 300, 250, 200, 150, 125, 100, and 60 ug mL~* 100 uL

RSC Adv, 2025, 15, 35844-35858 | 35847
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of each bacterial strain (3.5 x 10* CFU mL ") was spread on the
respective Mueller-Hinton agar plates, and samples of each
dilution of Fe;0,@PPE NPs (40 uL) were administered to the
wells in the plates. The plates were then incubated at 37 °C for
24 to 48 h. The highest dilution or lowest concentration of the
nanoparticles producing an inhibitory zone after 24 h was
considered the MIC, and the concentration at which all bacte-
rial cells were killed was regarded as the minimum bactericidal
concentration (MBC).*

2.10. Study of the effect of the biosynthesized Fe;0,@PPE
NPs on the biofilm formation by MRSA1 and MRSA2

The effect of the biosynthesized Fe;O,@PPE NPs on biofilm
formation by MRSA1 and MRSA2 was studied using the stan-
dard protocol with further modification.*® Tryptone soy broth
and 0.25% glucose were used to culture MRSA1 and MRSA2, and
50 pL of Fe;O,@PPE NPs was added to generate the test
samples. Similarly, the target strains were grown in the absence
of Fe;0,@PPE NPs as the control group. A blank group (con-
taining only TSB and glucose) was also prepared. Each strain (40
pL) was inoculated in 5 mL TSB in test tubes, and after incu-
bating for 6 h, 500 pL of this bacterial culture was transferred to
the respective test tubes. All the cultures were then kept for 18 h
at 37 °C. Phosphate-buffered saline (500 pL) was used to clean
the test tubes gently, three times. All the test tubes were allowed
to dry. To stain the biofilm, 0.1% safranin was administered to
the test tubes and kept for 30 seconds. All the test tubes were
then rinsed, and absorbance was measured at 490 nm with
a spectrophotometer (Systronics, India). This experiment was
conducted thrice.

2.11. Alpha amylase inhibition by the biosynthesized
Fe;0,@PPE NPs

Inhibition of alpha-amylase activity by the Fe;0,@PPE NPs was
tested in vitro. Alpha amylase (25 pL), 10 pL sample, 40 pL
solution of starch and 15 pL PBS (phosphate-buffered saline)
were mixed stepwise. This composition was kept for half an
hour in an incubator at 50 °C with supplementation of 20 uL
HCI (1 M) and 90 pL of iodine solution. DMSO and acarbose
were used as negative and positive controls, respectively.*’
Absorbance was measured at 540 nm using a spectrophotom-
eter (UV-vis dual beam spectrophotometer, Systronics).

Enzyme inhibition (%) =
(absorption of sample — absorption of negative control) x 100
(absorption of blank — absorption of negative control)

ODg = optical density of the sample; ODy = optical density of
the negative control; ODy = optical density of the blank.

2.12. Antioxidant capacities of the biosynthesized
Fe;0,@PPE NPs

Evaluation of the scavenging activity of Fe;O,@PPE NPs was
made with a methanolic DPPH solution (1 mM). Different
concentrations of Fe;0,@PPE NPs were used (1, 2, 5, 15, 25, 50,
100, and 200 pug mL™"). After the addition of a methanolic
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solution of DPPH to the test samples, all the reaction mixtures
were kept for 30 min at room temperature. Absorbance was
measured at 517 nm against the respective blank solution with
a dual-beam UV spectrophotometer (Systronics, India). The
analyses were performed in triplicate, and the DPPH radical
scavenging activity (%) was calculated using the following
equation:

Acomrol - Asample

Percentage of scavenging activity = x 100

Acontml

The total reducing power (TRP) of the Fe;0,@PPE NPs was
also studied using the potassium ferricyanide protocol.*®
Ascorbic acid and DMSO were used as positive and negative
controls, respectively. The absorbance was measured at 630 nm.
The reduction power was calculated in terms of ascorbic acid
per mg. Total antioxidant activity was tested using the phos-
phomolybdenum method and the absorbance was measured at
695 nm. The results are stated as one microgram of ascorbic
acid is equivalent to one microgram of the test sample. Positive
and negative controls were ascorbic acid and DMSO,
respectively.*®

2.13. Statistical analysis

Mean and standard deviation (SD) were calculated after
repeating each of the quantifications thrice. One-tailed
Student's t-test using SPSS Statistics 21 was used to analyze
the data. P values < 0.05 were regarded as the level of signifi-
cance to establish the significant differences between the
groups.

3. Results and discussion

3.1. Characterization of Fe;0,@PPE nanoparticles

The biologically active molecules in the plant extract that are
responsible for the formation of Fe;0,@PPE NPs were investi-
gated using Fourier transform infrared spectroscopy (FTIR). A
comparative FTIR analysis of pomegranate fruit peel extract and
Fe;0,@PPE NPs was carried out. The results are presented in
Fig. 3. A broadband peak at 3293 cm ™" in the FTIR spectrum of
the pomegranate peel extract (PPE) shifted to 3195 cm™" in the
spectrum of Fe;O,@PPE, indicating the interaction of the
polyphenolic ~-OH group of the peel extract with the functional
group of Fe;0,@PPE nanoparticles via hydrogen bonding. The
aliphatic C-H stretching peak observed around 2923 cm ™' in
the PPE spectrum is weaker and shifts to 3055 cm ™" in the IR
spectrum of Fe;0,@PPE, which is attributed to the binding of
the C-H group to the Fe;O,@PPE nanoparticle surface. The
appearance of vibrational peaks at 1712 and 1609 cm™ " in the
PPE spectrum corresponded to the carbonyl functional groups,
which appeared at 1627 cm ™" in the IR spectrum of Fe;0,@PPE,
suggesting slight structural changes in the organic molecules
on the surfaces of Fe;O,@PPE nanoparticles. The peak
appeared at 1445 cm ™' in the PPE spectrum due to the vibra-
tional stretching modes of the C=C bonds in the aromatic ring,
which shifted to 1433 em ™" in the IR spectrum of Fe;0,@PPE,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of (a) Punica granatum L. fruit peel extract and (b) FesO4@PPE NPs.

reflecting differences in the surface functionalization and C=C
group interactions with the Fe;O,@PPE nanoparticles. Other
peaks observed at 1324 and 1218 cm™ "' in the PPE spectrum
correspond to vibrational stretching modes of amino acid
residues. The peaks presented at 1019 and 770 cm ™" are related
to the tensile vibration of the C-O-C bond and aromatic C-H
bending band in the FTIR spectrum of the pomegranate fruit
peel extract. The presence of an additional peak at 564 cm ™" in
Fe;0,@PPE, which is not present in the IR spectrum of pome-
granate fruit peel extract, is attributed to the Fe-O bond.** On
the other hand, the IR bands at 3195, 3055, 1627, 1433, and
1074 cm™ ' in the Fe;0,@PPE NPs confirmed the presence of
similar biomolecules in the iron oxide nanoparticles. This
observation indicated the stabilization and encapsulation of
Fe;O0, nanoparticles by the phytochemicals present in the
pomegranate fruit peel extract.

Fig. 4 shows the X-ray diffraction (XRD) patterns of the
Punica granatum L. fruit peel extract, biosynthesized Fe;0,@-
PPE nanoparticles, and Fe;O, nanoparticles without peel
extract. XRD diffraction peaks of the Fe;0,@PPE nanoparticles
appeared at 26 = 31.1° (2 2 0), 35.3° (3 1 1), 43.5° (4 0 0), and

Punica Granatum L. Fruit
FeGO‘@ PPE
Fe3°4 (without PPE)

2-Theta (°)

Fig. 4 X-ray diffraction (XRD) analysis of Punica granatum L. fruit peel
extract and biosynthesized FezO4@PPE NPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry

63.3° (4 4 0), and are attributed to the crystalline character of
Fe;0, nanoparticles. These diffraction peaks are almost iden-
tical to the peaks of Fe;O, nanoparticles without Punica
granatum L. fruit peel extract. The diffraction patterns were also
well matched with reported data.>® The appearance of extra
peaks in the XRD spectra of Fe;0,@PPE could be due to the
crystallization of other biomolecules present in the Punica
granatum L. fruit peel extract on the surfaces of the Fe;O,
nanoparticles. These findings indicate the successful encapsu-
lation of Fe;0,@PPE NPs by the biomolecules present in the
peel extract of pomegranate fruit. Similar observations were
also noted with the previously reported methods for the
synthesis of Fe;O,NPs@Tridax procumbens leaf extract,”® Zn
NPs@Ziziphora clinopodioides leaf extract,* and Ag NPs@Areca
catechu leaf extract.>*

Scanning electron microscopic images were recorded to
establish the shape and morphological features of the Fe;-
O,@PPE nanocatalyst. As shown in Fig. 5a, the morphology of
the nanocatalyst is near-spherical. Energy dispersive X-ray
spectroscopy (EDX) analysis offers information on the basic
elemental composition of the biosynthesized Fe;O,@PPE
nanocatalyst (Fig. 5b). EDX characterization reveals the
absorption of a strong Fe signal along with other elements that
might originate from the biomolecules present in the PPE plant
extract. The synthesized nanocatalyst contains elements of
carbon, oxygen, sulphur, and iron. The EDX spectra also exhibit
signals at around 0.8, 6.4, and 7.1 keV, which are ascribed to the
binding energies of iron,* confirming the synthesis of Fe;-
O,@PPE nanocatalyst. The presence of other elements (C, O,
and S) further indicated the successful formation of Fe;0, NPs
through the capping of the phytochemicals present in the PPE
plant extract. Furthermore, the spatial distribution of each
element was demonstrated by elemental mapping, which sug-
gested that the C, O, S, and Fe elements are well dispersed over
the structure of the synthesized nanocatalyst (Fig. S1, see the
SI). The morphology and particle size distribution histogram
(Fig. 5¢ and d) of the biosynthesized Fe;0,@PPE were further
evaluated by transmission electron microscopy (TEM). TEM
micrographs revealed that pomegranate peel extract-mediated
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(a) Scanning electron microscopic images, (b) energy dispersive X-ray spectra, (c) transmission electron microscopic images, and (d)

particle size distribution histogram of the biosynthesized FesO,@PPE NPs.

iron oxide nanoparticles were mainly spherical in shape, with
an average particle size of 21.4 nm, suggesting effective stabi-
lization by the plant extract. Moreover, the particles exhibited
good stability without further aggregation.

The dynamic light scattering (DLS) technique is one of the
most widely used approaches to analyzing the hydrodynamic
particle size and surface charge ({-potential) of nanomaterials
(Fig. S2, see the SI). As displayed in Fig. S2, the Z-average

Fe;04@PPE(300pg/ML\

\\“\

(hydrodynamic size) of the green biosynthesized Fe;0,@PPE
NPs was 76.9 nm with a polydispersity index (PDI) value of
0.453, demonstrating that the Fe;0,@PPE NPs were reasonably
monodispersed. The zeta potential showed a negative charge of
—27.6 mV. The accumulation of metal core size, the size of the
phytochemicals or biomolecules in the peel extract, and the
electrical double layer between the nanoparticles all contribute
to the hydrodynamic size of Fe;0, nanoparticles. As a result, the

DDH:O

250pg/mL

Fig. 6 Antibacterial activity of Fes04@PPE NPs against methicillin-resistant Staphylococcus aureus (MRSAL) (A and B) and Escherichia coli (C),
which were grown on Mueller—Hinton agar plates at 37 °C. Distilled water and plant extract were used as negative and positive controls,

respectively.
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average size of the biosynthesized Fe;0,@PPE NPs measured by
DLS analysis is greater than that measured by macroscopic
analysis (TEM). The negative zeta potential value (—27.6 mV) of
the biosynthesized Fe;O,@PPE NPs indicates that the nega-
tively charged functional groups of the biomolecules in the peel
extract play an important role in determining the stability of the
biosynthesized Fe;O, nanoparticles.

3.2. Antibacterial activity of the biosynthesized Fe;0,@PPE
nanoparticles

The continuous evolution of different strains of bacteria pos-
sessing multiple drug resistant properties in hospitals as well as
in community settings has driven researchers to upgrade the
synthesis of new types of antimicrobials.”>* Several studies
have established the role of iron nanoparticles as an antibac-
terial agent, but intensive studies on the antibacterial activity of
iron oxide nanoparticles are still needed.'*"” The antimicrobial

Zone of inhibition (mm) by Fe;0,@PPE NPs

[ 3]
N
)

o
o
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%

Fig. 7 Zone of inhibition (mm) produced by FesO4@PPE NPs against
methicillin-resistant Staphylococcus aureus (MRSA1 and MRSA2) and
Escherichia coli. Values were expressed as mean =+ SD.
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——NMRSA1
5 —l—-MRSA2
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Zoneofinhibition (mm)

Concentration (ug/ml)

Fig. 8 Zone of inhibition (mm) produced by FesO,@PPE NPs against
Staphylococcus aureus (MRSAL and MRSA2) and Escherichia coli at
different concentrations of FesO,@PPE NPs (ug mL™%). Values were
expressed as mean + SD.
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activities of our biosynthesized Fe;0,@PPE nanoparticles with
concentrations of 250, 500, 750 and 1000 ug mL~" were tested
against two methicillin-resistant Staphylococcus aureus isolates
(MRSA1 and MRSA2), obtained from post-operative wounds,*?
and Escherichia coli, using the agar well diffusion method. The
NPs showed antimicrobial activities against the target strains in
a concentration dependent manner (Fig. 6-8). The antimicro-
bial properties of iron nanoparticles against S. aureus and E. coli
were reported by Chatterjee et al.'®

3.3. MIC and MBC values of the biosynthesized Fe;0,@PPE
nanoparticles

The MIC values of the biosynthesized Fe;O,@PPE nanoparticles
were 125 pug mL ™" to 250 ug mL ™. The MIC was 150 pg mL "
against MRSA1 strain and 125 ug mL ™" against MRSA2 (Staph-
ylococcus aureus isolates). The MIC value against Escherichia coli
was 250 pg mL™'. On the other hand, MRSA1 and MRSA2
strains of Staphylococcus aureus showed MBC values of 250-300
pg mL ™', while an MBC value of 500 pg mL~" was recorded
against Escherichia coli (Table S1, see the SI). Furthermore, the
MIC and MBC values of the biosynthesized Fe;O,@PPE nano-
particles (125-150 pg mL " and 250-300 pg mL ™', respectively)
against Staphylococcus aureus were lower than the MIC and MBC
values against Escherichia coli (250 ug mL ™" and 500 pg mL ™",
respectively). This was also reported by Thukkaram et al.*®
Moreover, the biosynthesized Fe;0,@PPE nanoparticles used in
our study exhibited zones of inhibition for Staphylococcus
aureus of 17.5 + 0.48 mm to 21.5 + 0.62 mm, whereas the
inhibition zone for Escherichia coli was 13.5 + 0.49 mm. The
antibacterial activities of Fe;0, NPs might involve the interac-
tion between iron oxide nanoparticles (positively charged) and
pathogenic bacteria (negatively charged), and the generation of
ROS.*”*® In addition, the outer membrane of Gram-negative
bacteria serves as an obstacles to nanoparticle penetration and
storage, and proteins associated with the membrane developing
efflux pumps that effectively remove biocides and antibiotics.>
A plausible mechanism of antibacterial activity of Fe;0,@PPE
nanoparticles is shown in Fig. 9.

3.4. Antibiofilm activity of the biosynthesized Fe;0,@PPE
nanoparticles

Advent of methicillin-resistant Staphylococcus aureus bacteria
and their biofilm formation on medical devices remain as major
problems.** In the present study, biofilm formation by MRSA1
and MRSA2 Staphylococcus aureus strains was found to be
reduced significantly (p < 0.05) after treatment with the bi-
osynthesized Fe;O,@PPE nanoparticles (Fig. 10). Previous
studies suggest that biofilm formation might be reduced due to
the inhibition of bacterial attachment to the glass surface.””*
Moreover, Fe;0, NPs might exhibit antibiofilm activity through
bactericidal activities involving the interaction between the iron
oxide nanoparticles (positively charged) and pathogenic
bacteria (negatively charged), and by the generation of ROS.*”*®
Besides this, the biosynthesized Fe;O,@PPE nanoparticles
might be adhered to the negatively charged surface of the bi-
ofilm by electrostatic interactions and damage the biofilm,
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Fig. 9 Plausible mechanism for the antibacterial activity of the FesO4@PPE nanoparticles.

which leads to bacterial death within the biofilm.**® Similar
observations regarding the antibiofilm activity of the bi-
osynthesized Fe;O,@PPE nanoparticles were also shown in
other studies.'*™ This was also consistent with the observations
reported by Wang et al.*® and Abdulla et al.*® Thus, all the results
suggest that the biosynthesized Fe;O,@PPE nanoparticles can
be used against MRSA (Gram-positive) and Gram-negative
bacteria, and they could also effectively inhibit chronic infec-
tions by reducing biofilm formation."* A schematic of the

1

Biofilm Formation (OD )
©O O ©O O O © © ©o o
=N W s oy N o

o

Biofilm formation without
nano particles

mechanism of antibiofilm activity of Fe;0,@PPE nanoparticles
is shown in Fig. 11.

3.5. Alpha-amylase inhibition by the biosynthesized
Fe;0,@PPE nanoparticles

In the present study, it was found that alpha-amylase activity
was effectively inhibited by the Fe;0,@PPE NPs, with maximum
inhibition (50.89%) attained at 400 pg mL™ ' (Fig. 12). The
inhibition gradually decreased with decreasing concentration

Role of Synthesized Fe;O4 @PPE NPs on Biofilm Formation

mMRSA1
EMRSA2

Biofilm formation with the

supplementation of
nanoparticles

Fig. 10 Biofilm formation after supplementation with FezsO4@PPE NPs against Staphylococcus aureus (MRSAL and MRSA2). Values are expressed
as mean =+ SD. Student's t-test was performed. P < 0.05 was considered as the level of significance. “*" indicates significance.
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Fig. 11 Schematic of the mechanism of antibiofilm activity of the FesO,@PPE nanoparticles.

of Fe;0,@PPE NPs. Alpha amylase is reported to be involved
in the breakdown of carbohydrates to glucose.®* Thus, our
biosynthesized Fe;O,@PPE NPs might reduce glucose levels by
inhibiting alpha amylase and could be used as an antidiabetic
agent.

3.6. Antioxidant activity of the biosynthesized Fe;0,@PPE
nanoparticles

Studies on the antioxidant activities of the Fe;O,@PPE NPs
(DPPH, TAC and TRP scavenging of free radicals), displayed in
Fig. 13, revealed that the antioxidant activity increased with
increasing concentration of Fe;0,@PPE NPs (1-200 ug mL ™).
The highest DPPH antioxidant potential was found to be 78.5%
at 200 ng mL~* for Fe,;0,@PPE NPs. The maximum amount of
the total antioxidants was 49.75% at 200 pg mL™" (reducing

50 A
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o Il
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% of a Amylase Inhibition

Fig. 12 Alpha amylase inhibition activity of FesO,@PPE NPs.

© 2025 The Author(s). Published by the Royal Society of Chemistry

ability was evaluated ascorbic acid equivalent/milligram) for
Fe;0,@PPE NPs. Total antioxidant capacity or TAC was used to
confirm ROS scavenging property of the tested compounds. In
the present study, the aqueous pomegranate fruit peel extract
was used for reducing, oxidizing and capping. Phenolic
compounds (high concentration) present in the peel of pome-
granate are accepted as a natural resource for antioxidants with
ROS scavenging properties.” These phenolic compounds are
attached to the Fe;O0,@PPE NPs in this study. TRP was also
studied to determine the reductones, which are responsible for
antioxidant activity by providing hydrogen atoms that might
disrupt free radicals. The maximum reduction ability was 60.5%
at 200 pg mL~" for Fe;0,@PPE NPs. It can be speculated that
several phenolic compounds or antioxidants present in the
Punica granatum L. fruit peel extract might scavenge free radi-
cals by donating hydrogen atoms or electrons present in their
hydroxyl groups to the free radicals, thus generating DPPH-H
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Fig. 13 Anti-oxidant activities of FesO4@PPE NPs.
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by reducing DPPH free radicals. These observations are
consistent with previous reports.*

A comparative analysis of Fe;0,@PPE NPs with previously
reported antibacterial agents and the associated MIC, MBC and
ZOI (zone of inhibition) values of the agents against bacteria are
presented in Table S2, SI.

3.7. Catalytic ammoxidation of aromatic aldehydes to
nitriles

The catalytic efficiency of the biosynthesized Fe;O0,@PPE
nanocatalyst was explored for the ammoxidation of benzalde-
hyde to benzonitrile in the presence of aqueous NH; as the
source of nitrogen. The reaction was conducted at different
temperatures and in different solvents, under an O, atmo-
sphere, to establish the optimum conditions. The results are
summarized in Table 1.

The reaction did not proceed in the absence of the catalyst,
and the unreacted substrates were detected (Table 1, entry 1).
This observation indicates that the Fe;O,@PPE provides the
active sites for the catalytic ammoxidation of benzaldehyde to
benzonitrile. Interestingly, the conversion of benzaldehyde
increased to 47% when the reaction was performed in the
presence of 2.4 wt% of Fe;0,@PPE nanocatalyst along with 700
uL of NH;-H,O at 40 °C in EtOH medium (entry 2). Surprisingly,
the conversion increased to 72% when the reaction was con-
ducted using 3.2 wt% of Fe;0,@PPE nanocatalyst and 800 pL of
NH;-H,O at 60 °C in EtOH medium (entry 3). Improved
conversion was achieved using 4.2 wt% of Fe;O0,@PPE nano-
catalyst under an O, atmosphere (entry 4). The yield of the
reaction remained the same with a higher amount of Fe;O,@-
PPE nanocatalyst (entry 5). However, when the reaction was

View Article Online
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investigated under an argon atmosphere in the absence of O,,
no conversion of benzaldehyde was found in the reaction
mixture (entry 6). This observation indicated the importance of
atmospheric O, as the green oxidant during the catalytic
ammoxidation of benzaldehyde to benzonitrile. However, when
the reaction temperature was increased to 80 °C, the yield of the
reaction was reduced to 68% (entry 7), indicating that, at higher
temperatures, volatilization of NH; from the reaction mixture
decreases the concentration of NH;, which is unfavorable for
the ammoxidation reaction. We next investigated the effect of
different solvents in this reaction. When the reaction was
studied using H,O as solvent, the yield of the reaction decreased
to 80% (entry 8), which could be due to the poor solubility of
benzaldehyde in H,O. With decreasing solvent polarity, the
conversion of benzaldehyde decreased accordingly. n-Hexane
led to an unsatisfactory yield of benzonitrile (entry 9), whereas
CH;CN, DMF and DMSO gave moderate reaction yields (entries
10-12). Therefore, EtOH was selected as the optimal solvent,
and the conditions given in entry 4 were established as the
optimized reaction conditions for subsequent investigations.
The effective role of the EtOH solvent towards this ammox-
idation reaction could be attributed to improved solubilization
of the organic substrate and oxygen, as well as providing some
stabilization of the imine intermediates through solvation. This
stabilization may result in higher yields of the desired products.

Based on the above investigations and on literature
reports,*>** a plausible reaction mechanism for this ammox-
idation reaction is shown in Scheme 1. First, adsorption of
aromatic aldehydes and NH,OH takes place on the Fe;0,@PPE
catalyst surface. The Fe;O,@PPE catalyst increases the electro-
philicity of the aldehyde carbon, facilitating the immediate

(0] _N
N 7
R_| 1 —
= Fe;0,@PPE
NH,OH
H,O
Eco-friendly
Fe;0,@PPE Catalyst Fe;0,@PPE
I I I I
I I _H !
O NH.OH N""4120,
N H X
= =

Scheme 1 Plausible reaction mechanism for the ammoxidation of aromatic aldehydes using FezO,@PPE.
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Table 2 FezO,@PPE-catalyzed ammoxidation of aromatic aldehydes to
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nitriles®

° N
//
E j “H Fe;0,@PPE
R > R
NH3.H,0, O, (Air), EtOH, 60°C
Entry Substrate Product Time (h) Yield (%)
CHO CN
1 ©/ ©/ 24 91
CHO CN
2 J©/ /©/ 24 87
H;C HsC
CHO CN
3 /O/ /©/ 24 85
H3;CO H3;CO
CHO CN
4 ©i ©: 24 84
CH3 CH;
CHO CN
5 /Ej /©/ 24 89
Cl Cl
CHO CN
6 /©/ /©/ 24 87
Br Br
CHO CN
7 /©/ /©/ 24 81
HO HO
ozN\©/CHO 02N\©/CN
8 26 78
CHO CN
H;COC H3COC
N CHO N CN
10 Nl P NI _ 24 80

“ Reaction conditions: substrate (1.0 mmol), Fe;0,@PPE (40 mg), NH;-H,O (800 pL), EtOH (4 mL), under O, atmosphere, 60 °C. Yield of isolated

and purified product.

formation of the imine intermediates by the reaction between
the aldehyde and NH,OH. Desorption of the corresponding
nitrile products then takes place with the liberation of a H,O
molecule as the eco-friendly by-product from the imine inter-
mediate in the presence of atmospheric O, and Fe;0,@PPE

© 2025 The Author(s). Published by the Royal Society of Chemistry

catalyst. This procedure demonstrates the usefulness of the
Fe;0,@PPE catalyst in transforming aromatic aldehydes into
beneficial nitriles. Consequently, applying this catalytic method
not only increases the reaction rate, but also facilitates a more
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sustainable approach to chemical synthesis by reducing the
formation of harmful byproducts.

We next investigated the catalytic efficiency of Fe;0,@PPE
towards the synthesis of aryl nitriles by the ammoxidation of
aromatic aldehydes under the optimal reaction conditions
(Table 1, entry 4). The results are listed in Table 2. Various
aromatic aldehydes, bearing both electron donating and elec-
tron withdrawing substituents, smoothly participated in this
oxidative transformation. Benzaldehyde, as well as other
aromatic aldehydes bearing electron-donating substituents,
exhibited excellent catalytic reactivity and delivered the corre-
sponding nitrile derivatives in good to high yields (Table 2,
entries 1-4). Halogen-substituted aromatic aldehydes, such as
4-chlorobenzaldehyde and 4-bromobenzaldehyde, showed good
conversion, and the corresponding nitriles were observed with
89% and 87% yield, respectively (entries 5 and 6).

The substrate conversion was poor in the case of hydroxyl-
containing aromatic aldehydes, and the desired nitrile was
obtained with 81% yield (entry 7). However, when the substit-
uent was changed to an electron-withdrawing -NO, group, the
yield of the corresponding nitrile decreased significantly even
with a longer reaction time (entry 8). Interestingly, 4-
acetylbenzaldehyde reacted efficiently and furnished the
desired 4-acetylbenzonitrile with 82% yield (entry 9). This
observation suggested that the ammoxidation reaction was
highly selective for aldehydes. The present catalytic method was
also successful for an electron-deficient heteroaromatic moiety
containing a pyridine ring, and a satisfactory yield was observed

View Article Online
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within 24 hours (entry 10). Thus, the Fe;0,@PPE shows good
catalytic applicability for the ammoxidation of aromatic alde-
hydes to aryl nitriles.

From the perspective of “green and sustainable chemistry”,
the recyclability of the catalyst is essential.®*>*® Therefore, the
recyclability of Fe;0,@PPE was examined using benzaldehyde
(1 mmol), Fe;0,@PPE (40 mg), NH;-H,O (800 uL), and EtOH (4
mL), at 60 °C. All the catalytic runs were finished within 24 h
under an O, atmosphere, and each catalytic cycle maintained
a good yield without much reduction in reactivity (Fig. 14a).
Furthermore, the recycled catalyst was also studied by SEM
(Fig. 14b). The observations showed that the morphology of the
spent Fe;O,@PPE catalyst almost remained same as that of the
fresh Fe;0,@PPE catalyst. These investigations established that
the developed catalyst exhibits good stability and high recycla-
bility in the ammoxidation of benzaldehyde to benzonitrile.

A comparative study of the green biosynthesized Fe;0,@-
PPE-mediated ammoxidation of aldehydes with the earlier re-
ported methods is presented in Table 3. All the reported
synthetic approaches have their merits, but require an inert
atmosphere,®”* high-temperature calcination,** and pro-
longed reaction time®”*® during catalyst preparation, the use of
organic solvents®®® or tedious product isolation procedures,*®%
which limit their applicability from a green perspective.
Therefore, in addition to being an economically efficient
protocol, the present Fe;O,@PPE-catalyzed ammoxidation
reaction, from the catalyst synthesis to the product separation
in the presence of ethanol as a green reaction medium, is
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Fig. 14

(a) Recyclability test. (b) SEM image of the recycled FesO4@PPE catalyst.

Table 3 Comparison of the catalytic efficiency of FezO4@PPE with those of the previously reported catalysts for the ammoxidation of

benzaldehyde

Entry Catalyst Nitrogen source Solvent Temp. (°C)/time (h) Yield*/conversion (%)” Ref.

1 Fe,0;@NC-800 NH;-H,0 EtOH 60/24 99¢ 67

2 Fe/NC NH;-H,0 Bu,NPF¢/MeCN RT/24 83” 68

3 Co@CN-800 (NH,),CO; DMSO 120/8 100" 69

4 Fe;0,@PPE NH;-H,0 EtOH 60/24 91¢ This work

“ Yield (%) of the reaction. > Conversion (%) of the reaction.
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practically very simple. Furthermore, the present Fe;O,@PPE
mediated protocol exhibits a novel and utilitarian catalytic
methodology for the synthesis of pharmaceutically important
nitriles from the ammoxidation of aldehydes with the survival
of various functional groups under eco-compatible reaction
media in comparison to previously reported approaches.

4. Conclusion

In this work, an economically efficient, operationally simple,
and eco-friendly approach was adopted to synthesize Fe;O,
nanoparticles using an aqueous peel extract of pomegranate
fruit. The UV-vis spectrum of the biosynthesized Fe;0,@PPE
NPs showed an absorption peak at 370 nm. The hydrodynamic
size (76.87 nm), polydispersity index (0.453), and zeta potential
(—26.7 mV) of the biosynthesized Fe;0,@PPE NPs were deter-
mined using dynamic light scattering (DLS). The spherical
morphology was observed for Fe;O,@PPE NPs with an average
particle size of 21.4 nm. The green biosynthesized Fe;O,@PPE
NPs exhibited strong antibacterial activities against both Gram-
positive (MRSA1 and MRSA2) and Gram-negative (Escherichia
coli) bacteria. The MIC values of the biosynthesized Fe;0,@PPE
NPs against methicillin-resistant Staphylococcus aureus strains
(MRSA1 and MRSA2) and E. coli (Gram-negative) were 150 pg
mL " and 125 pg mL ™", and 250 pg mL ™", respectively. On the
other hand, the MBC values for MRSA1 and MRSA2 were 300 pg
mL~" and 250 pg mL™', respectively, and 500 pg mL™"' for
Escherichia coli. Moreover, the biosynthesized Fe;O0,@PPE
NPs could also be effective in inhibiting chronic infections
by reducing the biofilm formation. On the other hand, our
biosynthesized Fe;0,@PPE NPs were able to lower glucose levels
by inhibiting amylase activity, indicating their anti-diabetic
potential (50.89% alpha-amylase inhibition at 400 ug mL™").
Furthermore, the biosynthesized Fe;0,@PPE NPs were found to
scavenge ROS (78.5% at 200 pg mL™'), which demonstrates
their anti-oxidant activity. The catalytic proficiency of the green
biosynthesized Fe;O,@PPE NPs has been shown for the
ammoxidation of aromatic aldehydes to aryl nitriles under an
oxygen atmosphere. Remarkably, the catalyst was recycled in
five consecutive runs and retained its good catalytic efficacy.
Attractive features of this green synthetic route are the utilization
of easily accessible starting materials, such as aldehydes and
ammonia, and the use of atmospheric O, as an eco-friendly
oxidant.
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