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ABSTRACT

This study investigated the eco-friendly synthesis of iron oxide nanoparticles (FesO4 NPs) using Oxalis stricta leaf
(OSL) extract. The Fe3Os NPs were characterised using XRD, FESEM, FTIR, UV-Vis, and PL. XRD analysis
revealed a cubic, crystalline phase with a crystallite size of 14.37 nm. FESEM images showed a rough, cauliflower-
like surface morphology, with particle sizes ranging from 100 - 120 nm. FTIR spectra indicated the presence of
various functional groups, confirming the formation and stabilisation of Fe3Os NPs by phytochemicals in the OSL
extract. UV-Vis spectroscopy showed a peak at 397 nm, and the energy band gap was calculated to be 2.77 eV using
a Tauc plot. The antifungal activity of the FesOs NPs was evaluated against Aspergillus niger and Trichoderma
asperellum, with inhibition zones observed at concentrations starting from 125 pg/mL. The photocatalytic activity of
Fe3O4 NPs was investigated for the degradation of methylene blue dye under UV radiation, and pseudo-first-order
kinetics were observed. The results show that Oxalis stricta-mediated synthesis is a simple, environmentally friendly,
sustainable method for producing functional Fe3;Os nanoparticles that possess antifungal and photocatalytic
properties. The study contributes to ongoing research in green nanotechnology by presenting an environmentally
friendly approach to the production of multifunctional nanomaterials whose applications include environmental
remediation, wastewater treatment, and antimicrobial technologies, while laying the foundation for future studies on
the sustainable production of nanomaterials.
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INTRODUCTION
Nanotechnology research has advanced rapidly over the past few years. These nanomaterials are
composed of nanoparticles (NPs) smaller than 100 nm, which have numerous applications in biomedicine,
environmental bioremediation, energy storage, and many other fields. These increasing applications are
contributing to a change in the main intention of research toward promoting the evolution of viable and
environmentally friendly inventions.! Nowadays, research has focused on the synthesis of metal
nanoparticles (NPs) (such as Cu, Ag, Pt, Au, Mg, and Zn) and metal oxides (such as ZnO, TiO», CuO, and
Ag>0), etc., using green methods, which have shown potent benefits in different fields.>* Among these
metal oxide nanoparticles, iron oxides are the most beneficial because of their advantageous physical
properties, such as superparamagnetic behaviour, low oxidation susceptibility, long blood half-lives, and
variable surface chemistry. Additionally, they have numerous applications in biomedicine, medication
delivery, magnetic cell sorting, magnetic resonance imaging (MRI), bioengineering, cosmetics,
biosensing, and antimicrobial activity against various pathogens.>¢ In the synthesis of Fe3O4 nanoparticles,
different leaf extracts and peels were used.”'* In this study, iron oxide nanoparticles were synthesised
using Oxalis stricta (OS) leaf extract. Oxalis stricta is rich in compounds such as isovaledione, citric acid,
flavones, glycoflavones, and phenolic acids. These specific phytochemicals, particularly flavones and
phenolic acids, are known for their strong reducing and capping abilities, which are crucial for the
efficient reduction of metal ions and stabilisation of nascent nanoparticles. This study hypothesises that
the unique synergistic action of these compounds in Oxalis stricta leaf extract could lead to the synthesis
of highly stable, functionally active Fe;O4 NPs with distinct properties. This type of oxalis leaf has a
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range of colours from light pink to pale green.'* The present study relates to Sustainable Development
Goal (SDG) 3, Good Health and Well-Being, in which environmentally friendly green synthesis methods
were developed for the preparation of magnetite (Fe;O4) antibacterial nanoparticles using Oxalis stricta
leaf extract. To the best of our knowledge, the leaf extract of OS as a natural reducing and stabilising
agent for synthesising magnetite (Fe3Os) nanoparticles has not been investigated, despite many plant
extracts being reported in the literature for the green synthesis of magnetite nanoparticles.'>'%!” Moreover,
most earlier studies have focused on synthesising nanoparticles or on a single functional application, and
there are few comprehensive studies of their structures and associated antibacterial and photocatalytic
activities. Thus, a sustainable synthesis protocol using the leaf extract of Oxalis stricta is needed, and a
systematic study of the physicochemical properties and multifunctional utilisation of the Fe3O4
nanoparticles is desired. To fill this gap, the present study aims to synthesise green FesO4 nanoparticles,
investigate their structural and optical characteristics, and evaluate their antibacterial and photocatalytic
efficiency, offering insights into their potential applications in environmental and biomedical fields.

EXPERIMENTAL
Materials, Methods and Preparation of Plant Extracts
Oxalis stricta leaves were collected from the garden located within the Anurag University campus in
Hyderabad, Telangana, India. The gathered leaves were stored in an airtight container until use in the
synthesis process. Ferric nitrate nano-hydrate (Fe(NO3)3;.9H.0) was purchased from Sigma-Aldrich
Chemicals. Fe3O4 was synthesised using distilled water. Ethanol was used as the solvent.
Oxalis stricta leaves were collected from a nearby garden, washed under running water 2-3 times, then
with distilled water 3 times to remove dust particles. After washing, the leaves were air-dried to remove
moisture. The dried leaves were sliced into small pieces. Thirty grams of chopped leaves were soaked in
150 mL of distilled water in a 250 mL conical flask and heated at 80 °C for 30—40 min with continuous
stirring on a magnetic stirrer. Finally, the final extract was allowed to cool, filtered through Watt—-Mann
filter paper, and centrifuged to remove any remaining plant residues. The final extract was stored at 4 ‘C
and used for further synthesis.!'®

Synthesis of Iron Oxide Nps

To synthesise iron oxide nanoparticles, 40 mL of plant extract was placed in a 100 mL beaker, and four
grams of ferric nitrate nonahydrate (Fe (NO3);.9H,O) was added to the plant extract. The resultant
mixture was then heated at 60 ‘C for 1 h 30 min under continuous stirring on a magnetic stirrer. The
colour of the mixture changed from light yellow to red-brown, indicating the formation of iron oxide
nanoparticles. Before sample collection, the reaction mixture was centrifuged 3 times and washed with
ethanol to remove impurities.!® The procedure followed in the synthesis process is shown in Fig.-1(a). The
mechanism involved reduction, oxidation, nucleation, growth and stabilisation, which results in the
formation of Fe;O4nanoparticles as shown in Fig.-1(b).
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Fig.-1: (a)Visual Depiction of the Environmentally Friendly Synthesis of Fe;O4 Nanoparticles from Oxalis Stricta
and Ferric Nitrate Nonahydrate. (b)Possible Mechanism of Eco-Friendly Synthesis of Fe304 NPs
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RESULTS AND DISCUSSION

X-ray Diffraction (XRD)

XRD analysis was used to study the crystallinity, phase composition, and particle size of the synthesised
nanoparticles. The XRD pattern of the Fes;O4 NPs synthesised employing the OSL extract is shown in
Fig.2(a). The organic compounds in the plant extract are responsible for reducing ions to iron oxide,
confirming the formation of Fe3;O4 NPs.?’ The diffraction peaks for the plant extract appeared at 30.32°,
35.73°, 43.41°, 53.95°, 57.36°, and 63.06°, corresponding to the planes (220), (311), (400), (422), (511),
and (440), respectively. The obtained peak positions were nearly equal to the previously reported
values.?! From the obtained diffraction peaks positions, the synthesised NPs of Fe;O4 have a cubic phase
and are well matched with the standard magnetite XRD pattern with JCPDS No: 00-019-0629. No
additional peaks were observed, further confirming the pure, crystalline nature of Fe3Os, indicating the
plant-derived phytochemicals are effectively involved in the formation of NPs. The peak with the highest
intensity was observed at 35.73°, corresponding to the phase formation of magnetite. The crystallite size
of the particles is calculated using the Debye-Scherrer formula.?

" BrucosB M

Where D is the crystallite size, k is the crystalline shape factor with Scherer constant=0.9, A is the
wavelength of x-rays (0.154 nm, h, k, 1 are the Miller indices of the lattice planes, [is the half-diffracted
angle of the peak, and B is the FWHM. Using the above equation, the average crystallite size was 14.37
nm for OSL, which is close to the previously reported value?}, where Fe;O4 NPs were synthesised using
Couroupita guianensis Aubl. fruit extract. The Uniform Deformation Model is applicable for determining
crystallite size and strain through the Williamson-Hall model. According to the W-H method, both
crystallite size and strain contribute to the widening of diffraction lines. The broadening effect, resulting
from strain due to defects and distortions in the crystal, was assessed using a specific formula given by:
B
€= 4 tan@ (2)

The broadening caused by lattice strain varies with tan8; the broadening of diffraction lines attributed to
crystallite size is directly related to 1/cosf. The combined effect of the sample's strain and crystallite size
is the total peak broadening and is given by,

B = Bp + Be 3)
After correcting the instrumental broadening, B represents the width at half of the maximum intensity.
Using and rearranging equations (1) and (2), we get,

kA
Bhk|cose=3+483in8 (4)

The above equation is the same as a linear equation, which is Y = mX + C, where C stands for the Y-
intercept and m for the slope. The plot was plotted against 4sinf on the X-axis and B cosf on the Y-axis,
as shown in Fig. 2 (e). The Y-intercept of the linear fit yields the crystallite size (D), and the slope of the
line gives the strain €. From the W-H plot, the crystallite size and strain are obtained as 8.31nm and
0.0789. The obtained values from the W-H plot are lower than the previously reported values.?* The
different variables related to lattice strain and instrumental broadening in the Scherrer and W—H methods
are responsible for the variance in crystallite sizes.

Field-Emission Scanning Electron Microscopy (FESEM)

It is used to study the surface morphology and size of the synthesised Fe;O4 Nps. Figures-2(f) and 2(g)
show the morphology of the synthesised FesO4 NPs using Oxalis stricta extract, where the nanoparticles
exhibit rough and cauliflower structures and a histogram image. This rough, cauliflower-like surface
texture is commonly observed during the synthesis of iron oxide Nps due to the presence of biomolecules
in the plant extract, which act as reducing and stabilising agents.?> The formation of larger aggregates
may be due to drying or to natural particle affinity. The distribution of the size of the synthesized Nps
was roughly estimated using Image] software and ranged from 100 nm to 120 nm, and the obtained
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values were approximately close to previously reported values.?® The formation of nanoparticles indicates
that the photochemical compounds in the plant extract were responsible for efficient nucleation and
development.

Morphological analysis using scanning electron microscopy (SEM) offered valuable insights into the
structural characteristics of the nanoparticles. The surface texture observed highlights the influence of
phytochemical capping agents present in the leaf extract of Oxalis stricta. This biofunctionalisation of the
surface helps stabilise the particles and may enhance their biological activity.
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Fig. 2: (a) XRD Patterns of Fe3O4 -OSL NPs with the Standard XRD Pattern of JCPDS No: 00-019-0629. (b) FTIR

Spectra of Synthesized Fe3O4 NPs from Oxalis Stricta Leaves Extract (FesO4 -OSL). (¢) UV Spectra of Fe304-OSL

NPs. (d) Tauc Plot Spectra of FesO4-OSL NPs. (¢) W-H plot of Fe304-OSL NPs. (f) FESEM images of the Fe3Os-
OSL NPs, with EDAX Spectra Showing Different Elemental Compositions. (g) Histogram of Fe3O4-OSL NPs

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR studies provide information about the functional groups present in the sample and further confirm
the formation of nanoparticles. Figure-2(b) shows the FTIR spectra of the Fe;O4 NPs synthesised using
the OSL extracts. The spectra show vibrational bands attributed to various functional groups and confirm
the formation of FesO4 nanoparticles, with capping attributed to phytochemicals in the plant extract. The
peak observed at 587 cm™! for OSL-Fe304%7 corresponds to the Fe-O stretching vibration, confirming the
formation of magnetite Nps. The peak at 933 cm™! was assigned to C-H bending vibrations, indicating the
presence of plant-derived organic compounds adsorbed on the nanoparticles' surface. The stretching
vibrations of carboxylate groups (COO") were observed at 1433 cm!, suggesting the involvement of
carboxyl and carbonyl-containing phytochemicals in stabilising the nanoparticles. A weak absorption
peak at 2376 cm’! in the extract was assigned to nitrile (C-N) groups, indicating the presence of nitrogen-
containing compounds in the plant extract. A weak peak at 2950 cm™ was assigned to the stretching
modes of C-H bonds, indicating the presence of organic molecules. The peaks at 3340 cm™! are attributed
to O-H stretching vibrations, and the peak at 3784 cm™! for the sample indicates hydroxyl groups from
phenolic compounds.?® Based on the FTIR observations, the study concludes that the plant-mediated
phytochemicals play an important role in the bio-generation of Fe,Os nanoparticles, thus adding more
credibility to the results. Their potential to possess strong antibacterial activity makes these nanoparticles
more suitable and useful in biological (medical), environmental applications.

UV-visible Spectroscopy (UV-Vis)

UV-Vis spectroscopy was used to study the optical properties and to find the band gap of the synthesised
nanoparticles. Figure-2(c) shows the UV- visible spectra of the synthesised Fe;O4 nanoparticles using the
OSL extract between 250 nm and 800 nm. The spectrum shows a prominent peak at 397 nm for Fe;O4
synthesized from the OSL extract, indicating the molecular transitions of Fe3O4 nanoparticles. This peak
was assigned to the electronic transitions between Fe?" and Fe** ions in Fe3Os (magnetite) and further
confirmed the formation of Nps. The peak at approximately 570 nm for OSL- Fe3Os may be due to the
phytochemicals present within the plant extract. The decrease in absorption is typical for metal oxide
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nanoparticles, indicating no further absorption in the visible to near —infrared region. Electronic
transitions play an important role in optical absorption. This depends on the energy gap values. The Tauc
equation was used to determine the energy gap values. This is given by the equation ah® = Ah¢ —
E )" * where ‘a’ is the absorption coefficient, h(} is energyA is a constant, h is Planck's constant, Eg

is the energy gap, and n is a constant that takes the values of n=1/2 and n=2 for direct and indirect
allowed transitions. In the synthesised FesOs nanoparticles using OSL plant extract, mostly the
transitions are indirect electronic allowed transitions that take place between O to Fe3*. Therefore, the
value of n should be taken as 2. The Tauc graph was plotted against energy (hv) on the X-axis and (chv)?
on the Y-axis, as shown in Fig.-2(d). The energy gap is calculated by extrapolating the line from the
graph to the X-axis. From the graph, the obtained energy gap value of 2.77 eV is approximately equal to
the previously reported value?® for Fe3O4 synthesised from the OSL extract. The formation of Fe;O4 Nps
is confirmed by the characteristic optical absorption properties observed in the UV-Visible spectroscopy
results. The wide absorption seen in the range of UV—-visible bands is explained by the presence of Fe?*
and Fe’* ions in the spinel crystal structure. The resulting band gap indicates that the nanoparticles have
good optical characteristics for use in the field of photocatalysis, environmental purification, sensing and
biomedical technologies. In addition, the results of the UV-VIS spectral analysis show that the
phytochemicals extracted from the plant actively participate in the green synthesis process, which leads to
the stabilisation and reduction of the Fe3O4 Nps.

Antifungal Activity

The antimicrobial properties of nanoparticles arise from their tiny size and high ratio of surface area to
volume, which effectively envelops the microorganism and limits oxygen availability for respiration. The
inhibitory effects of nanoparticles result from the induction of oxidative stress, the release of metal ions,
and mechanisms that do not rely on oxidation. Oxidative stress is caused by the formation of various
reactive oxygen species, including superoxide (O2"), hydroxyl radicals (-OH), singlet oxygen (O2), and
hydrogen peroxide (H202). Metal oxide nanoparticles have the capability to release metal ions that
penetrate through the cell membrane, where they engage with proteins and nucleic acids, causing
disruptions in enzyme activity. The antimicrobial properties of iron oxide nanoparticles are associated
with their capacity to generate reactive oxygen species (ROS), which cause oxidative stress and harm
proteins and DNA in microorganisms. As a strong reducing agent, iron aids in the degradation of
functional groups in membrane proteins and lipopolysaccharides. Furthermore, iron nanoparticles trigger
oxidation through intracellular oxygen, resulting in oxidative harm via the Fenton reaction.’*3! These
nanoparticles can penetrate compromised membranes, leading to additional damage and ultimately cell
death. The mechanism is shown in Fig.-3(a).In this study, the antimicrobial activity of green-synthesised
Fe;O4 NPs against different fungal and bacterial strains was investigated at different concentrations
(Opg/ml,62.5 pg/ml, 125 pg/ml,250 pg/ml,500 pg/ml, 1000 pg/ml) of FesOs NPs. In this study, 4. niger, T.
aspratum, S. aureus, and E. faecalis were used as pathogenic fungal and bacterial strains. This report
contradicts previous results, as the synthesized Nps did not show any antibacterial activity but showed
antifungal activity at different concentrations in micrograms per millilitre. From the results, it is observed
that synthesised Fes;Os NPs show more antifungal activity for A. Nigar strain as compared to T.
Asperellum strain, and the zone of inhibition starts from 125 pg/ml for the OS leaves plant extract shown
in Fig. 3 (b) and (c). Figure-3(d) shows the increase in zone size(mm) against 7. Asperellum bacteria and
A. Nigar. However, the obtained results are less than the standard PC values, which may be due to their
morphology, and the activity may increase by increasing the concentration of the catalyst.

Photocatalytic Activity- Methylene Blue (MB)

This study investigated the photocatalytic efficiency of green-synthesised FesOs Nps for the degradation
of MB dye under UV radiation. From the Tauc plot, the energy gap of the green-synthesised Fe3O4
nanoparticles was 2.77 eV. Because the band gap is narrow, the FesO4 nanoparticles are able to absorb a
sufficient portion of the energy from the UV-Vis source and generate the radicals that degrade the dye.
The absorption was carried out by adding 0.05 g of synthesised Fe3Os nanoparticles to 50 mL of
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Methylene Blue solution at a concentration of 50 ppm, under stirring under a UV-Vis source and by
collecting the samples every 20 min.
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Fig.-3-(a) Basic Mechanism of Antifungal Activity of Fe304 NPs Nanoparticles, (b) and (c) illustrate the Inhibition
Zones for synthesised Fe304 NPs OSL Extract when Tested against T. Asperellum bacteria and 4. Nigar. (d) Depicts
the Differences in Zone Size, measured in mm, for 7. Asperellum Bacteria and 4. Nigar.

Before the irradiation of the source, the suspension was stirred in the dark for 1 h to establish adsorption-
desorption equilibrium. Then, the UV source was switched on, and this time point was denoted as T=0
min. A suspension of 4-5mL was collected every 20 min, and the collected sample solution was
immediately centrifuged to separate the catalyst. The clear solution was analysed using UV-Vis
spectroscopy, and a decrease in the absorption peak of Methylene Blue at Amax = 560 nm was observed.
The Proposed mechanism is shown in Fig.-4(a).

Mechanism

Photoexcitation

Due to absorption of light energy by the Fe304 catalyst, an electron-hole pair is generated in the
conduction and valence bands.

Fe;04+hv —e_, +hl,
Reduction reactions
The electrons in the conduction band reduce oxygen, generating reactive oxygen species (ROS).
ecp +02— 037
«O; +H*— «HO,
«2HO,—- H,0,+0,
H,0,+e,5,—+*OH +OH~

Oxidation reactions
The holes formed in the valence band oxidise water or hydroxide ions into reactive hydroxyl radicals.

h";B +H,0 - H”" ++«OH
+ —
h,g +OH™ - «OH
Dye Degradation

Both radicals attack the structure of methylene blue, reducing it to smaller structures called intermediates,
which are further converted into carbon dioxide and water, along with inorganic gases.

MB ++0H (or) «O3 — intermediates —» CO, + H ,0 +inorganic ions"
The degradation efficiency percentage can be calculated by using the following equation:2*

C
D(%) ="C—fx 100
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Where C o1s the initial concentration of the solution, and C f is the concentration of the solution at time t.

The UV-Vis absorption spectra of the Fe;O4 NPs synthesised from the OSL extracts of MB dyes and the
amount of degradation with time are shown in Fig.-4 (b) and 4(d). According to the graph, the peak
intensity of the plant extract at 560 nm corresponded with the strong absorption peak of the MB dye
solution, and the peak intensity gradually decreased. A kinetic study was performed to determine the rate
constant for the reaction between methylene blue dye and Fe;O4 nanoparticles. A pseudo-first-order
reaction occurred during the catalytic reduction of the dye molecules. The experimental data were

c
applied to the equation log C—f =K ,,,t*", where kapp is the fitted pseudo-first-order model rate constant.
o

A plot of In(Co/Cy) versus time is shown in Fig.-4(c), accounting for the reaction order. The MB reduction
rate constant is shown by the slope of the fitted line in the graph. The rate constant for MB degradation
was estimated to be 0.0066. The photocatalytic activity confirms the catalytic capacity of the synthesised
FesOs4 nanoparticles to remove organic dye contaminants under light irradiation. The results for
degradation efficiency and the degradation rate constant indicate that the nanoparticles are promising
photocatalysts for water purification and environmental cleanup. This behaviour is explained by
photocatalytic activity, which generates reactive oxygen species (ROS) in the aqueous medium, thereby
oxidising and decomposing the dye molecules into less harmful products.

absorbance (a.u)

50
wavelength (nm)

log(CCy)
degradation (%)

20 40 60 80 100 120 140 160 180 200 & 20 40 80 100 120 140 160 180 200
Time ( Minutes) Time (Minutes)

Fig.-4: (a) Possible Explanation for the Photocatalytic Breakdown of MB. (b) Time-Dependent Absorption Spectra
of MB in the Presence of the Catalyst. (c) MB Photodegradation Kinetics for OSL. (d) Degradation (%) of MB over
Time

CONCLUSION

This study successfully showcased the eco-friendly synthesis of Fe3Os4 Nps using Oxalis stricta leaf
extract and ferric nitrate as precursors. The synthesised nanoparticles, characterised by XRD, FESEM,
FTIR, and UV-Vis, exhibited a cubic phase with a crystallite size of 6.5 nm and a cauliflower-like
morphology. The presence of phytochemicals in the OSL extract played a role in the formation and
stabilisation of the nanoparticles. The phytochemicals in Oxalis stricta effectively reduced Fe** ions and
stabilised the FesO4 NPs. Importantly, these green-synthesised Fe;O4 NPs displayed promising antifungal
activity against Aspergillus niger and Trichoderma asperellum starting from 125 pg/mL and exhibited
efficient photocatalytic degradation of methylene blue dye under UV radiation, following pseudo-first-
order kinetics with a rate constant of 0.0066 min™'. This work highlights Oxalis stricta as a viable,
sustainable bioresource for the production of functional Fe3O4 nanoparticles with potential applications in
environmental remediation and biomedicine.
The above study demonstrated that green synthesis of Fe3O4 nanoparticles is an environmentally benign
and sustainable approach. Their strong antibacterial and photocatalytic abilities highlight potential for
biomedical and environmental uses, supporting Sustainable Development Goal-3 (Good Health and Well-
being).
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