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Abstract: Among various metal and metal oxide nanoparticles, iron-oxide nanoparticles (IONPs)
have been more widely used for the degradation of harmful organic dyes and the inhibition of
microbial growth; on the other hand, it positively affects mammalian cells. Green synthesis of
IONPs has piqued the interest of researchers because it improves stability and is an environmentally
friendly method of avoiding the use of harmful chemicals as a reducing agent. In this study, IONPs
were synthesized using Psidium guajava leaf extract, which was further applied for its industrial
dye degradation and anti-microbial activities. UV–visible spectroscopy, FTIR, XRD, XPS, EDX, FE-
SEM, HR-TEM, and Zeta potential analysis were used to characterize the synthesized nanoparticles.
The synthesized IONPs managed to degrade methylene blue (MB) and methyl orange (MO) in the
presence of H2O2. The degradation efficiency was 82.1% in 95 min and 53.9% in 205 min for MB
and MO, respectively. Likewise, the synthesized IONPs showed good anti-bacterial activity with
a ZOI of 13 mm for both Shigella sonnei and Staphylococcus aureus gram-positive bacteria. Similarly,
they demonstrated good anti-fungal activity with ZOI of 15 mm and 13 mm for Candida tropicalis
and Candida albicans, respectively. Thus, the IONPs can combat harmful organic dyes, and they can
terminate the pathogenicity of several human pathogens.

Keywords: anti-microbial activity; dye degradation; green synthesis; iron oxide nanoparticles;
Psidium guajava

1. Introduction

In the current scenario, the nanotechnology field is fledgling daily with paramount im-
portance due to its new developments and wide range of applications. Metal nanoparticles
with a high specific surface area and a high fraction of surface atoms have been extensively
studied due to their unique physiochemical properties, which include electronic magnetic,
catalytic, optical, anti-corrosion, and anti-microbial activities [1–4].

Magnetite (Fe3O4) and maghemite (γ-Fe2O3) have been the two most studied iron
oxides [5]. Iron oxide nanoparticles (IONPs) are found in the environment naturally as
particulate matter in air pollution and volcanic eruptions. Particles of Fe3O4 (magnetite) or
γ-Fe2O3 (maghemite) can be generated as emissions from traffic, industry, and power plants,
but they can also be chemically synthesized for a wide range of applications [6–8]. Magnetic
behavior is an essential parameter in the design and synthesis of super-paramagnetic IONPs
to maximize their application potential. Moreover, IONPs are easy to synthesize, low-cost,
and versatile materials.

A green approach has received much attention for synthesizing metal oxide nanopar-
ticles because of its convenience of use and underlying safety [9]. IONPs have sparked
much interest recently, as they can be quickly recovered from reaction mixtures by applying
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an external magnetic field. Although many chemical and physical synthesis methods are
known, green synthesis is safer, more sustainable, and biologically acceptable. The primary
biological materials used in the green synthesis are plants and microbes. Additionally,
these biomaterials play the role of stabilizing, reducing, capping, and fabricating agents in
the green synthesis of nanoparticles [10].

Psidium guajava (commonly known as guava) is a well-known tropic tree widely
grown for its fruit. It is a member of the Magnoliophyta phylum, Magnoliopsida class,
and Myrtaceae family [11]. Psidium guajava and its different parts have great medicinal
value. Leaves and bark have a considerable content of anti-microbial and anti-bacterial
compounds [12]. The stem’s ethanolic extracts have potent anti-diabetic properties. Among
the many antioxidants and phytochemicals found in guava are polysaccharides, minerals,
essential oils, vitamins, and triterpenoid acid, including tannins, flavonoids, alkaloids,
steroids, glycosides, and saponins [13]. Guava contains more vitamin C and A than other
fruits, and guava also contains pectin, which is a type of dietary fiber. Current research
focuses on the phytochemistry and medicinal value of Psidium guajava (guava) in light of
its historical context, essential ingredients, and common uses [14].

IONPs are effective photocatalysts absorbing visible light. TiO2, a frequently used
photocatalyst due to its broad band-gap of 3.2 eV, absorbs UV light with wavelengths
of 380 nm (covering just 5% of the solar spectrum). While Fe2O3, an intriguing n-type
semiconducting material with a band-gap of 2.2 eV, is a good candidate for photodegrada-
tion under visible light conditions, making IONPs more effective than TiO2 [15]. IONPs
superior photocatalytic performance over TiO2 can be due to the significant production of
electron-hole pairs caused by the narrow band-gap irradiation [16]. Due to their enhanced
photocatalytic action, various Fe (III) oxide species, including Fe2O3 and -FeOOH, have
been proposed to degrade organic pollutants and lessen their toxicity [17]. IONPs can
even be used for the adsorption of dyes [18]. IONPs are one of the potential materials for
photocatalytic application [19] due to their narrow band gap [20], chemical stability, high
surface area and absorbing light up to 600 nm, and effective electrons excitation of FeO
from the valence band to the conduction band [21]. IONPs can act in Fenton processes as
precursors of Fe ions and as photocatalysts under visible light since they have a lower band
gap (2.2 eV) [22]. Hence, IONPs can be used as Fenton-like oxidants for degrading dyes
like methylene blue and methyl orange (Figure 1). The photocatalytic degradation of dyes
makes nanoparticles effective for bio-remediate use.
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The IONPs have found widespread use in a variety of biomedical fields. Iron is a
key microelement that plays a vital role in the function of different hierarchies of living
systems. The abundance of iron and its physiological functions call into question the ability
of iron compounds at the same concentrations to inhibit microbial growth while positively
affecting mammalian cells. Several studies have demonstrated the anti-microbial activity
of IONPs against gram-negative and gram-positive bacteria and fungi. Several studies
have shown that IONPs are not toxic to eukaryotic cells. It raises the prospect of IONPs
being considered potential anti-microbial agents of the next generation, with anti-microbial
activity and high biocompatibility with the human body [23]. Iron performs a variety of
biological functions in living organisms. Despite its functions in living organisms, it can
catalyze the Fenton reaction and reactive oxidation species (ROS) to damage DNA, lipids,
and proteins [24–26].

Moreover, the presence of hydroxyl radicals in the Fenton system is also responsible
for organic dye degradation. The hydroxyl radical generated by ferrite ion attacks organic
dyes resulting in its degradation [27]. Likewise, IONPs exhibit anti-microbial activity by
damaging bacterial cells through the same mechanisms. The ROS, in turn, has a genotoxic
effect, causing DNA molecules to be damaged [25]. The ability of nanoparticles with
small sizes to inhibit DNA replication by inactivating topoisomerase is also found in many
cases [28]. IONPs are magnetic as well as paramagnetic. Super-paramagnetic IONPs are
another name for Fe3O4 NPs with high paramagnetic activity. They cause cell death and
biofilm destruction in the presence of alternating magnetic fields due to vibration damage,
local hyperthermia, and ROS generation. All the above-mentioned factors result in bacterial
dissociation from a biofilm, bacterial cell wall damage, membrane rupture, and death [23].

Herein, we report the green synthesis, dye degradation potential, and anti-microbial
activities of biofunctionalized IONPs from Psidium guajava leaves extracts. Green synthe-
sized IONPs dye degradation potential was studied for methylene blue and methyl orange.
Similarly, the IONPs also showed good anti-bacterial activity in vitro against Shigella sonnei,
and Staphylococcus aureus and good anti-fungal activity in vitro against Candida tropicalis
and Candida albicans.

2. Results and Discussion

The color change immediately after adding the plant extract to the iron salt solu-
tion confirmed the formation of IONPs. In a matter of seconds, the color of the mixture
changed from transparent yellow to black, demonstrating the synthesis of iron nanoparticles
(Figure S1). The IONPs dark color was caused by surface plasmon excitation vibrations [29].
This was confirmed by the appearance of two absorption bands at about 255 nm and 328 nm
(Figure 2a), which is very similar to what has previously been reported for IONPs [30,31].
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The FTIR analysis of the synthesized sample (400–4000 cm−1) confirmed the synthesis
of IONPs and the presence of various reducing agent functional groups present in the plant
extract (Figure 2b). The absorption peaks for IONPs were 572, 1745, and 3345 cm−1, and
for Psidium guajava extract were 1687 and 3575 cm−1; these peaks were almost in line with
prior literature [32]. The band at 3575 cm−1 is attributed to the O-H stretching vibration of
alcohol and phenol compounds. In comparison, the bands at 1680–1750 cm−1 are attributed
to the C=O stretching mode of carbonyl functional groups in ketone esters and acids [33].
During the formation of IONPs, the carbonyl band at 1687 cm−1 was shifted to 1745 cm−1.
The shift in bands at 1745 cm−1 indicated carboxylic acid coordination with IONPs, while
572 cm−1 is attributed to FeO, as reported in the literature [34].

The magnitude of zeta potential is an important parameter for explaining the stability
of a colloidal nanostructure system, where a larger magnitude of negative or positive zeta
potential indicates a stable suspension due to repulsive forces, which in turn depends on
the nature of the dispersant, i.e., pH, as well as other factors such as conductivity and
concentration [35]. Nanoparticles with zeta potentials greater than +30 mV or less than
−30 mV are remarkably stable in the dispersion medium [36]. Figure 2c depicts the zeta
potentials of IONPs at various pH values. The zeta potential indicates the dispersion stability
of particles in colloids. The IONPs zeta potentials varied between 63.71 mV and −36.46 mV.
The IONPs zeta potential decreased as the pH increased from two to eight, while the point
of zero charges (PZC) was observed around pH five to six. These findings indicated particle
aggregation would occur when the pH was near neutral, and these IONPs are stable at pH
above 10. This result is coherent with previously reported works of the literature [37,38].

FE-SEM provided further insight into the morphology and size details of the IONPs.
The morphology of the synthesized nanoparticle is shown in Figure 3a. The figure shows
that the as-synthesized nanoparticles are not uniform and, in some cases, agglomerated. The
large agglomerated clusters were formed due to the accumulation of tiny building blocks
of various bioactive reducing agents in plant extract or as a result of the plant extract’s
lower capping ability and the agglomeration tendency of the iron-based nanoparticles due
to magnetic interactions. The elemental composition of the sample was analyzed by EDX
analysis. The EDX analysis in Figure 3b clearly shows the presence of the K-α at 6.4 keV
due to Fe atoms present in the nanoparticle and K-α lines at 0.6 keV from O atoms. Similar
results were also obtained by another study [39]. Other tiny peaks, such as K-α 0.25 keV, are
due to adventitious carbon and oxygen that are commonly observed even without sample
loading [40]. The percentage of weight present under the irradiated areas was 34.8% and
65.2% for oxygen, and iron, respectively.
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at the C 1s, N 1s, O 1s, and Fe 2p core levels, which are the most indicative for the in-
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terpretation. The XPS spectra of the synthesized product are shown in Figure 4a. The
photoelectron peaks at 709.49 and 723.08 eV correspond to the binding energy of Fe2+ and
Fe3+, respectively (Figure 4b), and are consistent with the oxidation state of Fe in FeO and
Fe3O4. Similarly, the deconvoluted 1s spectrum of oxygen demonstrated valuable informa-
tion regarding the chemical states of oxygen linkage in IONPs. The photoelectron peak at
528.69 eV is comparable to that observed in the literature as X=O (where X can be any active
component in the biomolecule) and may be a by-product generated during the biosynthesis
of IONPs using Psidium guajava leaves extracts. The photoelectron peak at 530.46 eV is
attributed to lattice oxygen (O in Fe-O-H), whereas the photoelectron peak at 534.62 eV
corresponds to Fe-O (Figure 4c). These results resemble previous studies [41–44]. As XPS
spectra can identify the interaction between plant extract and IONPs, the deconvoluted
photoelectron peaks at 284.38 and 288.34 eV correspond to C-N and C=O, respectively,
in C 1s spectrum (Figure 4e). Moreover, the deconvoluted photoelectron peaks at 398.38,
403.08, and 407.85 eV correspond to N-C, graphitic nitrogen, and cellulose nitrogen, re-
spectively, in the N 1s spectrum (Figure 4d). This also indicates the chemical bonding of
phytochemical elements to the IONP surface, and these results resemble previous works
of literature [44,45]. Thus, IONPs were coated with phytochemical constituents obtained
from plant extract, which is supported by this chelation demonstration.
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The crystalline structure of biosynthesized IONPs using a Psidium guajava extract was
also confirmed by XRD analysis. The XRD pattern of the IONPs is shown in Figure 5a. The
figure shows five distinct peaks at 2θ values of 31.68◦, 32.56◦, 35.15◦, 45.46◦, and 56.49◦

with corresponding lattice plane values at (111), (220), (311), (400), and (422), respectively.
Furthermore, all these diffraction peaks are in good agreement with the database of stan-
dard JCPDS Card number 00-019-0629. Hence, this confirms the cubic crystallinity of the
synthesized IONPs [46]. In addition to this, these values are consistent with the previously
reported results [44,47]. Besides this, other characteristic peaks may be due to the crystalline
nature of the bio-organic phase (capping agent) on the surface of IONPs. The average
crystallite size was 21.75 nm using the Debye–Scherrer equation (Table S2).
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Figure 5b depicts a TEM image of the synthesized IONPs. The grain size distribution
was determined by taking the mean diameter of about 100 particles on the nano-graph.
HR-TEM indicates the average grain size of nanoparticles to be 12.64 nm. The nanoparticles
are almost cubic and partly spherical, which agrees with the above XRD analysis. Moreover,
the selected area electron diffraction (SAED) pattern (Figure 5c) recorded from an area
containing numerous nanoparticles reflects cubic crystallinity indexed as (111), (220), (311),
(400), and (422), which is in agreement with XRD result as well. The given particle size
obtained from the TEM analysis could be due to the nanoparticle’s wide size distribution.

To decide if the synthesized IONPs can be utilized for the oxidative degradation of
MB, the IONPs were utilized as the heterogeneous Fenton-like oxidants for the degradation
of MB in an aqueous medium. The generation cycle of hydroxyl radicals in the Fenton
system can be represented as below:

Fe2+ + H2O2 → Fe3+ + OH− + OH• (1)

Fe3+ + H2O2 → Fe2+ + H+ + OOH• (2)
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Equations (1) and (2) show that ferrous ions initiate the reaction, resulting in the
production of hydroxyl radicals, which then attack and degrade the MB [27]. Here are the
generated OH• radicals. Attack bonds in the MB might be in solution or sorbed on the
IONPs surface. As mentioned in the literature, there will be no significant degradation
with H2O2 alone [48,49]. However, when IONPs were added with H2O2, the color of MB
vanished with a degradation efficiency of 82.1% after 95 min (Table S3). No significant
changes were seen after 95 min. The red shift of the spectral band of MB occurred from
621 nm to 630 nm after incubating for 5 min in an aqueous solution of IONPs and H2O2
(Figure S2). This shift may be attributed to MB protonation [27]. MB was thus oxidized and
decolorized via a Fenton-like reaction in which IONPs provided ferrous ions, leading to its
degradation (Figure 6a). Similar results were obtained by Guidolin and co-workers [22],
in which authors prepared IONPs by sol-gel method. Moreover, Ardakani and fellow
researchers demonstrated that green-synthesized IONPs could show promising results for
organic dye degradation [48].
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In the similar manner mentioned above, synthesized IONPs were utilized for oxidative
degradation of MO. The IONPs were utilized as the heterogeneous Fenton-like oxidants
for the degradation of MO in an aqueous medium. When IONPs were added with H2O2,
the color of MO vanished with a degradation efficiency of 53.94% after 205 min (Table S4).
After 205 min, no appreciable change was observed. The red shift of the spectral band of
MO occurred from 465 nm to 470 nm after incubating for 5 min in an aqueous solution of
IONPs and H2O2 (Figure S3). This shift may be attributed to MO protonation and azonium
ion formation [27]. MO can be oxidized and decolorized using a Fenton-like reaction with
IONPs as a source of ferrous ions. A combination of IONPs and H2O2 can produce free
hydroxyl radicals, as shown in Equations (1) and (2). These radicals can decompose MOs
azo bond (-N=N-), resulting in the decolorization of dye-contaminated aqueous media [48].
MO was thus oxidized and decolorized, leading to its degradation (Figure 6b). It was found
that MB degradation occurred at a faster rate than that of MO. The by-products during
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the degradation of MO, i.e., azo bond (-N=N-), were more durable and harder to cleave,
which is why they degraded at a slower than that of MB [50]. Our results were found to be
coherent with previously reported research. Ardakani and fellow researchers demonstrated
that green synthesized IONPs show a suitable catalyzing property in the degradation of
methyl orange [48]. Muthukumar and Matheswaran demonstrated that green-synthesized
IONPs show better MO degradation than chemically synthesized IONPs [51].

The anti-bacterial activity of IONPs was studied using the diffuse disc method against
Gram-positive (Staphylococcus aureus) and Gram-negative bacteria (Shigella sonnei and
Escherichia coli). The biosynthesized IONPs showed better anti-bacterial activity (based on
the zone of inhibition) against Staphylococcus aureus and Shigella sonnei (Figure 7a). When
comparing Shigella sonnei and Staphylococcus aureus, IONPs showed equal anti-bacterial
activity, i.e., ZOI of 13 mm. However, in the case of E. coli, IONPs did not show anti-bacterial
activity (Table S5) (Figure 7b). These findings agree with results reported elsewhere [52–54].
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The anti-fungal activity of IONPs was studied using the Agar Well Disc Diffusion
method against Candida tropicalis and Candida albicans. The biosynthesized IONPs showed
anti-fungal activity (based on the zone of inhibition) against C. tropicalis than C. albicans
(Figure 8a). When comparing C. tropicalis and C. albicans, IONPs showed more anti-fungal
activity, i.e., ZOI of 15 mm in the case of C. tropicalis, whereas, for C. albicans, it showed
ZOI of 13 mm (Table S6) (Figure 8b). These findings hold good agreement with results
published elsewhere [55,56]. Previous research has identified two possible mechanisms
for the interaction of nanoparticles with bacteria and fungi. One of them is the increased
production of reactive oxygen species (ROS), such as hydroxyl radical’s percent (OH−),
singlet oxygen (O2*), and hydrogen peroxide (H2O2) [57]. Electron-hole pairs are formed
when IONPs with defects are activated by UV or visible light. The holes can split H2O
molecules into OH− and H+. Electron addition converts dissolved oxygen molecules to su-
peroxide radical anions (O2). The free radicals O2

− and OH− produced in the reactions can
depolymerize polysaccharides, cause DNA strand breaks, initiate lipid peroxidation, and
inactivate enzymes, leading to cell death [54]. Another plausible mechanism is nanoparticle
binding to cell membrane proteins via electrostatic interactions, or nanoparticle accumula-
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tion in the cytoplasm or periplasmic region, disrupting cellular function and membrane
disruption and disorganization [54].
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3. Materials and Methods
3.1. Plant Extract Preparation

The plant extract was prepared following our previously reported method [9]. In
short, fresh leaves of Psidium guajava were collected from the open spaces of the Hetauda,
Makawanpur District, with geographical distribution (27◦40′31.96” N, 85◦07′13.31” E). The
collected leaf was rinsed adequately with running tap water, followed by distilled water,
then dried at room temperature in the shade for two weeks. An electrical blender was used
to grind the air-dried leaves into powder, and they were stored in polyethylene bags for
future use. The leaf broth solution was prepared by adding 10 g of the final powder sample
and 100 mL of distilled water. A magnetic stirrer stirred the solution at 60 ◦C for 45 min.
After cooling, they were filtered through standard filter paper and Whatman Filter Paper
No. 1. The filtrates were used for experiments, and the remaining extract was stored at
40 ◦C for further experiments.

3.2. Biosynthesis of Iron Oxide Nanoparticles

50 mL of the Psidium guajava leaves extract was added dropwise to FeCl2·4H2O and
FeCl3·6H2O solutions (50 mL each), which were prepared considering a 1:2 molar ratio,
respectively, at room temperature. Afterward, 1 M NaOH was added until the pH reached
11. After 30 min of stirring with a magnetic stirrer, the formation of a black-colored solution
confirmed the synthesis of IONPs [58]. The nanoparticles were separated by centrifugation
at 8000 rpm for 20 min and then washed 2–3 times with distilled water. Finally, the NPs
were dried in a hot air oven at 80 ◦C for 3 h before being stored in a seal-tight container for
future use. The synthetic protocol is given in Figure 9.
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3.3. Dye Degradation Assay

The dye removal potential of IONPs was evaluated using methylene blue (MB) and
methyl orange (MO) dyes. In a typical procedure, 25 mg of MB and MO were dissolved
in 250 mL of distilled water to make a stock solution. Then, 20 mL of dye solution was
ultrasonically mixed with 1 mg of IONPs and 0.5 mL of H2O2. Following that, 4 mL of each
mixed solution was used at specific time intervals to assess the photocatalytic degradation
of dye, i.e., in the presence of sunlight. A UV–Vis spectrophotometer was used to track the
progress of the reaction by measuring the absorbance maxima of the resulting solution at
different time intervals. The dye degradation efficiency was calculated as:

Efficiency (%) =
Ao− A

Ao
× 100

In this equation, efficiency (%) shows dye degradation efficiency, Ao denotes ab-
sorbance of dye solution at zero time, and A denotes absorbance of dye solution in suspen-
sion after time t [59].

3.4. Anti-microbial Activity of IONPs

The anti-microbial activities of IONPs resulting from the Psidium guajava extract were
evaluated using the Agar Well Disc Diffusion Method [60]. For anti-bacterial analysis, the
new culture of test organisms (Shigella sonnei, Staphylococcus aureus, and Escherichia coli)
was spread on the MHA plate using a sterile cotton swab. IONPs (20 µL, 25 mg/500 µL),
neomycin (1 mg/mL, positive control), and 50% DMSO (negative control) were all loaded
separately onto the sterile blank anti-microbial susceptibility discs, which were later placed
on the MHA plate and incubated at 37 ◦C for 18–24 h. After proper incubation, the zone of
inhibition (ZOI) was measured, and the results were recorded.

Similarly, for anti-fungal analysis, the new culture of test organisms (Candida tropicalis
and Candida albicans) was spread on the PDA plate using a sterile cotton swab. IONPs (20 µL,
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25 mg/500 µL), clotrimazole (1 mg/mL, positive control), and 50% DMSO (negative control)
were all loaded separately onto the sterile blank anti-microbial susceptibility discs, which
were incubated at 37 ◦C for 18–24 h. After proper incubation, the zone of inhibition (ZOI)
was measured, and the results were recorded.

4. Conclusions

The present study ascertained that using Psidium guajava extract as a reducing and
capping agent in the green synthesis of IONPs has advantages, such as ease of availability,
eco-friendliness, and economic viability. Secondary metabolites were in charge of green
IONP synthesis. More research is required to pinpoint the precise mechanism and fathom
the entire process of green IONP synthesis. Systematic characterization with UV–Vis, FTIR,
XPS, XRD, FE-SEM, EDX, HR-TEM, and Zeta potential confirmed the green synthesis of
IONPs using Psidium guajava extract. IONPs demonstrated excellent photocatalytic organic
dye degradation efficiency of 82.1% and 53.9% in 95 min and 205 min for methylene blue
and methyl orange. In vitro, the IONPs also demonstrated good anti-bacterial activity
against Shigella sonnei and Staphylococcus aureus.

Similarly, it demonstrated good anti-fungal activity in vitro against Candida tropicalis
and Candida albicans, paving the way for topical administration against these bacteria and
fungi infections. Organic dyes produce hazardous defects that can be nullified using IONPs.
Furthermore, the leaves of Psidium guajava may be helpful in nanotechnology.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12101188/s1, Chemicals and reagents, various characterization
techniques for iron oxide nanoparticles (UV–Vis Spectroscopy, Fourier Transform Infra-Red (FTIR),
X-ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), Scanning Electron Microscope
(SEM), Transmission Electron Microscopy, Zeta potential analysis, Figure S1: Visible color change
illustrating the formation of IONPs, Figure S2: UV–Vis absorption of methylene blue at a different time
in presence of IONPs, Figure S3: UV–Vis absorption of methyl orange at a different time in presence
of IONPs, Table S1: Binding energy, full width at half maxima, peak area and atomic percentage of
synthesized IONPs sample, Table S2: Calculation of average crystallite size biosynthesized IONPs
using XRD, Table S3: Calculation of methylene blue dye degradation efficiency by synthesized IONPs,
Table S4: Calculation of methyl orange dye degradation efficiency by synthesized IONPs, Table S5:
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Table S6: Anti-fungal activity measured in terms of zone of inhibition (ZOI) of green synthesized IONPs.
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