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Abstract: The build-up of synthetic dyes in the environ-
ment and aquatic ecology is a significant environmental
issue due to their inability to break down naturally. The
overuse of chemical fungicides also poses a threat to the
environment due to their accumulation and fostering of
fungal resistance. Hence, the study was conducted to detect
the antifungal properties and photocatalytic activity of
greenly synthesized iron oxide nanoparticles (IONPs) pre-
pared using the Hibiscus sabdariffa flower extract. The
biogenic IONPs showed the highest photocatalytic activity
against rhodamine B dye at a concentration of 4.0 mg/ml.
The biogenic IONPs also demonstrated effective antifungal
properties against Penicillium digitatum and Aspergillus
niger strains, with relative inhibition percentages of myce-
lial growth being higher than those with the metalaxyl +
mancozeb fungicide at 800 ppm concentration. The effi-
cient photocatalytic activity of the biogenic IONPs against
rhodamine B dye and their effective antifungal properties
suggest their potential use as safe substitutes for commer-
cial fungicides.

Keywords: Hibiscus sabdariffa, iron oxide nanoparticles,
characterization, rhodamine B, antifungal, antioxidant

1 Introduction

Water is an essential component necessary for the suste-
nance of life on the earth. Similar to all living things,
humans are completely reliant on water for their daily
life [1]. The depletion of water supplies is progressively
occurring as a result of overuse [2]. Increasing water

contamination presents a significant peril to the well-being
of all organisms and the earth [3]. The primary origins of
illnesses caused by water contamination are the presence
of dangerous and poisonous chemicals or biological waste,
which originate from manufacturing companies, residen-
tial areas, and several other sources [4]. Rhodamine B dyes
are used in a variety of industries, including the textile,
chemical, pharmaceutical, paper, and cosmetic sectors [5].
As a result, a significant amount of toxic substances infil-
trate water sources and pollute natural water reservoirs.
The intake of these dyes can lead to the development of
cancer due to the presence of aromatic amines in their
composition [6]. This is the rationale behind the implemen-
tation of environmental regulations, which mandate busi-
nesses to eliminate these deleterious substances from
contaminated industrial fluids prior to their discharge into
the natural surroundings [7]. Dyes are widely used in many
sectors, such as plastic, leather, textile, cosmetics, food,
paper, and pharmaceutical, to impart color to the end
goods [8]. The presence of dyes in industrial wastewater,
even in minuscule amounts, may have a substantial influ-
ence on the environment and pose dangers to aquatic crea-
tures and human health [9]. Various common techniques
exist for eliminating colors from industrial wastewater
(effluents). The methods used for treatment include biolo-
gical treatment, coagulation/flocculation, ozonation, elec-
trodialysis, membrane separation, adsorption on a solid
phase, electrochemical oxidation, sorption-floatation, ultra-
filtration, and Fenton/photo-Fenton oxidation [10]. Never-
theless, these procedures are subject to many restrictions,
such as the extended duration required for biological treat-
ment processes and the emission of unpleasant odors [11].
Moreover, incineration may generate hazardous volatile
gases [12]. Ozonation has a brief half-life of 20min, and
the stability of ozone is significantly influenced by factors
such as pH, salts, and temperature [13]. Additionally, ozona-
tion is costly and inefficient, and leads to the production of
substantial amounts of sludge and by-products [14]. Recently,
it has been revealed that metal/metal oxide nanoparticles
(NPs) are efficient photocatalysts for the degradation of
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dyes [15]. This process occurs at ambient temperature and is
activated by visible light irradiation [16]. Photocatalysis is a
process in which organic molecules are either reduced or
oxidized by redox processes triggered by light. The activation
of these processes occurs when electron–hole pairs are pro-
duced on the surface of semiconductors (metal oxide) fol-
lowing exposure to light that exceeds the bandgap energy
[17]. Photocatalytic technology has garnered significant atten-
tion in the realm of water pollution prevention [18]. The
photocatalyst operates on the idea of using solar energy to
facilitate the oxidation process of various pollutants present
in water [19]. This approach facilitates the oxidative removal
of many pollutants, including organic chemical compounds,
microbes, and micropollutants such as antibiotics and dyes
[20]. Nanomaterials, which have dimensions ranging from 1
to 100 nm, exhibit unique structural and physicochemical
characteristics in comparison to their bulk counterparts
due to the surface-to-volume ratio [21]. The latest progress
in the field of nanotechnology has resulted in an increased
scope for the production of NPs by various chemical and
physical techniques [22]. Nevertheless, the use of these tech-
nologies has been found to have adverse effects on the
environment and living species since unreacted chemicals
are released into the surrounding environment [23]. Hence, it
is imperative to produce NPs utilizing environmentally
friendly methods. Biogenically synthesized NPs may be effec-
tively utilized in several fields such as electronics, material
science, medicinal applications, and environmental remedia-
tion [24]. The features of metal oxide NPs have generated
significant attention in the field of catalysts due to their dis-
tinct and complex characteristics [25]. NPs are of significant
importance in the removal ofmany contaminants. Metal oxide
NPs have become more popular for the purpose of reme-
diating environmental pollutants present in air, water, and
soil [26]. Current research has shown that metal oxide NPs
exhibit a high level of efficacy in the process of color dye
degradation [27]. In recent times, there has been a significant
amount of attention directed at iron oxide nanoparticles
(IONPs) owing to their distinctive characteristics, including
superparamagnetism, increased surface area, and convenient
separation techniques [28]. In their study, Muthukumar and
Matheswaran documented the use of Amaranthus spinosus
leaf extract for the eco-friendly production of IONPs with
spherical morphology and a rhombohedral crystal structure.
The average diameter of these NPs was measured to be 91 nm,
recording relative color removal percentages of 75 ± 2 and
69 ± 2% for methyl orange and methylene blue, respectively
[29]. Alagiri and Hamid conducted a study whereby they docu-
mented the process of synthesizing Fe2O3 NPs using a green
approach, utilizing Curcuma and tea leaves as the primary
sources, producing IONPs of average crystalline diameters of

4 and 5 nm, respectively. These IONPs showed photocatalytic
degradation of methyl orange dye within 120min under
visible light irradiation [30]. Additionally, a prior investigation
showcased the creation of a nanocomposite consisting of iron
oxide and activated carbon (Fe3O4/AC) for the purpose of elim-
inating Congo Red (CR) dye. The nanocomposite exhibited a
biosorption capacity of 122.22mg/g for the dye at pH 5–6, using
a dosage of 0.04 g of Fe3O4/AC at a dye concentration of 40mg/l
[31]. However, several research studies have documented
other methods for removing organic colors from aquatic
environments. Specifically, the use of fungal and bacterial lac-
case has mostly been focused on decolorization applications.
Furthermore, the recyclability and increased operational sta-
bility of the laccase may be attained by the entrapment or
immobilization of the enzyme [32]. A previous study revealed
the development of a new biopolymer adsorbent with strong
adsorptive ability against Direct blue (DB) and CR dyes, with
maximum adsorptive capacities of 519.53 and 534.25mg/g for
CR and DB removal, respectively [33]. Moreover, oxidant-mod-
ified biochar was used to remove basic fuchsin from water
systems by adsorption. The maximum removal efficiency,
reaching 98.28%, is achieved at a pH of 6.0 using 0.05 g of
adsorbent at an initial pollutant concentration of 10mg/l
[34]. The disposal of organic and inorganic waste generated
by many industrial sectors, including textiles, cosmetics,
leather, paper, medicine, paint, and food production facil-
ities, significantly contributes to environmental contamina-
tion and disrupts ecological balance. Rhodamine B, a
cationic dye, exhibits toxicity toward living organisms and
possesses carcinogenic and mutagenic properties. The pre-
sence of contaminants in drinking water has been associated
with the development of sarcomas, as well as neurological
and reproductive effects [35]. Hence, it is imperative to treat
wastewater containing these colors in order to save the
ecosystem and living organisms. Additionally, the excessive
utilization of chemical fungicides presents a significant
environmental hazard. Therefore, there is an urgent need
to find safe and biogenic alternatives to chemical fungicides
[36]. Hibiscus sabdariffa L. (roselle) is a well-recognized
blooming plant that has over 300 species and is prevalent
in tropical and subtropical regions around the globe [37].
Multiple studies have shown that the calyces of roselle con-
tain a significant amount of polyphenols and flavonoids,
which enhance the nutritional value of roselle due to their
association with antioxidant activity [38]. The plant contains
a high amount of phenolic compounds, specifically antho-
cyanins like sambubioside, delphinidin-3-glucoside, and cya-
nidine-3-sambubioside [39]. It also contains flavonoids such
as gossypetine and hibiscetin, along with their respective
glycosides. Other compounds present include eugenol, pro-
tocatechuic acid, and sterols like ergoesterol and β-
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sitoesterol [40]. The extract’s significant phenolic content
highlights its potential as a stabilizing and reducing agent
for metal ions [41]. Therefore, the present study aimed to
synthesize IONPs environmentally using an aqueous extract
derived from Hibiscus sabdariffa flowers. The NPs were sub-
sequently characterized using various physicochemical tech-
niques, and their photocatalytic efficacy in the degradation of
rhodamine B dye was examined under both dark and sun-
light conditions. Furthermore, the antifungal efficacy of the
biogenic IONPs was assessed against two strains of rot fungus,
namely Penicillium digitatum and Aspergillus niger, and com-
pared to the commercially used fungicide known as meta-
laxyl + mancozeb.

2 Materials and methods

2.1 Preparation of the H. sabdariffa flower
extract

Hibiscus sabdariffa desiccated flowers were purchased at a
local market in Riyadh, Saudi Arabia. The herbarium con-
firmed the identification of the plant specimens. Following
an initial washing with tap water, the dried flowers of H.
sabdariffa were purified three times with distilled water.
They were then placed in the shade to dry completely.
Using a mechanical blender, the flowers were pulverized
into a homogenous and finely powdered powder. A 500ml
flask was used to which 50 g of plant powder and 200ml of
distilled water were added. A hot plate was used to heat the
flask to 60°C for 30 min. The flask was then subjected to
continuous agitation at 25°C for 24 h, aided by a magnetic
stirrer. Next, the mixture was purified using Whatman
filter paper (1) in order to get a refined filtrate and remove
any remaining impurities. Afterward, the aqueous extract
was sterilized by filtering utilizing a 0.45 µm Millipore
membrane filter. Finally, the sterilized extract was refri-
gerated at 4°C to reserve it for subsequent experimenta-
tions [42,43].

2.2 Ecofriendly formulation of IONPs

Ferric nitrate (Fe(NO3)3·9H2O, 0.01 M) was mixed with the
water extract of H. sabdariffa flowers in a 1:1 ratio. The
emergence of a black color signifies the prospective forma-
tion of IONPs. The reduced mixture was subjected to cen-
trifugation at a speed of 10,000 rpm for a duration of 10min.
Following the centrifugation process, the supernatant was

then separated and subsequently discarded. To completely
remove any residues, the remaining IONP pellets were
washed three times with distilled water [36,44].

2.3 Characterization of biogenic IONPs

Physicochemical techniques were utilized to characterize
NPs, comprising the application of UV-Vis spectroscopy to
determine the optical properties of NPs. The analysis of the
morphology and size distribution of NPs was performed
utilizing transmission electron microscopy (TEM) analysis;
however, the assessment of the elemental map of NPs was
conducted utilizing energy-dispersive X-ray (EDX) analysis.
Moreover, Fourier transform infrared spectroscopy (FTIR)
analysis identified the primary functional groups present in
NPs. The bioprepared NPs were investigated by X-ray powder
diffraction (XRD) to verify their crystalline nature. The Zeta
sizer equipment (Malvern Instruments Ltd., Worcestershire,
UK) was utilized to assess the surface charge and average
diameter of NPs in colloidal solutions.

2.4 Photocatalytic degradation of
rhodamine B dye using IONPs

The rhodamine B dye decolorization was evaluated by
investigating various NP concentrations (0.5, 1.0, 2.0, and
4.0 mgml−1) and varied reaction periods (30.0, 60.0, 90.0,
120.0, 150.0, 180.0, and 210.0 min). The decolorization degree
in relation to sunlight irradiation was evaluated under two
conditions: an average solar irradiation of 1,000W/m2 at 38
± 2°C, and in dark conditions. To achieve the condition of
absorption/desorption equilibrium, a solution with 10mg l−1

rhodamine B dye with NPs was exposed to constant spin-
ning for a period of 30min before initiating the photocata-
lytic experiment. The assessment of decolorization efficacy
was conducted utilizing the following procedure: 1.0 ml was
collected from each treatment and thereafter centrifuged at a
speed of 10,000 rpm for a duration of 30min. Subsequently,
the obtained samples were analyzed to determine their optical
density at the wavelength that corresponds to λmax of the
rhodamine B dye (554 nm). The analysis was conducted using
a spectrophotometer (model 721, produced by M-ETCAL). The
degradation percentage of the rhodamine B dye was deter-
mined by the following equation:

( ( ))

[ ( ) ( ) ( )]= − ×

DThe removal percentage of Dye %

Dye i Dye f /Dye i 100,
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where dye (i) is the initial absorbance, and dye (f) is the
final absorbance obtained at different time periods.

2.5 Total organic carbon (TOC) and chemical
oxygen demand (COD) analysis

In order to affirm the full breakdown of rhodamine B dye,
it is necessary to assess the photodegradation of a sample
by measuring the decrease in TOC and COD. The degrada-
tion rate is determined by measuring COD and TOC using a
HANNA HI93754A-25GB COD analyzer. The sample (2 ml)
was put into many tubes and then placed in the reactor
for 2 h at a temperature of 150°C. The COD removal percen-
tage was determined using the following formula:

( ) (( ) )= − ×COD removal % COD COD /COD 100.0 0

The concentration of TOC was determined using a
Hach DR-2800 TOC analyzer. About 10 ml samples were
taken and the TOC removal percentage was determined
using the following equation:

( ) (( ) )= − ×TOC removal % TOC TOC /TOC 100.0 0

The HPLC procedure was conducted using an XDB-C18
column with dimensions of 5 µm and 4.6 mm × 150 mm,
maintained at a temperature of 30°C. The HPLC separation
was conducted by using methanol as the eluent solvent,
with a gradual increase in the methanol concentration
from 60 to 90% over a duration of 15 min. The separation
was performed at a 1 ml/min flow rate. Compounds were
identified utilizing a UV detector set to a wavelength of
553 nm.

2.6 Antimicrobial activity of biogenic IONPs
and standard fungicide against the
tested fungal pathogens

Two pathogenic strains, namely P. digitatum ON201443 and
A. niger ON197883, were investigated for their suscept-
ibility to the NPs and chemical fungicide. The food poi-
soning assay was utilized to evaluate the antimicrobial
proficiency of NPs and compared it with the commercially
available metalaxyl + mancozeb fungicide, against the
tested pathogenic microbes. Different dilutions of biogenic
IONPs and fungicide (50, 100, 200, 400, and 800 ppm) were
added to the sterilized PDA medium. Following this, a
6 mm disc of each fungal pathogen was used to inoculate
the plates, which were then incubated at 25 ± 2°C for 7 days.

Conversely, control plates were used, where just a 6 mm
disc of microbial growth was introduced. The pathogenic
fungus strain’s growth diameter was evaluated using a
Vernier caliper.

( ) ( )= − ×A B AThe fungal inhibition % / 100,

where A is the fungal growth diameter measured in con-
trol, and B is the fungal growth diameter recorded in the
treatments.

The broth dilution technique was used to determine
the minimum inhibitory concentration (MIC) values for the
biogenic IONPs that exhibit antifungal activity against the
tested pathogens. The MIC is the lowest concentration of
the test sample at which the fungus exhibits no growth. The
MIC values were determined by testing several concentra-
tions (ranging from 1.000 to 0.002 mg/ml) of IONPs against
the tested pathogens. The concentrations used were 1.000,
0.500, 0.250, 0.125, 0.063, 0.032, 0.016, 0.008, 0.004, and
0.002 mg/ml. A solution with an initial concentration of
1 mg/ml was prepared using the precipitated NPs. This
solution was then diluted in a two-fold serial dilution.
Then, 1 ml of each NP concentration was introduced to
the test tubes, each containing 1 ml of the SDA broth. The
tubes were thereafter injected with a standardized volume
of fungal spore suspension containing 3 × 103 CFU/ml. The
spore suspension was prepared from a fungal culture that
had been grown for 5 days. The tubes were then incubated
at 25°C for 48 h [45].

2.7 Antioxidant assay

The DPPH (2,2-diphenyl-1-picryl-hydrazyl) test is a com-
monly used technique for assessing antioxidant activity.
Undoubtedly, DPPH is distinguished by its capacity to gen-
erate enduring free radicals. The stability of the molecule
is a result of the dispersion of unbound electrons within it.
The presence of these DPPH radicals causes the solution to
appear dark violet since it absorbs radiation at around
517 nm. Different dilutions (50, 100, 150, 200, 250, and
500mg/ml) of NPs were produced by disbanding them in
methanol; 1 mM solution of DPPH was prepared by dis-
banding it in 100 ml methanol. The biogenic IONPs at dif-
ferent concentrations were combined with a 2 ml aliquot of
DPPH solution. The solution was incubated at 25°C for 30min
in the dark. Ascorbic acid served as the positive control,
whereas an equivalent amount of DPPH and methanol acted
as the blank.

The percentage of DPPH scavenging may be calculated
using the following formula:
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[( ) ]= − ×A B A% DPPH scavenging / 100,

where A represents the absorbance of the control, and B
represents the absorbance of the sample.

2.8 Statistical analysis

The research data were statistically investigated using
GraphPad Prism version 8.0 (GraphPad Software, Inc., La
Jolla, CA, USA) by a Tukey test or one-way ANOVA with a
significance level of 0.05. The data are presented as the
average of triplicates ± standard error.

3 Results and discussion

3.1 Ecofriendly formulation of NPs

The phytoconstituents present in the extract of H. sabdar-
iffa flowers serve as both capping and reducing agents for
the yellowish solution of ferric nitrate. This leads to the
development of a reddish-black solution containing bio-
genic IONPs, as shown in Figure 1.

3.2 UV analysis of the biogenic IONPs

The extract of H. sabdariffa flowers and biogenic IONPs
were examined using UV spectroscopy to evaluate the sur-
face plasmon resonance (SPR) of the IONPs synthesized by
plant-based methods. The analysis of the plant extract and
the biogenic IONPs demonstrated the presence of two

separate peaks at 240 and 257 nm, respectively. These
peaks are likely attributed to the capping biomolecules
present in the plant extract. Additionally, the UV spectrum
of NPs displayed a broad peak at 476 nm, which could be
accredited to the SPR of NPs (Figure 2). The outcomes of our
research aligned with those of an earlier investigation,
which showcased the SPR of zero-valent IONPs derived
from Isaria fumosorosea at a wavelength of 470 nm [46].
Another research has shown the emergence of a wide
absorption band within the visible spectrum, ranging from
470 to 550 nm. This occurrence signifies the SPR of IONPs
[47]. The Tauc plot method was employed to detect the band
gap energy of NPs to be 3.56 eV (Figure 3). A previous work
showcased the environmentally friendly synthesis of IONPs
with the ability to potentially degrade methylene blue dye
by photocatalysis. These NPs were produced using the
henna leaf extract and exhibited a band gap energy of

Figure 1: Green synthesis of biogenic IONPs (a: H. sabdariffa extract; b:
ferric nitrate solution; c: biogenic IONPs).

Figure 2: UV spectrum of the biogenic IONPs.

Figure 3: Band gap energy of the biogenic IONPs.
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3.3 eV [48]. Furthermore, another research examined the
band gap energy of IONPs by using Avicennia marina dry
fruit. The results indicated a relative band gap energy of
3.16 eV [49].

3.3 TEM investigation of NPs

The biosynthesized IONPs were subjected to analysis via
TEM to determine their shape, size, and particle size distri-
butions. TEM images revealed the presence of extracellular
matrix, which may be attributed to the phytoconstituents
present in the plant extract used for the biosynthesis of
IONPs. This finding was further confirmed using FTIR
investigation, which showed the presence of several func-
tional groups such as alcohols, alkanes, conjugated alde-
hydes, alkenes, phenols, amines, and primary alcohols
capped over the surface of the biogenic IONPs. The NPs
were spherical (Figure 4) with a diameter of 41.52 ±

14.8 nm (Figure 5).

3.4 EDX analysis of the biogenic IONPs

The EDX investigation of the bioinspired IONPs revealed
the detection of Fe peaks at 0.8, 6.4, and 7.0 keV, which
corresponded to the signals of Fe La, Fe Ka, and Fe Kb,
respectively (Figure 6). Elemental mapping of NPs displayed
the presence of carbon, oxygen, and iron with relative mass
percentages of 77.44, 5.02 and 17.54%, respectively. In this

context, the C peak at 0.3 keV signal might be traced to the
carbon tape employed during sample processing [50]. The
elemental percentage of elemental iron was higher than that
observed in a recent study that established the green synth-
esis of IONPs utilizing the Ficus carica (common fig) dried
fruit extract with a relative elemental mass percentage of
iron of 8.46% [51]. However, a recent study found that the
proportion of elemental iron was 77.08%, which was sub-
stantially higher than that in our analysis [52]. This might be
explained by the presence of another peak corresponding to
the carbon element, which is attributed to the carbon tape.

3.5 FTIR spectrum of NPs

FTIR spectroscopy was used to identify the chemical groups
present in NPs, with the aim of elucidating the main redu-
cing, capping, and stabilizing agents. FTIR spectra revealed
the presence of 14 distinct absorption peaks at certain wave-
numbers. These peaks were observed at 3411.75, 2923.55,
1692.28, 1627.41, 1522.30, 1451.55, 1364.60, 1215.10, 1145.71,
1078.98, 1022.50, 826.27, 764.10, and 524.59 cm−1, as visually
shown in Figure 7. The absorption peak observed at
3411.75 cm−1 is attributed to the O–H stretching of alcohols,
whereas the absorption band observed at 2923.55 cm−1 is
associated with the C–H stretching of alkanes [53,54]. More-
over, the absorption peak at 1692.28 cm−1 was allocated to
C]O stretching of aldehydes, while the band observed at
1627.41 cm−1 was accredited to C]C stretching of alkenes
[55,56]. The spectral peak observed at 1522.30 cm−1 might
be accredited to the stretching of N–O bonds in nitro com-
pounds. Conversely, the spectral peak detected at 1451.55 cm−1

might be credited to the bending vibrations of C–H bonds in
the CH2 groups (Table 1) [57,58]. Furthermore, the mediumFigure 4: TEM images of the biogenic IONPs.

Figure 5: Particle size distribution histogram of the biogenic IONPs.
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absorption band at 1215.10 cm−1 could be attributed to the C–N
stretching of amines [59], whereas the peak observed at a
wavenumber of 1,145 cm−1 corresponds to the anti-symmetric
stretching of the C–O–C bridge [60]. Additionally, a band
detected at 1,078 cm−1 may be attributed to the stretching of
the C–O bond in primary alcohols [53]. On the other hand, the
band detected at 1022.50 cm−1 could be allotted to the amines
functional group [61]. The observed peak at 826.27 cm−1 might
be ascribed to the bending motion of the carbon–carbon
double bond (C]C) present in alkenes [62]. Furthermore,
the band at 764.10 cm−1 might be ascribed to the C–Cl bond
of halo compounds [63]. Finally, a band at 524 cm−1 in the IR

pattern showed the Fe–O stretches of Fe2O3 and Fe3O4 com-
pounds [64].

3.6 Zeta potential analysis

The eco-friendly prepared NPs demonstrated a diameter of
681.4 nm, as determined by dynamic light scattering (DLS)
measurements (Figure 8). Additionally, the average surface
charge of NPs was detected to be −5.48 mV, as presented in
Figure 9. In this context, it is observed that the hydrody-
namic diameter of the biogenic IONPs is greater than that
determined through TEM and XRD analysis. This discre-
pancy arises from the fact that the DLS technique used
for measurements takes into account not only the particle
size of the biogenic IONPs but also includes the contribu-
tion from the surrounding capping molecules and addi-
tional hydrated layers that envelop the biogenic IONPs
[65]. The negative zeta potential value of NPs might be
ascribed to the presence of capping biomolecules, such as
polyphenolic compounds, as reported in a prior study [66].

3.7 XRD analysis of the biogenic IONPs

XRD investigation of the biogenic NPs showed the presence
of six diffraction peaks at 2θ degrees of 31.43, 35.03, 42.51,
52.46, 56.53, and 64.11° corresponding to Bragg reflections

Figure 6: EDX spectrum of the biogenic IONPs.

Figure 7: FTIR spectrum of the biogenic IONPs.
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of 220, 311, 400, 422, 511, and 440, respectively (Figure 10).
The outcomes of our investigation align with those of a
preceding report, which proved the green production of
biogenic IONPs using a water-based extract derived from
Hibiscus sabdariffa flowers. The diffraction peaks observed
at 2θ degrees of 31, 34, 42, 52, 56, and 64° corresponded
to the Bragg reflections of (220), (311), (400), (422), (511),
and (440), respectively [67]. Moreover, the biogenic IONPs
synthesized using the extract of Phoenix dactylifera L.
revealed the presence of six diffraction peaks at 2θ degrees
of 30.25, 35.45,43.20, 53.39, 57.26, and 62.90° corresponding
to the planes of (220), (311), (400), (422), (511), and (440),
respectively [68]. Moreover, the prominent diffraction peaks

reported in a prior report at 2θ angles of 30.2°, 35.7°, 43.2°,
53.7°, 57.1°, and 62.7° correspond to the diffraction of Fe3O4

crystal planes with Miller indices of (220), (311), (400), (422),
(511), and (440) [69]. The diffraction peaks observed corre-
spond precisely to the magnetic cubic structure of Fe3O4, as
documented in the card number of JCPDS 65-3107 [70]. The
crystalline size was calculated by Scherrer’s formula: D =

(kλ/βcos θ), where λ represents the wavelength of X-ray
(1.54178 Å), k is Scherer’s constant (k = 0.94), θ is the diffrac-
tion angle (34.98°), and β is the full width at half-maximum
(FWHM) of the most intense diffraction peak, which was
measured to be 0.2584. The size of the crystals was deter-
mined to be 33.68 nm.

Table 1: Functional groups of biogenic IONPs synthesized using the flower extract of H. sabdariffa L.

No. Absorption peak (cm−1) Appearance Functional groups Molecular motion

1 3411.75 Strong, broad Alcohols O–H stretching
2 2923.55 Medium Alkanes C–H stretching
3 1692.28 Medium Conjugated aldehyde C]O stretching
4 1627.41 Medium Alkenes C–H stretching
5 1522.30 Medium Nitro compounds N–O stretching
6 1451.55 Medium Alkanes C–H bending
7 1364.60 Medium Phenols O–H bending
8 1215.10 Medium Amines C–N stretching
9 1145.71 Medium Alcohols C–O–C stretching
10 1078.98 Medium Primary alcohols C–O stretching
11 1022.50 Medium Amines C–N stretching
12 826.27 Weak Alkenes C]C bending
13 764.10 Weak Halo compounds C–Cl stretching
14 524.59 Weak, broad Metal oxides Fe–O stretching

Figure 8: Average hydrodynamic diameter of the biogenic IONPs.
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3.8 Photocatalytic removal of rhodamine B
using IONPs

The degradation percentage of rhodamine B dye was
examined under dark and sunlight conditions in the pre-
sence of varied concentrations of the greenly produced
IONPs. The degradation percentage of rhodamine B dye
was examined at various doses of biogenic IONPs (0.5,
1.0, 2.0, and 4.0 mg/ml) and at varied reaction periods

(30.0, 60.0, 90.0, 120.0, 150.0, 180.0, and 210.0 min). The
degradation % of rhodamine B dye is dependent on both
time and concentration. The decolorization percentage of
rhodamine B dye was observed to vary between 10.52 and
46.21% under sunlight conditions at a concentration of
0.5 mg/ml of IONPs. This variation occurred at contact
times of 30 and 210min, respectively. Conversely, under
dark conditions, the degradation percentage ranged from
4.43 to 11.97% at contact times of 30 and 210 min, respec-
tively (Figure 11). In this context, IONPs exhibited limited
effectiveness in decolorizing the rhodamine B dye at con-
centrations of 0.5 and 4.0 mg/ml. Even after a reaction time
of 210 min, the decolorization efficiency remained rela-
tively low, with degradation percentages of 11.97 and

Figure 9: Surface charge of the biogenic IONPs.

Figure 10: XRD spectrum of the biogenic IONPs.

Figure 11: Percentage of rhodamine B removal under sunlight irradia-
tion and at 0.5 mg/ml biogenic IONPs.
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21.54% for the corresponding quantities, respectively. Our
results align with those of Rajendran et al., who demon-
strated that the photocatalytic efficacy did not show any
improvement in the absence of visible light irradiation,
even in the presence of a catalyst, and even after a reaction
duration of 50 min [71]. In addition, the biogenic IONPs
(1.0 mg/ml) exhibited low degradation efficiency ranging
from 5.43 to 13.62% in the absence of light, with contact
times ranging from 30 to 210 min, respectively. However,
when exposed to sunlight, the removal efficiency signifi-
cantly increased to 67.37% after a reaction time of 210min
(Figure 12). Furthermore, the biogenic IONPs at a concentra-
tion of 2.0mg/ml exhibited a notable capacity for degrading
rhodamine B dye when exposed to sunlight. The elimination
percentages ranged from 38.15 to 77.37% for contact dura-
tions of 30 and 210min, respectively (Figure 13). On the other
hand, the IONP concentration of 4.0 mg/ml had the max-
imum photocatalytic activity, resulting in relative degrada-
tion percentages ranging from 39.17 to 92.46% at contact
durations of 30 and 210min, respectively, under sunlight
conditions (Figure 14). In this context, increasing the dosage
of IONPs synthesized using the papaya (Carica papaya) leaf
extract improved dye decolorization, with a maximum of
76.6% occurring at pH 2 after 6 h at a catalyst concentration
of 0.8mg/ml [72]. The decolorization of the dye in our

current study was greater than that in the previous report.
This can be attributed to the higher concentration of bio-
genic IONPs, which was 4mg/ml compared to the previous
concentration of 0.8 mg/ml. This suggests that increasing the
dosage of biogenic IONPs is effective in removing organic
dyes. Moreover, the outcomes of our investigation line up
with prior research that confirmed the effectiveness of
IONPs in the photocatalytic degradation of rhodamine B
dye. The previous report indicated that 92% of the rhoda-
mine B dye molecules can be completely degraded through
photodegradation within a 50-min timeframe. This degrada-
tion process was achieved using 50mg of Fe2O3 NPs, which
were synthesized using an environmentally friendlymethod
involving the extract of Cocos nucifera L. [71]. Another inves-
tigation affirmed the efficiency of IONPs synthesized using
the extract of Dimocarpus longan in a dramatic degradation
of different dyes such as malachite green, CR, eosin-Ymethy-
lene blue, and rhodamine B [73]. The green synthesis of
unique iron oxide particles was achieved by using the Pel-
tophorum pterocarpum leaf extract in a previous study.
These particles were then used for the photocatalytic and
catalytic removal of rhodamine B from water. The results
showed a high removal efficiency of 95% within a 60-min
timeframe when subjected to UV irradiation [74]. Recent
research has shown that the biogenic IONPs, which were
synthesized using an extract derived from Aegle marmelos,
had a degradation efficiency of 95.89% for Brilliant green
dye for a duration of 90min when subjected to UV light
irradiation [75]. Previous research has shown that IONPs
derived from the green tea leaf extract consist of iron oxide
and oxohydroxide. In aqueous media, these catalysts have
been used to remove organic dyes, such as methylene blue
and methyl orange, in a manner similar to that of Fenton
catalysts. Moreover, the study has shown considerable effi-
cacy of these substances in the elimination of both cationic
and anionic dyes over a broad spectrum of concentrations,
ranging from 10 to 200mg/l. Additionally, it has been shown

Figure 12: Percentage of rhodamine B removal under sunlight irradia-
tion and at 1.0 mg/ml biogenic IONPs.

Figure 13: Percentage of rhodamine B removal under sunlight irradia-
tion and at 2.0 mg/ml biogenic IONPs.

Figure 14: Percentage of rhodamine B removal under sunlight irradia-
tion and at 4.0 mg/ml biogenic IONPs.

10  Khalid Maniah



that IONPs synthesized using green tea leaf extract exhibit
higher efficacy compared to those synthesized using boro-
hydride reduction [76]. The collective evidence suggests that
the biogenic IONPs have shown notable efficacy in the elim-
ination of organic dyes when exposed to UV light, which is
consistent with the results of the present investigation.

3.9 Investigation of degradation products

In order to verify the mineralization of the dye, a photo-
catalytic degradation process was conducted for a duration
of 210 min. The samples that were exposed to sunlight irra-
diation were then analyzed using both COD and TOCmethods.
The findings indicated a complete elimination of COD and TOC
levels when exposed to sunlight irradiation (Figure 15). It is

noteworthy that the COD level declines at a somewhat quicker
rate than the TOC level for Rh B, suggesting that the dye
undergoes direct mineralization.

The degradation and mineralization degree was also
monitored using HPLC analysis. The HPLC chromatograms
demonstrate the breakdown of the pollutant into smaller
pieces, which are then totally converted into minerals. An
intense peak of the dye was found at 0 h of irradiation,
whereas only 49% was recorded after 1 h of photocatalytic
degradation. After 2 h of irradiation, the dye peak exhib-
ited a significant reduction (approximately 65% reduction),
and small additional peaks were identified at various
retention times, indicating the presence of degradation
products.

3.10 Mechanism of photocatalytic
degradation of rhodamine B dye

The biogenic IONPs generate hydroxyl radicals (OH˙) when
exposed to sunshine radiation. These radicals are respon-
sible for breaking down the rhodamine B dye. The poten-
tial degradation process is shown in Figure 16. Typically,
when NPs were exposed to sunlight, it resulted in the gen-
eration of an electron (e–) and a hole (h+) pair [77]. The
generated electron undergoes excitation, transitioning from
the valence band to the conduction band, while the h+
remains in the valence band [78]. The presence of this hole
(h+) facilitates the transformation of water into hydroxyl
radical, which in turn leads to the oxidative breakdown of

Figure 15: Reduction in TOC and COD values after photocatalytic
degradation of the rhodamine B dye.

Figure 16: Mechanism of photocatalytic degradation of rhodamine B dye utilizing biogenic IONPs under sunlight irradiation.

Environmental applications of iron oxide nanoparticles  11



dye [79]. Conversely, electrons react with molecular oxygen
and are transformed into superoxide radicals. The super-
oxide radical undergoes further conversion into the hydroxyl
radical, which has strong oxidizing properties and breaks
down the dye into non-hazardous end products [80]. Once
again, the very oxidizing vacancy created by NPs upon
absorbing sunlight leads to the direct oxidation of dyes and
the release of H+ ions. These ions then combine with water to
form reactive oxygen species and OH– ions, which aid in the
breakdown of the dye [81]. In addition, the biomolecules
found in the H. sabdariffa flower extract and on the surface
of NPs serve as catalysts to enhance the photocatalytic activity
and facilitate the enhanced breakdown of dye molecules [82].

3.11 Antifungal efficiency of the biogenic
IONPs against fungal strains

The metalaxyl + mancozeb fungicide was more effective
against P. digitatum ON201443 than A. niger ON197883, with
relative inhibition percentages of 65.32 and 59.04%, respec-
tively (Table 2). In contrast, biogenic IONPs at 800 ppm had
more antifungal efficacy against A. niger ON197883 than
P. digitatum ON201443, with relative inhibition percentages

of 81.87 and 78.54%, respectively (Table 3). The biogenic
IONPs, prepared using the extract from the leaves of Pla-
tanus orientalis, were shown to have antifungal properties
against Mucor piriformis and A. niger [83]. These results
align with our findings. Koka et al. confirmed the same
results, reporting that IONPs have antifungal properties
against rot-causing fungi such as A. niger, Penicillium
expansum, and Penicillium chrysogenum strains [84]. In
addition, the biogenic Fe3O4-NPs derived from Colpomenia
sinuosa showed remarkable antifungal activity against A.
flavus and F. oxysporum strains [85]. Furthermore, the bio-
genic IONPs produced using extracts from Aegle marmelos
had a greater antifungal effect against the Fusarium solani
strain compared to the fluconazole antifungal agent at a
dose of 30 µg/ml [75]. Furthermore, the biogenic iron NPs
showed superior effectiveness in inhibiting the growth of
A. niger and P. digitatum strains compared to the conven-
tional fungicide metalaxyl + mancozeb when tested at the
same doses. The notable antifungal efficacy of the biogenic
IONPs, in comparison to conventional fungicides, indicates
the possible use of these environmentally friendly synthe-
sized NPs in the development of natural fungicides. This
would help mitigate the detrimental impact of continuous
usage of chemical fungicides on the environment [86]. The

Table 2: Antifungal activity of standard fungicide (metalaxyl + mancozeb) against the tested strains

Metalaxyl + mancozeb (ppm) Fungal growth diameter (mm) Growth inhibition Percentage (%)

P. digitatum ON201443 A. niger ON197883 ON201443 ON197883

Control (0 ppm) 58.13 ± 0.32a 79.12 ± 0.18a 0.00a 0.00a

50 51.23 ± 0.18b 61.24 ± 0.39b 11.87b 22.59b

100 46.23 ± 0.17c 52.46 ± 0.25c 20.47c 33.70c

200 31.64 ± 0.23d 43.17 ± 0.28d 45.57d 45.44d

400 26.18 ± 0.14e 35.26 ± 0.13e 54.96e 55.43e

800 20.16 ± 0.38f 32.41 ± 0.42f 65.32f 59.04f

Different superscript letters indicated that the values were significantly different.

Table 3: Antifungal efficiency of the biogenic IONPs against fungal pathogens

Biogenic IONPs (ppm) Fungal growth diameter (mm) Growth inhibition Percentage (%)

P. digitatum ON201443 A. niger ON197883 ON201443 ON197883

Control (0 ppm) 59.45 ± 0.19a 79.32 ± 0.21a 0.00a 0.00a

50 43.12 ± 0.26b 57.34 ± 0.53b 27.46b 27.71b

100 31.67 ± 0.25c 46.18 ± 0.34c 46.73c 41.02c

200 21.18 ± 0.45d 36.29 ± 0.16d 64.37d 54.25d

400 17.23 ± 0.34e 26.13 ± 0.27e 71.02e 67.08e

800 12.76 ± 0.51f 14.38 ± 0.38f 78.54f 81.87f

Different superscript letters indicated that the values were significantly different.
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biogenic iron NPs’ antifungal effectiveness can be ascribed
to their significant surface-to-volume ratio, which enables
them to adhere tenaciously to the fungal cell surface [87].
Additionally, owing to its diminutive dimensions, it is cap-
able of immediately infiltrating the cell and causing dis-
ruption to its protective barrier [88]. The inactivation of
fungus by IONPs occurs via a direct contact between the
NPs and the surfaces of the fungal cells [89]. This interac-
tion changes the permeability of the cell membranes,
allowing the NPs to penetrate and create oxidative stress
inside the fungal cells [90]. As a consequence, the develop-
ment of the cells is inhibited, finally leading to their death.
The literature has described the potential for membrane
damage resulting from direct or electrostatic contact
between IONPs and cell surfaces, as well as cellular inter-
nalization of NPs. Additionally, the formation of active
oxygen species, such as H2O2, in cells owing to metal oxides
has also been shown [91]. The biogenic IONPs demonstrated
relative MIC values of 0.125 and 0.250mg/ml against P. digi-
tatum and A. niger strains, respectively. A prior study
demonstrated the use of tannic acid in an alkaline solution
to synthesize biogenic IONPs. These IONPs showed a relative
MIC value of 0.016mg/ml against the strains of A. niger and
P. chrysogenum [45]. Hematite (α-Fe2O3) NPs synthesized
utilizing A. niger showed antifungal properties against the
Aspergillus fumigatus strain, with a relative MIC value of
62.5 µg/ml [92]. Another report indicated the green fabrica-
tion of IONPs using the leaf extract of Rhamnus virgata,
demonstrating a relative MIC value of 125 μg/ml against
Aspergillus flavus, whereas the MIC value of the biogenic
IONPs against Mucor racemosus, A. niger, and Fusarium
solani was 31.25 μg/ml [93]. The difference in MIC values
between our findings and previous reports might be attrib-
uted to the utilization of different biological sources in the
synthesis process of the biogenic IONPs. Different biological
sources might have varying capping agents adsorbed onto
the surface of the biogenic IONPs, leading to different anti-
fungal activity patterns against the tested pathogens.

3.12 Antioxidant assay

The DPPH inhibition percentages were measured for various
doses of biogenic IONPs, extending from 50 to 500mg/ml, and
compared to ascorbic acid. In this regard, biogenic IONPs
exhibited DPPH inhibition percentages of 29.43 and 96.35%
at concentrations of 50 and 500mg/ml, respectively (Figure 17).
The biogenic IONPs fabricated using theH. sabdariffa flower
extract exhibited an IC50 value of 139.87 mg/ml, whereas
the standard ascorbic acid demonstrated a relative IC50 of
103.14mg/ml. Thus, it is suggested that biogenic IONPs may
eliminate free radicals by either transferring hydrogen
atoms or contributing electrons to DPPH radicals. Conse-
quently, it may stop the process of oxidation and protect
proteins, nucleic acids, carbohydrates, and lipids from oxi-
dative damage [94]. Hence, the prospective antioxidant cap-
ability of IONPs has promise as ameans of combating cancer
and other harmful diseases in the future.

4 Conclusions

The biogenic IONPs demonstrated potential photocatalytic
activity against the rhodamine B dye, and the photocata-
lytic activity was concentration- and time-dependent. In
this context, the highest rhodamine B removal percentage
was detected at a concentration of 4.0 mg/ml of biogenic
IONPs under sunlight illumination after a 210.0-min reac-
tion period. Furthermore, the biogenic IONPs exhibited
superior effectiveness in inhibiting the growth of the tested
fungal strains compared to the fungicide metalaxyl + man-
cozeb. This emphasizes the potential use of these nanoma-
terials in managing fungal phytopathogens as non-toxic
substitutes for chemical fungicides. Moreover, the efficient
antioxidant activity of the biogenic IONPs emphasizes their
prospective usage for biomedical applications.
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