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Abstract
The present study details a more environmentally friendly method for synthe-
sizing iron oxide nanoparticles (Fe3O4-NPs) utilizing Hibiscus sabdariffa (H.
sabdariffa) leaf extract. The produced H. sabdariffa/Fe3O4-NPs underwent
characterization through VSM, XRD, FESEM-EDX, TEM and FTIR analyses.
The FESEM and TEM images revealed that the H. sabdariffa/Fe3O4-NPs had a
narrow distribution and an average particle size of 5�2 nm. Catalytic degra-
dation studies of the synthesized Fe3O4-NPs exhibited efficient reduction of
methyl orange (MO) dye. The degradation of MO catalysed by H. sabdariffa/
Fe3O4-NPs follow the pseudo-first order kinetics, with a rate constant of
0.0328 s� 1 (R2=0.9866). Moreover, in electrochemical sensing studies, the
anodic peak current of nitrite (NO2

� ) for H. sabdariffa/Fe3O4-NPs/GCE
showed a linear relationship with its concentration within the range of 0.5–
7.5 mM, achieving a detection limit of 0.29 μM. These findings demonstrate
that the modified electrode with Fe3O4-NPs synthesized using H. sabdariffa
leaf extract serve as a novel electrochemical sensor for determining NO2

� with
high sensitivity and reproducibility.
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1 | INTRODUCTION

Recently, magnetic nanoparticles (NPs), especially iron
oxide (Fe3O4) NPs have received considerable attention
because of their unique properties, such as the high sur-
face-to-volume ratio, low toxicity, easy synthesis, electro-
catalytic capability and superparamagnetic [1, 2]. Re-
search on the utilization of Fe3O4-NPs for catalysis,
memory storage devices, sensors, drug delivery,

magnetic resonance imaging and treatment of cancer
cells has been explored and is still ongoing [3]. The abil-
ity to synthesize Fe3O4-NPs is important for exploring
their unique properties in sensor and catalytic degrada-
tion applications. Numerous methods of producing
Fe3O4-NPs have been developed to achieve the desired
properties. This is including the chemical precipitation
method that involves the co-precipitation of ferric and
ferrous ions by sodium hydroxide or ammonia solution,
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the sol-gel method, sono-chemical synthesis,
solvothermal synthesis, and thermal decomposition
[4–9]. However, success in precise particle size control of
Fe3O4-NPs has only been achieved through thermal de-
composition using large quantities of toxic and expensive
precursors and surfactants in an organic solvent. There-
fore, a green method for the synthesis of NPs could be
plant extract usage, which possesses various advantages
such as cost-efficiency, safety, simplicity, and non-tox-
icity [10,11]. The use of plant extract in the green syn-
thesis of Fe3O4-NPs has recently been expanded in a va-
riety of fields. For example, Citrus medica L. var.
sarcodactylis Swingle has been used to synthesize of
Fe3O4-NPs for river water treatment [12]. In addition,
separation of toxic metals and dyes from the environ-
ment using Fe3O4-NPs that synthesized by plantain has
been also reported [13]. In the present work, Hibiscus
sabdariffa (H. sabdariffa) leaves extract was used as re-
ducing and stabilizing agents in the synthesis of Fe3O4-
NPs. H. sabdariffa is an herb plant that has been found
to have antibacterial, diuretic, antioxidant, antidiabetic,
anti-cholesterol, chemo-protective, anti-hypertensive,
blood pressure suppressive, antitumor, and anticancer
properties [14]. Furthermore, Karim and colleagues eval-
uated the potential of H. sabdariffa calyx as a sensing
material by immobilizing delphinidin-3-sambubioside in
glass fibre filter paper [15]. The delphinidin-3-sambubio-
side is a natural reddish colour compound that can easi-
ly be found in H. sabdariffa calyx. According to the find-
ings, natural colour extract compound present in H.
sabdariffa calyx can be used as a sensing material in the
development of an optical pH sensor. On the synthesis of
Fe3O4-NPs utilising the leaf extract of H. sabdariffa, very
little is known. Hence, this study aims to explore the for-
mation of Fe3O4-NPs by H. sabdariffa leaf extract and as-
sess the effectiveness of the synthesized Fe3O4-NPs act as
catalyst in degrading of methyl orange (MO) dye and
electrooxidizing detection of nitrite (NO2

� ).
Protecting the environment is crucial, given that pol-

lutants like dyes produced daily by textile industries are
highly toxic, carcinogenic, mutagenic, and non-bio-
degradable [16]. One such toxic azo dye is MO, a water-
soluble, heterocyclic aromatic chemical compound with
the molecular formula C14H14N3NaO3S. Exposure to MO
can cause diarrhoea, nausea and can be fatal [17]. Addi-
tionally, industrial dyes pose challenges due to their sta-
bility and toxicity, making the development of advanced
catalyst crucial for degradation processes [18]. Therefore,
we investigated the catalytic properties of H. sabdariffa/
Fe3O4-NPs for degrading MO in water using UV-vis spec-
troscopy.

In addition, NO2
� is an inorganic compound that pos-

sesses both environmental and biological importance

that can be easy to find in our diet, through drinking
water and vegetables. The consumption of high concen-
trations of NO2

� , is undoubtedly toxic to humans. NO2
�

can interact with haemoglobin to create meth-
aemoglobin, resulting in methemoglobinemia (blue baby
syndrome), which poses a risk to human health, partic-
ularly for infants, due to a decrease in the oxygen-carry-
ing capabilities of the blood [19,20]. The presence of
NO2

� in the environment, an increasing need for better
industrial process control, developments in clinical diag-
nostics and various areas have led to the search for low
cost, fast response, and high sensitivity methods for de-
tection of NO2

� .
Different methods have been used to determine

NO2
� , including spectrophotometry, chromatography,

chemiluminescence, capillary electrophoresis, and elec-
trochemical methods [21–27]. Electrochemical techni-
ques have advantages over other methods in terms of
low cost, quick response, and high sensitivity [28]. NO2

�

can be examined electrochemically using the electro-
oxidation or electroreduction processes. When NO2

� is
examined by electrooxidation, the effect of dissolved oxy-
gen is eliminated [29]. Even so, during NO2

� detection,
the regular electrode has a significant electrooxidation
overpotential. Furthermore, the electrode may be des-
tructed by the products produced during the electro-
chemical reaction, reducing electrode accuracy and sen-
sitivity [30]. So, it is the key factor to seek for the new
modified electrode. Ever since, researchers have become
interested in the alteration of working electrodes by
nanomaterials [31–33]. Therefore, in this work, Fe3O4-
NPs have been chosen to coat on the surface of the elec-
trode to solve the problems and improve the electrode
performance in NO2

� determination. This arises from
the extensive surface area of Fe3O4-NPs (ranging from
10–50 m2g� 1), intriguing electronic characteristics, supe-
rior mechanical resilience, and remarkable stability, as
documented in reference by Urbanova et al. [34]. In this
study, the objectives were multi-faceted. Firstly, it aimed
to highlight the growing significance of magnetic nano-
particles, particularly Fe3O4-NPs, due to their unique
properties and versatile applications in various fields, in-
cluding catalysis and environmental remediation. Sec-
ondly, it underscored the exploration of green synthesis
routes utilizing plant extracts, specifically focusing on H.
sabdariffa, to synthesize Fe3O4-NPs with a narrow size
distribution, aiming to replace conventional methods in-
volving toxic chemicals. Thirdly, it sought to investigate
the catalytic effectiveness of Fe3O4-NPs in degrading tox-
ic pollutants like MO dye, contributing to environmental
protection efforts. Finally, the text aimed to explore the
potential of Fe3O4-NPs modified electrodes for electro-
chemical detection of nitrite (NO2

� ), addressing the need
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for low-cost, sensitive, and efficient methods for NO2
�

determination, which was crucial for environmental
monitoring and human health protection.

2 | MATERIALS AND METHOD

2.1 | Materials

The precursors of Iron (III) chloride hexahydrate
(FeCl3.6H2O), 97% and Iron (II) chloride tetrahydrate
(FeCl2.4H2O), �99% were obtained from Sigma Aldrich,
USA. Potassium chloride (KCl), sodium nitrite (NaNO2)
and sodium hydroxide (NaOH), 99% were procured from
R&M chemicals. The reagents used in the reaction were
all analytical grade and of high purity.

2.2 | Method

2.2.1 | Synthesis of H.
sabdariffa/Fe3O4-NPs

Hibiscus sabdariffa leaf extract was prepared using a pre-
viously reported method [32]. The synthesis of H. sab-
dariffa/Fe3O4-NPs involved adding a 2 :1 M solution of
FeCl3.6H2O and FeCl2.4H2O to the leaf extract, followed
by dropwise addition of freshly prepared 2.0 M NaOH
while stirring continuously until reaching a pH of 12.
The resulting solution was stirred further for 15 min,
and the H. sabdariffa/Fe3O4-NPs were separated using a
permanent magnet, washed with deionized water, and
dried in an oven at approximately 70 °C for 24 hours for
subsequent analysis.

2.2.2 | Characterization of synthesized H.
sabdariffa/Fe3O4-NPs

The magnetic characteristics of H. sabdariffa/Fe3O4-NPs
were evaluated using a vibrating sample magnetometer
(VSM) at room temperature. (VSM, Lakeshore/7404). X-
ray diffraction (XRD) analysis was conducted using a
PANalytical X’pert Pro MPD diffractometer with Cu Kα
(λ=1.5406) in the 2Θ range from 10°–90° to determine
crystallinity. Surface morphology and element dis-
tribution were observed using FESEM-EDX (JEOL-JSM-
7600F). To further confirm the morphology and size of
the H. sabdariffa/Fe3O4-NPs, an aqueous dispersion of
the prepared Fe3O4-NPs was dip-coated onto a carbon-
coated copper grid, dried, and then visualized using the
JEOL JEM-2100F TEM (200 kV). The functional group

present in the synthesized NPs was analysed by FTIR
(Thermo Scientific Nicolet FTIR 6700, United States).

2.2.3 | Catalytic degradation of methyl
orange

The catalytic activity of the synthesized Fe3O4-NPs in de-
grading methyl orange (MO) was assessed in the range
of 220–800 nm using a UV-vis spectrophotometer (UV �
1800, Shimadzu, Japan). Experiments on the degradation
of MO in aqueous media which involves the mixing of
3 mL of the MO (10 ppm) with 0.5 mL freshly prepared
NaBH4 (0.6 M) solution and 0.025 g H. sabdariffa/Fe3O4-
NPs in a quartz cuvette were performed under reaction
time of 0–50 min. The percent degradation of MO was
calculated using following equation:

% Degradation ¼ 1 �
A0

At

� �

� 100

Where A0 is the initial MO absorbance at 0 min and At is
the absorbance at times taken for degradation of MO.

2.2.4 | Preparation and modification of
electrode

First, the surface of the glassy carbon electrode (GCE)
was mechanically cleaned by polishing with 0.3–0.05 μm
alumina (Al2O3) polishing suspension on micro-cloth
pads. To get rid of stuck-on Al2O3 particles, deionized
water was used to rinse the electrode surface. After that,
the electrode was sonicated in a mixture of ethyl alcohol
and water (50 :50, v/v), it is rinsed again with deionized
water, then the electrode was dried. Prior to use, 1 mg of
Fe3O4-NPs powder was dissolved in 1 mL of chitosan.
Before depositing the NPs on GCE, all dispersion sol-
utions were sonicated for 30 min in an ultrasonic bath to
create a stable suspension. To investigate the effect of
drop casting method, different volumes of Fe3O4-NPs
suspensions (5–35 μL) was deposited on the GCE (act as
a working electrode) and then the modified GCE was
dried in an oven at 55 °C for 6 hours before electro-
chemical behaviour experiments.

2.2.5 | Electrochemical performance
analysis

For the electrochemical characterization of the H. sab-
dariffa/Fe3O4-NPs, cyclic voltammogram (CVs) and
chronoamperometry data were obtained by a
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potentiostat (VersaSTAT 3, AMETEK) operated by
VersaStudio software, using a conventional three-elec-
trode setup. The working electrodes were a GCE with a
diameter of 3 mm modified with the H. sabdariffa/Fe3O4-
NPs. The reference electrode and counter electrodes
were made of a saturated calomel reference electrode
(SCE) and platinum wire, respectively. The CVs were ob-
served at a scan rate of 50 mVs� 1 in 1 mM NO2

� +0.1 M
KCl.

3 | RESULTS AND DISCUSSION

3.1 | Vibrating-sample magnetometer
(VSM) analysis

The magnetic behaviour of synthesized Fe3O4-NPs was
investigated using VSM analysis. The magnetization
curve of H. sabdariffa/Fe3O4-NPs at room temperature is
shown in Figure 1. The hysteresis loop of VSM analysis
of H. sabdariffa/Fe3O4-NPs at room temperature shows
saturation magnetization (Ms) value of 19.00 emu/g, co-
ercivity (Hc) value of 17.33 G, and remanent magnet-
ization (Mr) value of about 0.08 emu/g. The magnetic
properties of materials were strongly dependent on their
grain size and structure [35]. In this study, the Ms values
were lower than the bulk Fe3O4 (92 emu/g), which can
be attributed to the much smaller size of Fe3O4-NPs [36].
The negligibly small Mr of the synthesized Fe3O4- NPs
confirmed their superparamagnetic character [37].

3.2 | X-ray diffraction (XRD) analysis

The crystallinity and phase purity of the synthesized
Fe3O4-NPs were investigated using XRD analysis. The

XRD patterns of H. sabdariffa leaves extract and
synthesized Fe3O4-NPs were shown in Figure 2(a,b). The
XRD spectrum of H. sabdariffa leaves extract (Figure 2a)
revealed only a broad diffraction peak at 26.40° due to
the amorphous nature of the plant [38]. Diffraction
peaks of synthesized Fe3O4-NPs were observed in at 2Θ
values of 30.64° (220), 35.87° (311), 43.98° (400), 57.55°
(422), and 62.36° (511). The formation of crystalline
Fe3O4-NPs is indicated by these peaks. All the peaks
were matched to the standard Fe3O4 XRD pattern,
JCPDS file no. 00–019-0629. Estimation of the crystallite
size of synthesized Fe3O4-NPs can be calculated from
XRD data using Debye-Scherrer equation [39,40]. The
average crystallite size of H. sabdariffa/Fe3O4-NPs from
(311) reflection was calculated to be 4.36 nm.

3.3 | Morphology study

FESEM-EDX analysis was carried out to study the sur-
face morphology and elemental characteristics of H. sab-
dariffa leaves extract and synthesized Fe3O4-NPs.
Figure 3a show the FESEM image of the H. sabdariffa
leaves extract in magnification of X20,000 which has an
irregular and uneven surface. The NPs were also not ob-
served on the surface of H. sabdariffa leaf extract.
Figure 3b shows the EDX spectrum of H. sabdariffa
leaves extract with high peaks of carbon (C), oxygen (O)
and aluminium (Al) elements were observed. These
peaks are related to the organic biomolecules present in
H. sabdariffa leaf extract, where the peak appeared at
1.5 keV and corresponded with Al that came from the
sample preparation on the Al surface. Figure 3(c and e)
shows the FESEM images of the H. sabdariffa/Fe3O4-NPs
in magnification of X20,000, and X150,000 which reveals
that a Fe3O4-NPs seems to be almost spherical in mor-
phology. The most important part of this section is the
EDX analysis (Figure 3d and f), which in the presence of

F I G U R E 1 VSM plot of H. sabdariffa/Fe3O4-NPs at room
temperature.

F I G U R E 2 XRD patterns of (a) H. sabdariffa leaves extract
and (b) synthesized Fe3O4-NPs.
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significant peaks of Fe and O revealed the formation of
Fe3O4-NPs. The three peaks can be observed around 0.7,
6.4, and 7.1 keV have corresponded to the binding en-
ergies of Fe [41].

The spectrums contained three main peaks, which
were assigned to Fe, O, and C. Thus, the formation of
Fe3O4-NPs was confirmed. In the EDX spectrum, the O
element appears as a strong signal. This suggested that
the existence polyphenol compound in H. sabdariffa leaf
extract is attached to the surface of Fe3O4-NPs. In addi-
tion, the presence of trace amounts of Mg, Cl, d K in the
sample might be due to mineral composition from H.
sabdariffa leaves extract [14].

The size and morphology of the synthesized Fe3O4-
NPs were further analysed by using TEM. The size of
NPs is obtained by using ImageJ software to measure the
diameter of NPs. Figure 4a show a TEM image of H. sab-
dariffa leaf extract. Due to the high-resolution TEM and
characteristics of plant extract, it was unable to measure
the particle size. Hence, Figure 4a was used as a control
in the experiment.

The TEM image and particles size distribution of
Fe3O4-NPs are shown in Figure 4(b and c), respectively.
The TEM image of particles obtained was found to be
spherical with an average particle radius of 5�2 nm
based on the measurement of 100 particles which shows
good agreement with the XRD result (4.36 nm). Accord-
ing to the TEM images, the agglomeration has occurred
in some of Fe3O4-NPs. The agglomeration is due to the
van der Waals force between particles [42].

3.4 | Fourier transform infrared
spectroscopy (FTIR) analysis

The FTIR analysis was performed to identify the poten-
tial organic compounds in the H. sabdariffa leaves ex-
tract that is responsible for the efficient reduction and
stabilization of NPs. Figure 5a shows the FTIR spectrum
for the extract of H. sabdariffa leaves. The stretching vi-
bration of the � OH group attached to the aromatic ring
structures of flavonoids compounds in the H. sabdariffa

F I G U R E 3 FESEM micrograph of (a) H. sabdariffa leaves
extract, synthesized Fe3O4-NPs at (c) 20,000x magnification and
x150,000x magnification. EDX spectra of of (b) H. sabdariffa leaves
extract, synthesized Fe3O4-NPs at (d) 20,000x and (f) based on
analysed area in yellow box.

F I G U R E 4 TEM image of (a) 50 nm blank scale for H.
sabdariffa leave extract as a control and (b) synthesized Fe3O4-NPs.
(c) Particle size distribution of synthesized Fe3O4-NPs with average
size was 5 nm based on Gaussian curve (red line).
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leaves extract causes a strong intense absorption band at
3400 cm� 1 [43]. The spectrum of H. sabdariffa leaves ex-
tract also showed other peaks at 2898, 1785, 1637, 1399,
and 1092 cm� 1 which corresponds to the C� H stretch
methylene groups, C=O groups, C=C aromatic stretch,
O� H bending, and C� OH stretch, respectively. These
peaks are related to the caffeic acid component present
in the H. sabdariffa leaves extract which shows the same
band with natural extract from previous reports [44,45].

Contrary, in Figure 5b, the presence of Fe3O4-NPs can
be seen by two strong absorption bands at around 581
and 470 cm� 1 which, corresponding to the Fe� O stretch-
ing band of bulk Fe3O4 [46,47]. Both the H. sabdariffa
leaves extract and synthesized Fe3O4-NPs illustrate an al-
most similar FTIR spectrum. However, a slight shift in
the peaks and the intensity of the peaks increase in
Fe3O4-NPs spectrum indicates the successful attachment
of the H. sabdariffa leaves extract to the surface of Fe3O4-
NPs. Besides, for synthesized Fe3O4-NPs, a small shift of
the band to 3450 cm� 1 was noticed, which indicated that
the synthesis process of Fe3O4-NPs is likely to have in-
volved the -OH functional group.

3.5 | Suggested mechanism of H.
sabdariffa/Fe3O4-NPs formation

Figure 6 illustrates a schematic representation of the
possible mechanism for the synthesizing Fe3O4-NPs
through this environmentally friendly method, leverag-
ing the caffeic acid moiety of chlorogenic acid as a repre-
sentative of the flavonoid compounds found in H. sab-
dariffa leaves, as reported in previous studies [48].
Initially, Fe3+, Fe2+ and H. sabdariffa leaves extract co-
exist in an aqueous phase within the reaction system.
Within this system, Fe3+ and Fe2+ can create a 5-

membered chelate ring by utilizing the ortho-dihydroxyl
groups of the caffeic acid. Then, the addition of NaOH
involves OH � in the reaction, resulting in the formation
of ferric hydroxide, Fe(OH)3, and ferrous hydroxide, Fe-
(OH)2. The formation of Fe(OH)3 and Fe(OH)2 leads to a
shell-core structure with caffeic acid acting as the shell.
Subsequently, dehydration (� H2O) of Fe(OH)3 and Fe-
(OH)2 within the core generates Fe3O4-NPs [47]. The
chelated ortho-dihydroxyl groups attached to the surface
of the Fe3O4-NPs are then undergo oxidation to form
quinones, facilitated by an oxidative process causing hy-
drogen losses. Eventually, the Fe3O4-NPs become stabi-
lized through the concurrent formation of quinones by
the end of the reaction.

3.6 | Catalytic degradation of MO
measurements

Moreover, UV-vis spectroscopy was employed to exam-
ine the degradation of MO both with and without the
presence of the catalyst, H. sabdariffa/Fe3O4-NPs
(Figure 7). Figure 7a shows the % degradation of MO dye
with the presence of H. sabdariffa/Fe3O4-NPs (77.82%) is
higher than without the presence of catalyst which re-
vealed a significant reduction in MO concentration upon
exposure to the H. sabdariffa/Fe3O4-NPs. The plot of the
natural logarithm of the ratio of initial concentration to
the concentration at the time t ([Ao/At]) against time pro-
vides crucial information about the degradation kinetics
and the reaction order. The plot of ln([Ao])/([At]) versus
time gives a straight line (Figure 7b), indicating that the
concentration of MO gradually decreases and that this
reaction follows pseudo-first-order kinetics with a rate
constant of 0.0328 s� 1 (R2 =0.9866). The Langmuir

F I G U R E 5 FTIR spectra of (a) H. sabdariffa leaves extract
and (b) synthesized Fe3O4-NPs. F I G U R E 6 Mechanism of the formation of Fe3O4-NPs by

caffeic acid compound present in H. sabdariffa leaves extract.
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isotherm model accurately described the equilibrium
behaviour of adsorption, showing that the pseudo-first-
order model was the best fit for the adsorption kinetics
compared to other models [49]. The observed narrow
distribution and average particle size of 5�2 nm for the
H. sabdariffa/Fe3O4-NPs, as revealed by FESEM and
TEM imaging, likely contribute to their enhanced cata-
lytic activity. The structural characteristics of these
nanoparticles play a pivotal role in facilitating efficient
dye degradation, validating their potential for environ-
mental remediation applications.

The catalytic efficiency of H. sabdariffa/Fe3O4-NPs
was compared to previously reported catalyst in MO re-
duction (Table 1). The comparison revealed that H. sab-
dariffa/Fe3O4-NPs exhibit almost equivalent catalytic ef-
ficiency in terms of reaction time compared to previously
documented catalyst. Additionally, when assessed
against other nano-catalysts documented in the liter-
ature, the magnetic properties of the H. sabdariffa/

Fe3O4-NPs allow for effortless separation from the
reaction mixture without the need for filtration. More-
over, the synthesized nano-catalyst displayed stability,
recyclability, and exceptional catalytic performance.

3.7 | Electrochemical sensing of NO2
�

3.7.1 | Electrocatalytic studies

The electrocatalytic behaviour of H. sabdariffa/Fe3O4-
NPs in N2 saturated 0.1 M KCl solution in the presence
of 1 mM NO2

� at a scan rate 50 mVs� 1 is shown in
Figure 8. The CVs were scanned at the potential range of
0.4–1.2 V, which corresponds to the NO2

� oxidation peak
potential. Based on Figure 8, the bare GCE response to-
ward the oxidation of NO2

� was weak and broad at an
irreversible oxidation peak around 0.9 V. This is due to
the slow electron transfer kinetics of the NO2

� oxidation
process [53]. On the other hand, the oxidation current
peak of Fe3O4-NPs/GCE is higher than the bare GCE.
This indicates that NO2

� can be oxidized over the Fe3O4-
NPs. Besides, it can be seen from Figure 8 that the oxida-
tion peak potential shifts towards a lower potential when
H. sabdariffa/Fe3O4-NPs/GCE are used, compared with

F I G U R E 7 (a) The plot of percent degradation versus time
and (b) The plot of ln([Ao])/([At]) versus time for degradation of
MO.

T A B L E 1 Comparison of various catalyst used for degradation of MO.

Adsorbent Size (nm) Time (min) % Degradation Ref.

H. sabdariffa/Fe3O4-NPs ~5 50 77.82 This work

α-Fe2O3 synthesized using glucose 27.25 100 82.17 [17]

α-Fe2O3 synthesized using sucrose 6.13 95.31

PS-Fe3O4 MNPs 20–30 60 96 [50]

Fe3O4/Ti2O ~30 60 90.3 [51]

MoS2/MMT 26300 120 98.6 [52]

F I G U R E 8 CVs of bare GCE (black curve) and prepared
Fe3O4-NPs/GCE for different volume drop cast (5 to 35 μL) in the
presence of 1 mM NO2

� and 0.1 M KCl solution.
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bare GCE, indicating the significant impact of these NPs
on electrocatalytic behaviour. Fe3O4-NPs can introduce
several advantages characteristics such as enhanced con-
ductivity, increased surface area, and tailored catalytic
properties [1], all of which contribute to altering the
electrode potential. Seven volumes of Fe3O4-NPs were in-
vestigated to determine the best drop cast volume. Ac-
cording to Figure 8, the best volume of NPs to detect
NO2

� is 30 μL.
The NO2

� are oxidised to the nitrate ions (NO3
� ) dur-

ing the electrooxidation process, as proposed by Etesami
and Mohamed in 2016 [54]. The anodic oxidation of
NO2

� which is likely to involve the formation of nitro-
gen dioxide (NO2) as a first step, then followed by the
disproportionation reaction of NO2:

2NO2
�
)* 2NO2 þ 2e�

2NO2 þH2O! NO2
� þ NO3

� þ 2Hþ

NO2
� þH2O! NO3

� þ 2Hþ þ 2e�

During the electrooxidation process, Fe3O4-NPs can
interact with NO2

� to form the complex of Fe3O4–NO2
� .

This complex electrochemically oxidized to form Fe3O4
+

and NO2 before being converted to Fe3O4 and NO3
� as fol-

lows:

Fe3O4 þ NO2
� ! Fe3O4 � NO2

�

Fe3O4 � NO2
� ! Fe3O4

þ � NO2 þ 2e�

Fe3O4
þ � NO2 þH2O! Fe3O4 þNO3

� þ 2Hþ

3.7.2 | Amperometry detection of NO2
�

The response of the NO2
� on the modified electrode

were determined using the amperometry i � t technique.
Figure 9a depicts the typical current and time character-
istics of Fe3O4-NPs/GCE for the addition of various con-
centrations of NO2

� with a working potential of 0.8 V.
The sensors reach 90% of the steady-state current in
3 seconds, indicating that NO2

� diffuses quickly on the
electrode surface. The limit of quantification (LOQ) and
limit of detection (LOD) of the modified electrode were
calculated. The calibration curve in Figure 9b shows a
linear section of 0.5–7.5 mM for the response to NO2

�

with the linear regression equation; I=349.24
(μA.mM� 1.cm� 2) +149.09 with R2 value of 0.9962, LOD
value of 0.29 μM, and LOQ value of 0.98 μM. Table 2
summarizes the performance of various modified

electrodes based on Fe3O4. The results showed that the
LOD, linear range and sensitivity of Fe3O4/GCE are com-
parable to or surpass those of other modified electrodes
for NO2

� determination. The use of H. sabdariffa/Fe3O4-
NPs in our NO2

� sensor represents a novel approach due
to their unique electrochemical properties, including
high surface area (due to the small size of the NPs) and
superior stability. This innovation provides a cost-effec-
tive and environmentally friendly alternative to tradi-
tional materials used in electrochemical sensors. Hence,
future work will focus on testing the sensor in medical,
food, and environmental samples to establish its prac-
tical utility.

3.7.3 | Repeatability, reproducibility, and
stability

Repeatability, reproducibility, and stability of the modi-
fied electrodes were investigated by voltammetry meas-
urement and reported in terms of relative standard

F I G U R E 9 Amperometric responses of the Fe3O4-NPs/GCE
at an applied potential 0.8 V to various concentration of NO2

� from
0.5–1 mM. (b) The corresponding calibration plot for the Fe3O4-
NPs/GCE.
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deviation (RSD). The repeatability analysis was
performed by using 10 sequentially prepared electrodes
for 1.0 mM NO2

� in 0.1 M KCl solution. The resulting
current values were obtained, and the RSD was found to
be 4.50%, indicating strong repeatability. The RSD value
for the currents obtained from five identically modified
electrodes was 3.81%, indicating that the results could be
reproducible. The stability of the modified electrode has
also been examined for 21 days (Figure 10). After
3 weeks, the modified electrode retained about 65% of its
initial response, which can be attributed to good elec-
trode stability (I0 and It was the response current in the
first and subsequent days, respectively).

3.7.4 | Interference study

In some cases, interference with others unwanted ele-
ments can be fixed by determining the oxidation peak
[53]. Possible interference for the detection of NO2

� at
Fe3O4-NPs/GCE was investigated by addition of some

common ions such as SO4
2� , NO3

� , and Cl � solution in
the presence of 1.0 mM NO2

� (Figure 11). The results in-
dicate that the mentioned ions did not show interfer-
ence.

4 | CONCLUSION

In conclusion, the utilization of H. sabdariffa leaf extract
as a green and sustainable means for the synthesis of
Fe3O4-NPs has yielded promising outcomes. The charac-
terized Fe3O4-NPs exhibited remarkable magnetic, struc-
tural, and morphological properties, validating their po-
tential across multiple applications. The catalytic
prowess of H. sabdariffa/Fe3O4-NPs in the degradation of
MO dye showcased not only their catalytic efficiency but
also their potential in environmental remediation. The
Fe3O4-NPs generated displayed a narrow size dis-
tribution and an average particle dimension of 5�2 nm,
a pivotal element bolstering their catalytic effectiveness.
factor contributing to their enhanced catalytic activity.
Investigation unveiled that the breakdown of MO

T A B L E 2 Comparison of the fabricated Fe3O4-NPs/GCE with previously NO2
� sensors.

Electrode Size of NPs (nm) Sensitivity Linear range (μM)
LOD
(μM) Ref.

Fe3O4-NPs/GCE 5 349.24 μA.mM� 1 cm� 2 500–7500 290 This work

PDDA-Fe3O4/Cys/MWCNTs/GC 20–25 – 7.49–3330 0.846 [33]

Fe3O4NPs/CILE 10 0.0402 μA.μM� 1 10–900 0.7 [53]

PEDOT/Fe3O4-CNCC/GCE 10 – 0.0005–2.5 0.10 [55]

Au@Fe3O4/Cys/GCE 40–80 – 0.0036–10 0.82 [56]

Pd/Fe3O4/polyDOPA/RGO/GCE 8 – 2.5–6470 0.5 [57]

Fe3O4/r-GO/GC ~20 0.226 A.M� 1 cm� 2 6–92 0.3 [58]

Ag–Fe3O4–GO/GCE 100 426 μA.mM� cm� 2 720–8150 0.17 [59]

F I G U R E 1 0 The stability of Fe3O4-NPs/GCE over a three-
week period in a 0.1 M KCl solution containing 1 mM NO2

� , held
at 0.8 V versus SCE.

F I G U R E 1 1 Fe3O4-NPs/GCE interference test with 1 mM
NO2

� in the presence of KNO3, KCl, Na2SO4, CuCl2.
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adhered to pseudo-first-order kinetics, with a rate
constant of 0.0328 s� 1, underscoring the notable catalytic
efficacy of these NPs. Furthermore, the electrochemical
sensing capability of the modified GCE with H. sabdar-
iffa/Fe3O4-NPs demonstrated high sensitivity and re-
producibility in detection of NO2

� . The modified sensor
exhibited a linear relationship between the anodic peak
current of NO2

� within the range of 0.5–7.5 mM, achiev-
ing a commendable LOD of 0.29 μM, and a detection
sensitivity of 349.24 μA.mM� 1 cm� 2. This electrochemical
sensing capability holds promise for applications in vari-
ous fields, including medical diagnostics, food safety,
and environmental monitoring. In essence, the findings
presented in this study not only contribute to the ex-
panding range of environmentally friendly nanoparticle
synthesis but also highlight the versatile applications of
these Fe3O4-NPs in catalytic degradation and electro-
chemical sensing, paving the way for sustainable and in-
novative solutions in diverse fields.
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