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Eco-friendly Synthesis and Characterization of Bioactive
Iron Oxide Nanoparticles Using Tagetes erecta Leaf
Extract for Antioxidant and Anti-Corrosion Application

Shobhit Sharma®, Ruchi Bharti*®, Ajay Thakur®, Renu Sharma® , and Monika Verma

In this study, we present a sustainable and efficient approach for synthesizing bioactive iron oxide nanoparticles
(FeO NPs) using Tagetes erecta leaf extract, an eco-friendly and readily available biological resource. The green
synthesis method not only eliminates the need for hazardous chemicals but also leverages the plant’s bioactive
compounds, which act as natural reducing and stabilizing agents. The synthesized FeO NPs were meticulously
characterized through various advanced techniques, including UV-visible spectroscopy, FTIR, SEM-EDX, XRD, and
DLS, confirming their formation, structural attributes, and spherical morphology. The antioxidant potential of FeO
NPs was evaluated using DPPH and ABTS assays, revealing significant free radical scavenging activities,
particularly in the DPPH assay with a scavenging percentage of 92.91%, comparable to standard antioxidants like
ascorbic and gallic acids. Furthermore, the FeO NPs demonstrated exceptional anti-corrosion capabilities,
achieving a maximum inhibition efficiency of 79.5% at a concentration of 40 mg, as verified through
electrochemical impedance spectroscopy and potentiodynamic polarization methods. This was supported by
weight-loss studies, which highlighted superior performance at higher concentrations. By utilizing Tagetes erecta
leaves, known for their rich bioactive profile and medicinal properties, this research advances the field of green
nanotechnology. It underscores the feasibility of developing multifunctional nanoparticles for applications in
environmental protection, biomedicine, and industrial corrosion prevention. This work provides a promising
framework for integrating sustainability into nanomaterial synthesis while enhancing their functional properties.

Graphical abstract
Keywords

‘Appilcations Antioxidant activities
ABTS Anti-Corrosion activities
DPPH Green Synthesis

) : Anti; Iron Nanoparticles
i i Corrosive i
Iron oxide Nanoparticles Metal oxides

|

iy

Plant Extract

Iron oxide

Nanoparticles

Formation Article history

Characterization Received 26 Feb 2025
UV- Visible Spectroscopy Revised 08 Aug 2025
FT-IR Accepted 11 Sep 2025
- Available online 15 Dec 2025
XRD

Ferrous Sulfate: Handling Editor: Ana C. Micheletti
Heptahydrate Solution

Tagetes Erecta

1. Introduction

University Institute of Sciences, Department of Chemistry, Chandigarh University, Mohali, Punjab-140413, India. *Corresponding author:
E-mail: ruchi.uis@cumail.in

Published by Federal University of Mato Grosso do Sul | www.orbital.ufms.br 444


mailto:ruchi.uis@cumail.in
file:///C:/Users/Fabio/Desktop/Template%20-%20Orbital/Final/www.orbital.ufms.br
http://dx.doi.org/10.17807/orbital.v17i5.22919
https://orcid.org/0009-0009-6604-3314
https://orcid.org/0000-0001-9529-9233
https://orcid.org/0000-0002-2753-8375
https://orcid.org/0000-0003-0211-5664
https://orcid.org/0000-0001-6123-911X

The rapid advancement of nanotechnology has sparked
significant breakthroughs in various scientific fields,
catalyzing research into the synthesis and applications of
nanoparticles [1-5]. Metallic nanoparticles, particularly iron
oxide nanoparticles (FeO-NPs) [6], have gained substantial
attention due to their unique physicochemical properties such
as high surface area, excellent thermal stability, and strong
magnetic behavior. These properties make them highly
versatile, with applications in areas ranging from biomedical
engineering to environmental remediation and industrial
corrosion prevention [7-9]. However, conventional methods
for synthesizing these nanoparticles often involve hazardous
chemicals and require high energy input, leading to potential
environmental and safety risks. In response to these
challenges, green synthesis methods have emerged as eco-
friendly and sustainable alternatives (Figure 1) [10-12]. These
methods harness biological agents like plant extracts, fungi,
and bacteria as natural reducing and stabilizing agents,
minimizing the use of toxic reagents and reducing
environmental impact. This approach aligns with the growing
emphasis on sustainability and safety in scientific research
and industrial practices [13].
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Fig. 1. Key merits of the green synthesis.

In exploring the scope of green synthesis, our study
introduces Tagetes erecta (commonly known as marigold)
leaf extract as a novel agent for producing FeO NPs. The
choice of Tagetes erecta is significant due to its rich bioactive
molecules known for their antioxidant, antimicrobial, and anti-
inflammatory properties [14-17]. Compared to other
commonly used agents in nanoparticle synthesis, such as
green tea or Citrus sinensis, which have been extensively
studied [18, 19], Tagetes erecta presents a unique set of
bioactive compounds that contribute to the synthesis process
in potentially more effective ways (Figure 2). This research
fills a notable gap in the literature where limited studies have
focused on using this plant specifically for iron oxide
nanoparticle synthesis, thereby adding a novel perspective to
the field of green nanotechnology [20-22]. In this research, we
successfully utilized Tagetes erecta leaf extract for the eco-
friendly synthesis of iron oxide nanoparticles, highlighting our
commitment [23-28] to sustainable production methods
(Table 1). By leveraging natural resources, we not only
reduced chemical waste but also enhanced the nanoparticles'
functionality for potential use in health and environmental
applications.

Our findings contribute to Sustainable Development Goal
(SDG) 12, which emphasizes responsible consumption and
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production patterns, specifically targeting the reduction of
chemical wastes and the promotion of sustainable industrial
processes. Additionally, by showcasing the dual functionality
of the synthesized nanoparticles—both as antioxidants and
anti-corrosive agents—our research supports SDG 3, which
focuses on good health and well-being, through the potential
development of biomedical applications for these
nanoparticles.

Fig. 2. Tagetes erecta Plant.

2. Material and Methods

2.1 Materials

Ferrous sulfate heptahydrate (FeSO,-7H,0) was selected
as the primary precursor for iron ions, sourced from Sigma
Aldrich to ensure reagent-grade quality. Additional chemicals,
including ABTS  (2,2-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)) and DPPH (2,2-diphenyl-1-picrylhydrazyl), were
similarly acquired from Sigma Aldrich and used as-is without
further purification to maintain the accuracy of the
experiment. These reagents provided the basis for evaluating
antioxidant and anticorrosive properties.

2.2 Preparation of Plant Extract

Fresh marigold (Tagetes erecta) leaves were collected
from the herbal garden at Chandigarh University, known for
their abundance of bioactive compounds. The leaves were
initially washed with tap water to remove visible impurities
and then rinsed four to five times with distilled water to ensure
thorough cleaning. The cleaned leaves were finely chopped,
and 50 grams of the prepared plant material was combined
with 500 mL of distilled water. This mixture was heated to
approximately 100°C using a heating mantle and maintained
at that temperature for one hour to facilitate extraction. The
resulting solution was filtered using Whatman filter paper to
remove plant debris, yielding a clear extract. This extract was
stored at 5-10°C until further use in nanoparticle synthesis.

2.3 Synthesis of Iron Oxide Nanoparticles (FeO NPs)

The synthesis involved dissolving FeS0O,-7H,0 in distilled
water to create a 0.1M solution, which was then loaded into a
50 mL burette for precision. A 50 mL conical flask containing
the marigold extract was placed on a magnetic stirrer, and the
iron solution was added dropwise. The continuous stirring
facilitated the uniform distribution of iron ions and bioactive
compounds, initiating a color change that indicated
nanoparticle formation. The mixture was stirred for three
hours to ensure a complete reaction, after which it was
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centrifuged to separate the synthesized nanoparticles from
the supernatant. The precipitate was washed multiple times
with ethanol and distilled water to remove impurities, and then
dried at 30°C in an oven. The dried FeO NPs were collected
and stored for subsequent analysis.

Table 1. Tagetes erecta Leaf Extract in Nanoparticle Synthesis:
Literature Summary

Type of

Study

Nanoparticles Highlights i
Chowdhury, A.
S., Islam, M.
Green synthesis M., & Ghosh, A.
y (2024).
and Proceedings of
Zinc Oxide characterization 9
) the 14th
Nanoparticles of ZnO NPs :
; International
(ZnO NPs) using Tagetes
Conference on
erecta leaf :
Mechanical
extract. ; -
Engineering
(ICME 2023)
[29].
Stc:”ggla" Katta, V. K. M.,
ptical, & Dubey, R. S.
chemical, and
. . (2021).
Silver morphological .
. - Materials
Nanoparticles studies of Today:
(AgNPs) AgNPs y:
synthesized Proceedings,
d 45,794-798
using Tagetes 30]
erecta. ’
Erenler, R, et
Antioxidant al. (2021).
Silver activity of International
. AgNPs Journal of
Nanoparticles hesized hemi d
(AGNPs) synthesize Chemistry an
from Tagetes Technology,
erecta leaves. 5(2),141-
146[31].
Eco-friendly Dhuldhaj, U. P.,
Silver phytosynthesis et al. (2012).
Nanoparticles  of AgNPs using Nusantara
(AgNPs) Tagetes erecta Bioscience,
leaf extract. 4(3) [32].
Synthesis of
AgNPs via
ascorbic acid Tyagi, P. K., et
. and al. (2021).
Silver .
N . polyphenols in Journal of
anoparticles T N ial
(AGNPs) agetes erecta anomaterials,
extract; 2021(1),
antioxidant 6515419 [33].
property
studied.

2.4 Characterization of Nanoparticles

Comprehensive characterization of FeO NPs was
conducted using multiple advanced techniques:

FT-IR Spectroscopy: FTIR analysis was performed using a
PerkinElmer FT-IR spectrometer equipped with a KBr beam
splitter and a DTGS detector (deuterated triglyceride sulfate).
The spectra were recorded in the range of 4000-400 cm-"
with a resolution of 4 cm-", using KBr pellets prepared with
dried FeO NPs. The technique identified functional groups
involved in the reduction and stabilization of nanoparticles by
Tagetes erecta extract [34].

SEM-EDX Analysis: The morphological features and
elemental composition of FeO NPs were analyzed using a
HITACHI SU8010 SEM equipped with an EDX detector coated
with platinum (Pt) for enhanced imaging resolution. SEM
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micrographs were captured at magnifications ranging from
5000x to 50,000x, while EDX confirmed the presence of iron
and oxygen, validating the purity and composition of the
synthesized nanoparticles [35].

XRD Analysis: The crystalline structure and phase
composition of FeO NPs were analyzed using an X’PERT PRO
X-ray diffractometer equipped with a Cu-Ka radiation source
(A = 1.5406 A). The XRD patterns were recorded in the 26
range of 10° to 80°, with a step size of 0.02° and a scan speed
of 0.5° per second. The observed broad diffraction peaks
indicated the amorphous or poorly crystalline nature of FeO
NPs, which is typical of nanoparticles synthesized via green
methods using plant extracts [36].

DLS Analysis: The particle size distribution and colloidal
stability of FeO NPs were evaluated using a Litesizer DLS
(Anton Paar). The measurements were performed at 25°C in
distilled water with a scattering angle of 173°. The Z-average
particle size and polydispersity index (PDI) were calculated to
assess the size uniformity of nanoparticles [37].

2.5 Antioxidant Activity Assays
2.5.1 DPPH Assay

The DPPH assay evaluated the free radical scavenging
capability of the FeO NPs. A solution of the nanoparticles (1
mg/mL) was mixed with 3 mL of a DPPH solution (4 mg in
methanol). After incubation in the dark for 30 minutes at room
temperature, the absorbance at 517 nm was measured using
the Shimadzu UV-2450 spectrophotometer [38]. The
percentage of radical scavenging was calculated using:

L] DPPH Scavenging ( %) = [(A(control) - A(sample) / A(control)] x
100

where Acontrol Fepresents the absorbance of the control sample
(DPPH solution without FeO NPs), and Asample represents the
absorbance of the sample containing FeO NPs.

2.5.2 ABTS Assay

The ABTS assay involved generating ABTS radicals
through an oxidizing reaction. The antioxidant capacity was
assessed by mixing FeO NPs with the radical solution and
measuring the decrease in absorbance at 734 nm [39]. The
percentage inhibition was calculated using:

o ABTS Inhibition (%) = [(A(control) - A(sample) /A(control)] x 100

where Acontrol Fepresents the absorbance of the control sample
(ABTS solution without FeO NPs), and Asample represents the
absorbance of the sample containing FeO NPs.

2.6 Anticorrosion Activity

The anti-corrosive properties were studied using
electrochemical methods like Electrochemical Impedance
Spectroscopy (EIS) and Weight Loss Method. Electrochemical
Impedance Spectroscopy (EIS) is a setup with a steel working
electrode (1 cm?), calomel reference electrode, and platinum
counter electrode was used. Nyquist and Bode plots were
analyzed to assess the impedance and corrosion inhibition.
Potentiodynamic Polarization (PDP): [40]. Tafel curves were
plotted by scanning the potential between -0.1 V and 0.1 V.
Parameters such as corrosion potential (E_corr) and corrosion
current density (l_corr) were recorded to determine the
inhibitor efficiency. The best performance was observed at a
40 mg concentration, showing a maximum inhibition
efficiency of 79.5%. Whereas in weight loss method [36], steel
samples were weighed before and after immersion in
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solutions with varying concentrations of FeO NPs (10, 20, 30,
40 mg). The weight loss was measured over 24 and 48 hours,
calculating corrosion rate, surface coverage, and inhibition
efficiency. Each experiment was repeated three times for
accuracy, confirming the reproducibility and reliability of
results.

3. Results and Discussion

The utilization of Tagetes erecta leaf extract proved to be
an effective method for synthesizing iron nanoparticles in a
straightforward and environmentally conscious manner.
Marigold leaves were chosen for their abundance of bioactive
compounds and functional groups, making them well-suited
for nanoparticle synthesis. These leaves possess reductant
properties, allowing biomolecules within them to efficiently
reduce iron ions, facilitating the formation of iron oxide
nanoparticles from iron salts. As the ferrous sulfate
heptahydrate solution was added, a noticeable change in color
occurred, indicating the initiation of the reaction between the
iron ions and the compounds present in the marigold leaf
extract.

3.1 FT-IR Analysis

FT-IR spectra of the Tagetes erecta extract (Figure 3)
indicated distinct peaks for functional groups engaged in
nanoparticle synthesis. The broadband absorption at 3310
cm’ is mainly due to O—H stretching vibrations, which can be
attributed to hydroxyl groups in bioactive phytochemicals
(e.g., flavonoids and phenolics) and the presence of water
molecules inherent in the plant extract. These hydroxyl-
bearing molecules play a key role in metal ion reduction and
nanoparticle stabilization. Although the role of water cannot
be eliminated, the role of plant-derived hydroxyl is amply
supported by the established phytochemical composition of
Tagetes erecta. This was followed by peaks at 1633 cm™’
(carbonyl groups) and 2117 cm™ (indicative of
alkenes/alkynes). Post-synthesis (Figure 4), the FeO NPs
displayed distinct peaks at 3197 cm- (OH group vibrations),
shifts indicating interactions between the bioactive
compounds and iron ions, and new peaks like 1581 cm™
(aromatic ring vibrations). These changes validate the
involvement of the extract's compounds in reducing and
stabilizing. Conclusion: The formation of FeO NPs confirmed
by the peak between 575 cm™ and 474 cm, which is absent
in the FTIR spectrum of plant extract [41]. The FT-IR analysis
ensures the successful synthesis, with functional groups in
the extract participating in the capping and formation of FeO
NPs.

3.2 SEM-EDX Analysis

The morphology and elemental composition of the
synthesized FeO nanoparticles (FeO NPs) were examined
using a HITACHI SU8010 scanning electron microscope
equipped with an energy dispersive X-ray (EDX) detector. The
analysis revealed crucial insights into the structural and
compositional attributes of the nanoparticles. The SEM
images (Figure 5A) highlighted the irregular, angular
morphology with distinct sharp edges and the surface
characteristics of the FeO NPs, indicating successful
reduction of iron ions [42] and stabilization by bioactive
compounds in Tagetes erecta extract. The absence of
significant aggregation suggests effective dispersion during
synthesis.
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In (Figure 5B). At higher magnifications, the consistency
in particle size becomes more evident, showcasing a narrow
size distribution. This uniformity is crucial for applications
requiring reproducible nanoparticle performance, such as
biomedicine and anti-corrosion.
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Fig. 3. FTIR of Tagetes erecta leaf extract.
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Fig. 4. FTIR of iron oxide nanoparticles (FeO NPs).

Whereas, the EDX spectrum complemented (Figure 6) the
SEM analysis by confirming the elemental composition of the
synthesized FeO NPs: The primary elements detected were
iron (46.36% by mass) and oxygen (53.64% by mass),
validating the formation of iron oxide nanoparticles with
minimal impurities (Table 2). The Fe:O ratio corresponds to
typical forms of iron oxides, such as Fe,0; or Fe,0,, further
confirming the identity of the nanoparticles. Notably, no
significant peaks corresponding to contaminants were
observed, indicating the high purity of the synthesized FeO
NPs. The combined SEM and EDX analyses painted a
comprehensive picture of the synthesized nanoparticles. The
uniform spherical morphology and high elemental purity
underscore the effectiveness of using Tagetes erecta leaf
extract in the green synthesis of FeO NPs. The stability
imparted by the bioactive compounds ensures minimal
aggregation, making these nanoparticles highly suitable for
their intended application.

3.3 DLS analysis.

The DLS data (Figure 7) provided insights into particle size
distribution and uniformity. The Z-average size of 385.8 nm
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and a low polydispersity index (Pl) of 0.2714 indicated a
relatively homogeneous population of Nanoparticles [43]. The
intercept value of 0.9605 and minimal fit error (0.001843)
emphasized reliable size measurements, with 92.86% of
particles within the targeted size range. The peak mean by
intensity (413.5 nm) confirmed the most abundant particle
size. Here, the DLS analysis demonstrated the formation of
FeO NPs with a controlled size distribution, suggesting high
synthesis quality

Particle number|

100 120 140 160 180 200 220 240
Particle size (nm)

Published by Federal University of Mato Grosso do Sul | www.orbital.ufms.br

Orbital: Electron. J. Chem. 2025, 17(5), 444-455

Fig. 5. Particle size distribution histogram from SEM images.
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Fig. 6. SEM EDX of synthesized FeO-NPs.
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Table 2. Elemental composition of Synthesised NPs.

Element Line Mass% Atom%
(o] K 53.64+2.01 80.15%3.00
Fe K 46.36 £2.74 19.85%+1.17
Total 100.00 100.00

3.4 XRD Analysis.

XRD analysis (Figure 8) revealed broad peaks at 26 values
such as 26.6°, 31.6°, and 40.6°, indicating the successful
synthesis of iron oxide nanoparticles. Peaks around 26°-28°
and 31°-32° are associated with FeO phases [44]. The
sharpness and intensity of the peaks suggest that the
nanoparticles exhibit a crystalline structure. By using the
Scherrer formula, the average size of crystalline domains
within a material based on the width of peaks observed in its
X-ray diffraction pattern is calculated. The formula is
expressed as:

D=kA/ Bcos(6)
Where:
D is the average crystal size,

k is the Scherrer constant (usually around 0.9, depending
on the shape of the crystallites),

A is the wavelength of the X-ray radiation,
B is the FWHM of the XRD peak,
6 is the Bragg angle

The average crystal size of the synthesised NPs was
determined to be 20nm, and iron oxide nanoparticles typically
exhibit crystalline size ranging from 16nm to 56nm based on
the synthetic method. Overall, the XRD analysis highlights the
formation of well-crystallized FeO nanoparticles with potential
structural consistency.

The combined analyses—FT-IR, SEM-EDX, DLS, and XRD—
demonstrated that the eco-friendly synthesis of FeO NPs
using Tagetes erecta was successful. The FT-IR spectra
confirmed functional group interactions, SEM-EDX validated
morphology and composition, DLS showed consistent size
distribution, and XRD suggested an amorphous structure. The
desired nanoparticles were indeed formed, offering potential
for applications in biomedical and environmental fields.
Improvements could focus on refining characterization
techniques and synthesis conditions to optimize particle
properties.
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Fig. 8. XRD patterns of Synthesised FeO NPs.

3.5 Antioxidant Activity

Following the successful synthesis and characterization
of FeO NPs, their antioxidant potential was assessed using
DPPH and ABTS assays. These assays are well-established
for evaluating free radical scavenging capabilities, which are
critical for applications in biomedicine and environmental
protection.
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3.5.1 DPPH Assay

The DPPH assay measures the ability of nanoparticles to
neutralize free radicals through electron donation. The FeO
NPs demonstrated a high radical scavenging activity with a
percentage of 92.91+0.002% (Table 3). This value indicates a
strong antioxidant effect, comparable to that of the standard
compound, gallic acid (91.7610.62%), and slightly higher than
ascorbic acid (89.52+0.89%) [45]. The high antioxidant activity
suggests that the bioactive compounds from the Tagetes
erecta leaf extract, which remained as capping agents on the
nanoparticle surface, contributed to the enhanced free radical
scavenging capability. The DPPH results are accurate and
indicate that FeO NPs exhibit significant antioxidant potential.
The small error margin (£0.002%) improves the reliability of
these results, confirming that the synthesized nanoparticles
can effectively participate in antioxidant mechanisms.

3.5.2 ABTS Assay

The ABTS assay complements the DPPH test by
measuring the ability of antioxidants to quench ABTS radicals.
In this study, the FeO NPs showed a lower scavenging activity
of 11.63+0.002% compared to gallic acid (96.65+0.15%) and
ascorbic acid (97.5310.15%). This discrepancy between the
DPPH and ABTS assays may be due to the differences in the
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mechanisms by which these assays function; DPPH primarily
measures hydrophobic antioxidant activity, while ABTS can
capture both hydrophilic and lipophilic properties [50]. The
significant difference in ABTS activity suggests that the
synthesized FeO NPs might exhibit stronger activity in

100
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70
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40
30
20
10

FeONPs

Ascorbic Acid
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environments more closely mimicked by the DPPH assay
conditions. While the FeO NPs showed excellent performance
in the DPPH assay, their lower activity in the ABTS test
indicates that their antioxidant efficacy might be more
selective and context-dependent.

Gallic Acid

B DPPH mABTS

Fig. 9. Comparison of antioxidant activities.

Table 3. Antioxidant activities against DPPH and ABTS assays.

Sample DPPH ABTS REFERENCES

FeONPs 92.91 £ 0.002 11.63 £ 0.002 Present work
Ascorbic Acid 89.52+0.89 97.53+0.15 [46]
Gallic Acid 91.76 £+ 0.62 96.65+0.15 [46]
FeONPs by V.faba 90 +0.01 91+0.02 [47]
FeONPs by Bacillus circulans 39.44% 35.44% [48]
FeONPs by Inedible 85.53% ) [49]

borassurflabellifer

The FeO nanoparticles prepared from Tagetes Eeecta leaf
extract have significant antioxidant activity, especially in the
DPPH assay, indicating their potential as efficient natural
antioxidants. Their impressive DPPH scavenging capacity can
be attributed to the presence of bioactive phytochemicals in
the Tagetes erecta extract, which function as both capping and
stabilizing agents. These molecules, for example, flavonoids,
phenols, and terpenoids, stay bound to the nanoparticle
surface, increasing their electron donation ability and
facilitating effective neutralization of DPPH free radicals. The
small size and high surface area of the developed FEONPs
also offer more active sites, further enhancing their
antioxidant activity. The synergistic effect of green synthesis
and phytochemical functionalization is the reason why such
FeO NPs exhibit improved antioxidant activity as opposed to
conventional chemically synthesized nanoparticles. The lower
ABTS assay performance highlights a selective behavior that
warrants further investigation. The table data are consistent
and correctly presented, supporting the interpretation. This
aligns with prior research highlighting the biocompatibility and
bioactive antioxidant properties of iron oxide nanoparticles.

3.6 Anticorrosive Activity

In continuation of the evaluation of antioxidant properties,
the anticorrosive potential of FeO NPs synthesized using
Tagetes erecta leaf extract was rigorously analyzed using
electrochemical techniques, including Nyquist plots, Bode
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plots (A and B), and Tafel plots [51]. Additionally, a weight loss
method provided further insight into the corrosion inhibition
performance of FeO NPs compared to the plant extract.

3.6.1 Nyquist Plot Analyses

Nyquist plots (Figures 10a and 10b) provide information
about the metal-electrolyte interface. The semicircular nature
of these plots indicates the effectiveness of the anticorrosive
agent. FeO NPs: The Nyquist plot for FeO NPs showed an
increased diameter of the semicircle with higher
concentrations, peaking at 40 mg, indicating significant
resistance to charge transfer. This increase suggests
enhanced protective behavior, correlating with the
effectiveness of the synthesized nanoparticles in inhibiting
corrosion. Plant Extract: Comparatively, the plant extract also
exhibited a semicircular pattern, but with smaller diameters
across all concentrations, implying less effective corrosion
inhibition.

The FeO NPs demonstrated superior performance in
forming a barrier that hindered the electrochemical reaction
between the steel surface and the corrosive medium.

3.6.2 Bode Plot Analysis (A and B)

Bode plots help visualize impedance data more
comprehensively through phase angle and modulus plots.
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Bode A Plot for FeO NPs, as shown in Figure 11a, the  was also at its peak at this concentration, indicating strong
impedance magnitude at 40 mg concentration was capacitive behavior due to the formation of a protective layer
significantly higher than at lower concentrations, reflecting  [52].
increased stability and reduced corrosion. The phase angle
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Fig. 10. (a) Nyquist Plot for NPs for Different Concentrations. b) Nyquist Plot for Plant Extract at Different Concentrations.

Bode A Plot for Plant Extract as shown in Figure 11b, comparison. The 40 mg concentration of FeO NPs
revealed that the plant extract's impedance was lower across  consistently exhibited a higher phase angle and impedance,
all concentrations, with moderate phase angles, pointingtoa  confirming better corrosion resistance compared to the plant
less robust protective layer. extract. The Bode plot analysis reinforced that FeO NPs

However, Bode B Plot for FeO NPs and Plant Extract provided better corrosion inhibition by enhancing the
mentioned in figures 12a and 12b displayed a clearer ~Protective layer's electrochemical properties.
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Fig.11. (a) Bode A Plot for NPs at different concentrations. (b) Bode A Plot for plant extract at different concentrations.
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Fig. 12. (a) Bode B Plot for NPs at different concentrations. (b) Bode B Plot for Plant extract at different concentrations.

3.6.3 Tafel Plot Analysis

Tafel plots given in Figures 13a and 13b, illustrated the
polarization behavior by showing the relationship between
potential and current density, helping to derive the corrosion
current (Icorr) and corrosion potential (Ecorr).

The Tafel plot for FeO NPs showed a shift in the corrosion
potential (E_corr) and a significant reduction in corrosion
current (lcorr) at 40 mg, leading to an efficiency of 79.5% (Table
4). This indicates strong anodic and cathodic inhibition,

Potential

-3

-4 4

T
-0.5 0.0 0.5
Current

(@)

implying a mixed-type inhibitor [53]. The plant extract
exhibited less pronounced shifts in (Ecorr) and a higher (lcorr )
across concentrations, resulting in lower overall efficiency
(Table 5). The data from the Tafel plots confirmed that FeO
NPs were more effective as corrosion inhibitors due to their
ability to lower the corrosion rate by forming a stronger
protective film on the metal surface.

Current

-1.5 -1.0

T
-0.5 0.0 0.5

Potential Applied

(b)

Fig. 13. (a) Tafel Plot for NPs at different concentrations. (b) Tafel Plot for Plant extract at different concentrations.

Table 4. Tafel Calculation for Plant Extract (Polarization Parameters).

CONC. (mg/ml) Ecorr (V vs. SCE) Icorr(A/cm-3 Ba(V/decade) Ba(V/decade) EFFICIENCY
0 -0.216 1.0x10* 1.316 0.416 -
10 -0.338 1.1x104 1.209 0.726 71.9%
20 -0.342 2.5x10* 0.568 1.310 65.3%
30 -0.422 1.3x10°3 0.345 0.883 67.2%
40 -0.231 2.4x10% 1.847 1.820 78.5%

Table 5. Tafel Calculation For Nps (Polarization Parameters)

CONC. (mg/ml) [ Ecorr (V vs. SCE) Icorr(A/cm-3 Ba(V/decade) Ba(V/decade) EFFICIENCY
0 -0.215 1.0x10* 1.300 0.400 -
10 -0.328 2.8x10% 1.180 0.700 72.4%
20 -0.340 3.4x10°% 0.600 1.200 66.2%
30 -0.410 3.0x10°% 0.400 0.850 69.8%
40 -0.230 2.1x105 1.800 1.750 79.6%
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3.6.4 Weight Loss Method

The weight loss method is a straightforward, reliable, and
widely used technique to evaluate the corrosion rate of metals
in the presence of inhibitors such as plant extracts and
nanoparticles (NPs). It measures the mass difference of a
metal sample before and after exposure to a corrosive
medium. This approach provides direct evidence of material
degradation, which helps in determining the corrosion rate,
surface coverage, and inhibition efficiency of the tested
anticorrosive agents.

Fig. 11. Weight loss method for blank, 10 mg, 20 mg, 30 mg,
40 mg of FeO-NPs.

Table 6. Weight Loss Method of NPs for 24 h.

Orbital: Electron. J. Chem. 2025, 17(5), 444-455

Tables 6 and 7 show the Weight Loss (g) for FeO-NPs,
which indicates the amount of material lost due to corrosion.
A decrease in weight loss with increased concentration of FeO
NPs (e.g., 40 mg showing 0.289 g loss) suggests enhanced
corrosion resistance. The fraction of the metal surface
protected by the anticorrosive agent. Higher values (e.g.,
0.465 for 40 mg concentration) indicate better surface
protection. Inhibition Efficiency (%) represents the percentage
reduction in corrosion rate due to the inhibitor. The efficiency
peaks at 60% for the highest concentration, signifying the
superior performance of FeO NPs at higher doses. Here,
corrosion rate was measured in terms of mass loss per unit
area and time, while lower rates implied better anticorrosive
performance [54].

Efficiency Calculation Formula
Efficiency (%) = ((C, - Ci) / C,) x 100
Where:

CROC {RO}CRO = Initial concentration

e  CriC {Ri}CRi = Final (or residual) concentration

CONC. (mg) WEIGHT LOSS (g) SURFACE COVERAGE EFFICIENCY (%) CORROSION RATE
0 0.706 - - 15.7085
10 0.370 0.475 47% 8.2325
20 0.314 0.555 55% 6.9865
30 0.307 0.565 56% 6.83075
40 0.289 0.590 60% 6.43025
Table 7. Weight Loss Method of NPs for 48 h.
CONC. (mg) WEIGHT LOSS (g) SURFACE COVERAGE EFFICIENCY (%) CORROSION RATE
0 1.321 - - 14.696
10 0.657 0.502 50% 7.309
20 0.567 0.570 57% 6.307
30 0.546 0.586 58% 6.074
40 0.465 0.647 64% 5.173

- e e e N "
Fig. 14. Weight Loss for blank, 10 m
mL.

L, 20 mL, 30 mL and 40

Table 8. Weight Loss Method of Plant Extract for 24 h.

Table 7 Highlights that the plant extract alone offered a
moderate level of corrosion inhibition. For instance, a 40 mg
concentration achieved 64% efficiency. However, the weight
loss (0.314 g) was higher compared to FeO NPs at similar
concentrations, which implies that the extract alone was less
effective.

Surface coverage is also lower than that observed with
FeO NPs, supporting this conclusion. However, in Table 9, the
data showed a decline in inhibition efficiency over time (56%
for 40 mg concentration after 48 hours), indicating that the
plant extract's protective capability decreases with prolonged
exposure.

CONC. (mg) WEIGHT LOSS (g) SURFACE COVERAGE EFFICIENCY (%) CORROSION RATE
0 0.601 - - 13.37225
10 0.327 0.451 45% 7.27575
20 0.318 0.470 47% 7.0755
30 0.300 0.500 50% 6.675
40 0.295 0.51 51% 6.656
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Table 9. Weight Loss Method of Plant Extract for 48 h.

Orbital: Electron. J. Chem. 2025, 17(5), 444-455

CONC. (mg) WEIGHT LOSS (g) SURFACE COVERAGE EFFICIENCY (%) CORROSION RATE
0 1.202 - - 13.37225
10 0.601 0.499 50% 6.69725
20 0.580 0.517 51% 6.4525
30 0.544 0.546 54% 6.063125
40 0.521 0.566 56% 5.796125

Although by comparing both the tables of Weight loss
method for Plant extract and Feo-NPs, it was observed that
the data given in Tables 8 and 9 for FeO NPs revealed
consistent performance over both 24 and 48 hours,
suggesting that the synthesized nanoparticles maintained
their protective properties. In contrast, the plant extract's
efficacy diminishes over time. In conclusion, the higher
concentrations of both the NPs and the extract lead to
improved inhibition, but FeO NPs achieve greater efficiency
even at comparable doses. Hence, FeO NPs outperformed the
plant extract in all metrics—weight loss, surface coverage, and
inhibition efficiency—highlighted the superior anticorrosive
properties of the synthesized nanoparticles.

Therefore, While the pure Tagetes erecta extract exhibits
good corrosion inhibition in the short term, FeO nanoparticles
provide certain benefits related to long-term stability,
hardness, and performance under extreme industrial
conditions. The FeO NPs establish a uniform protective shield
and retain their activity over time, whereas the plant extract
can degrade or lose activity. Thus, it is necessary to use the
FeO NPs for creating a more stable, reusable, and industrially
applicable corrosion inhibitor.

4. Conclusions

In this work, we explored an eco-friendly way to synthesize
iron oxide nanoparticles (FeO NPs) using Tagetes erecta leaf
extract, tapping into the plant’s natural bioactive compounds
as reducing and stabilizing agents. This green synthesis
method not only avoids harmful chemicals but also aligns with
sustainable practices. We confirmed the successful
formation of FeO NPs through a range of analytical
techniques: UV-Vis spectroscopy showed their absorbance
properties, FT-IR highlighted the functional groups and
interactions, SEM-EDX revealed a spherical shape and
elemental composition, DLS indicated uniform particle size,
and XRD pointed to their amorphous or low-crystallinity
nature. The antioxidant properties of these FeO NPs were
impressive, especially in the DPPH assay, where they showed
strong free radical scavenging comparable to standard
antioxidants. This suggests they could be useful as natural
antioxidants in biomedical applications. When we tested their
anticorrosive properties, the results were equally promising.
Using electrochemical techniques and the weight loss
method, we found that FeO NPs outperformed the plant
extract by a significant margin. They consistently showed high
corrosion inhibition over 24 and 48 hours, with better surface
coverage and inhibition efficiency, proving their ability to form
a strong, protective layer on metal surfaces. Overall, this study
highlights that FeO NPs synthesized using Tagetes erecta not
only bring environmental benefits through green production
but also have great potential for real-world applications. Their
dual role as powerful antioxidants and effective anticorrosive
agents makes them promising candidates for use in fields
ranging from biomedicine to industrial corrosion prevention.
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