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Abstract

Despite the increasing interest in plant-derived green corrosion inhibitors, the inhibition
mechanism of Annona muricata leaf extract for carbon steel in acidic media remains largely
unexplored. In this study, the corrosion inhibition performance of an ethanolic extract of An-
nona muricata leaves was systematically investigated for SAE 1008 carbon steel in 1 mol L2
HCl, combining gravimetric measurements and electrochemical techniques, electrochemical
impedance spectroscopy and potentiodynamic polarization curves. Complementary, Raman
spectroscopy and scanning electron microscopy were used for surface characterization.
Phytochemical screening confirmed the presence of several bioactive metabolites such as
alkaloids, tannins, phenolic compounds, flavonoids, and lactones, which may contribute to
the adsorption capability of the extract. The extract exhibited concentration-dependent
inhibition, reaching approximately 92 % efficiency at 6 vol.%. Adsorption analysis showed that
the inhibition process follows the Langmuir isotherm, suggesting the formation of a protective
organic monolayer on the steel surface. Electrochemical measurements showed a decrease in
corrosion current density and an increase in charge transfer resistance in the presence of the
inhibitor. Potentiodynamic polarization results revealed that the extract acts as a mixed-type
inhibitor. Surface analyses confirmed the adsorption of organic species and the formation of
a protective film that reduces corrosion damage. These findings provide new mechanistic
insights into the corrosion inhibition behaviour of Annona muricata leaf extract and
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demonstrate its potential as a sustainable, environmentally friendly corrosion inhibitor for
carbon steel in acidic environments.

Keywords
Green corrosion inhibitor; surface analysis; phytochemical screening; corrosion resistance; weight
loss; electrochemical analysis; adsorption isotherms

Introduction

Carbon steels such as SAE 1008 are widely used in industrial applications due to their low cost
and favourable mechanical properties. Therefore, this material is commonly employed in pipelines,
storage tanks, structural components, and equipment frequently exposed to acidic environments
during processes such as pickling, descaling, and acid cleaning [1]. However, these materials are
highly susceptible to corrosion in acidic and saline environments [2-4]. Acidic corrosion processes
result in significant economic losses and safety concerns, motivating the continuous development
of efficient and environmentally benign corrosion protection strategies [5].

Among available corrosion control methods, corrosion inhibitors are among the most practical
and cost-effective approaches [2,4]. Inhibitors act by adsorbing onto the metal surface and forming
a protective film that reduces anodic metal dissolution and/or cathodic hydrogen evolution
reactions [6-9]. Traditional inhibitors, such as chromates and synthetic organic compounds, are
highly effective but pose serious environmental and health risks because of their toxicity and
persistence [10].

Consequently, there is a growing demand for sustainable and biodegradable corrosion inhibitors
derived from natural sources [6,11,12]. Plant extracts have gained considerable attention as green inhi-
bitors because they are renewable, biodegradable, and rich in organic molecules containing hetero-
atoms (O, N, S and P) and m-electron systems capable of interacting with metallic surfaces [3-5,11].
Nevertheless, their practical implementation is hindered by the lack of mechanistic understanding and
standardized evaluation protocols.

Numerous studies have reported high inhibition efficiencies for plant extracts in acidic
environments [9,12-15], often attributed to adsorption mechanisms described by Langmuir,
Temkin, Freundlich, or EI-Awady isotherms. Electrochemical investigations have shown that most
plant-based inhibitors behave as mixed-type inhibitors [1,16], while surface characterization
techniques such as scanning electron microscopy (SEM), Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), and atomic force microscopy (AFM) have confirmed the formation of protective
films on metal surfaces [14,15,17].

Despite the rapid growth of research on green corrosion inhibitors, several challenges remain.
Many studies are empirical, with limited insight into adsorption mechanisms, structure-activity
relationships, and how extraction conditions affect inhibitory performance. Moreover, the
correlation between phytochemical composition and electrochemical behaviour is still poorly
understood, highlighting the need for systematic and mechanistic investigations.

Annona muricata L. (soursop) is a tropical plant widely distributed in South America and other
tropical regions and is traditionally used for nutritional and medicinal purposes [18]. In Peru, soursop
is cultivated in regions between 0 m and 600 m above sea level, mainly in La Libertad, Loreto, San
Martin, Ucayali, Ica, and Lima [19]. Its pulp, peel, leaves, fruits, and seeds contain a wide variety of
bioactive compounds, including alkaloids, acetogenins, flavonoids, tannins and phenolic com-
pounds, which exhibit antioxidant and antimicrobial properties [20].
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Although Annona muricata has been extensively investigated for its pharmacological, antimi-
crobial, and antioxidant properties, its potential as a green corrosion inhibitor remains largely
unexplored. These phytochemicals possess heteroatoms and aromatic structures that can promote
strong adsorption onto metal surfaces, suggesting that A. muricata extracts may act as efficient
green corrosion inhibitors [21].

Moreover, comprehensive studies combining gravimetric analysis, electrochemical techniques,
adsorption modelling, Raman spectroscopy, and surface morphology to elucidate the inhibition
mechanism of A. muricata leaf extract for SAE 1008 carbon steel in hydrochloric acid solution have
not been previously reported. This integrated mechanistic approach is the main novelty of the
present work and contributes to a deeper understanding of the relationship between phytochemical
composition, adsorption behaviour, and corrosion protection.

Therefore, the ethanolic extract of Annona muricata leaves was investigated as a green corrosion
inhibitor for SAE 1008 carbon steel in 1.0 mol L'! HCl solution in this work. The inhibition performance
was evaluated using gravimetric measurements, electrochemical impedance spectroscopy, linear
polarization resistance, and potentiodynamic polarization curves (Tafel slopes). Adsorption isotherm
models were applied to provide insights into the interaction mechanism between the phytochemical
constituents of the extract and the metal surface, employing the weight loss results from gravimetric
measurements. Surface characterization was performed using scanning electron microscopy (SEM)
and Raman spectroscopy to elucidate the adsorption behaviour and protective film formation.

Experimental

Materials and sample preparation

SAE 1008 carbon steel was used as the substrate material. This material is widely employed in
industrial equipment, storage tanks, pipelines, and structural components. The chemical compo-
sition was: 0.10 wt.% C, 0.03 wt.% Si, 0.50 wt.% Mn, 0.025 wt.% P, 0.025 wt.% S, 0.02 wt.% Al,
0.0008 wt.% B, and Fe balance. Rectangular samples with dimensions of 2.5x5.0x0.02 cm were
prepared for electrochemical experiments. Prior to testing, the samples were mechanically abraded
using silicon carbide (SiC) abrasive papers (sandpaper) with grit sizes of 80, 220, 400, 600 and 1000.
The samples were then ultrasonically cleaned in ethanol and air dried.

Gravimetric and electrochemical tests were performed by immersing the steel samples in 1.0 mol L*
HCl solution (one of the most widely used acids in industrial pickling, descaling and acid cleaning) in
the absence and presence of the ethanolic extract of Annona muricata L. at concentrations of 1, 2, 4,
6 and 8 col-%. All tests were conducted in triplicate to ensure reproducibility.

Extraction process and phytochemical analysis

Leaves of Annona muricata were collected at the “FORTU” Nursery (km 23, Panamericana Sur,
Lima, Peru). The collected leaves were dried at room temperature under natural air circulation. The
dried leaves were ground and sieved (Tyler system) to pass through a 10-mesh sieve and stored in
a desiccator in paper bags until extraction.

The ethanolic extract was prepared by magnetic stirring of the powdered leaves in ethanol for 2 h.
After extraction, the mixture was vacuum filtered, and the filtrate was used as the stock solution for
inhibitor preparation. Preparation of ethanolic extract of Annona muricata leaf is schematically present-
ed in Figure 1. Phytochemical analysis of the extract was carried out following the procedure described
in previous work by Coria-Téllez et al. [22] and Moghadamtousi et al. [23], allowing qualitative
identification of major phytochemical groups such as alkaloids, phenolics, flavonoids, and tannins.
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Figure 1. Schematic representation of the preparation of Annona muricata leaves and the subsequent
ethanolic extraction procedure used to obtain the crude plant extract employed as a green corrosion inhibitor

Gravimetric tests

For mass loss experiments, steel samples with dimensions of 4.0x1.0x0.2 cm were used. Prior to
immersion, the samples were mechanically abraded using silicon carbide (SiC) abrasive papers
(sandpaper) with grit sizes of 80, 220, 400, 600 and 1000. The samples were then ultrasonically
cleaned in ethanol and air-dried.

The immersion tests were conducted in accordance with ASTM G31, which provides the standard
practice for laboratory immersion corrosion testing of metals. The samples were immersed in 50 mL
of 1.0 mol L1 HCI solution, with and without different concentrations of ethanolic extract of Annona
muricata L. (1, 2, 4, 6 and 8 vol.%), for 2 h at room temperature. After the immersion period, the
samples were removed from the test solution and cleaned in accordance with the recommendations
of ASTM G31 to remove corrosion products without affecting the base metal. Subsequently, the
samples were rinsed with distilled water, washed with ethanol, dried under a hot air stream, allowed
to reach room temperature in a desiccator, and finally weighed using an analytical balance (Sartorius
TE214S, precision 0.1 mg).

The inhibition efficiency (n / %) was calculated from weight loss measurements using Equati-
on (1) [1,15], where Cro and Cgi represent the corrosion rates of carbon steel in the absence and
presence of the inhibitor, respectively.

CRi

The corrosion rate (Cg) was determined from the mass loss data using Equation (2) [1], where
AW / g is the average weight loss, A/cm? is the total exposed surface area and t/day is the

immersion time.
:A_W (2)
At
From the inhibition efficiency values, the surface coverage degree () was calculated by dividing
n by 100 and used to evaluate the adsorption behaviour of the inhibitor on the steel surface. The
adsorption data were fitted to different adsorption isotherm models, including Langmuir,

R
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Freundlich, Temkin, Flory-Huggins, and Frumkin isotherms, using linear regression analysis of the
experimental data.

Electrochemical measurements

Electrochemical measurements were carried out using a conventional three-electrode cell
connected to a Gamry Reference 600 potentiostat/galvanostat controlled by Gamry Framework
software. The carbon steel sample served as the working electrode with an exposed surface area of
0.7238 cm?, employing 1.0 mol L' HCI solution as electrolyte. A platinum foil and a saturated
calomel electrode (SCE) were used as the counter and reference electrodes, respectively.

The open circuit potential (OCP) was measured for 1 h to guarantee a stable potential for the
electrochemical tests. Electrochemical impedance spectroscopy (EIS) measurements were
conducted over a frequency range of 100 kHz to 100 mHz, at 10 mV (OCP). The EIS were quantita-
tively analysed using ZView software [1] by fitting the experimental data to appropriate equivalent
electrical circuit models. Finally, potentiodynamic polarization (Tafel slopes) curves were recorded
from -200 to +200 mV around OCP at a scan rate of 0.5 mV s,

Surface characterization

The surface morphology of the steel samples after immersion in 1.0 mol L'* HCI solution for 2 h
in the absence and presence of the inhibitor was examined using a Quanta 250 scanning electron
microscope (SEM). After immersion, the samples were rinsed with distilled water, ethanol, dried
with hot air and stored in a desiccator prior to analysis.

Raman spectroscopy

Raman spectra were recorded from (i) the carbon steel surface immersed in 1.0 mol L* HCl
solution without inhibitor, (ii) the solid inhibitor obtained by evaporating the ethanol solvent, and
(iii) the inhibitor film formed on the steel surface after 2 h of immersion in the inhibited acidic
solution. Raman measurements were performed using a Horiba Xplora Raman spectrometer
equipped with a microscope.

Results and discussion

Phytochemical composition and corrosion inhibition potential

It is important to emphasize that the objective of the present work was not to isolate or identify
the individual phytochemical constituents responsible for the inhibition process, but rather to
evaluate the corrosion inhibition potential of the crude ethanolic extract of Annona muricata leaves
obtained through a simple and low-cost extraction procedure. Therefore, the qualitative
phytochemical screening was intended to provide an overview of the major classes of secondary
metabolites present in the extract.

The phytochemical screening of the ethanolic extract of Annona muricata leaves revealed a
complex composition rich in organic metabolites with potential adsorption capability. Qualitative
tests indicated the presence of alkaloids (Table 1), confirmed by positive responses in Mayer,
Wagner and Popoff reactions (+), and more pronounced responses in Dragendorff, Bouchardat, and
Sonnenschein assays (++), evidencing a moderate to significant concentration of nitrogen-
containing compounds in the extract. The variability in response intensity suggests the coexistence
of different alkaloid subclasses with distinct structural features and reactivities.
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Table 1. Phytochemical screening of the ethanolic extract of Annona muricata leaves

Test Results
Mayer reaction +
Dragendorff reaction ++
Alkaloids Bouchardat reaFtion ++
Wagner reaction +
Sonneschein reaction ++
Popoff reaction +
Tannins ++
Phenols ++
Saponins -
Lactones ++
Flavonoids ++

Legend: (-) no metabolite observed; (+) low evidence; (++) evidence; and (+++) high evidence

In addition to alkaloids, tannins, phenols, lactones, and flavonoids were clearly detected with
moderate evidence (++), while saponins were not observed under the experimental conditions used.
The consistent detection of phenolic compounds and flavonoids is particularly relevant, as these
classes are characterized by aromatic rings bearing hydroxyl groups that can donate electron density
[24,25]. Tannins, known for their polyphenolic structure, further contribute to the high density of
oxygenated functional groups within the extract [25]. Lactones, although less discussed in corrosion
studies, may also participate in adsorption through carbonyl functionalities [26].

The predominance of phenolic and flavonoid constituents suggests that the inhibition
mechanism is strongly governed by adsorption processes driven by r-electron interactions and lone-
pair donation from oxygen atoms [24]. Alkaloids, containing nitrogen heteroatoms, may enhance
adsorption through donor-acceptor interactions with vacant d-orbitals of iron atoms on the steel
surface [26]. In an acidic medium, protonation of these species may also promote electrostatic
interactions with negatively charged sites formed on the metal interface [24,25].

The absence of saponins indicates that the inhibitory performance is unlikely to be associated with
surfactant-type micelle formation or precipitation phenomena. Instead, the chemical profile supports
a mechanism dominated by interfacial adsorption and formation of a compact organic film [27,28].

Although a detailed economic assessment was beyond the scope of the present work, the
proposed inhibitor offers inherent cost-effectiveness because it is obtained from readily available
plant biomass using a simple ethanol extraction process, without requiring complex synthesis,
purification steps, or expensive precursors.

Gravimetric analysis

The gravimetric results clearly demonstrate the corrosion inhibitory effect of the leaf extract on
SAE 1008 carbon steel. The corrosion rate of the negative control (absence of corrosion inhibitor) in
1 mol L™* HCI (Table 2) was (0.0189 +0.0011) g cm? day™. The addition of the Annona muricata leaf
extract caused a pronounced reduction in corrosion rate, decreasing to (0.0051 + 0.0007) g cm2day™?
at 1 vol.%, corresponding to an inhibition efficiency of (73.02 + 0.25) % and a surface coverage (&) of
(0.7302 £ 0.0025). Increasing the concentration to 2 % further reduced the corrosion rate to
(0.0023 + 0.004) g cm2day?, raising the efficiency to (87.83 + 0.71) %.

Maximum performance was observed between 4 and 6 vol.%, where corrosion rates reached
0.0018 + 0.0006 and 0.0015 + 0.0005 g cm2 day?, corresponding to efficiencies higher than 90 %. At
8 vol.%, however, a slight decrease in performance was observed (Cr = 0.0021 + 0.0004 g cm2 day™;
n = 88.89 £ 0.74 %), suggesting that beyond the optimal concentration range, possible intermolecular
interactions or partial aggregation in solution may limit additional surface adsorption.
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Table 2. Corrosion rate, inhibitory efficiency and coverage degree at different concentrations of Amonna
muricata leaf extract at 21 °C

Concentration, vol.% Cr /g cm?day? n/% 2]
Negative control (0.0189 + 0.0011) - -

1 (0.0051 + 0.0007) (73.02 £0.25) (0.7302 + 0.0025)

2 (0.0023 + 0.0004) (87.83 £0.71) (0.8783 + 0.0071)

4 (0.0018 + 0.0006) (90.48 £ 0.37) (0.9048 + 0.0037

6 (0.0015 + 0.0005) (92.06 + 0.65) (0.9206 + 0.0065)

8 (0.0021 + 0.0004) (88.89 +0.74) (0.8889 + 0.0074)

The observed concentration-dependent decrease in corrosion rate indicates that the inhibition
process is governed by adsorption phenomena. The progressive increase in surface coverage (€)
with concentration reflects enhanced occupation of active sites on the steel surface, leading to the
formation of a protective barrier that restricts both anodic metal dissolution and cathodic hydrogen
evolution reactions. The slight decline in efficiency at the highest concentrations suggests the
establishment of an adsorption equilibrium in which surface saturation is reached and additional
inhibitor molecules remain in the bulk solution without contributing significantly to further
protection. This behaviour is characteristic of adsorption-controlled inhibition mechanisms and
supports the subsequent thermodynamic and adsorption isotherm analyses.

Adsorption isotherms analysis

Adsorption isotherm analysis constitutes a fundamental approach for elucidating the interaction
mechanism between inhibitor molecules and the carbon steel surface in aggressive media. The
magnitude of the standard free energy of adsorption (AG°a4s) provides important insight into the
nature of the adsorption process. Values close to -20 k) mol™? or less negative are typically associated
with electrostatic interactions between charged inhibitor species and the metal surface, charac-
terizing a predominantly physical adsorption (physisorption) mechanism. In contrast, AG°.4s values
around -40 kJ mol? or more negative indicate stronger interactions involving charge sharing or
charge transfer between the inhibitor molecules and the metal surface, leading to the formation of
coordinated covalent bonds and suggesting a chemisorption-controlled process [29].

The adsorption behaviour of the inhibitor molecules on the carbon steel surface was
evaluated using the surface coverage values (@) obtained from gravimetric measurements and the
corresponding inhibitor concentrations (C). The experimental data were fitted to the Langmuir,
Freundlich, Temkin, Flory-Huggins and Frumkin adsorption isotherms aiming to determine the
model that best describes the metal-inhibitor interaction. The regression coefficients (R?) and
linearized equations obtained for each model are presented in Table 3.

Table 3. Evaluation of adsorption isotherms parameters adjustments

Adsorption isotherms R? Line’s equation
Langmuir (C/ Qvs. C): C/ 8=1/K+C 0.9981 y=0.9182x-0.1311
Freundlich (log@vs. logC): 8= K¢ C¥" 0.6907 y =7.4523x + 0.9989
Temkin (& vs. log C): 8= (2.303/a) logK + (2.303/a) logC 0.6948 y =3.9821x - 2.9259
Flory-Huggins (log (€/C) vs. log(1 - 8)): log(8/C) = logk + xlog(1-6)  0.8838 y=0.7317x - 0.5440
Frumkin (log (8/(1- 6)C) vs. 6): log(8/(1-0)C) = logk + g€ 0.0900 y=0.1101x + 0.9009

Adsorption isotherm parameters: K is the equilibrium adsorption constant; K: is the Freundlich adsorption constant; n represents the adsorption
intensity (indicating the favourability of the process); a and g correspond to the lateral interaction parameters between adsorbed species; and x
denotes the number of water molecules replaced by each adsorbed inhibitor molecule [9,12]

http://doi.org/10.5599/jese.3486



http://doi.org/10.5599/jese.3486

J. Electrochem. Sci. Eng. 16 (2026) 3486 Corrosion inhibition of carbon steel by Annona muricata leaf extract

A comparative analysis of the correlation coefficients clearly indicates that the Langmuir isotherm
provides the best mathematical fit to the experimental data, with an exceptionally high regression
coefficient (R? = 0.9981). This value is significantly higher than those obtained for the Flory-Huggins
(R* =0.8838), Temkin (R? = 0.6948), Freundlich (R? =0.6907) and Frumkin (R? = 0.0900) models. The
near-unity R? value for the Langmuir model strongly supports the conclusion that the adsorption
process follows an ideal monolayer adsorption mechanism [9,12].

According to the Langmuir model, adsorption occurs at specific homogeneous active sites on the
metal surface, with each site accommodating a single inhibitor molecule and without significant
lateral interactions between adsorbed species [9]. The slope close to unity (y =0.9182x - 0.1311)
further reinforces the predominance of a monolayer adsorption mechanism, suggesting that surface
coverage increases proportionally with inhibitor concentration until saturation of available active
sites is reached.

Such adsorption is typically associated with electrostatic interactions between protonated
organic species and the negatively charged metal surface [8], as well as donor-acceptor interactions
involving heteroatoms (such as oxygen and nitrogen) and vacant iron orbitals [26]. This adsorption
mechanism effectively blocks active sites, reducing the available area for anodiciron dissolution and
cathodic hydrogen evolution reactions [9,12].

From the linearized Langmuir isotherm, the adsorption equilibrium constant (Kags) can be
obtained from the reciprocal of the intercept (1/K). Based on the fitted linear equation, the
calculated adsorption equilibrium constant was 7.6278 L g. The determination of Kags enables the
thermodynamic evaluation of the adsorption process through calculation of the standard Gibbs free
energy of adsorption (AG°.4s), according to Equation (4) [1], where T represents the absolute
temperature (298 K in the present study), R is the universal gas constant (8.3147 J mol* K1), and
Ch,0 is the molar concentration of water in the solution (55.5 mol L).

AGoads = 'RT In(CHZOKad) (4)

Using these parameters, the calculated value of AG°ags was -14.986 k)] molt. The negative value
confirms that the adsorption process of the inhibitor molecules onto the carbon steel surface is
thermodynamically spontaneous under the studied conditions. Furthermore, the magnitude of
AG’.4s indicates that the adsorption process in this study can be classified predominantly as physical
adsorption (physisorption), a weak interaction [9,12,29].

Electrochemical analysis

According to the results obtained from the gravimetric corrosion tests, the ethanolic extract of
Annona muricata leaves exhibited a concentration-dependent inhibition behaviour. Although
inhibition efficiency generally increased with extract concentration, the system containing 8 vol.%
showed a slight decrease in corrosion inhibition performance compared with the lower
concentrations.

As previously discussed, this behaviour may be associated with possible saturation of adsorption
sites or changes in the adsorption-desorption equilibrium at higher inhibitor concentrations, which
can affect the stability and compactness of the protective film formed on the metal surface.
Therefore, to focus the electrochemical investigation on the concentration range that exhibited the
most effective corrosion inhibition performance, the electrochemical measurements were carried
out using extract concentrations up to 6 vol.%, as well as the uninhibited solution (negative control).
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Open circuit potential

Initially, the evolution of the open circuit potential (OCP) was monitored to evaluate stabilization
of the metal/electrolyte interface prior to the electrochemical measurements. The OCP for SAE 1008
carbon steel immersed in 1.0 mol L HCl solution in the absence and presence of different
concentrations (1, 2, 4 and 6 vol.%) of ethanolic extract of Annona muricata leaves was monitored
for 3600 s (Figure 2).

w
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G
a
o
Negative control
-45
430 — 1vol.% — 4vol.%
— 2vol.% — 6vol.%
0 500 1.000 1.500 2.000 2.500 3.000 3.500

Time, s
Figure 2. Open circuit potential as a function of immersion time for SAE 1008 carbon steel in 1.0 mol L'* HCI
solution in the absence (negative control) and presence of different concentrations of Annona muricata leaf
ethanolic extract

In the uninhibited solution, the OCP rapidly shifts toward more negative values, indicating
the active dissolution of steel in the aggressive acidic medium (Figure 2). In contrast, the addition of
the plant extract results in a gradual displacement of the potential toward less negative values. This
behaviour suggests the progressive adsorption of organic molecules present in the extract onto the
steel surface, forming a protective layer that modifies the interfacial electrochemical processes
during the initial immersion period.

Although the displacement in corrosion potential is relatively moderate, this tendency indicates
that the inhibitor influences both anodic metal dissolution and cathodic hydrogen evolution reactions.
Such behaviour is characteristic of mixed-type corrosion inhibitors, which reduce the overall corrosion
rate by blocking active surface sites involved in both electrochemical reactions [30].

Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy (EIS) results obtained for SAE 1008 carbon steel in
1.0 mol L'! HCl solution in the absence and presence of different concentrations (1, 2, 4 and 6 vol.%) of
the ethanolic extract of Annona muricata leaves are presented in Figures 3a and Figure 3b as Nyquist
and Bode diagrams respectively, while the equivalent electrical circuit (EEC) used to fit the experimental
data is shown in Figure 3c. This equivalent circuit has been widely used in the literature to adequately
describe EIS responses in systems containing different corrosion inhibitors [9,12,15,31].

The Nyquist diagrams exhibit a single depressed capacitive semicircle for all investigated
systems, indicating that the corrosion process is mainly controlled by charge transfer at the
metal/electrolyte interface [1,6,15]. After the addition of the ethanolic extract of Annona muricata
leaves, a pronounced enlargement of the semicircle diameter is observed, demonstrating a significant
increase in the corrosion resistance of the steel surface [32].

http://doi.org/10.5599/jese.3486
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Figure 3. (a) Nyquist and (b) Bode diagrams for SAE 1008 carbon steel immersed in 1.0 mol Lt HC solution
in the absence and presence of different concentrations of ethanolic extract of Annona muricata leaves;
(c) equivalent electrical circuit used to fit the experimental EIS data, where Rs, represents the solution
resistance, Rcr the charge transfer resistance and Qp, the capacitive parameter of the constant phase
element associated with the electrical double layer

After the addition of the ethanolic extract of Annona muricata leaves, a pronounced enlargement of
the semicircle diameter is observed, demonstrating a significant increase in the corrosion resistance of
the steel surface [32]. The depressed character of the semicircles indicates non-ideal capacitive
behaviour, which is commonly attributed to surface heterogeneity, roughness [33,34], and the
distribution of active corrosion sites on the steel surface [35].

The Bode diagrams (Figure 3b) further corroborate the electrochemical behaviour observed in
the Nyquist diagrams. The progressive increase in the low-frequency impedance modulus (| Z|) with
increasing extract concentration reflects an enhancement of the overall corrosion resistance
resulting from the adsorption of phytochemical constituents on the steel surface. Moreover, the
inhibited systems exhibit broader peaks and higher phase angles, indicating a more capacitive
interfacial response and the formation of a more homogeneous protective film.

The corrosion parameters obtained from the fitting procedure are summarized in Table 4. In the
absence of the inhibitor (negative control), the Nyquist diagram presents a small semicircle
(Figure 3a) with a charge transfer resistance (Rct) of 28.82 Q cm?, indicating a fast corrosion process
in the acidic chloride medium. The inhibition efficiencies (n/%) also reported in Table 4 were
calculated using Equation 4 [15], where Rcto and Rcri represent the charge transfer resistance value

in the absence and presence of the inhibitor, respectively.

R —R
77: CTLQ CT0 100 (4)

CT0
The Rcr values increase drastically with increasing inhibitor concentration. This substantial
increase in charge transfer resistance indicates that the adsorption of phytochemical constituents
effectively hinders the electrochemical reactions occurring at the steel/electrolyte interface [15,35].
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This protective adsorbed layer reduces the available active sites for charge transfer, thereby
decreasing the corrosion rate and increasing the interfacial resistance.

Table 4. Electrochemical parameters obtained from fitting the EIS data using the Randles equivalent circuit
model for SAE 1008 carbon steel immersed in 1.0 mol L™ HCI solution in the absence and presence of
different concentrations) of ethanolic extract of Annona muricata leaves

Concentration, vol.% Rsol / Q cm? Rer/ Q cm? Qo / uF cm? s a nl/% 0
0 (negative control) 5.261 28.82 141.00 0.893 - -
1 5.464 956.2 54.76 0.762 96.99 0.970
2 5.790 1355.0 50.12 0.787 97.87 0.979
4 7.422 1450.0 50.22 0.751 98.01 0.980
6 6.562 1891.0 45.46 0.773 98.48 0.985

Legend: a - CPE exponent describing surface heterogeneity.

Simultaneously, the reduction in the Q values of CPE suggests a decrease in the local
dielectric constant and/or an increase in the thickness of the electrical double layer [33,34,36],
which is commonly associated with the adsorption of organic molecules onto the metal surface.
These findings are in line with the Langmuir adsorption behaviour obtained from the gravimetric
measurements, indicating the formation of a compact organic monolayer.

At the same time, the solution resistance remains relatively constant, varying only slightly from
5.26 to 7.42 Q cm?. This behaviour suggests that the inhibitor does not significantly alter the
conductivity of the electrolyte solution, and therefore the observed changes in impedance response
are primarily associated with modifications occurring at the metal/electrolyte interface.

The interfacial capacitance behaviour was represented using a constant phase element (Qou),
whose exponent (a) ranged between 0.751 and 0.893. The deviation of a from unity confirms the
non-ideal capacitive behaviour of the system, which is typical for corroding metal surfaces [35,36].
The decrease in a values in the presence of the inhibitor suggests an increase in surface
heterogeneity of the carbon steel surface [37].

In this sense, QoL are representative of non-ideal capacitive behaviour arising from surface hetero-
geneities such as roughness, porosity, and structural inhomogeneities [33]. These characteristics lead
to dispersion in the impedance response over the frequency domain. The CPE parameter (Q)
represents pseudo-capacitance and can be mathematically described by Equation (5) [37], which
defines the impedance of the CPE. In this expression, @ = 27f (f - frequency), and a is the dispersion
exponent, with values ranging between 0 and 1. As a approaches unity, the CPE behaviour
progressively converges to that of an ideal capacitor [34,35]. a value between 0.5 and 1.0 indicates
the presence of interfacial heterogeneities and non-uniform current distribution across the

electrode surface [35,36].
CPE :;a (5)
Q(jow)

The inhibition efficiency calculated from the Rcr increases significantly with increasing inhibitor
concentration. These high efficiency values demonstrate the remarkable corrosion protection
provided by the ethanolic extract of Annona muricata leaves.

As also previously discussed, this corrosion inhibition effect can be attributed to the adsorption of
phytochemical constituents present in the extract, such as flavonoids, phenolic compounds, tannins,
and alkaloids [2,16,24]. These organic molecules contain heteroatoms and m-electron systems that
can interact with the metal surface through donor-acceptor interactions, forming an adsorbed

Z
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protective layer [24]. This film acts as a barrier that limits chloride-ion access and reduces the charge-
transfer processes associated with the corrosion reaction [25,26].

Potentiodynamic polarization curves (Tafel slopes)

The potentiodynamic polarization curves for SAE 1008 carbon steel in 1.0 mol L'* HCl solution in
the absence and presence of different concentrations (1, 2, 4 and 6 vol.%) of ethanolic extract of
Annona muricata leaves are presented in Figure 4, while the corresponding electrochemical kinetic
parameters obtained from the Tafel slopes are summarized in Table 5. The inhibition efficiency (n)
values also reported in Table 5 were calculated using Equation (6), where jcorr 0 and jcorr i represent
the corrosion current density in the absence and presence of the inhibitor, respectively.

77: jCorr_i _-ICorr_O 100 (6)

-/Corr_O
Negative control
—1vol.%
2007 —2vol.%
— 4 vol.%
300 4 6 vol.%

-400 1

E/ mV vs. SCE

-600

=700 T T T T T T —TTT
10°® 107 10°¢ 10°% 10 10° 102
j/Acm?
Figure 4. Potentiodynamic polarization curves (PPC) after 120 min of immersion in 1.0 mol L' HCI solution in
the absence and presence of different concentrations of ethanolic extract of Annona muricata leaves

As shown in Figure 4, the addition of the plant extract significantly modifies both anodic and
cathodic branches of the polarization curves when compared to the uninhibited system. The negative
control exhibits a high corrosion current density, indicating an intense corrosion process in the acidic
medium. In contrast, the inhibitor shifts the polarization curves toward lower current densities,
demonstrating a substantial reduction in the corrosion rate of carbon steel.

Table 5. Kinetics parameters obtained from potentiodynamic polarization curves (PPC) analyses after
1.0 mol L' HCI solution in the absence and presence of different concentrations of ethanolic extract of
Annona muricata leaves

C/vol.% Re/Qcm?  Ecor / MV vs. SCE jeorr / pAcm? B/ mVdec? f/mV dec? n/% 0
0* (35.7+3.7)  (388.0+23) (221.0+1.1) (67.5+0.4) (-78.6+0.6) - -
1 (985.7+55)  (422.8+1.7) (165%0.6) (79.6+0.6) (97.5+0.7) (92.53+1.10) (0.925+011)
2 (1454.0+3.9) (417.9+09) (13.2+.4) (80.5+0.5) (-93.2+0.6) (94.02+0.78) (0.940 % 0.008)
4 (1481.0+10.1) (-417.8+0.7) (12.5+0.8) (84.4+0.4) (-89.7+0.4) (94.30+0.82) (0.943 +0.008)
6 (1853.0£9.6) (-408.0+2.5) (9.9+0.7) (70.7+0.7) (-100.0£0.9) (95.52 +1.27) (0.9550.13)

*negative control; Re - polarization resistance; Ecor - COrrosion potential; jcorr - cOrrosion current density; f - anodic Beta coefficient;
Bc - cathodic Beta coefficient; n - inhibition efficiency calculated from jco,r values;

This behaviour is confirmed by the corrosion current density (jcorr) values obtained from the Tafel
extrapolation. In the uninhibited solution, the jcorr value is (221.0 + 1.1) pA cm?, whereas in the
presence of the ethanolic extract the current density decreases drastically. This pronounced
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decrease indicates that the extract effectively suppresses the electrochemical reactions responsible
for corrosion.

A progressive increase in polarization resistance (Rp) is also observed with increasing inhibitor
concentration. This increase reflects enhanced resistance to charge transfer at the metal/electrolyte
interface, consistent with the electrochemical impedance spectroscopy results and in line with the
gravimetric observations.

The corrosion potential (Ecorr) values exhibit relatively small shifts in the presence of the inhibitor,
varying from -388 + 2.3 mV (inhibitor absence) to values between -422.8 + 1.7 and -408.0 £ 2.5 mV
when the extract is added. Since the displacement in Ecorr is less than 85 mV relative to the negative
control solution, the inhibitor can be classified as a mixed-type corrosion inhibitor according to
conventional electrochemical criteria [30,38]. This indicates that the ethanolic extract of Annona
muricata leaves affects both anodic metal dissolution and cathodic hydrogen evolution reactions.

The inhibition efficiency calculated from the corrosion current density values increases with
increasing inhibitor concentration. These high efficiency values confirm the protective effect of the
ethanolic extract of Annona muricata leaves against carbon steel corrosion in acidic media, due to
reasons previously discussed [24-26].

Although the inhibition efficiencies determined by gravimetric and electrochemical techniques
differ slightly at the highest inhibitor concentration, this behaviour is not unusual because these
techniques evaluate different aspects of the corrosion process. Weight-loss measurements
represent the cumulative metal dissolution over the entire immersion period and therefore reflect
the long-term protective performance of the inhibitor. In contrast, electrochemical impedance
spectroscopy and potentiodynamic polarization curves are instantaneous techniques that evaluate
the electrochemical condition of the metal/electrolyte interface at the time of measurement.

At higher extract concentrations, the adsorbed phytochemical layer may undergo molecular
rearrangement or partial aggregation, slightly affecting its long-term protective stability while still
providing a highly resistive interfacial film that effectively hinders charge transfer. Consequently,
the electrochemical techniques may continue to indicate increasing interfacial protection, whereas
the gravimetric method reflects the integrated corrosion behaviour during prolonged exposure.

Overall, the electrochemical evaluation results are in good agreement with the weight-loss
measurements; all techniques indicate that 6 vol.% ethanolic extract of Annona muricata leaves acts
as an efficient corrosion inhibitor for SAE 1008 carbon steel in 1.0 mol L'* HCI solution.

Surface morphology and chemical characterization

Scanning electron microscopy analysis

The surface morphology of SAE 1008 carbon steel before and after immersion in 1 mol L™* HCI
solution, in the absence and presence of the ethanolic extract of Annona muricata leaves, was
investigated by scanning electron microscopy (SEM), as presented in Figure 5. The micrograph of
the polished steel surface prior to exposure to the corrosive medium (Figure 5a) shows a relatively
smooth morphology characterized mainly by the parallel grinding lines produced during the
mechanical polishing process. No evidence of corrosion products or localized attack is observed,
indicating that the metallic surface remained intact before immersion.

In contrast, the sample immersed for 2 hours in the uninhibited 1.0 mol L'* HCI solution (Figure 5b)
exhibits a highly deteriorated surface morphology. The micrograph reveals the presence of irregular
corrosion products and a rough, heterogeneous surface with pronounced degradation features.
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(a)

Figure 5. Scanning electron microscopy (SEM) micrographs of SAE 1008 carbon steel surfaces:
(a) polished steel surface before immersion; (b) steel surface after immersion (2 hours) in 1 mol L™* HC/
solution; (c) steel surface after immersion (2 hours) in 1.0 mol L'* HCI solution containing 6 vol.% ethanolic
extract of Annona muricata leaves

The formation of these corrosion products is associated with the active dissolution of iron in the
acidic medium, resulting in the development of corrosion layers and localized attack sites. The
corrosion products formed under these conditions are poorly adherent and unstable, which facilitates
their continuous detachment from the surface. Consequently, fresh metallic areas remain exposed to
the aggressive environment, allowing the corrosion process to proceed continuously [39].

However, a significantly different morphology is observed when the steel surface is exposed to
the corrosive solution containing 6 vol.% of the ethanolic extract of Annona muricata leaves
(Figure 5c). In this case, the surface appears considerably smoother and more homogeneous
compared to the uninhibited sample. The polishing grooves are still partially visible, suggesting that
the aggressive action of the acid was strongly suppressed. This behaviour indicates the formation of
a protective film on the metal surface, which acts as a barrier against the penetration of aggressive
species from the electrolyte.

Similar surface protection behaviour has been reported for other plant-derived corrosion inhibi-
tors. Comparable morphological improvements have also been described for castor bark powder [40],
cocoa bean shell extract [1], Pistia stratiotes leaf extract [6], and malt bagasse extract [32], where the
adsorption of phytochemical constituents leads to the formation of protective films that mitigate
surface degradation in acidic media due to adsorption-driven inhibition mechanisms.

These observations align with electrochemical results from impedance spectroscopy and
potentiodynamic polarization measurements, which showed a substantial increase in charge-
transfer resistance and a decrease in corrosion current density in the presence of the inhibitor.
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Raman spectroscopy analysis

Raman spectroscopy was employed to investigate the chemical interactions between the organic
molecules present in the ethanolic extract of Annona muricata leaves and the steel surface after
immersion in the acidic medium. The Raman spectra obtained for the solid inhibitor extract, the
steel surface exposed to the inhibited solution, and the steel surface exposed to the uninhibited
solution are presented in Figure 6 and corresponding chemical groups are summarized in Table 06.

Solid ethanolic extract of the inhibitor

Carbon steel 2h immersed in acidic solutic
+ cthanolic extract of the corrosion inhibit
Carbon steel 2h immersed in acidic solutic

—a——1548
--——1643

Intensity / (a.u.)

T T T T T T T T 1 N 1
250 500 1000 1500 2000 2500 3000
Raman shift, cm™
Figure 6. Raman spectra of: (a) solid ethanolic extract of Annona muricata leaves; (b) steel surface after 2 h
immersion in 1.0 mol L™ HCl solution containing 6 vol.% inhibitor extract; (c) steel surface after 2 h
immersion in 1.0 mol L™ HCI solution without inhibitor

Table 6. Raman band identification for the ethanolic extract of Annona muricata leaves and for the carbon
steel surface immersed in the absence and the presence of the corrosion inhibitor

Raman shift, cm™ Corresponding group Reference

~515 In-plane bending vibrational modes of aromatic rings. [41]

~670 Out-of-plane vibrational modes of aromatic rings. [41-43]
~900 Out-of-plane C-H deformation in benzene. [41]

~1030 In-plane vibrational modes of aromatic rings. [41,42]
~1165 In-plane C-H deformation [41,44]
~1545 Aromatic C=C stretching vibrations and weak CH; vibrational modes [41-44]
~1645 C=N and C=0 stretching vibrations. [41,43]
~2930 Asymmetric C-H stretching vibrations [41,44]
~3155 N-H vibrational modes [41,45]

Additional bands located at approximately 1150 cm™ are related to C-H deformation modes
within the aromatic structure [41,44]. The intense band observed around 1548 cm™ can be assigned
to C=C stretching vibrations of aromatic rings and to weak CH, vibrational modes [41,42,44].
Furthermore, the band near 1643 cm™ is attributed to C=N and C=0 stretching vibrations [41,43],
indicating the presence of heteroatom-containing functional groups capable of interacting with the
metallic surface.

The band at 2920 and 2930 cm™ can be attributed to asymmetric C-H stretching vibrations,
associated with aliphatic CH2 and CHs groups present in the organic constituents of the ethanolic
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extract [41,44]. A second band around 3155 cm™ corresponds to N-H vibrational modes, indicating
the presence of nitrogen-containing functional groups [41,45].

In the Raman spectrum obtained from the steel surface after immersion in the inhibited solution
(Figure 6b), many bands appear at positions very close to those observed in the spectrum of the
solid ethanolic extract. The presence of these bands indicates that organic molecules from the
inhibitor extract remain adsorbed on the metal surface after immersion.

The preservation of these vibrational features suggests that the functional groups present in the
extract interact with the steel surface through adsorption processes. Functional groups containing
heteroatoms such as nitrogen and oxygen, as well as aromatic m-electron systems, can donate
electron density to vacant orbitals of iron atoms, promoting the formation of an adsorbed protective
layer [5,11,40].

On the other hand, the Raman spectrum of the steel surface exposed to the uninhibited
acidic solution (Figure 6¢) shows a very weak signal with the absence of the characteristic organic
bands observed in the inhibited system, as expected. This result confirms that no organic protective
film is present on the surface in the absence of the inhibitor.

Conclusions

The present study demonstrated that the ethanolic extract obtained from Annona muricata
leaves acts as an effective green corrosion inhibitor for SAE 1008 carbon steel in acidic medium.
Gravimetric measurements revealed a significant reduction in corrosion rate in the presence of the
extract, confirming its protective effect and indicating that the inhibition efficiency increases with
inhibitor concentration up to an optimum value (6 vol.%).

Adsorption studies showed that the inhibition process is governed by the adsorption of organic
molecules onto the steel surface, forming a protective barrier that limits the interaction between
the metal and the aggressive electrolyte with better fitting of Langmuir isotherm (R? = 0.9981). The
calculated Gibbs free energy of adsorption presented negative values (AG°ads = —14.986 kJ mol?),
confirming that the adsorption process occurs spontaneously and is predominantly associated with
physical monolayer adsorption mechanisms.

Electrochemical analyses further confirmed the inhibitory action of the extract. Electrochemical
impedance spectroscopy revealed a marked increase in charge transfer resistance in the presence
of the inhibitor, which suggests the formation of a protective interfacial layer that restricts corrosion
reactions. Potentiodynamic polarization curves showed a significant decrease in corrosion current
density, demonstrating that the extract acts as a mixed-type inhibitor by simultaneously reducing
both anodic metal dissolution and cathodic hydrogen evolution reactions with high efficiency
(n =95.52 %) at 6 vol.% ethanolic extract of Annona muricata leaves.

Surface characterization techniques supported the electrochemical findings. Scanning electron
microscopy showed severe surface damage in the uninhibited solution, whereas the samples
exposed to the inhibited medium exhibited a considerably smoother surface morphology. Raman
spectroscopy confirmed the presence of organic species from the extract adsorbed on the steel
surface, with characteristic vibrational bands associated with functional groups such as aromatic
rings, C=C, C=N, C=0, and N-H.

The results demonstrate that the ethanolic extract of Annona muricata leaves represents a
promising environmentally friendly corrosion inhibitor for carbon steel in acidic environments,
offering potential applications in industry.
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