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Abstract

The adsorptive and electrochemical behaviour of Abelmoschus esculentus (okra) leaf extract as a green corrosion
inhibitor for mild steel in hydrochloric acid solutions was investigated. Electrochemical measurements, including open
circuit potential, linear polarization resistance, and potentiodynamic polarization, were performed in 1.0, 1.5, 2.0 and 2.5
M HCI within the temperatures of 303, 313, 323 and 333 K. FTIR and GC-MS analyses revealed the presence of tannins,
organic acids, and polyphenolic compounds containing hydroxyl, carbonyl, and nitrogen-bearing functional groups
responsible for surface adsorption. Inhibition efficiency increased with inhibitor concentration, reaching a maximum of
98.5% at 200 ppm in 1 M HCI, but decreased with increasing temperature, indicating predominantly physical adsorption.
Thermodynamic and kinetic analyses yielded activation energy values of 31.06—-42.64 kJ-mol™, with positive enthalpy
and negative entropy changes, consistent with endothermic and spontaneous adsorption. Surface morphology and EDX
analysis confirmed the electrochemical results. The uninhibited steel showed severe pitting and porous corrosion
products, with reduced iron and increased oxygen. In contrast, the inhibited sample exhibited a smoother surface with
reduced corrosion damage. EDX detected nitrogen and phosphorus species on the inhibited surface, confirming
adsorption of phytochemical constituents and formation of protective organic firm. Adsorption behaviour followed the
Langmuir isotherm (R? = 0.99), suggesting monolayer coverage on a homogeneous surface. Electrochemical results
confirm that A. esculentus acts as a mixed-type inhibitor, suppressing both anodic and cathodic reactions through the
formation of a protective adsorbed film. The results demonstrate the potential of okra leaf extract as an efficient,
environmentally benign inhibitor for mild steel corrosion in acidic media.
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1. INTRODUCTION
1.1 Background on Corrosion in Industrial Systems

Corrosion remains a pervasive threat to the integrity,
reliability, and safety of oil and gas facilities worldwide [1],
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[2]. In both upstream and downstream sectors, damage
mechanisms arising from corrosive environments can
result in equipment failure, production downtime, and
significant economic loss[1], [3], [4]. Among the most
critical forms of corrosion are acidic and alkaline
corrosion, both of which are highlighted in APl 571, the
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American Petroleum Institute’s recommended practice for
identifying damage mechanisms in hydrocarbon
processing industries.

Despite existing studies on plant-based corrosion
inhibitors, there remains limited understanding of the
adsorption—structure relationship and thermodynamic
behaviour of okra leaf extract under varying acid strengths
and temperatures. This study addresses these gaps by
integrating electrochemical, thermodynamic, and surface
characterisation techniques to provide a comprehensive
evaluation of inhibition performance. The novelty of this
work lies in the combined application of GC—MS-driven
compositional analysis with multi-isotherm modelling and
electrochemical validation across industrially relevant
acid concentrations.

1.2 Common Corrosive Agents (HCl and NaOH)

Acidic corrosion, typically caused by aggressive
species such as hydrochloric acid (HCI), sulfuric acid
(H,S0,), and organic acids, leads to uniform or localized

metal degradation through proton-induced
electrochemical attack. In upstream oil and gas
production, particularly in onshore, offshore, and

deepwater operations, HCl is commonly used in acidizing
treatments to enhance reservoir permeability. However,
inadequate neutralization and fluid handling can lead to
casing and tubing failures due to severe internal
corrosion[5]. Similarly, acidic condensates formed in the
presence of CO, and H,S in wet gas systems contribute
to pipeline degradation and equipment thinning in
midstream facilities. In downstream refining operations,
acid corrosion is prevalent in crude distillation overheads,
catalytic cracking units, and desalter systems where
aqueous acidic phases form or accumulate[4], [6].
Understanding the  fundamental electrochemical
mechanisms governing these acidic corrosion processes
is therefore essential for quantifying metal degradation
rates and developing effective mitigation strategies.
Corrosion kinetics require at least one anodic and one
cathodic half-cell reaction, which proceed independently
but occur simultaneously on the metal surface. At the
corrosion potential (Ecorr), the anodic current (/anodic) is
equal in magnitude to the cathodic current (/cathodic), such
that lanodic = |lcathodic| = lcorr, resulting in a net current of zero.
For uniform corrosion, the corrosion current density (icorr)
is directly related to the metal loss rate. Polarization
resistance (Ry) is defined from the potential—current (E-I)

curve as the slope at Ecorr,

AE
Rp - E E=Ecorr (1)
The theoretical basis for linear polarization resistance
(LPR) measurements relies on a Taylor series expansion
of the electrode potential—current density relationship [7].
By limiting the degree of polarization, higher-order terms

can be neglected;

Ba
E — Ecorr < 2.303 (2)

E — Ecorr < % (3)
Where B, and B, are the anodic and the cathodic Tafel
slopes for the two half-reactions.

This enabling a linear approximation that leads to the
Stern—Geary relationship [8].
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This relationship provides a direct link between the
measured polarization resistance and the corrosion
current density, under the condition that the perturbation
in potential is sufficiently small to avoid non-linear effects
[9], [10]. Therefore, accurate LPR measurements require
controlling polarization within a narrow potential range,
ensuring that the derived corrosion rates remain valid
within the assumptions of the model.

While conventional corrosion inhibitors and materials
selection have helped mitigate damage, there is a
growing need for environmentally sustainable, cost-
effective solutions. In recent years, green corrosion
inhibitors derived from plant extracts have gained
increasing attention for their biodegradability, availability,
and low toxicity. Afia et al. [11] investigated the corrosion
inhibition performance of Allium sativum (garlic) essential
oil on carbon steel in 1 M HCI. Using electrochemical
impedance spectroscopy (EIS), Tafel polarization, and
weight loss analysis, they demonstrated inhibition
efficiency up to 95.8% at room temperature. The inhibition
mechanism was attributed to physical adsorption of
organosulfur compounds from garlic oil onto the metal
surface, following Langmuir adsorption isotherm
behaviour.

Similarly, Joycee et al. [12] studied aqueous garlic

extract in simulated oil well water (SOWW) environments.
With the synergistic addition of Zn?*, an inhibition
efficiency of 87% was achieved, and polarization studies
indicated the system acted predominantly as a cathodic
inhibitor. The study confirmed that Allium sativum extract
significantly reduced corrosion current density and
increased polarization resistance, validating its potential
use in multiphase oilfield systems.
Castor plant derivatives have also been extensively
examined. Okewale et al. [13] compared the corrosion
inhibition effects of ethyl esters of castor seed oil and
rubber seed oil in acidic and petroleum-water
environments. Their findings indicated that inhibition
efficiency decreased with temperature but increased with
ester concentration, with rubber seed oil performing
slightly better. The adsorption mechanism was physical,
and the study applied a factorial design to optimize
inhibitor formulation.

Further extending castor's applicability, Santos et al.
[14] evaluated the use of castor bark powder (Ricinus
communis) as an inhibitor for AISI 1020 carbon steel in
0.5 M HCI. Electrochemical analyses, including SVET and




FTIR, indicated that the castor bark offered up to 83%
inhibition efficiency, operating as a mixed-type inhibitor
through adsorption of oxygen- and nitrogen-containing
groups such as ricinoleic acid. This adsorption followed
the Langmuir isotherm, consistent with other plant-based
inhibitors.

A comprehensive review by Alao et al., [15]
synthesized research efforts on the use of green inhibitors
in the petrochemical industry. The review highlighted the
shift toward plant-based compounds, biopolymers, and
even pharmaceutical wastes as sustainable alternatives.
Despite encouraging results, with several studies
reporting efficiencies above 90%, the review also pointed
out unresolved challenges in standardizing inhibitor
formulations, understanding adsorption kinetics, and
translating laboratory findings into industrial-scale
applications.

Within this body of literature, studies on okra leaf
extract (Abelmoschus esculentus) are relatively recent
and fewer in number, though highly promising. Hussein
and Khadom [16] reported inhibition efficiencies up to
96% for okra extract in 1 M HCI, confirming that the extract
acts as a mixed-type inhibitor. The adsorption followed the
Langmuir isotherm, with SEM and FTIR confirming the
presence of a protective film.

However, this study builds on this foundation by

expanding the scope of investigation in several critical
directions. Industrial processes such as acid cleaning,
well stimulation, EOR, and CO, injection involve varying
acid strengths; this study evaluates inhibitor performance
across those ranges. Unlike previous work, this study
evaluates okra leaf extract in acidic media (HCI) across a
broader range of concentrations (1.0-2.5 M) and
temperatures (30-60 °C). The study also integrates GC—
MS characterization to identify the active chemical
constituents and fits the data to multiple adsorption
models (Langmuir, Freundlich, Temkin), establishing
Langmuir as the most appropriate across all test
conditions. Notably, the findings present higher inhibition
efficiency in acidic media, with a peak of 98.5% in 1 M
HCI.
Other research gaps covered in this recent report include
the scarcity of data on thermodynamic parameters;
activation energy, enthalpy, and spontaneity of okra-
based inhibition, which are evaluated here using
Arrhenius and thermodynamic models. Moreover,
structure—activity relationships have rarely been
investigated through GC-MS; this study applies the
technique to identify the functional groups governing
inhibition. While previous works relied primarily on FTIR
and SEM for surface characterization, this report
incorporates  quantitative  electrochemical metrics,
including polarization resistance (Rp) and comparative
isotherm modeling, to provide a more comprehensive
mechanistic understanding.
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2. MATERIALS AND METHODS
2.1. Materials

Commercially sourced mild steel coupons measuring
4 cm x 3 cm x 0.14 cm were used as working specimens.
Each coupon was initially descaled using a wire brush,
smoothed with 120-150 mesh abrasive, and
subsequently cleaned with acetone before being air-
dried. The elemental composition was identified using X-
ray fluorescence (XRF). Prior to experimentation, the
surfaces were further polished with progressively finer
grades of silicon carbide paper (400-1200 grit), rinsed
with distilled water, degreased in ethanol, and stored in a
desiccator until use.
Fresh Abelmoschus esculentus (okra) leaves were
obtained from a local farm in Nigeria. Analytical grade
hydrochloric acid (HCI, 37%, Sigma-Aldrich) was
employed to prepare the acidic corrosive media, using
distilled water.

2.2. Preparation of Inhibitor Extract

The leaves were washed thoroughly with distilled
water, air-dried at room temperature for seven days, and
milled into fine powder. Soxhlet extraction was performed
using Hexane, followed by solvent recovery with a rotary
evaporator (ICS, 2008). The resulting concentrate served
as stock solution. Working concentrations of 50-200 ppm
were prepared by dilution with distilled water immediately
before use.

2.3. Preparation of Corrosive Media

Acidic solutions in the range of 1.0-2.5 mol-L™" were
prepared from concentrated HCI. All solutions were
freshly prepared prior to testing and used under static,
aerated conditions.

2.4. Electrochemical Measurements

Electrochemical tests were performed in a
conventional three-electrode cell connected to a
potentiostat/galvanostat (PGSTAT101, Metrohm Autolab,
The Netherlands). The mild steel coupon was used as the
working electrode, exposing a surface area of 1.6 cm?, a
graphite rod as the counter electrode, and a silver/silver
chloride (Ag/AgCl) as reference. The corrosion behaviour
of the mild steel within a temperature range of 30°C to
60°C was assessed in different environments, viz a viz:
1M, 1.5M, 2M and 2.5M of HCI.

Open circuit potential (OCP) was recorded for 30 min
before each measurement. Linear polarization resistance
(LPR) was obtained by scanning £10—-20 mV about OCP
at the potential sweep rate of 1 mV-s™'. Potentiodynamic
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polarization curves were measured from —250 to +250 mV
vs. OCP at the same scan rate, and corrosion current
density (icor) values were determined from Tafel
extrapolation.

All electrochemical measurements were conducted in
triplicate to ensure reproducibility, and average values are
reported. Standard deviations were calculated and
included in graphical representations as error bars.

2.5. Corrosion Rate

The expression for measurement of corrosion rate
(CR) in millimetres penetration per year (mm/y) was used
to measure corrosion rate (CR) for the specimens, which
was expressed in equation 5

0.131c07rEW

CR (mpy) = 22 (5)
Where mpy is millimeters per year,

EW is the equivalent weight

d is the density in g/cm?3

2.6. Weight Loss Measurements

Pre-weighed coupons were immersed in 100 mL of
test solution at 303—-333 K for periods ranging from 24 to
144 h. After exposure, specimens were cleaned, rinsed
with distilled water, degreased in ethanol, dried, and
reweighed. The corrosion rate (CR, mg-cm™2-h™") was

calculated using:
CR =" (6)
where W is weight loss (mg), A is surface area (cm?), and

tis immersion time (h).

The inhibition efficiency (/E, %) was determined using the
linear polarization resistance (LPR), according to:

IE, % = CRplank=CRinh 100 (7)
CRplank

2.6. Surface Characterization

Surface morphology was examined using scanning
electron microscopy (SEM) equipped with energy-
dispersive X-ray spectroscopy (EDX). Analyses were
performed on selected coupons before and after
immersion in corrosive media, both in the absence and
presence of the inhibitor.

2.7. Degree of Surface Coverage

The degree of surface coverage (8) of mild steel by
inhibitor molecules was calculated according to [17]:

0 = I'corr—Icorr (8)

I'corr

where I',,, is the corrosion current density in uninhibited
solution, and I.,,, is the corrosion current density in the
presence of inhibitor.

2.8. Film Attractive Power

The film attractive power, expressed as the adsorption
equilibrium constant (K,4,), was determined from 6 values
at a given inhibitor concentration and temperature using

e}
Kaas o5 (9)

2.9. Thermodynamic and Kinetic Models
2.9.1. Activation Energy (Ea)

Activation energy values for mild steel corrosion in the
absence and presence of inhibitor were calculated using
the Arrhenius equation [19]

Inl o = — i—; +Ind (10)
where R is the universal gas constant (8.314 J-mol™-K™),
T is absolute temperature (K), and A is the Arrhenius pre-
exponential factor.

2.8.2. Enthalpy and Entropy of Adsorption

The enthalpy (AH,;;) and the entropy AS,; of
adsorption were determined from the transition state
equation:

on (52 = ()

where N is Avogadro’s number (6.022 x 1022 mol™) and h
is Planck’s constant (6.626 x 1073 J-s).

The Gibbs free energy of adsorption (AG,,s) was related
to K4, [20]:

AGu4s = —RTIn (55.5K,45) (12)
where 55.5 represents the molar concentration of water in
the solution.

ASqds _ AHggs (11)
2.303R 2.303RT

3.0 RESULTS AND DISCUSSION

31 Characterization of Okro Leaf (Alelmoschus
esculentus) Extract

3.1.1 Fourier Transform Infrared Spectroscopy (FTIR)

The Fourier Transform Infra-Red (FT-IR) spectrum of
Abelmoschus esculentus leaf extract (Figure 1) revealed
characteristic absorption bands corresponding to
hydroxyl (-OH), carbonyl (C=0), amine (N-—H), nitrile
(C=N), alkyne (C=C), aromatic C=C, and C-O groups,
confirming the presence of polyphenolic, nitrogenous,
and sulfur-containing phytochemicals. These functional
groups, particularly those containing oxygen, nitrogen,
and sulfur, act as active adsorption centers on steel
surfaces due to their electron-donating capabilities from
lone pairs and tr-electrons. Such interactions facilitate the



formation of protective organo-metallic complexes and
adsorbed films that suppress both anodic and cathodic
corrosion reactions. The observed spectrum, therefore,
supports the role of okra leaf extract as a corrosion

itance
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inhibitor, in agreement with previous studies attributing
inhibitive properties of plant-derived extracts to the
combined action of hydroxyl, carbonyl, and heteroatom-
containing groups [3], [21], [22], [23]
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Figure 1: FTIR Analysis Result of Okro leaf extract

3.1.2

Gas Chromatography—Mass Spectrometry (GC-MS)
analysis of Abelmoschus esculentus leaf extract revealed
a complex chemical profile dominated by tannins and
organic acids (Figure 2 and 3). The chromatograms
exhibited multiple well-resolved peaks across the
retention time range, particularly in the mid- to late-elution
window, which is consistent with the presence of
polyphenolic compounds such as tannins. Mass spectral
deconvolution confirmed the abundance of tannin
molecules characterized by multiple hydroxyl and
carboxyl groups, along with low-molecular-weight organic
acids showing distinctive carboxylate fragments. A blank
run confirmed the absence of extraneous signals,
verifying that the identified peaks are intrinsic to the
extract. These findings demonstrate that the extract
contains chemically active phytochemicals capable of
surface interaction and corrosion mitigation.

The predominance of tannins is particularly significant
for corrosion inhibition. Due to their polar hydroxyl and
carboxyl functionalities, tannins adsorb strongly onto
metallic surfaces, where they form a protective film that
limits contact between the steel substrate and aggressive
species in the electrolyte. This adsorption process
reduces the anodic dissolution of iron and retards access
of protons and chloride ions to the surface, thereby

Chemical Constituents of Alelmoschus esculentus

suppressing corrosion. In addition, the organic acids
detected in the extract play a complementary role. By
coordinating with iron centers on the steel surface and
scavenging reactive hydroxyl radicals in the corrosive
medium, these acids reduce the reactivity of the
electrolyte and stabilize the protective film formed by
tannins. Together, these compounds produce a mixed-
mode inhibition mechanism, with tannins providing the
bulk of the barrier effect and organic acids enhancing
stability and chemical resistance.

The combined action of tannins and organic acids
explains the reduced corrosion rate observed in inhibited
systems compared with the blank. These results align
with previous reports on plant-derived inhibitors [21], [24],
which emphasize the central role of polyphenols and
organic acids in adsorption-driven protection. The
synergistic effects of these phytochemicals highlight the
potential of A. esculentus extract as an environmentally
friendly corrosion inhibitor. While GC-MS has provided
valuable insight into the identity of the active components,
further electrochemical and surface studies are
recommended to quantify adsorption efficiency,
characterize the protective layer, and establish a direct
correlation between inhibitor concentration and corrosion
performance.
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Figure 2: GC-MS result analysis for Okro leaf extract
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Figure 3: Total lon Chromatogram (TIC) of Abelmoschus esculentus leaf extract obtained by GC-MS. The profile
shows multiple well-resolved peaks across the retention time range (40—100 min), corresponding predominantly to
tannins and organic acids. The abundance and distribution of peaks reflect the complex phytochemical composition of

the extract

3.2 Corrosion Studies Using Electrochemical Method in Acidic Medium

3.2.1 Corrosion Studies Using Electrochemical Method in Acidic Medium

Figures 4(a)-4(d) present the variation of inhibition
efficiency with inhibitor concentration for mild steel
corrosion in acidic media at temperatures between 303
and 333 K. The results show that increasing the
concentration of A. esculentus extract enhances

adsorption of active molecules onto the steel surface,
thereby reducing the effective contact between the metal
and the corrosive environment. This leads to higher
inhibition efficiencies and lower weight loss, consistent
with earlier findings by Yawas [23] and Nwabanne and



Okafor (2011). The improvement in performance with
concentration is attributed to accelerated adsorption
kinetics and rapid formation of a protective film on the
metal surface [25]. However, the efficiency increase is
most pronounced between 50 and 150 ppm, beyond
which further addition of extract produces only marginal
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improvement. At concentrations above 200 ppm, the
inhibition efficiency approaches a plateau, reflecting a
saturation effect where the metal surface becomes largely
covered and additional molecules contribute little to
further protection.
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Figure 4 (a): Plot of inhibitor efficiency against
inhibitor concentration at various temperatures in 1

Figure 4 (b): Plot of inhibitor efficiency against
inhibitor concentration at various temperatures in
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Figure 4 (c): Plot of inhibitor efficiency against
inhibitor concentration at various temperatures in 2
M HCI

Figures 5 (a) — 5 (c) present the variation of corrosion
rate with inhibitor concentration for mild steel in acidic
media at temperatures ranging from 303 to 333 K. The
results indicate a progressive decline in corrosion rate as
the concentration of okro extract increased from 50 to 200
ppm. This trend is ascribed to enhanced adsorption of

Figure 4 (d): Plot of inhibitor efficiency against
inhibitor concentration at various temperatures in
2.5 M HCI

active phytochemical constituents onto the steel surface,
leading to the formation of a protective thin film that
mitigates direct interaction with the corrosive
environment. Such behavior corroborates earlier
observations reported by Yawas [23], Nwabanne and
Okafor [26], and Kairi and Kassim [19].
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Figure 5 (c): Plot of corrosion rate against inhibitor concentration at various temperatures in 2.5 M HCI

3.2.2 Effect of Temperature in Acidic Medium
Figures 5 (a)-5 (d) show that the inhibition efficiency
of okro leaf extract decreases with increasing temperature
in acidic media at fixed concentrations. For instance, in 1
M HCI, efficiency at 50 ppm dropped from ~44% at 303 K
to ~9% at 333 K, while at 100 ppm it declined from ~52%
to ~18%. Similar behavior was observed at higher
dosages (150-200 ppm) and in more concentrated acids
(1.5-2.5 M HCI). This trend indicates reduced stability of
adsorbed inhibitor molecules at elevated temperatures,

with desorption becoming dominant above 333 K. These
observations, consistent with Miralrio and Vazquez [27]
and Okewale and Adebayo (2020), suggest the extract is
most effective below 333 K.

Figures 5 (a)-5 (c) highlight the effect of temperature on
corrosion rate. In 1 M HCI with 50 ppm inhibitor, corrosion
rate rose from 32 mm/yr at 303 K to 53 mm/yr at 333 K,
compared with a sharp increase from 55 mm/yr to 151
mm/yr for the blank. Similar patterns were observed at



other concentrations and acid strengths. A slight decline
in the blank after 323 K likely resulted from corrosion
product buildup, partly shielding the surface [28].

Collectively, these results confirm that corrosion rate
increases with temperature, while inhibitor efficiency
decreases, consistent with a physical adsorption
mechanism. Desorption of inhibitor molecules at elevated
temperatures exposes more steel surface to attack, as
similarly reported by Abd El-Hameed [29].

9. Gundat et al.

3.2.3 The Kinetic Parameter of Activation in Acidic
Medium

Figures 6—7 present the plots of log corrosion current
density (icorr) vVersus the inverse of absolute temperature,
yielding linear relationships as described by equation 10.
From the slopes (-E,/2.303R), activation energies were
determined for each inhibitor concentration, with the
results summarized in Table 1.
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Figure 6: Plot of Log (icorr) @against 1/T in Acidic medium

R2=0.9656

R2=0.9981

Table 1: Showing the activation energy at different inhibitor concentration in acidic medium

Inhibitor Concentration

Activation Energy,E,(KJ/mol)

50 ppm 32.12
100ppm 34.77
150ppm 42.05
200ppm 42.64
Blank 31.06

The activation energy values ranged from 31.06
kd/mol in the absence of inhibitor to 42.63 kJ/mol at 200
ppm inhibitor concentration. The higher activation energy
observed for the protected metal compared to the blank
indicates retardation of mild steel corrosion in the
presence of the extract. This increase in activation energy
suggests that the energy barrier to corrosion rises with
inhibitor concentration, consistent with the findings of
Eddy et al., [30].

Furthermore, the activation energies obtained are
below the 80 kJ/mol threshold generally associated with
chemisorption [30]. Since chemisorption typically involves
higher activation energy than physisorption [27], [31], the
relatively low values observed confirm that the adsorption
of okro extract molecules on the mild steel surface
proceeds predominantly through physical adsorption.



10. Spr Int. Eng. Res J.

0
-1
—
y -2
o
&
) -3
N—r
c
- -4
‘._ £ —
-5 * —— »
-6 =
BN »
-7
0.00295 0.003 0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335
1T
@ Blank 50 ppm @ 100ppm 150 ppm @200 ppm

y =-1484.5x + 0.1606 y=-1226.8x-0.879 Yy =-1678.2x +0.3951
R?=0.9596

R2=0.7436 R2=0.4164
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Furthermore, as expressed by equation 11, the
relationship between In (i.,,/T) and 1/T is depicted by
Figure 7
To evaluate the enthalpy (AH) and entropy (AS) of
inhibitor adsorption on mild steel in acidic medium, the
slope and intercept of equation 11 were derived from the
plot shown in Figure 7. The calculated thermodynamic
parameters are presented in Table 2. The positive AH
value indicates an endothermic adsorption process, while
the negative AS value reflects a decrease in system
randomness, suggesting that the adsorbed species are
more ordered than the free molecules in solution. In cases
of chemisorption, a negative AS (AS < 0) implies that the
products formed possess lower entropy compared to the
initial reactants.

The calculated values of (Ea — AHa) in Table 4.3 are
close to RT (2.67 kJ/mol), indicating that the inhibitor
exerted a comparable effect on both E; and AH,,
consistent with the findings of Zarrouk et al. [32]. The

y =-2058.2x + 0.5799 Y =-2089x + 0.5228
R2=0.9977 Rz =0.9285

observed increase in E; in the presence of inhibitor
suggests a mechanism dominated by physical
adsorption, as a higher energy barrier in inhibited systems
typically reflects weak chemical interactions or
physisorption between the inhibitor molecules and the
steel surface. According to Szauer and Brand, this rise in
activation energy can be attributed to reduced adsorption
of inhibitor species at elevated temperatures, which
consequently exposes more metal surface to the
corrosive medium and accelerates corrosion.

The enthalpy of activation (AH;) values were positive
both in the absence and presence of inhibitor, confirming
that the dissolution of mild steel is an endothermic
process. Moreover, the higher AH, values obtained in
inhibited solutions compared to the blank reflect the
protective action of the extract, corresponding to a slower
dissolution rate and reduced corrosion of mild steel.
These findings are consistent with the thermodynamic
relationship linking AG,, Eas, and AH..

Table 2: Thermodynamic parameter of adsorption for acidic medium

E. (KJ/mol) AH (KJimol) A S (KJimolK)  E.-AH
32.12 28.48 -0.1570 3.64
34.77 32.13 -0.1326 2.64
42.05 39.40 -0.1290 2.67
42.64 39.99 -0.1301 2.64
31.06 23.42 -0.1371 7.64

However, it is important to note that activation energy
alone is not sufficient to definitively distinguish between



physisorption and chemisorption. Therefore, it must be
interpreted alongside adsorption and thermodynamic
data.

3.3 Adsorption Isotherm Analysis

The adsorption behaviour of the inhibitor on the metal
surface in 2.5 M HCI was analysed using Langmuir,
Freundlich, and Temkin isotherm models.

Langmuir adsorption isotherm

The Langmuir model assumes monolayer adsorption
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onto a homogeneous surface and is expressed as:
f=_—— 4+ £ (13)

0 Kadsqm dm

where C is the inhibitor concentration, 0 is the surface
coverage, gqm is the monolayer adsorption capacity, and
Kads is the equilibrium constant.

Plots of C/6 versus C (Fig. 8) gave linear relationships
with high regression coefficients (R? = 0.91-0.99, Table
4.5). The calculated Kaus values decreased with
temperature (0.0118 mol™ at 303 K to 0.0089 mol™" at 333
K), indicating stronger adsorption at lower temperatures.
Slopes less than unity suggest attractive interactions
between adsorbed molecules, confirming good
adherence to the Langmuir model.
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Freundlich adsorption isotherm

The Freundlich model accounts for adsorption on a
heterogeneous surface with non-uniform energy
distribution and is given by:

In6 = InKp + %lnC

(14)

where Kk is the Freundlich constant and n the adsorption
intensity.

Linear plots of Inf versus In C (Fig. 9) showed correlation
coefficients between 0.87 and 0.96, confirming a good fit.
Since n # 1, adsorption was non-ideal, suggesting
multilayer adsorption and surface heterogeneity [33], [34].

Temkin adsorption isotherm

The Temkin model considers adsorbate—adsorbent
interactions and assumes that the adsorption heat

decreases linearly with surface coverage. It is
represented as:
6 = “link; + = InC (15)

where Kr is the equilibrium binding constant, b is related
to the adsorption heat, R is the universal gas constant,
and T is absolute temperature.

Plots of 6 versus In C (Figure 10) gave regression
coefficients above 0.90. The equilibrium constants
increased with temperature, reaching 5.20 mol™ at 333 K,
consistent with the Temkin assumption of decreasing
adsorption heat with increasing surface coverage.

Adsorption isotherm analysis was performed using
Langmuir, Freundlich, and Temkin models to describe the
interaction between inhibitor molecules and the metal
surface. The Langmuir adsorption isotherm suggested
monolayer adsorption with reasonable linearity, indicating
that inhibitor molecules occupy active sites on the steel
surface. However, the use of concentration in ppm
introduces limitations, and the resulting adsorption
constant should be regarded as an apparent parameter
rather than a strict thermodynamic equilibrium constant
due to the multi-component nature of plant extracts. The
Temkin adsorption isotherm provided a Dbetter
representation of the system, indicating that interactions
between adsorbed species are significant and that
adsorption energy decreases with increasing surface
coverage. Similarly, the Freundlich model confirmed
surface heterogeneity and the possibility of multilayer
adsorption.

Collectively, these results indicate that adsorption
occurs on a heterogeneous mild steel surface and is not
strictly ideal, with Temkin and Freundlich models
providing a more realistic description than Langmuir
alone.

34 Electrochemical Investigations
3.41 Potentiodynamic Polarisation Behaviour

The polarisation behaviour of mild steel in 2.5 M HCI,
both in the absence and presence of varying
concentrations (50—200 ppm) of Abelmoschus esculentus
(okra) leaf extract, is presented in Figures 11-14, while
Table 3 summarised the result for Polarization resistance
(Rp) values, calculated using the Stern—Geary equation
based on the estimated anodic and cathodic Tafel slopes.
The linear sweep voltammetry (LSV) curves show a
consistent decrease in both anodic and cathodic current
densities upon the addition of the inhibitor, indicating that
the extract effectively suppresses anodic metal
dissolution and retards the cathodic hydrogen evolution
reaction. In the anodic region, a linear segment of the
curve was observed for all inhibitor concentrations,
corresponding to controlled dissolution at low
overpotentials. Beyond a critical potential, the anodic
current rose sharply, attributed to the desorption of
adsorbed inhibitor molecules from the steel surface, a
behaviour consistent with earlier reports on iron in acidic
media [35].

Quantitative polarisation parameters further support
this inhibition mechanism. The corrosion current density
(icorr) @and corrosion rate (CR) decreased markedly with
increasing inhibitor concentration, accompanied by an
increase in polarisation resistance (Rp). At 303 K, the
corrosion rate declined from 114.43 mm yr™" for the blank
to 19.35 mm yr* at 200 ppm, signifying strong surface
protection. The corrosion potential (Ecorr) shifted slightly
towards more noble values, confirming mixed-type
inhibition with a predominant influence on the anodic
process.

Temperature variation between 303 and 333 K
revealed an increase in both anodic and cathodic current
densities with rising temperature in inhibited and
uninhibited systems alike, resulting in higher corrosion
rates and reduced inhibition efficiency. This temperature
dependence suggests that adsorption of the okra extract
constituents occurs mainly through physical adsorption,
which weakens at elevated temperatures due to
desorption of adsorbed species.

Overall, the okra leaf extract exhibited significant
corrosion inhibition efficiency in acidic medium by forming
an adsorbed protective film on the steel surface, reducing
charge transfer at the metal-solution interface. The
observed decline in inhibition efficiency with temperature
reinforces the predominance of a physisorption-controlled
mechanism.
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Figure 11: Tafel plot of Polarization curves of mild steel in 2.5M HCI in the presence of different concentrations of inhibitor

at 30 °C using LSV
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Figure 12: Tafel plot of Polarization curves of mild steel in 2.5M HCI in the presence of different concentrations of inhibitor

at 40 °C using LSV
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Figure 13: Tafel plot of Polarization curves of mild steel in 2.5M HCI in the presence of different concentrations of inhibitor
at 50 °C using LSV
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Figure 14: Tafel plot of Polarization curves of mild steel in 2.5M HCI in the presence of different concentrations of inhibitor
at 60 °C using LSV
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Table 3: Potentiodynamic polarization parameters for corrosion of mild steel in 2.5 M HCI with various
concentrations of okro leave extract and temperatures.

303K
Inhibitor JIimmmredl CR Re
concentration(ppm) Ecorr (V) (Alcm?) lcorr (A) (mm/yr) (Q.cm?)
Blank -0.53489 0.00631902 0.006319 | 114.4267 | 4.12369
50 -0.52414 0.000782816 0.00078 89.0281 33.2871
100 -0.54431 0.00645152 0.00645 64.1881 4.039
150 -0.51992 0.00707302 0.007073 | 52.9663 3.68409
200 -0.48865 0.00166527 0.001665 | 19.3503 15.6477
313K
Inhibitor jljmeausuredl cr Re
concentration(ppm) Ecorr (V) (Alcm?) lcorr (A) (mm/yr) (Q.cm?)
Blank -0.52108 0.0147488 0.014749 | 131.38 1.76677
50 -0.48722 0.00820933 0.008209 | 95.3919 3.17415
100 -0.51983 0.0199421 0.019942 | 81.726 1.30666
150 -0.49834 0.00167571 0.001676 | 69.4717 15.5502
200 -0.52122 0.00504164 0.005042 | 43.5836 5.16849
323K
Jcorr =

Inhibitor lfmeausured| CR Rp
concentration(ppm) Ecorr (V) (Alcm?) lcorr (A) (mm/yr) (Q.cm?)
Blank -0.51983 0.0199421 0.019942 | 171.726 1.30666
50 -0.49372 0.00511892 0.005119 | 104.4815 | 5.09047
100 -0.46831 0.00386524 0.003865 | 82.9138 6.74155
150 -0.47891 0.00361814 0.003618 | 72.0425 7.20196
200 1048689 | 0.00975 0.00975 |58.204 | 267258
333K
Inhibitor jeorr = |jmeausuredl CR Re
concentration(ppm) Ecorr (V) (Alcm?) lcorr (A) (mm/yr) (Q.cm?)
Blank -0.52888 0.378211 0.37821 173.79 0.0689
50 -0.51109 0.0287541 0.028754 | 109.121 0.906226
100 -0.46988 0.00716479 0.007165 | 93.2545 3.6369
150 -0.47681 0.00736541 0.007365 | 85.5856 3.53784
200 -0.46802 0.0082317 0.008232 | 75.6519 3.16553

3.5 Surface Morphology Analysis

3.5.1 SEM-EDX Analysis

The differences in surface morphology and elemental extract reflect the key interfacial processes governing
composition of mild steel exposed to 2.5 M HCI in the corrosion and inhibition under acidic conditions.
absence and presence of Abelmoschus esculentus leaf The polished, unexposed steel surface (Figure 15)

exhibits a smooth, uniform morphology with no pits or
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corrosion features. The corresponding EDX spectrum
shows a dominant iron content of 72.55 wit%, with
negligible oxygen, confirming the absence of surface

oxidation and providing a baseline for
corrosion-induced changes.

assessing
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Figure 15: SEM and EDX data of mild steel that is not dip in acidic medium.

Upon immersion in uninhibited 2.5 M HCI, the steel
surface (Figure 16) suffers severe degradation,
characterised by extensive roughening, deep pits, and
porous corrosion products extending along grain
boundaries. These features indicate aggressive chloride-
induced corrosion, where chloride ions adsorb on the
steel surface, destabilise transient oxides, and promote
localized anodic dissolution. Grain boundaries, being
electrochemically active, serve as preferential anodic
sites, facilitating pit growth and intergranular attack. EDX

Még L
8000x

wWD
9:40:33AM 9.6MM

25/06/2023

! Hv
. 20KV

analysis of this uninhibited sample surface (Figure 17)
reveals reduced iron and elevated oxygen content,
consistent with the formation of iron oxides and
hydroxides. The porous and non-adherent nature of these
products allows continuous electrolyte access, sustaining
active corrosion. These morphological features are
consistent with the observations of Abdallah et al. [36],
Makhtar et al. [37], and Alao et al. [15], who similarly
reported severe surface damage in uninhibited acidic
environments

HFW Pressure
120um 70Pa

Figure 16: (Plate XIll) Micrograph of mild steel that is dip in 2.5M HCL medium without inhibitor
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Figure 17: SEM and EDX data of mild steel immersed in 2.5M HCI without inhibitor.

In contrast, the steel surface immersed in 2.5M HCI
containing 200 ppm okra leaf extract (Figures 18—19) is
markedly improved, appearing comparatively smooth with
significantly fewer pits, suggesting effective corrosion
suppression. The corresponding EDX spectrum
(Figure 19) shows iron as the predominant element, along
with additional peaks corresponding to nitrogen (N) and
phosphorus (P), which are absent in the uninhibited
sample. These heteroatoms are attributed to polyphenols,

25/06/2023 WD

Mag |
9:44:46AM 10.4MM 8000x | 20KV

Hv

tannins, organic acids, and nitrogen-containing
constituents of the extract, as confirmed by FTIR and GC—
MS analyses. Similar observations of
heteroatom-mediated adsorption have been reported in
studies using plant extracts as corrosion inhibitors. The
presence of N and P on the steel surface provides direct
evidence of inhibitor adsorption and potential coordination
with surface iron atoms, forming a protective organic film.

HFW Pressure
126um 70Pa

Figure 18: 100um SEM Micrograph of mild steel dip in 2.5 M HCL medium with inhibitor concentration of 200 ppm.
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Figure 19: SEM and EDX data of mild steel immersed in 2.5M HCL with inhibitor concentration of 200ppm

The intensity of oxygen in the inhibited spectrum is
substantially reduced relative to the uninhibited case,
indicating that the adsorbed organic layer effectively limits
oxygen and chloride access to the metal surface and
restricts oxide formation. The remaining oxygen signal is
likely due to functional groups within the inhibitor
molecules themselves, which serve as adsorption centres
anchoring the organic film to the steel surface. This
observation supports the notion that corrosion inhibition in
this system is dominated by organic film formation rather
than oxide-based passivation, a mechanism commonly
described for phytochemical corrosion inhibitors [2,14].

The effectiveness of the inhibitor film at 200 ppm
corresponds well with potentiodynamic polarization
results, which demonstrate reduced corrosion current
densities and mixed-type inhibition behaviour. The
adherence of the adsorption behaviour to the Langmuir
model and moderate activation energy values further
suggests a predominantly physical adsorption
mechanism, with possible contributions from weak
chemisorption. Such behaviour is consistent with
previous reports on okra mucilage extracts and other
plant extracts under acidic conditions, which also exhibit
reduced inhibition efficiency at elevated temperatures due
to partial desorption of inhibitor molecules

Overall, the SEM-EDX results (Figures 15-19)
provide compelling microstructural and compositional
evidence that A. esculentus leaf extract forms a stable,
adherent protective film on mild steel in acidic
environments. This organic layer effectively suppresses

both anodic iron dissolution and cathodic hydrogen
evolution by reducing the availability of active surface
sites, confirming the potential of okra leaf extract as an
environmentally benign and efficient corrosion inhibitor for
mild steel in hydrochloric acid solutions.

4. CONCLUSION

The study confirmed, through FTIR and GC-MS
analyses, the presence of functional groups in Okro
(Abelmoschus esculentus) leaf extract responsible for
corrosion inhibition of mild steel in acidic medium. The
inhibitor exhibited significant adsorption capability on the
metal surface, forming a stable, protective film that
effectively reduced corrosion attack.

The inhibition efficiency decreased with increasing
temperature, particularly beyond 60 °C, indicating that the
adsorption process was temperature-dependent.
Conversely, higher inhibitor concentrations enhanced
corrosion resistance, demonstrating a concentration-
dependent protective effect. The experimentally observed
corrosion rate values were in good agreement with those
predicted by the kinetic model.

Thermodynamic evaluations revealed that the
activation energy (Ea) and enthalpy of activation (AH)
were higher for inhibited systems than for the uninhibited
ones, implying a reduced corrosion rate due to the
formation of an energy barrier by the inhibitor film. The
positive AH confirmed an endothermic adsorption
process, while the negative Gibbs free energy values



(AG°ads) indicated spontaneous adsorption of inhibitor
molecules onto the steel surface. The lower entropy of
activation (AS) with increasing acid concentration
suggested a more ordered state of the activated complex.
Surface analysis using SEM-EDX further validated these
findings, revealing the presence of a dense, fibrous
protective layer on the steel surface in the presence of
200 ppm Okro leaf extract. The adsorption data best fitted
the Langmuir isotherm model, indicating monolayer
adsorption on a homogeneous surface.

Overall, the Okro leaf extract demonstrated excellent
corrosion inhibition performance for mild steel in acidic
environments, signifying its potential as an effective, eco-
friendly green inhibitor for industrial acid-cleaning and
pickling applications.
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Symbol Description Unit

A Surface area cm?

Ba Anodic Tafel slope for the half-reaction V dec™

Bc Cathodic Tafel slope for the half-reaction V dec™

C Inhibitor concentration mol L™
CRbiank Corrosion rate in the blank solution (without inhibitor) mpy

CRinn Corrosion rate in the inhibited solution mpy

AE Change in potential Vv

E Potential Vv

Ea Activation energy J mol™
Ecorr Corrosion potential Vv

h Planck’s constant 6.626 x 1034 J s
lanodic Anodic current A

lcathodic Cathodic current A

lcorr Corrosion current A

icorr Corrosion current density in the presence of inhibitor Acm™
I'corr Corrosion current density in uninhibited solution Acm™
icorr Corrosion current density Acm™
Kads Adsorption equilibrium constant L mol™

Ke Freundlich constant —

Kr Equilibrium binding constant L mol™

N Avogadro’s number 6.022 x 10* mol™
n Adsorption intensity —

gm Monolayer adsorption capacity mgg™

R Universal gas constant 8.314 J mol™ K™
Rp Polarization resistance Q cm?

t Immersion time h

T Absolute temperature K

w Weight loss mg

AGa Change in Gibbs free energy of activation J mol™
AGads Gibbs free energy of adsorption J mol™
AH Enthalpy J mol™
AHa Enthalpy of activation J mol™
AHads Enthalpy of adsorption J mol™*
AS Entropy J mol™" K™
ASads Entropy of adsorption J mol™ K™
@] Surface coverage —
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