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medium-
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The leaves of Ficus carica and Olea europaea L., by-products of tree pruning, are rich sources of bioactive
compounds. Recycling this biomass is a significant step toward developing a circular economy model and
promoting sustainability. In this study, steel corrosion inhibition was achieved using an aqueous 1: 1 mixture
of olive and fig leaf extracts in 1 M hydrochloric acid at various temperatures. Electrochemical impedance
spectroscopy (EIS), potentiodynamic polarization, and gravimetric measurements were employed to
evaluate the inhibitory efficacy, adsorption mechanism, and action mode of this green inhibitor.
Thermodynamic analysis and adsorption isotherms provided insights into the adsorption mechanism.
The formation of an anti-corrosion layer on the steel surface was confirmed using UV-visible
spectroscopy, FTIR, and FTIR second derivative spectra. Additionally, XRD and SEM techniques were
utilized to examine the steel surface morphology. To further understand the adsorption capacity and
behavior of active phytochemicals in the olive and fig leaf extract mixture on the mild steel surface,
density functional theory (DFT) calculations and molecular dynamics (MD) simulations were performed.
The findings indicate that the aqueous blend of fig and olive leaf extracts holds great promise as

rsc.li/rsc-advances

1. Introduction

Acid solutions are commonly used in various industrial processes,
such as petrochemical operations, oil well stimulation, pickling,
and acid cleaning. However, the use of acids can cause harmful
effects on metal surfaces. To reduce metal degradation and
dissolution during these treatments, the application of an inhib-
itor is essential.'?* Using plant extracts as green inhibitors has
drawn a lot of interest due to their numerous advantageous traits,
which include their abundance in nature, renewable resources,
low cost, and efficient corrosion inhibition.** These plant extracts
contain a staggering amount of valuable chemicals, including
molecules with multiple polar atoms and electron-rich bonds
such as natural antioxidants, minerals, vitamins, phenolic
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a sustainable alternative to synthetic corrosion inhibitors in industrial applications.

compounds, alkaloids, and flavonoids. This can successfully
create protective shields against aggressive media.> Olive (Olea
europaea L.) and Ficus carica leaves are among the most abundant
sources of polyphenols and antioxidant molecules. On these
grounds, they are frequently used in the medical field. Their leaves
have attracted the attention of several researchers, who have
employed them in a variety of research areas as antioxidants,'*"*
antimicrobials,”™** anticancer agents,"*" anti-inflammatory
agents,'®"” antibacterial agents'' and antidiabetic agents.***
Synergistic biological effects with stronger improvements have
been reported when different phenolic compounds or extracts are
combined, compared with the single treatments.”** Ali A. Abeed
et al.>* looked into the antibacterial activity of Olea europaea L. and
Ficus carica leaves ethanolic extracts, separately and synergisti-
cally, against a standard Methicillin-resistant Staphylococcus
aureus. While aqueous leaf extracts of olive and fig were investi-
gated for their antibacterial activities against three bacterial
strains: Staphylococcus aureus, Escherichia coli, and Pseudomonas
aeruginosa, and the use of these extracts together induced syner-
gism, and it was beneficial in developing novel antibiotics from
natural, inexpensive sources to overcome bacterial resistance.” In
order to increase the shelf life of pasteurized milk, El Dessouky
Abdel-Aziz et al.*® tested aqueous Ficus carica leaf extract, olive leaf
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extract, and their mixture. The combination of the two extracts
provides an efficient and safe method to prolong the shelf life of
pasteurized milk. Numerous investigations were conducted to
look into the possibility of employing olive and fig leaf extracts as
corrosion inhibitors. Aqueous olive leaf extracts were studied as
green corrosion inhibitors for B-Brass alloy,” zinc®® in acidic
medium, copper’* in NaCl medium, and steel in a variety of
media including 1 M and 2 M HCL** 10% sulfamic acid,*
alkaline CacCl, brine,* in CO,-saturated chloride carbonate solu-
tion.* Selaimia Radia et al. looked into the efficiency of using an
extract of methanolic olive leaves to prevent steel from corroding
in a solution of 1 M hydrochloric acid.*® Alkaloids, flavonoids, and
tannins found in Ficus carica leaf extracts®** may be a useful
source for inhibiting corrosion. In acidic medium, it was utilized
as a corrosion eco-friendly inhibitor for zine,”® aluminum,*” and
brass.** For inhibition corrosion of steel, alcoholic Ficus carica
leaves extracts were utilized in various media, including
petroleum-based medium,” 0.5 M sulfuric acid.** However,
aqueous Ficus carica leaf extract was employed as a mild steel
inhibitor in 3.5% aqueous sodium chloride solution saturated
with CO,,*” in 2 M HCL,® and in 1 M HCL.* The aqueous extracts
are favored over organic extracts due to their greater affinity to
metallic surfaces and higher polar phytochemical content when
compared to nonpolar phytochemicals found in organic extracts.*
This study set out to assess the abilities of a mixture of olive and
Ficus carica leaf extract to operate as green corrosion inhibitors for
steel in 1 M HCIL. The efficiency of corrosion inhibition was
studied using electrochemical impedance spectroscopy, poten-
tiodynamic polarization curves, and the gravimetric method.
Kinetic and thermodynamic parameters were also established.
Tests using FTIR, FTIR Derivative, UV-VIS, SEM, and XRD were
performed for characterization. The design and development of
inhibitors heavily depend on having a thorough understanding of
how they interact with metal surfaces under various corrosive
conditions. A detailed and careful study using DFT and MD
simulations was carried out to explain the behavior of adsorption
of the active phytochemicals in the extract of olive and fig leaves
on the mild steel surface. To illustrate the simulation results, five
compounds: Oleuropein, Luteolin-7-O-glucoside, Hydroxytyrosol,
Psoralen, and Bergapten were selected as representatives of active
phytochemicals in OFLE.

2. Materials and methods

2.1. Materials preparation

The chemical compositions of the mild steel used in this
experiment are as follows: 0.1% C, 0.29% Mn, 0.04% Si, 0.004%
P, 0.005% S, 0.07% Al, 0.034% Cu, 0.007% Cr, 0.011% Ni, and
the rest is Fe. Mild steel specimens and the corrosive medium
were prepared according to the methodology reported in our
previous work,* with detailed procedures provided in the ESI.}
Locally, olive and fig leaves were picked, detached from the
stalk, carefully washed with tap water, and then allowed to dry
for three weeks in a well-ventilated, shaded area. The dry leaves
were ground into a fine powder using an electric grinder.

A mixture consisting of 25 g of olive leaf powder and 25 g of
fig leaves was combined with 500 mL of distilled water and
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stirred continuously at 40 °C for 3 hours. The resulting
suspension was then subjected to ultrasonic treatment for 30
minutes, followed by filtration. The recovered filtrate was
collected, stored in a sealed container, and refrigerated for
subsequent use as a corrosion inhibitor.** The concentrations of
OFLE varied from 0.05 to 0.25 V/V.

2.2. Electrochemical measurements

Electrochemical measurements, including potentiodynamic
polarization curves and electrochemical impedance spectroscopy
(EIS), were performed using a VersaSTAT 3 potentiostat/
galvanostat (Princeton Applied Research, AMETEK, USA). These
measurements were conducted in a glass cell containing the
electrolyte and three electrodes. The reference electrode was an
Ag/AgCl electrode, while the auxiliary electrode was a platinum
wire. The working electrode consisted of a mild steel sample,
which was mechanically polished to achieve a glossy finish.

After two rounds of washing with ethanol and distilled water,
the steel samples were dried and stored until use. A 1 cm?® area
of the sample was exposed to the corrosive solution. Before
conducting the experiments, the electrodes were immersed in
the corrosive solution to allow the system to reach a stable open-
circuit potential (OCP). EIS tests were carried out at OCP within
a frequency range of 10 kHz to 5 mHz, using an amplitude of
10 mV. The EIS data were analyzed using ZView software.
Potentiodynamic polarization curves were obtained by scanning
the potential from —250 mV to +250 mV relative to OCP, at
a scanning rate of 5 mvV s~ .

The inhibition efficiency (IEgis%) was calculated using the
following eqn (1).
Ry (inh) — Ry°

[Egis% = o 100 1
IS0 Ro(nh) (1)

«° and R (inh) represent the charge transfer resistance
without and with the OFLE.
The potentiodynamic polarization curves were employed to
calculate inhibition efficacy (IE,%) and polarization resistance
(Rp) using the following eqn (2) and (3), respectively:

o

[Ep% = feom —leorr o 100 2)

lCO[‘l‘

where i.,° and i.. are the corrosion current densities in 1 M
HCI solutions without and with the extracts.

R Ba X Be
P 2303 X deor X (B4 + Be)

(3)

where (. and @, are cathodic and anodic Tafel slopes,
respectively.

2.3. Weight loss method

Gravimetric tests were conducted in 1 M HCI, both in the
absence and presence of varying concentrations of OFLE, for
a duration of four hours at different temperatures (298 K, 308 K,
318 K, 328 K, and 338 K). The corrosion rate (CR) in mg cm >

© 2025 The Author(s). Published by the Royal Society of Chemistry
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h™" and the inhibition efficiency percentage (IE%) were calcu-
lated using eqn (4) and (5), respectively.

R — CR(inh
1By, — SR = CR(nh) CCR (nh) 100 (4)
my —m
CR = 5
S x t (5)

where, CR and CR (inh) represent the corrosion rates in the
absence and presence of the inhibitor, respectively. The vari-
ables m, and m denote the initial and final weights of the mild
steel samples before and after immersion in the corrosive
solution, with and without the green inhibitor. S is the surface
area of the sample (cm?), and ¢ is the immersion time (A).

All the experiments were performed in triplicate sets to get
precise results, and standard deviations were estimated.

2.4. UV-visible and FTIR spectra acquisition

A Shimadzu UV-1800 spectrophotometer, equipped with UV
Probe software version 2.4, was used to analyze the electronic
transitions. The UV-visible spectra of OFLE in 1 M HCI were
recorded before and after immersion of the mild steel samples
in the test solution.

FTIR spectra of the powdered leaves and the corroded layer
formed on the steel surface were obtained using a PerkinElmer
Spectrum One spectrophotometer. The spectra were recorded
over a wavenumber range of 4000-450 cm ™', with a resolution

of4em™.

2.5. Scanning electron microscope (SEM) and XRD analysis

A TESCAN VEGA3 scanning electron microscope (SEM) equip-
ped with energy dispersive spectroscopy (EDS) was used to
examine the surface morphology of mild steel, both in the
absence and presence of inhibitors. The layer formed on the
mild steel surface in uninhibited and inhibited acid solutions
was analyzed using an X-ray diffractometer (Rigaku Ultima IV)
with CuKa radiation (A = 0.15405 nm). Diffraction patterns were

recorded over a 26 range of 10°-90° at a scan rate of 5° min .

2.6. DFT and molecular dynamics

The active phytochemicals in the extract of a mixture of olive*
and fig leaves,”” selected for theoretical investigation, include
Oleuropein, Luteolin-7-O-glucoside, Hydroxytyrosol, Psoralen,
and Bergapten. The geometric structures of these five
compounds were fully optimized without any constraints using
the density functional theory (DFT) method. This was per-
formed with the Hybrid B3LYP-D3 (Becke, three-parameter, Lee,
Yang, and Parr)*** functional, which incorporates dispersion
corrections to accurately model non-covalent interactions,
along with the DZP basis set.***¢

All properties were calculated using the ADF-2023 software
package.”” The electronic chemical potential (u), chemical
hardness (7), global electrophilicity (w), and Fukui index were
determined using specific equations.>®

For a deeper exploration of the interaction between all
compound structures and the Fe surface, molecular dynamics

© 2025 The Author(s). Published by the Royal Society of Chemistry
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simulations were conducted using GROMACS 2023-GPU soft-
ware.* Initially, diverse ligands' optimized structures were
generated via ADF® with the B3LYP/TZP basis set, then placed
ata 3 A distance on the Fe (110) surface. The creation of Fe (110)
surfaces was facilitated using the CHARMM-GUI/Nanomaterial
Modeler online web server.

The topology of all optimized structures of compounds has
been created using the Swiss Param, an online server and
CHARMM36-2019 force field that was applied at all steps of
molecular dynamics using GROMACS.* The topology of the
optimized compound structures was generated using the
CHARMM36-2019 force field, employing Swiss Param, an online
server. This force filed was then consistently applied throughout
all stages of molecular dynamics simulations conducted using
GROMACS.”

The system was solvated using the original TIP3P water
model in a rectangular box of dimensions (6 x 6 x 3) A.
Simulations were conducted at a constant pressure of 1 bar and
a temperature of 298.15 K. The energy of the aqueous solution
was minimized using the steepest descent algorithm, followed
by a 2 ns simulation in an NVE ensemble. Subsequently, an
additional 2 ns simulation was carried out in both the NVT and
NPT ensembles to stabilize the system density.

The Verlet leap-frog method was employed as the integration
algorithm, with a time step of 2 fs. Non-bonding interactions
were considered in all three dimensions of the simulation box.
The all-atom optimized potentials for the simulations
(CHARMMS36) force fields were used to describe the interaction
between atoms.

All visualization tasks were conducted by Visual Molecular
Dynamics (VMD).**

3. Results and discussion

3.1. Electrochemical techniques

3.1.1. Open-circuit potential (OCP) measurements. In both
the blank solution and the electrolyte containing OFLE, the
potential fluctuations of mild steel were recorded against an Ag/
AgCl reference electrode prior to each EIS and polarization
measurement. Fig. 1 illustrates the variations in open-circuit
potential (OCP) over time for mild steel in 1 M HCI under the
two different conditions. After a few minutes of immersion, the
OCP stabilizes, indicating that a steady state was quickly ach-
ieved. Notably, in the presence of OFLE, the OCP shifts towards
more positive values compared to the blank solution. These
positive shifts in OCP suggest the formation of a protective layer
on the steel surface, which likely enhances corrosion inhibition.

3.1.2. Electrochemical impedance spectroscopy tests (EIS).
EIS measurements were carried out to clarify the impedance
parameters of the steel/electrolyte interface in the presence and
the absence of various concentrations of OFLE.*

Fig. 2 presents the Nyquist plots of mild steel in 1 M HCI with
and without various concentrations of OFLE. All Nyquist graphs
exhibit a single capacitive semicircular loop, indicating that
mild steel corrosion in this system is governed by a charge
transfer mechanism.® Notably, the Nyquist curves maintain
their original shape while their diameters increase with higher

RSC Adv, 2025, 15, 20355-20371 | 20357
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Fig.1 OCP plots of mild steel with and without various concentrations
of OFLE.

OFLE concentrations, suggesting that OFLE does not alter the
corrosion process itself. Instead, the increase in diameter can
be attributed to the adsorption of OFLE molecules at the metal/
electrolyte interface.®® The imperfect shape of the semicircular
loops is likely due to surface dislocation, roughness, or the
adsorption of OFLE molecules.**

Bode-modulus plots in Fig. 3 reveal higher values of log|Z| at
lower frequencies as the OFLE concentration increases. A strong
linear correlation (R* > 0.99) was observed between log|Z| and
log frequency, with slopes of —0.71 and —0.65. These findings
are typically associated with frequency dispersion of interfacial
impedance.®

According to the Bode-phase graphs in Fig. 3, there is
a single phase peak at mid-frequencies, indicating one time
constant for the EIS measurements and the presence of a single
constant phase element (CPE) at the metal/solution interface.*®
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Fig.2 Electrochemical Nyquist plots for mild steel in the presence and
absence of OFLE at various concentrations.
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Fig. 3 Bode and phase diagrams of OFLE.

In the presence of OFLE, the phase angles shift to more negative
values, with a phase angle of approximately —60° for the blank
solution and values ranging from —67° to —75° for the inhibited
solution. This further confirms the occurrence of frequency
dispersion.®”” The larger peak heights observed at higher
inhibitor concentrations indicate a strong capacitance
response.®®

To model the impedance spectrum data, a simple equivalent
circuit (Fig. 4) was constructed. The circuit includes the solution
resistance (R;), the charge transfer resistance (R.), and
a constant phase element (CPE) to account for surface imper-
fections. The double-layer capacitance (Cq) value, calculated
using (eqn (6)), is influenced by these imperfections. The CPE,
modeled using (eqn (7)), simulates this effect.®®

Ca = (Q x Ry (6)
Zcpg = Qiz(l'w)in (7)

where Q is the CPE constant, R, represents the charge transfer
resistance, j is the imaginary number, » is the angular
frequency in rad s~ and 7 is the exponent, which can be used as
a degree of surface inhomogeneity. The inhibition efficiency
(IEgis%) was calculated in Table 1 using the eqn (1).

The fitted Nyquist plots closely matched the experimental
data, and the quality of the fit was evaluated using the chi-
square (x*). A low x” value in the range of 0.0007 to 0.026 was
obtained, confirming the high accuracy of the equivalent circuit
model and the reliability of the fitted electrochemical
parameters.

CPE

R,

ct

Fig. 4 Equivalent electrochemical circuit for EIS study adjustment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 EIS parameters for mild steel without and with different concentration of OFLE

C(mLmL™") Ry (Qcm?) Qx107*(Q 'em 25" n Car (UF cm?) -s R —a  1(s) x? IEgs® (%)
0.00 61.5 3.6217 0.78 125 0.67 0.9802 61 7.68 0.012 —
0.05 531 1.3045 0.78 62 0.67 0.9974 69 32.92 0.026 88
0.10 602.7 1.7206 0.76 87 0.69 0.9981 68 52.43 0.017 90
0.15 659.3 1.6322 0.76 84 0.66 0.9991 75 55.38 0.015 91
0.20 917 1.1146 0.79 65 0.65 0.9980 68 59.60 0.006 93
0.25 1189 1.0079 0.79 59 0.71 0.9989 70 70.15 0.0007 95

% Mean value and all standard deviations < 2.

From Table 1, it can be seen that the simulated charge-
transfer resistance (R.) increases, and hence the inhibition
efficiency increases, with increasing inhibitor concentration.
This is confirming once more the formation of an inhibitory
protective layer on the metal surface, resulting in improved
stability of the metal in the 1 M HCI solution containing OFLE
compared to the blank solution. Additionally, the n values
(0.76-0.79) are near to 1 indicate that the interface is capaci-
tive.”*”* The inhomogeneity of the surface is explained by this
factor’” caused by the roughness of the steel surface, the
distribution of the active sites, metal dissolution, and the
adsorption of inhibitor molecules on the metal surface.” The
double layer between the charged metal surface and the solu-
tion is considered as an electrical capacitor. The Cq4 decrease
clearly with the increase of OFLE concentration. This decrease
in Cq indicated that the previously absorbed water molecules
with large dielectric constants were replaced by the larger
inhibitor molecules with lower dielectric constants.” According
to Helmholtz model, given by eqn (8),”® the decreasing trend of
Cq directly explains that the adsorption film on the metal
surface thickens with the increase of the concentration of
corrosion inhibitor.

Ca =

s 8)

where d is the thickness of the protective layer, ¢ is the local
dielectric constant, ¢ is the air permittivity (8.854 x 10"
F cm™ ') and S is the exposed surface of the steel coupon.”

The observed increase in double-layer capacitance (Cyq;) at
the concentration of 0.10 mL mL ™", despite a concurrent rise in
charge transfer resistance (R.), deviates from the typical inverse
correlation between these parameters. This behavior may be
attributed to the formation of a partially adsorbed or porous
inhibitor film, which does not fully block access of water or ions
to the metal surface, thus maintaining or increasing the
capacitance. Additionally, it is possible that the active
compounds undergo molecular rearrangement or reorientation
at this concentration (eg: changing from a flat to perpendicular
orientation on the metal surface), altering the dielectric prop-
erties or thickness of the electrical double layer. Another plau-
sible explanation could be the onset of molecular aggregation in
the solution, reducing the number of inhibitor molecules
available for adsorption. As a result, while the film still impedes
charge transfer to some extent (increased R.), it fails to signif-
icantly reduce the surface's capacitive behavior.””

© 2025 The Author(s). Published by the Royal Society of Chemistry

Based on the Cy values, the relaxation time (t) can be
calculated using the following eqn (9).7%7°

= Cq X Ry (9)

The obtained values of the relaxation time constant
increase with a decrease in the Cq; values as different amounts
of OFLE are added. For instance, the relaxation time ()
increases by 85% while the capacitance (Cq;) value decreases by
30% when the OFLE concentration is increased from 0% (blank
solution, 1 M HCI) to 10% of OFLE in the corrosive medium.
This indicates a reduction in the discharge and charge to the
steel/solution interface, and the inhibition efficiency rises to
90%. Additionally, the increase in the relaxation time constant
with extract concentration suggests that the adsorption process
is taking longer and that the protective layer is becoming more
stable.®® The inhibition efficiency increases with the extract
concentration, varying from 88% to 95%.

3.1.3. Potentiodynamic polarization tests. The resistance
to corrosion of steel in the 1 M HCI medium in the presence and
the absence of OFLE at various concentrations was studied with
the potentiodynamic polarization analysis. The results are
shown as polarization curves (Fig. 5). The method of extrapo-
lation is employed to determine the values for the corrosion
current density (icorr), corrosion potential (E.o.), cathodic and
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Fig. 5 Potentiodynamic polarization curves of steel in the presence
and absence of various concentrations of OFLE.
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C (mL mL ") Ecorr (V vs. Ag/AgCl) icorr (MA cm?) Be (Vdec™) Ba (V dec™) R, 1Ex” (%) IEgp” (%)
0.00 —0.401 0.291 0.1121 0.0639 60.73 — —
0.05 —0.393 0.043 0.1720 0.0649 476.65 85 87
0.10 —0.380 0.035 0.1752 0.0584 543.4 88 89
0.15 —0.390 0.038 0.1684 0.0667 545.93 87 89
0.20 —0.384 0.038 0.1737 0.0630 528.28 87 89
0.25 —0.384 0.025 0.1549 0.0619 768.15 91 92

% Mean value and all standard deviations < 1.5.

anodic Tafel slopes (8. and 8,), polarization resistance (R, eqn
(3)) and inhibition efficiency (IE,%, eqn (2)) for various
concentrations of OFLE in 1 M HCl medium (Table 2).

Fig. 5 demonstrates that the presence of OFLE reduces both
cathodic and anodic current densities, with optimal inhibitory
efficiency observed at 0.25 mL mL~" of OFLE. This indicates
a slowdown in the cathodic hydrogen evolution reaction and
a decrease in the anodic dissolution of mild steel. Additionally,
as E..r shifts to more positive values, the steel becomes nobler.
The data further confirm that OFLE is a mixed-type inhibitor, as
the change in E.,, value is less than 85 mV.*** An uneven
pattern in the values of 8. and (8, suggests that mechanisms
beyond adsorption, such as the presence of species or anions in
the solution, contribute to corrosion inhibition.**"*> Moreover,
the presence of OFLE increased R;, values. These findings align
with the results of the polarization measurements and EIS
analysis.

3.2. Weight loss measurements

3.2.1. Temperature effect. The inhibition effect of OFLE at
various concentrations on the corrosion of mild steel in 1 M HCI
was investigated using weight loss methods at different
temperatures (298, 308, 318, 328, and 338 K) after 4 hours of
immersion. The results shown in Fig. 6 indicate that increasing

Fig. 6 Diagram depicting inhibitory efficiency as a function OFLE
concentrations at various temperatures.

20360 | RSC Adv, 2025, 15, 20355-20371

the temperature and adding varying doses of OFLE enhance the
inhibitory efficiency and delay steel corrosion. This behavior is
attributed to the persistent layer that forms on the steel surface
as a result of chemical adsorption.?>*® The inhibitor efficiency
reached a maximum of 95% at (T = 338 K, C = 0.25 mL mL ™).

The corrosion process activation parameters were calculated
using Arrhenius eqn (10).

E,

log CR =log 4 = 562"~ 7

(10)
where, E,, T, R, and A are the activation energy, absolute
temperature (K), universal gas constant (8.314 ] mol ' K™ ') and
pre-exponential factor, respectively. E, can be calculated from
the slope of the plot of log CR vs. 1/T (Fig. 7). In Table 3,
decreased activation energy (E,) in inhibited solutions
compared to the blank suggests that the OFLE molecule are
chemically adsorbed on the metal surface.*”® On another
hand, an increase in inhibition efficacy with rising temperature
is evidence that a chemically adsorbed inhibitor film has
formed.*

At 0.25 mL mL™", the inhibitor may achieve strong chemi-
sorption onto the metal surface, forming a stable chemical
bond that effectively prevents the interaction between corrosive
species and the substrate. Once this chemisorbed layer is
established, the metal surface becomes passivated, and the
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Fig. 7 The Arrhenius OFLE
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Table 3 Activation parameters for steel in 1 M HCl in the absence and existence of various concentrations of OFLE

C (mL mL ") E, (k] mol ) AH, (k] mol ™) E, — AH, (k] mol ™) —AS, (J mol ' K1)
0.00 43.02 40.40 2.62 116.95
0.05 17.94 15.32 2.62 193.86
0.10 19.80 17.18 2.62 196.38
0.15 8.03 5.41 2.62 161.16
0.20 13.99 11.37 2.62 179.09
0.25 15.65 13.03 2.62 181.73

corrosion reaction proceeds at a much slower rate. Conse-
quently, the apparent activation energy for the remaining
corrosion process may be lower not because the inhibitor is less
effective, but because the residual corrosion reactions require
less energy due to the significantly reduced active area. Similar
results were reported by Taleb H. Ibrahim in their investigation
of the Ficus carcia leave extract as mild steel inhibitor in 3.5%
aqueous sodium chloride solution saturated with CO,.*>

The activation enthalpy (AH,) and activation entropy (AS,) of
the system can be determined using the transition state eqn
(11):

oe| SR 4 R
OB T8 N X

where; N, is the Avogadro's number and 4 is the Planck's
constant. The plot of log(CR/T) vs. 1/T is shown in Fig. 8. The
slopes and intercepts are used to get the values for (AH,) and
(AS,) respectively (Table 3). According to the positive values of
the enthalpies AH,, the steel dissolution process is endo-
thermic, which means that mild steel is harder to dissolve.”®
Positive entropy values indicate that the activated complex in
the rate-determining phase is an association step rather than
a dissociation step.”* The values of E, exceed the corresponding
values of AH,. In this case, corrosion of steel must entail
a gaseous reaction, the hydrogen evolution reaction, which is

. AS, AH,
2303 x R 2303x RxT

(11)
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Fig. 8 Transition state plots for mild steel in 1 M HCl in the absence
and presence of different OFLE concentrations.

© 2025 The Author(s). Published by the Royal Society of Chemistry

accompanied by a reduction in the overall reaction volume.®> On
this ground, E, — AH, value may shed light on the phenomenon
involved. For OFLE, the (E, — AH,) difference is 2.62 k] mol ",
which nearly equals the R x T average. Accordingly, the corro-
sion process is described as a unimolecular reaction by the
following eqn (12).%

E.~AH,=Rx T (12)

3.2.2. Adsorption isotherm. Several isotherms, including:
Langmuir, Temkin, Freundlich, and Frumkin, were examined
to estimate the equilibrium constant K,qs. It was found that the
Langmuir adsorption isotherm in Fig. 9 provided the most
suitable fit.

For various temperatures (298, 308, 318, 328, and 338 K),
plotting (Ci/6) vs. (C;) yields linear lines with coefficients of
determination that are close to unity. The line's intercept in
Fig. 9 was used to calculate the equilibrium constant. It should
be emphasized that OFLE molecules are strongly adsorbed on
the steel surface, as evidenced by the increase in K,qs values
with increasing temperature® (Fig. 10). In this context, the
Langmuir adsorption coefficients obtained cannot be employed
to calculate Gibbs free energy or enthalpy change in the
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Fig. 9 Calculated Langmuir isotherms using gravimetric measure-
ments of OFLE at various temperatures.
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Fig. 10 K,qs versus temperature plot for OFLE.

adsorption processes for plant extracts with undefined compo-
sition and/or content.** The inhibitory action is often attributed
to the intermolecular synergy among the various components in
natural extracts.”

3.3. UV-VIS analysis results

UV-visible spectrophotometry is a valuable tool for visualizing
characteristic absorption bands. Fig. 11 shows the absorption
spectrum of OFLE solutions before and after immersing the
metallic specimen in the corrosive medium (1 M HCI). From
Fig. 11, a broad absorption peak appears between 200-233 nm
before immersion, which corresponds to the -7 electron
transition in the C=C bonds of the aromatic rings. Another
peak at 324 nm is attributed to the n—m electron transition in the
C=0 bonds present in various oxygen functional groups. After
immersion, the absorption peak intensity noticeably decreases,

4.0
35 J

3.0

— OFLE before immersion in HCI
—— OFLE after immersion in HCI

2.5 1

2" derivative

2.0

Abs

1.5 4

0 3
Wavelength/nm

1.0 H

1
200 400 600
Wavelength (nm)

Fig. 11 UV-visible spectra of OFLE before (in black) and after
immersion (in red) of steel in 1 M HCL
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indicating a reduction in the concentration of the active
chemical compounds in OFLE due to their adsorption on the
steel surface.® The absorption peak associated with the w-m*
electron transition is clearly defined at 212 nm. Additionally,
changes in the shape of the spectrum in both direct and
derivative modes, before and after immersion, suggest the
formation of complexes between the OFLE compounds and iron
cations.”*?’

3.4. FTIR spectroscopy

In order to obtain qualitative data regarding the existence of
organic molecules and their interactions with metallic surfaces,
Fourier-transform infrared spectroscopy (FTIR) was used.
Fig. 12 depicts all of the distinctive bands that correlate to the
functional groups found in the powder of OFLP and the film
formed on the metal surface (Fe-OFLE). In the inset the second
derivative spectra in Fig. 12 are shown for comparison
purposes. First of all, the Fe-OFLE spectrum exhibits all
significant peaks found in OFLP, indicating that the majority of
functional groups in OFLE are present in the adsorbed film. The
FTIR characteristic wavenumbers range of (3700-3000 cm ™)
corresponds to stretching vibrations of OH groups (from alco-
hols, phenols, carbohydrates) or the presence of NH functional
groups from amides. Oleuropein and hydroxytyrosol, the two
primary phenolic compounds present in olive leaves, show their
hydroxyl groups in the same range at 3387-3225 ¢cm ' and
3339 cm ™, respectively.”® The symmetric and asymmetric CH
stretching vibrations (vCH, alkyl) are responsible for two bands
at 2936 in OFLP and at 2963 in Fe-OFLE and 2841 cm ™ * (absent
in Fe-OFLE). The absorption band located at 2338 cm ™" in OLFP
and at 2304 cm™ "' in Fe-OFLE is attributed to stretching vibra-
tions of C=N. The C=C stretching vibrations of aromatic rings
and the C=0 of esters, acids, and carboxylates correlate to the
1740-1580 cm ™ * range. The band at 1320 cm ™ * present in OLFP
(absent in Fe-OFLE) corresponds to stretching vibrations C-O

—— OFLP
Fe-OFLE
I—— Corrosion products|

100 +

60

T(%)

40

20

T T T
4000 3000 2000 1000

Wavenumber (Cm")

Fig. 12 FTIR spectra of OFLP (in black), Fe-OFLE (in red) and corrosion
products (in blue) adsorbed on mild steel. In the inset the second
derivative spectra.
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Fig. 13 XRD pattern of the mild steel immersed in 1 M HCl solutions (a) without inhibitors, (b) with OFLE.

(amide) and C-C stretching from phenyl groups. The bands
ranging from 1200 to 1100 cm ™' can be attributed to vibrations
of OH deformation and stretching vibrations of C-O and C-N.
The main cause of the strong bands at 1160 in OFLP and
1110 cm " in Fe-OFLE are the endocyclic and exocyclic C-O
stretching vibrations of carbohydrates.®” Finally, aliphatic and
aromatic C-H groups are represented by the absorption bands
below 1000 cm™". From spectra (Fig. 13), similarities between
the powder's and the scraped film's FTIR spectra are visible,
demonstrating that the extracts have adhered to the steel's
surface. To identify and examine differences between the
powdered leaf spectra and the film formed on the surface of the
steel, second derivative spectra were employed. Spectra in
second derivative mode demonstrated a shift in the bands
attributed to the N-H, O-H, C=0, C-0, C=C, C=N, and C-N
groups; this confirms the adsorption of the protective layer
generated by interactions between these functional groups and
the metal surface's active sites.

The FTIR spectrum of the plate without inhibitor (in blue),
after exposure to the corrosive medium, displays characteristic
bands corresponding to corrosion products such as iron oxides
and hydroxides. Notably, absorption bands around 3400 cm™*
(O-H stretching) and 1630 cm ™' (H-O-H bending) indicate the
presence of surface-bound hydroxyl groups, while bands near
1100 cm ' may be attributed to carbonate species formed
during corrosion.

The differences observed in the FTIR spectra before and after
the corrosion test can be attributed to the adsorption of organic
compounds from the plant extract onto the steel surface during
exposure to the acidic environment. In addition, acid hydrolysis
of certain phytochemicals may occur under these conditions,
resulting in the formation of new functional groups or degra-
dation products. These transformation products may also
become incorporated into the protective film.

UV-visible and electrochemical measurements were previ-
ously used to show that the OFLE compounds had adsorbed on
the steel surface. FTIR and FTIR second derivative validate these
conclusions.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.5. XRD results

To determine the molecular crystal structure that developed on
the metal surface dissolved in the corrosive medium (1 M HCI)
in the presence and absence of OFLE, X-ray diffraction analysis
was carried out and illustrated in Fig. 13. The Panalytical X'Pert
HighScore program was used to identify all of the data related to
the crystal structures (formula, hkl, crystal system, percentage,
and reference) pertaining to each peak. A cubic iron peak (ref.
code:01-087-0721) can be observed in the diagrams produced
with and without OFLE (Fig. 13a and b) at 26 = 44.7° (1 1 0),
64.9° (2 0 0), and 82.3° (2 1 1).*”° Only the diagram of the unin-
hibited solution shows the distinctive peaks at 26 =19.7° (2 1 2),
22.7° (1 1 0), and 40.2° (2 0 0) that correspond to an ortho-
rhombic iron oxide (Fe;0,, ref. code: 01-076-0958), a hexagonal
iron chlorate hydrate (Fe(ClO4)2(H,O)s, ref. code: 01.083.1493),
and a cubic iron oxide (FeO; ref. code: 01-079-1972), respec-
tively. Two amorphous peaks appear at 26 = 25.02° and 8.07°
are observed only in the diagram in the presence of OFLE. These
findings demonstrate that a protective film was formed on the
surface of steel.

3.6. Scanning electron microscope (SEM) results

The SEM images (Fig. 14) show the steel surface after being
submerged for 4 hours in both uninhibited and inhibited 1 M
HCI solutions. Fig. 14a exhibits a rough and severely damaged
surface from fast corrosion attack in HCl. The extent of the
damage is notably aggravated by the formation of microcracks
and microcavities, which facilitate further corrosive attack.

SEM observations indicate that the surface becomes
smoother when OFLE is present (Fig. 14b), and the development
of an inhibitory layer prevents the corrosive media from
attacking. The adsorption of OFLE molecules may be the cause
of the protective layer that formed on the metal surface.

3.7. DFT and molecular dynamics simulation

In computational chemistry, the HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular

RSC Adv, 2025, 15, 20355-20371 | 20363
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Fig. 144 SEM morphologies of the mild steel immersed in 1 M HCl solutions (a) without (b) with OFLE.

orbital), collectively referred to as Frontier orbitals, are essential
for understanding a molecule's electronic structure and reac-
tivity.*® The frontier molecular orbitals (FMO) are two types: the
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO). The HOMO-LUMO energy
gap (AE) serves as a crucial parameter for assessing chemical
stability, reactivity, and electron conductivity. A smaller HOMO-
LUMO energy gap signifies higher reactivity. A high gap indi-
cates greater stability of the molecule and, therefore, low reac-
tivity, and vice versa.

The global chemical reactivity descriptors, including chem-
ical potential (u), electrophilicity index (w), hardness (), and
softness (S), are derived from the HOMO-LUMO energy values
are presented in Table 4 with the isosurface of the FMO in
Fig. 15.

The most significant energy gap is exhibited by ligand
hydroxytyrosol with a value of 5.67 making it the most stable
and the least reactive. Compound Bergapten has the smallest
energy gap, indicating higher reactivity compared to the other
compounds. The order of energy gaps is as follows: Bergapten <
Psoralen < Luteolin-7-O-glucoside <  Oleuropein <
Hydroxytyrosol.

Compound Psoralen exhibits a high value of the electro-
philicity index (4.27 eV) and a chemical potential value of u =
—4.31 eV, favoring its electrophilic and electronegative
behavior. Moreover, the hardness (n) is associated with the
stability of the chemical system and ranges between 2.18 and
2.84 eV for the present compounds. Compound Hydroxytyrosol
is harder than the other compounds.

Table 4 Calculated E"OMO, FLUMO Gap (AF), chemical potential (u),
global hardness (), global softness (S) and global electrophilicity index
(w) in (eV)

Ligand EHOMO  pLUMO - Gap 44 n S Q

Hydroxytyrosol —6.229 —0.557 5.67 —3.39 2.84 0.35 2.03
Oleuropein —5.911 —0.836 5.08 —3.37 2.54 0.39 2.24
Luteolin-7-O-glucoside —6.016 —1.656 4.36 —3.84 2.18 0.46 3.37
Bergapten —6.181 —1.926 4.26 —4.05 2.13 0.47 3.86
Psoralen —6.477 —2.133 4.34 —4.31 2.17 0.46 4.27

20364 | RSC Adv, 2025, 15, 20355-20371

Among the myriad reactivity indices crafted through Density
Functional Theory (DFT) within quantum chemistry, Fukui
functions stand out as a pivotal tool for understanding a mole-
cule's site selectivity and chemical reactivity. These functions
offer a profound glimpse into various descriptors, illuminating
specific atoms' propensities to either donate or accept an elec-
tron. The Fukui indices serve as localized reactivity descriptors,
unraveling intricate details about atoms exhibiting heightened
tendencies for electron loss or acceptance. They are instru-
mental in pinpointing crucial reactive sites within molecules,
thereby shedding light on their susceptibility to various chem-
ical transformations. In addition to Fukui functions, other vital
descriptors such as local softness, NBO (Natural Bond Orbital)
charges, and the dual descriptor f{r) are determined at each
atomic position for all compounds.'*”*** This comprehensive
analysis is meticulously tabulated in Supplementary Table S2,7
offering a nuanced understanding of the atomic-scale reactivity
across electrophilic, free radical, nucleophilic, and dual
descriptor categories. The significance of dual descriptors lies
in their ability to distinguish between nucleophilic and elec-
trophilic attack preferences at specific molecular locations.
These descriptors assign a positive value to sites favoring
nucleophilic attacks, signifying their propensity to accept elec-
trons. Conversely, a negative value denotes spots less inclined
toward nucleophilic interactions, indicating a greater tendency
for other forms of chemical interaction.

These results highlight specific atoms within each
compound that are susceptible to nucleophilic or electrophilic
attacks. Nucleophilic attack sites generally have a higher affinity
for donating electrons, while electrophilic attack sites tend to
attract or accept electrons. Understanding these sites is crucial
for predicting and comprehending the reactivity and chemical
transformations of these compounds in various reactions or
interactions.

The Fe (110) surface is widely selected in DFT and molecular
dynamics (MD) studies due to its thermodynamic stability, as it
is the most energetically favorable and commonly exposed facet
of the iron crystal. Moreover, pure iron is typically used instead
of alloyed systems to reduce computational complexity and to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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focus on the fundamental interactions between the metal
surface and adsorbates.'*

In this study, we conducted MD simulations for Fe (110)
compound@surface complexes spanning 500 ns. Following
equilibrium, the initial conformations of the dynamic simula-
tions underwent NVT and NPT simulations for 2 ns. In the
condition where none of the complexes disassociates within all
the 500 ns.

The root mean square deviation (RMSD) analysis is
a common technique used in molecular dynamics simulations
to assess the stability of biomolecular systems over time. The
stability of the complexes was examined during the MD simu-
lations by calculating the (RMSD), to estimate these confor-
mational changes and is calculated by comparing the deviation
of subsequent conformations from initial reference conforma-
tion of compound@compound, surface@surface and com-
plex@complex respectively (Fig. 16A-C).

In this study, the RMSD analysis of clustering relative to the
ligands and complexes indicates that these systems are best

© 2025 The Author(s). Published by the Royal Society of Chemistry

stabilized after 10 nanoseconds (ns) of simulation time. This
suggests that after 10 ns, the compounds@surface complexes
reach a level of stability where their structures are relatively
consistent and do not fluctuate significantly.

Furthermore, complexes containing compounds such as
Psoralen, Luteolin-7-O-glucoside and Hydroxytyrosol as ligands
demonstrate better stability compared to others, that confirmed
with radius of gyration calculations.

The current study examined the interaction between inhib-
itor molecules under investigation and the Fe surface using MD
simulations. In this study, only one inhibitor molecule was
allowed to interact with iron surface in the presence of 811
molecules H,O as solvent and 6 corrosive molecules HO; and
Cl ions. The best equilibrium adsorption configuration for the
system considered is depicted in Fig. 17.

The data obtained demonstrate that the inhibitors adsorb on
the metal surface using a combination of vertical and parallel
adsorptions mode.

RSC Adv, 2025, 15, 20355-20371 | 20365
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complexe@complexe.

The total energy (Esurface+solution) of Fe (110) Plane and solu-
tion, total energy (Eio) of full system, and the total energy
(Einnibitor) of inhibitor molecule alone, were used to calculate the
interaction energy (Einteraction) and binding energy (Evinding)-

The interaction and binding energies values of inhibitor
molecule at 300 K are summarized in Table 5.

An examination of the information in Table 5 reveals that
Luteolin-7-O-glucoside has the highest positive value binding
energy, attributed to the development of an adsorbed layer on
the surface of Fe (110). Furthermore, a strong and spontaneous
interaction between the metallic surface and the Luteolin-7-O-
glucoside is indicated by the greater negative value of

Fig. 17 Side and top views of final equilibrium configurations for five molecules on Fe (11 0).
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Table 5 Energy parameters obtained from MD simulations for
adsorption of test molecules on metal substrate Fe (110) surface at 300
K

Inhibitor Einteraction (KJ mol™") EBpinding (K] mol ™)
Hydroxytyrosol —38.25 38.25
Oleuropein —89.95 89.95
Luteolin-7-O-glucoside —161.72 161.72
Bergapten —74.74 74.74
Psoralen —26.92 26.92

interaction energy (—161.72 kJ mol '), suggesting that it
adsorbs more easily on the metal surface compared to the other
four molecules.'® The Ejteraction Values at 300 K followed the
order: Luteolin-7-O-glucoside > Oleuropein > Bergapten >
Hydroyturosol > Psoralen. The positive Epinging values show that
the test molecules effectively adsorb to the substrate surface
and blocking most of the active sites on the iron surface. This is
due to their adsorption through multiple centers (O, double
bond, and conjugate systems) and their higher molecular size,
which may allow for better surface coverage. Among the
compounds, luteolin-7-O-glucoside exhibited the highest
binding energy (161.72 k] mol '), indicating strong and stable
adsorption, which supports its role in reinforcing the protective
layer via intermolecular hydrogen bonding and w-m stacking.
Oleuropein and bergapten also demonstrated substantial
binding energies of 89.95 and 74.74 k] mol ", respectively.
Oleuropein acts as a primary anchoring agent, while bergapten,
despite its comparatively lower adsorption strength, contributes
to surface coverage by occupying gaps between larger mole-
cules. Hydroxytyrosol, with a binding energy of 38.25 kJ mol *,
also participates in anchoring but to a lesser extent. Psoralen
showed the lowest binding energy (26.92 k] mol %), suggesting
a weaker direct interaction with the metal surface; however, it
aids in stabilizing the adsorption layer through non-covalent
interactions. These findings highlight a synergistic effect
among the inhibitors, where strong adsorption by primary
agents is complemented by secondary molecules that
enhance the uniformity and compactness of the inhibitor film.
These computational insights align with experimental obser-
vations, strongly supporting the conclusion that the improved
corrosion inhibition efficiency of the plant extract arises from
synergistic adsorption mechanisms among its phytochemical
constituents.

3.8. The proposed inhibition mechanism

Due to the complex chemical structure of OFLE, it is not
possible to determine the exact mechanism. Nonetheless, the
following mechanism could provide a brief explanation of its
involvement in mild steel corrosion protection. Firstly, through
the chemisorption mechanism, neutral molecules of leaf extract
(NMLE) may be adsorbed on the surface of steel by displacing of
water molecules from the surface and sharing the electrons
between the heteroatoms in the leaf extract (O, N, etc.) and iron.

NMLE(aq) + Hands «> l\IMLEadS + HZO(aq)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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On the basis of donor-acceptor interactions between -
electrons of the aromatic rings and double bonds with unoc-
cupied d-orbitals of surface iron atoms, OFLE molecules can
also adsorb on the steel surface. The increase in inhibitory
efficiency with rising temperature, as well as UV-Vis and FTIR
observations, confirm chemisorption interaction as the mech-
anism by which steel corrosion is inhibited by OFLE. Secondly,
the steel surface is positively charged in HCI (1 M)*** because it
is entirely covered by Fe cations according to iron oxidation
reaction in the presence of H' protons. Therefore, it becomes
difficult for the protonated molecules to adsorb on the steel
surface due to the electrostatic repulsion.

Fe —Fe?* + 2¢

In contrast, the presence of the negative chloride anions with
lower degree of hydration generates an excess negative charge
in the solution'®>'*® In this situation, OFLE molecules in their
protonated state can bind to pre-developed chloride-based layer
over the metal substrate via electrostatic interactions.’®® The
adsorption of OFLE compounds on the steel may occur through
physical adsorption, chemical adsorption, or mixed mode
(synergic action of the two).

3.9. A brief comparative study

Recently, scientific researchers have focused on developing
inhibitors that are cost-effective, highly efficient, and ecologi-
cally friendly. Table 6 presents a comparison of the performance
of olive leaf extract and fig leaf extract as corrosion inhibitors
with other inhibitors. A very high inhibitory efficiency
(exceeding 95%) was achieved with the mixture of olive and fig
leaf extracts, surpassing the efficiencies reported in previous
studies. Additionally, OFLE was extracted quickly with only
distilled water and at a low temperature (313 K) as the extracting
solvent making the use of the OFLE as a very low-cost and eco-
friendly corrosion inhibitor.

Recently, scientific efforts have increasingly focused on the
development of corrosion inhibitors that are not only highly
efficient but also cost-effective and environmentally friendly. In
this context, the current study evaluates the performance of
olive leaf extract (OLE), fig leaf extract (FLE), and their combi-
nation (OFLE) as green corrosion inhibitors. The OFLE mixture
was prepared using distilled water at a low temperature (313 K),
making the extraction process simple, energy-efficient, and low-
cost. As presented in Table 6, the combination of OLE and FLE
achieved an inhibition efficiency exceeding 95%, outperforming
both individual extracts and many previously reported natural
inhibitors. This outstanding performance can be attributed to
the complementary or overlapping phytochemical profiles of
the two extracts, which likely act together to form a more
uniform and protective barrier on the metal surface. These
results highlight the OFLE mixture as a highly promising, eco-
friendly alternative for corrosion protection.
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G|l cameim © o oo o 8 The effectiveness of OFLE as a green corrosion inhibitor was
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demonstrated by this investigation. The main conclusion can
< 2 o R 9 ~ be summarized as follows:
Bl 2223838 & & &8 &3 & 1. High efficiency percentage approximately 95% was

attained.

2. The double-layer capacitance (Cq;) decreases as OFLE is
added, but the charge transfer resistance (R.) increases.

3. The potentiodynamic polarization curves support the
inhibitor's mixed nature.

4. The gravimetric method's results demonstrate that
chemical adsorption is validated by increases in IE% with
temperature. Accordingly, the E, values obtained in the pres-
ence of OFLE were lower than those obtained in the blank acid
solution, providing additional support for the chemical
adsorption hypothesis. The Langmuir model governs OFLE
adsorption.

5. FTIR, FTIR derivative, UV-visible, and UV-visible derivative

Weight loss, polarization, EIS, EFM, FTIR and AFM
Polarization, EIS, SEM, FTIR and molecular dynamics

Weight loss, polarization and cyclic voltammetry

Weight loss, polarization, EIS and EFM
Polarization EIS and optical micrograph photo

Polarization, EIS and FTIR
EIS polarization weight loss, UV-VIS,
FTIR derivative, SEM, XRD, DFT and MD

EIS polarization weight loss, FTIR,
UV-VIS derivative, FTIR,

Weight loss, polarization and FTIR
FTIR derivative, SEM, XRD.

Weightloss and polarization
Weight loss, polarization and EIS
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