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Abstract: This study aims at studying the inhibition impact of the ethanol extract of Lentisk leaf
(EELL) as a green inhibitor of iron corrosion in chloride media. The experimental study was conducted
by Potentiodynamic polarization (PDP) methods and electrochemical impedance spectroscopy (EIS).
Also, the GC/MS was used to identify the major components of the EELL, and the Fourier transform
infrared spectroscopy (FT-IR), ultraviolet-visible (UV-Vis), and scanning electron microscopy coupled
with energy dispersive X-ray spectroscopy (SEM/EDX) techniques were employed to analyze the iron
surface. Moreover, to investigate the adsorption action of EELL over the iron surface, the theoretical
simulations based on the MD (molecular dynamics) and DFT (density functional theory) were done.
The main constituents of EELL are palmitic acid (27.5%), then stearic acid (22.5%), and 6B-hydroxy
21-acetyloxy budesonide (22.2%). Results provided by EIS analysis demonstrated 82% efficiency for
3% NaCl solution protected by 100 ppm of the EELL. The Tafel polarization studies illustrated the
suppression of the cathodic reaction in a 3% NaCl medium filled with the EELL. In addition, PDP
curves indicated that EELL behaves as a cathodic inhibitor. Moreover, the results of theoretical
modeling studies supported the adsorption of EELL molecules on the target metal substrate.
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1. Introduction

As a complex natural phenomenon, corrosion has always been a significant industrial
problem. Despite scientific and technological advances developed and accumulated over the
past decades, corrosion still causes great damage and affects many areas [1]. This industrial
disease can take various forms ranging from simple uniform corrosion to more complex aspects
encountered in harsh industrial environments.
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One effective/economic approach for lowing the metal (iron and its alloys) dissolution
rate during electrolyte (acidic, neutral, or alkaline) treatment is the application of organic and/or
inorganic corrosion inhibitors [2,3]. However, most corrosion inhibitors are known for their
toxicity [4]. Indeed the great challenges of the scientists have been to develop inhibitors, their
choice always being the result of a compromise which is at the same time technical, effective,
and often now eco-friendly and efficient [5].

In recent years, being low-cost, eco-friend, biodegradable, renewable, available, non-
toxic, and readily obtainable, the extracts from different parts (flowers, leaves, seeds, fruits,
and twigs) of plants as one of the most popular corrosion inhibitors [6,7]. The researchers have
made several attempts to study the corrosion inhibition properties of sustainable inhibitors on
the metal and alloys in acidic and neutral solutions. They have revealed that the green inhibitors
extracted from different parts of the plant exhibit inhibition toward metal and alloy corrosion
[8-18]. Notwithstanding the good results of sustainable corrosion inhibitors demonstrated that
many powerful green inhibitors can offer superior corrosion inhibition in the acidic (H2SO4 or
HCI) electrolytes and are not always effective enough to control corrosion in neutral (NaCl)
electrolytes [19]. The efficiency of these green inhibitors of corrosion is related to the abundant
chemical constituents with the functional groups (-SH, -OH, -COOH, -NHj, etc.) containing S,
O, or N atoms, which are centers for the adsorption process. The double bonds and aromatic
rings and the size of the inhibitor molecules chains also favor the adsorption on the surface
[5,18].

Given the lack of data on using Lentisk extracts as a source of corrosion inhibitor in a
neutral chloride medium. This is the first time ethanol extract of Lentisk extract is applied as a
green corrosion inhibitor for iron in chloride media. Lentisk is a spontaneous plant widely
distributed in semi-arid areas of the Mediterranean region [20]. In addition, Lentisk is a plant
known for its medicinal properties since ancient times. Its different parts contain various
medically important chemical components [21,22]. It has several properties such as
antimicrobial [23,24], antioxidant [25-27], antibacterial [28], anticancer and anti-inflammatory
[29,30], antifungal [31,32], antidiabetic and antitumor [33,34]. These advantages, being low-
cost, eco-friendly, biodegradable, available, and readily obtainable, have made the extract of
Lentisk leaf interesting corrosion inhibitors.

In this work, an experimental and theoretical investigation has been performed to
evaluate the corrosion inhibition property of the ethanol extract of Lentisk leaf (EELL) on iron
in a neutral chloride solution. The inhibition performance was provided via PDP and EIS.
Surface characterizations, including SEM, EDX, UV-Vis, and FT-IR, were conducted.
Furthermore, the theoretical modeling was carried out using MD and DFT techniques to
explore the adsorption of the inhibitor molecules over the metal surface.

2. Materials and Methods

2.1. Extract preparation.

Lentisk (Pistacia lentiscus L.) was collected from Moulay Idriss Zerhoun, a town in
northern Morocco. The Geographical coordinate is N 33° 50' 50.4636” ; W 5°19'0.3972”. The
leaves of Lentisk were air-dried for 20 days at room temperature.

The dried powder leaves (50 g) of Lentisk were extracted with 400 mL ethanol absolute
(obtained from Sigma-Aldrich) in a soxhlet apparatus for 8 hours. The crude extract obtained
from Lentisk leaf was filtered and evaporated. The obtained ethanolic extract was analyzed by
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Clarus SQ 8C Gas chromatograph coupled with a mass spectrometer (GC/MS) from
PerkinElmer, equipped with a Rxi-5MS capillary column (30 m x 0.25 mm x 0.25 pm). For
the analysis process, we adopted the method used in previous works [35,36].

2.2. Electrolyte and sample preparation.

The composition of working electrode disk (with a surface area of 1 cm?) and iron
coupons (having dimensions 2.5 x 1 x 0.1 cm?®) employed in this study was as follows (wt %):
Mn(0.514), Si(0.201), C(0.157), S(0.009), P(0.007), and remainder Fe. Before every
experiment, the surface of iron was rubbed with several grades of SiC abrasive papers (80, 220,
400, 600, 1000, 1200, and 2000), and then the iron surface was washed thoroughly via distilled
water and acetone.

The Neutral chloride electrolyte (3% NaCl) was achieved by dissolving NaCl Merck in
double distilled water. Finally, different amounts of EELL powder were dissolved in the
prepared electrolyte to obtain solutions with concentrations ranging of inhibitor from 25 ppm
to 100 ppm.

2.3. Electrochemical measurements.

The electrochemical measurements have been achieved by a potentiostat-galvanostat
SP-200 (Biologic Science Instruments). Three-electrode cells with an iron-working electrode,
a platinum electrode as counter-electrode, and XR300/XR310 reference electrode Ag/AgCl.
Prior to use, the working electrode is maintained prior to immersion in free corrosion potential
for 30 minutes. PDP was recorded by scanning the potential from -250 to +250 mV versus OCP
with the scanning speed is 1 mV/s.

The inhibition efficiency (nrop (%)) be computed by the following Equation (1):

oo (%) = [L—-271x100
ear (1)
where i, and i, are corrosion current densities values without and with inhibitors,
respectively.
The plot of the EIS diagrams was conducted on a wave at a frequency range between
100 KHz and 10 mHz and a potential amplitude of 10 mV on a steady-state open-circuit

potential. As regards the inhibition efficiency (neis (%)) was computed by Equation (2):
R
Meis (%) = [1-—=F

]x100
P(inh) 2)
where the Ry and Rp(inn) represent the polarization resistance in the absence and presence of the
inhibitor, respectively.
The electrochemical parameters from the polarization curves and electrochemical
impedance diagrams are determined via EC-Lab software 11.26.

2.4. Surface characterizations.

FT-IR and UV-Vis spectra were recorded for assessment of the EELL constituents and
formed film on the metal surface. The functional groups of the EELL were identified in the
frequency range between 400 and 4000 cm™ using a JASCO-4100 FT-IR spectrometer. The
UV-Vis spectroscopy was operated using a SHIMADZU UVmin-1240 scanning
spectrophotometer (wavelength limited between 190 and 800 nm).
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The surficial film morphology/microstructure of the samples (1 cm x 1 cm) was
examined by SEM/EDX (scanning electron microscopy / the Energy Dispersive X-ray
microanalysis) using the Quanta 450 FEG from the FELI.

2.5. Global quantum chemical descriptors (GQCDSs).

The molecular structures of EELL compounds were fully equilibrated in the gas phase
by means of DFT (Density functional theory) with the hybrid function of B3LYP (Becke three-
parameters Lee, Yang, and Parr), that is DFT/B3LYP method, and basis sets 6-311G** as triple
basis functions in Gaussian 09 software. Afterward, the DFT study was done in an aqueous
medium using SCRF theory based on the PCM model. Indeed, the electronic inhibitors
properties analyzed here include several theoretical indices: frontier molecular orbitals (ELumo
and Exowmo), energy band gap (AEgap), fraction of electron transfer (AN), electron affinity (Ea),
ionization potential (lp), electronegativity (x), hardness (), electrophilicity index (w),
nucleophilicity index (N) and softness (¢). The computational parameters can be calculated
from the values of Enomo and ELumo using the following relations given below [37-39].

AEgap = ELumo — Eromo (1)
ANllo = M (2)
2(77Fe + ninh)

The function @ is the electronegativity of the metal surface; for Fe (110) surface it gives
4.82 eV.

I.+E,
= 3
x > (©)
| —E
p A
= 4
7 > (4)
where the Ip = -Enomo and Ea = -ELumo.
2
y7,
w="— 5
2 (5)
Where the electronic chemical potential # = ((ELumo + Enomo)/2)
N = E, oy (Nucleophile) - E, o (TCE) (6)

The tetracyanoethylene (TCE) is taken as a reference because of its lower Enomo in a
large series of molecules.

GIE (7)
n

2.6. Molecular dynamics simulations.

In order to investigate at an atomic scale the adsorption of green compounds that exist
in EELL on the metal substrate under a variety of conditions to aid in the interpretation of the
experimental findings, we carried out the MD simulations that have been adopted as effective
and authentic techniques.

The Forcite module performed in Materials Studio software was employed to estimate
the nature of the interaction between the studied inhibitors (Table 5) and the iron sorbent [40].
For this purpose, the Fe crystal was imported, then cleaved alongside the (110) plane, and a
slab of 5 A was utilized. The surface of Fe (110) was relaxed by minimizing its energy by
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employing the smart minimizer method. The Fe (110) surface was also enlarged to a (10 x 10)
supercell to envisage a wide surface for the interaction of studied inhibitors. Then, a vacuum
slab of 30 A thickness was constructed above the Fe (110) plane. A supercell composing of
500 H20, 5 NaCl molecules were added, and finally, we created the molecules of the tested
inhibitors. The simulation was achieved via a simulation box in the NVT canonical ensemble
at 298 K with a time step of 0.1 fs and simulation time of 2000 ps carried out at 298 K, NVT
ensemble, as well as COMPASS force field [41]. In the simulation system, the interactions and
binding energies of the EELL inhibitor with the Fe (110) surface were estimated by using the
following equations [42,43]:

+E

Einteraction = Etotal _(Esurface+solution

E -E

inhibitor) (8)

bindinig = interaction (9)
where Esurface+solution IS assigned to the total energy of Fe (1 1 0) surface and solution without
the inhibitors;Einnibitor indicate the total energy of inhibitors and Eiotal represents the total energy

of the whole system.
3. Results and Discussion

3.1. Chemical composition.

The chemical composition found by GC/MS of the EELL shows five compounds
representing 97.9%; the main constituents are palmitic acid (27.5%), then stearic acid (22.5%),
and 6B-hydroxy 21-acetyloxy budesonide (22.2%). The analytical results are summarized in

Table 1.
Table 1. Chemical composition of the EELL.

Index | Name of compounds Molecular formula | Area (%)
PAL Palmitic acid C16H3202 27.5
OLE | Oleic acid C18H3402 14.7
STE Stearic acid C18H3602 22.5
BUD | 6B-Hydroxy 21-Acetyloxy Budesonide C27H360s 22.2
HEX | 1-n-Hexadecylindan CasHaz 11.0
Total 97.9

3.2. Electrochemical measurements.
3.2.1. Potentiodynamic polarization (PDP) studies.

The mechanism of inhibition was reviewed with the aid of PDP analysis. Figure la
introduces the polarization curves for iron dipped in a 3% NaCl medium containing various
amounts of EELL. The curves were analyzed, and the polarization parameters are summarized
in Table 2.

Looking at the polarization curves (Figure 1a), we observe a displacement of Ecorr
towards the cathode direction (negative direction) with a decrease of the icorr caused by the
increase of the EELL concentrations. It can be concluded that in the presence of EELL, the
concentration of 100 ppm depicts the optimal concentration of iron in a 3% NaCl medium.

Consider Figure la and Table 2; it can be seen that the increase in the EELL
concentration decreases the icorr until reaching the minimum value 10 pA/cm? seen in the
presence of the EELL at its optimal concentration (100 ppm), consequently of this decrease in
icorr the zppp increases and reaches 87.2%. This increase suggests that the molecules of the
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EELL form an adsorbed layer on the iron surface, blocking the corrosion process; its effect is
gradually increased with the addition of the inhibitor molecules [44].

Usually, the inhibitor can be ranked as a cathodic, anodic, or mixed inhibitor according
to the deviation in Zzorr With reference to the blank corrosive solution (AEcor = Ecor (blank) -
Ecorr (with inhibitors)) [45]. Adding EELL to the 3% NaCl solutions shifts the corrosion
potentials in a more negative direction compared to Ecorr. It can be observed that the EELL
inhibitor significantly blocks the cathodic reaction while it has a limited effect on the anodic
reaction. Consequently, the constituents of this extract are cathode-type inhibitors with a
maximum displacement reaching 176.2 mV.
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Figure 1. (a) Polarization curves and (b) Nyquist diagrams of the iron electrode in 3% NaCl solutions without
(Blank) and with different concentrations of the EELL.

Table 2. Electrochemical parameters derived from Tafel extrapolation of the iron electrode in 3% NaCl
solutions without and with various concentrations of the EELL.

C (ppm) —E corr (MV) icorr (pA/cmz) Ba (MV) -Bc (MV) Nppp (%0)
3% NaCl |  ---—-- 5275+25 78.2+0.02 76.5+0.03 4644+05 | = -
25 516.6 £2.6 44.2 +0.03 66.5+0.04 238.4+0.5 43.4
EELL 50 600.6 + 3.6 32.6 £0.02 76.7 £0.02 236.3+0.1 58.3
100 703.7+4.6 10.0+£0.01 77.1+£0.04 188.0+£0.3 87.2

3.2.2. Electrochemical impedance spectroscopy (EIS) studies.

The corrosion behavior of iron in 3% NaCl solutions with and without different
concentrations of the EELL was explored by the EIS method at room temperature after
immersion for 30 min.

The results of this method are represented as Nyquist plots in Figure 1b. These Nyquist
plots are not absolute semicircles, phenomena attributed to the frequency dispersion of the
interfacial impedance, generally due to the heterogeneity of the electrode surface. This
heterogeneity can result from impurities, roughness, dislocations, adsorption of the inhibitor,
and the development of the porous surface.

In the absence of the EELL inhibitor, there are two more or less well-defined loops, a
capacitive loop at high frequencies and a second loop at low-frequency values. The first loop
is representative of the charge transfer, and the second is assigned to the relaxation process by
adsorption of a FeOHags intermediate product on the metal surface [46]. In the presence of the
EELL inhibitor, we note an increase in the total impedance sign of corrosion inhibition. Also,
the Nyquist plots are marked by two capacitive loops. In addition, the diameter of the high-
frequency loop increases with the concentration of EELL added; the bias resistance, defined
by the low-frequency limit of the Nyquist plots, likewise increases. This is a sign of the
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adsorption of the organic compound over the iron surface, leading to a decrease in the corrosion
rate when the protective film has an appropriate thickness and shape as well.

The capacitive loops were fitted and analyzed with respect to their suitable equivalent
circuit model (Figure 2), and the impedance parameters are recapitulated in Table 3. In this
circuit, Rs represents the resistance of the electrolyte, R; is the resistance of the surface film,
and Q: is the capacitance due to the dielectric nature of the surface film. The R: is the charge
transfer resistance linked to the corrosion process, and Q: is a constant phase element (CPE)
intended to replace a double layer capacity (Car) for a more proper fitting [47]. The element "n"
is a coefficient that quantifies the various physical phenomena as a surface inhomogeneity
resulting from the surface roughness, the adsorption of the inhibitor molecules, and the
expansion of a porous layer.

Figure 2. An electrical equivalent circuit used to model the results of impedance.

The analysis of the results grouped in Table 3 shows that in the inhibitors-free neutral
chloride solution, the low Ry value obtained for the iron in the corrosive solution testifies to the
metal corrosion. In the presence of the EELL inhibitor, we note a clear increase in R, with the
increase in the EELL concentration in the solution, a sign of inhibition of the corrosion process.
In addition, one notices that the reduction in CPE (Q2), which results from a local decrease in
the dielectric constant and/or an increase in the thickness of the double layer, has been allocated
to the development of a protective layer due to the gradual replacement of water molecules and
other ions initially adsorbed over the iron surface by adsorption of inhibitor components [48].

Table 3. Electrochemical parameters derived from Nyquist plots of the iron electrode in uninhibited and
inhibited 3% NaCl solutions containing different concentrations of the EELL.

C R 2Ry bQ1x10% | . R, bQx10% | °Rp NELs
(ppm) | (Q.cm?) | (Q.cm? F s M (@.cm?) FsD 2 1 (@em?) %
3% NacCl Blank 7.8 87.6 1.19 0.73 128.6 6.57 0.94 216.1 -
25 11.6 124.6 0.89 0.60 207.0 0.013 0.27 331.6 34.9
EELL 50 10.7 113.8 0.30 0.71 395.5 0.011 1.0 509.3 57.6
100 7.9 111.8 0.20 0.70 1118 0.010 0.85 1229.8 82.4

@The standard deviation range for Rs, R1and Rz values is between 2.5% and 5.3%.
®The standard deviation range for Q; and Q, values is between 0.5% and 3.4%.
“The standard deviation range for n values is between 0.1% and 1.5%.

3.3. Surface characterizations.

3.3.1. UV-vis analysis.

UV-vis spectra (Figure 3) were provided for the EELL before and after the iron
immersion to confirm the adsorption of the inhibitor molecules on the metal substrate. The
absorption spectrum related to the EELL before iron immersion presents two characteristic
absorption bands, a strong band located at 210 nm, assigned to the n-t* transition resulting
from the conjugated C=C bonds adsorption, and a less accentuated band centered at 264 nm,
which is ascribed to n-n* electronic transition belonging to the C=0 bond adsorption [49,50].
After the iron immersion in 3% NaCl containing 100 ppm EELL , it can be seen that the two
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absorbance bands have been slightly shifted towards lower wavelengths (C=C from 210 to 208
nm and C=0 from 268 to 264 nm). In addition, the absorbance intensity has decreased, thus
confirming the adsorption of the inhibitor compounds on the iron substrate sites. These results
mean that the functional groups C=C and C=0 reacted with iron cations (i.e., Fe?*) and thus
formed complexes, which demonstrates the development of a protective film on the iron
substrate [51].

45 ] Before EELL immersion
4.0 — After EELL immersion
- 210 nm (r — w*) transition
3.5 —
3.0 —
° . 208 nm (r — r+) transition
g 25 —
=
g _
5 20
2 — 268 nm (n — n=) transition
< 15 |
10 Bl 264 nm (n — n=) transition
0,5 —
00 = L | T
200 300 400 500 600 700 800
‘Wavelength (nm)

Figure 3. UV-vis spectra of the 3% NaCl solution containing 100 ppm EELL before and after iron sample
immersion for 24 h.

3.3.2. FT-IR analysis.

Figure 4 shows the IR spectrum of the EELL and the corrosion product on the surface
of iron dipped in the 3% NaCl solutions without 100 ppm EELL. From the IR spectrum in
Figure 4(a), several bands characteristic groups of the EELL can be seen. The large band at
3432.9 cm could be assigned to O-H groups. The bands appearing at 2920.7 and 2849.1 cm't
corresponds to C-H stretching vibrations. The band at 1718.6 cm™ linked to stretching
vibrations of the C=0, while the C=C stretching vibrations is located at 1608.8 cm™. The band
at 1024.8 cm-1 correspond to the C-O stretching vibrations. The band at 1450 cm™ could be
due to binding C-H in the plan, and the absorption bands at 827.1 and 765.6 cm™ are
characteristic of an aromatic ring.

T T T T T T T

| | I
4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumbers {¢m )

Transmittance (%)
I

Figure 4. FTIR Spectrum (a) of the EELL and (b) the thin film formed on the iron surface immersed in 3%
NaCl containing 100 ppm EELL.
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On comparing Figure 4(a) and 4(b) show that an additional band has appeared at 822.1
cm? is related to the Fe-O stretching vibrations, and certain bands corresponding to the
characteristic groups of EELL have shifted to higher frequency region, providing that some
interaction/adsorption has been taking place over the metal surface. The —OH stretching shifted
from 3432.9 to 3435.7 cm™ and C=C stretching shifted from 1608.8 to 1637.4 cm™ may be
confirmed that there is an strong interaction between EELL and the iron surface. This shifted
of the characteristic bands of the inhibitors to the higher frequency illustrates the complexation
among inhibitor molecules and the iron surface.

3.3.3. Surface analysis by SEM/EDX.

The corrosion protective activity of the EELL after immersion for 24h was further
analyzed using SEM/EDX techniques. SEM images and corresponding EDX spectra in the
absence and presence of the EELL inhibitor are given in Figure 5. As follows from this Figure,
it can be seen that the plan view of the SEM micrograph of the blank (without inhibitors)
sample, which is corroded and characterized by a very rough surface with corrosion products.
However, in the presence of 100 ppm EELL, the iron surface damage was strongly reduced,
and the iron sample appeared smooth. This observation between the inhibited and uninhibited
deduced the formation of a protective barrier layer on the iron surface due to the adsorption of
active compounds of the EELL on the iron surface. Also, EDX was used to determine the
elements present on the iron surface without and with 100 ppm EELL.

Element Wt %
C
(o}
Fe
Na

Element Wt %

] c 1.98
] 0 0.46
Fe 97.56

50 pm

Energy [keV]

Figure 5. SEM/EDX micrographs of iron after immersion for 24h in 3% NaCl solution without (Blank) and
with 100 ppm EELL.

According to Figure 5, in the absence of the EELL (blank), the spectra contained mainly
the characteristic peaks of C, O, and Fe with amounts around 2.10, 17.25, and 79.11 (wt %),
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respectively. This suggested the formation of metal oxides/hydroxides and chlorides as
corrosion products on the iron surface. In the presence of 100 ppm EELL, we remarked the
reduction in peak intensity which the percentage of O to 0.46 (wt %). Hence, we could say that
the molecules. EELL adsorbed on the iron surface, preventing the formation of
oxides/hydroxides and chlorides. In addition, the Fe (wt %) increases shifted to 97.56 (wt %)
because it is related to the adsorption of the inhibitors on the iron surface, leading to the
development of a protective film. It has been found that there is a good match between the
SEM micrograph and the EDX data.

3.4. Theoretical investigations.

3.4.1. Global quantum chemical descriptors.

The DFT is one of the most useful methods to analyze the inhibitor/surface interactions;
the Exomo and ErLumo orbitals are two descriptors that can be employed to explain corrosion
inhibition efficiency. The more the energy gap between the LUMO and the HOMO orbitals
decreases, the more the corrosion inhibition ability of inhibitors increases. The results of Table
4 show that the BUD inhibitor presents a high Exomo (-6.899 eV) and a low ELuwmo (-1.840 eV),
which reflect its ability to give and accept the electrons. Therefore its adsorption capacity on
the metal surface. The BUD and HEX inhibitors, which present the low energies gaps, show in
Figure 6 that molecular electron density is located around the 2,5-Cyclohexadienone and
Indane group, respectively. These groups can explain the ability of electron-hole transport and
the corrosion inhibition efficiency between the iron metal and the mentioned inhibitors (BUD
and HEX). For PAL and STE compounds, the low Exomo and high ELumo values could increase
their abilities to accept electrons and therefore decrease the corrosion inhibition efficiency;
despite this, the electron density located around the carboxyl group could give electrons to the
metal surface (see Figure 6).

The electronics indices such as electronegativity (y), hardness (), nucleophilicity (N),
softness (o), and electrophilicity (@) could also be used to discuss the corrosion inhibition
interactions. The inhibitors with high electronegativity, nucleophilicity, and softness values are
very reactive with the metal surface of the iron. In contrast, the inhibitors with high
electrophilicity and global hardness values are resistant to charge transfer.

Table 4 shows that the BUD inhibitor presents higher electronegativity (y = 4.369) and
nucleophilicity (N = 2.469), which indicate its ability to inhibit iron corrosion. Moreover, the
high values of electrons transferred parameters (AN = 0.225) of OLE inhibitor, and HEX (AN
= 0.221) show the ability of these compounds on the corrosion inhibition observed
experimentally. The PAL and STE inhibitors are electroatracting compounds with high global
hardness values ( = 3.912 and 3.910), which decrease their inhibition abilities. These results
suggest that the two molecules BUD and HEX are more likely to explain the reactivity of the
corrosion inhibition observed experimentally.
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Figure 6. DFT-derived Frontier molecular orbital density distribution: LUMO and HOMO of PAL, STE, OLE,

HEX, and BUD compounds.

Table 4. Calculated quantum chemical parameters of studied EELL compounds calculated at the B3LYP with

6-311G** basis.

Inhibitors ELumo | Enomo AEgsp Iy Ea X n w N c AN
name (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (ev)?
PAL 0.043 | -7.781 | 7.824 | 7.781 | -0.043 | 3.869 | 3.912 | 1.956 | 1.587 | 0.256 | 0.122
STE 0.043 | -7.778 | 7.821 | 7.778 | -0.043 | 3.867 | 3.910 | 1.955 | 1.590 | 0.256 | 0.122
OLE 0.054 | -6.672 | 6.726 6.672 -0.054 | 3.309 3.363 1.681 2.696 0.297 0.225
HEX -0.382 | -6.540 | 6.158 6.540 0.382 3.461 3.079 1.540 2.828 0.325 0.221
BUD -1.840 | -6.899 | 5.059 | 6.899 | 1.840 | 4.369 | 2529 | 1.565 | 2.469 | 0.395 | 0.089
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3.4.2. Molecular dynamics simulations.

In recent years, through MD simulations, it has been feasible to gain further deep insight
into the mode in which the green inhibitors adsorb and how much change in an inhibitor would
constitute a significant difference in corrosion inhibition. Therefore, the MD process was
performed until the system's temperature and energy were balanced and the whole system
reached equilibrium. Table 5 depicts the interaction energy (Einteraction), and binding energy
(Evbinding) Values obtained, while Figure 7 shows the side and top views of low-energy adsorption
configurations of the five inhibitor molecules onto the Fe (110) surface. These inhibitor
molecules possess potential binding sites, as shown in the results from the GQCDs.

Top views

‘r;h.’*x”.;‘ g o

e gt

Side views

Top views

Side views

HEX BUD

Figure 7. (a) Side and (b) Top views of the most stable configurations for the adsorption of PAL, STE, OLE,
HEX, and BUD compounds over Fe (110) surface obtained from MD simulations.

The adsorption centers of the studied inhibitors on the Fe (110) surface belong to the
oxygen heteroatoms and © systems of aromatic rings; the compounds show almost parallel or
flat orientations on the iron surface to maximize surface contact, which ensures a large surface
https://biointerfaceresearch.com/ 12 0f 16
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area to inhibit the dissolution of the metal surface. The strength of inhibitors adsorbed on the
iron surface may be expressed in terms of their interaction energies (Einteraction) on the iron
surface.

The negative values obtained for the Einteraction denote that the inhibitors studied
adsorb spontaneously on the Fe surface (110). The lower the interaction energy, the adequate
inhibitor-surface interaction and, thus, the better the corrosion inhibition performance. The
order of decrease in interaction energy is BUD (-1134,9 kcal/mol) < HEX (-1051,4 kcal/mol)
< STE (-967.07 kcal/mol) < OLE (-924,24 kcal/mol) < PAR (-886,63 kcal/mol). Based on the
present values, BUD and HEX possess the highest binding energies, and therefore they present
a better inhibiting property for the iron surface. The adsorption of these inhibitor molecules
over the surface of Fe (110) this fact by sharing electrons between the heteroatoms and p
systems in the inhibitors and the active surface sites of this metal (Fe (110)). This allows the
possibility of a bond formation (n-7) resulting from the overlap of the free doublet of oxygen
atoms and carbon-carbon pi-orbitals in inhibitors and the electrons (3d) of the iron atoms.

It should be noted that the same trend is observed with respect to quantum chemical
descriptors that produce results consistent with corrosion inhibition performance. Altogether,
results from these computational studies confirm the inhibition efficiencies reported in
experimental results. The interaction energies of the negative value of five inhibitors shown in
Table 5 again indicate the ability of these molecules to bind to the metal surface and, in that
contact, construct together an anticorrosive film over the iron surface.

Table 5 Interaction and binding energies obtained from MD simulation of the EELL compounds adsorbed on Fe
(110) surface.

Simulations models Einteraction (KJ/mol) Ebinding (KJ/mol)
Fe (110) + 500 H-0O + 5 NaCl + PAR -886.63 886.63
Fe (110) + 500 H,0 + 5 NaCl + STE -967.07 967.07
Fe (110) +500 H20 +5 NaCl + OLE -924.24 924.24
Fe (110) + 500 H2O + 5 NaCl + HEX -1051.4 1051.4
Fe (110) + 500 H20 + 5 NaCl + BUD -1134.9 1134.9

4. Conclusions

The theoretical and experimental investigations of the corrosion inhibition of Lentisk
leaf extract as an effective green inhibitor on the iron in 3% NaCl solution were performed via
electrochemical techniques and surface analyses. Electrochemical measurements (EIS and
PDP) results demonstrated that inhibition efficiency increases with improving EELL
concentration, achieving the highest value at 100 ppm. We also deduce that EELL is a cathodic-
type inhibitor. The corrosion product over the iron surface in the presence of the EELL inhibitor
characterized by UV-Vis, FT-IR, and SEM-EDX spectra may conform to the complex film
formed between the metal and the active groups present in the EELL. In addition to the
experimental findings, theoretical studies, including molecular dynamics and quantum
mechanics simulations, revealed that the reactive sites of the components EELL with the
corrosion inhibition abilities have a great tendency to adsorb on the iron surface, and all the
outcomes showed significant correlations with each other. Summing up the results, it can be
concluded by combining experiments and theoretical calculations that the EELL has the
potential to be developed as an eco-friendly inhibitor for iron corrosion.
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