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In this study, essential oils (EOs) obtained from twigs, leaves and fruits of Terebinth (Pistacia terebinthus
L.) was characterized by GC/MS analysis. We tested these as green corrosion inhibitors for iron in the neu-
tral chloride medium (3% NaCl), employing electrochemical impedance spectroscopy (EIS), potentiody-
namic polarization (PDP) curves and surface characterizations SEM, EDX, IR spectroscopy were carried
out. The theoretical aspect was elaborated using molecular dynamics (MD) simulation and density func-
tional theory (DFT). Analyses of the experimental results showed that the three main components in the
EOs from the twigs, fruits and leaves of Terebinth are a-Pinene (32.65-50.58%), Limonene (6.88-15.07%),
and a-Terpineol (2.50-5.15%) with quantitative variations. The fruit EO at a concentration of 3000 ppm is
characterized by the best anticorrosive protective properties than the leaf and twig EOs. Indeed, the opti-
mum percentage of this EO required to achieve the maximum efficiency was found to be 86.4% at
3000 ppm. The surface investigation strategies (SEM-EDX and IR) further validated that the corrosion bar-
rier happens because of the adsorption of the inhibitors over the iron/3% NaCl interface. Also, the out-
comes of the theoretical approach supported all the experimental results by illustrating the similar
trend of inhibition efficiencies of various inhibitors and revealed that Terebinth EOs could serve as an
effective inhibitor of iron in 3% NaCl.
© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

corrosion are reached when using the green corrosion inhibitors
(organic or inorganic). Although there is a great number of syn-

Corrosion is a multifaceted phenomenon, defined as an interac-
tion between metal or alloy and its environment resulting in dete-
rioration of the main features of metals and their alloys (Chugh
et al., 2020; Dehghani et al., 2019). The employ of inhibitors has
been given to be one of the most popular and economic methods
for the protection of metals or their alloys against corrosion in
divers corrosive environments (Hamadi et al., 2018). The highly
effective alternatives for the protection of metallic surfaces against
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thetic corrosion inhibitors that have proved an excellent corrosion
inhibiting potential in the corrosive environments, a large part of
them pose serious problems for human health, they are not cheap
enough and raise major ecological issues (Dehghani et al., 2019;
Haddadi et al., 2019). So, it is necessary to figure out alternative
processes to find less expensive, readily available and non-toxic
inhibitors. In the last decade, the considerable attention has been
directed towards using plants as new sources for effective green
corrosion inhibitors. Almost all natural organic compounds provide
accessible, economical, safe and environmentally friendly alterna-
tive sources (Macedo et al.,, 2019; Sanaei et al., 2019). Usually,
organic compounds owning heteroatoms such as nitrogen, sulfur
or oxygen, electronegative groups, conjugated double bonds and
aromatic rings exert significant effects on the extent of adsorption
on the metal surface and they can therefore be applied securely as
effective corrosion inhibitors (Qiang et al., 2018).
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There are many fascinating reports about green corrosion inhi-
bitors from various plant sources, which have been taken to miti-
gate the corrosion of metals or their alloys in the corrosive
media. However, in the majority of these reports are concentrated
to obtain a high inhibition efficiency but the economic aspect is
almost ignored (Alibakhshi et al.,, 2019; Bahlakeh et al., 2019).
We should also mention that certain of the green inhibitors derive
from expensive sources or not completely available, as well as the
use of organic solvents such as ethanol and methanol in the extrac-
tion procedure of the inhibitors from the whole plant or from any
other part (twigs, leaves, fruits, seeds) makes the process expen-
sive and also not eco-friendly (Bahlakeh et al., 2019; Majd et al.,
2019). Furthermore, the process of extraction of the inhibitors
based on water is most cost-effective in comparison with other
polar solvents (like ethanol or methanol) and represents an advan-
tage of ecological aspects (Dehghani et al., 2019; Haddadi et al.,
2019).

It should be noted that the majority of current research on the
significant inhibition of the innovative corrosion inhibitors (sus-
tainable and green) derive from the plant-based was focused on
corrosion control of metals or their alloys in acidic (sulfuric or
hydrochloric) medium. Nevertheless, most of these eco-friendly
inhibitors do not provide remarkable or impressive inhibition over
neutral saline environment (Haddadi et al., 2019; Verma et al.,
2018). Therefore, specific inhibitors of neutral saline media are
needed, which go beyond what has so far been established to face
threats from corrosion of metals. This leads us to look differently
when choosing a green inhibitor for the appropriate application,
several factors such as sustained availability of sources, extraction
process (solvent), cost, best inhibition efficiency, and especially the
environmental effects should be taken into account (Alibakhshi
et al., 2019).

Over the past few years, researchers around the world reported
most bioactive extracts derived from medicinal plants as promis-
ing green anticorrosive agents (Alvarez et al., 2018; Asadi et al.,
2019; Barbouchi et al., 2019; Benzidia et al., 2019; Bozorg et al.,
2014; Jokar et al., 2016). Even though a number of plants have been
investigated in relation to their anticorrosive activity (Umoren
et al., 2019; Verma et al., 2018), however, a large part of plants
around the world have not been satisfactorily studied as anticorro-
sive agents. Therefore, there are considerable opportunities to dis-
cover out innovative, economical, novel, and eco-friendly corrosion
inhibitors from this outstanding source of natural products.

Terebinth grows in dry areas, open woods and rocky, habitually
calcareous slopes. It is native to the Canary Islands and the
Mediterranean region from the western regions of Morocco, and
Portugal to Greece and western Turkey (Rauf et al., 2017). It is
therefore a species present and available in all around the Mediter-
ranean. However, in this paper, the Terebinth EOs were extracted
using hydro-distillation in Clevenger type apparatus. This means
that it is really cost-effective and the extraction of inhibitor mole-
cules from Terebinth would present so many environmental and
economic benefits. In addition to that, it has been shown in litera-
ture that the EOs are biodegradable (Alparslan, 2018; Atarés and
Chiralt, 2016). On the one hand, consumption of different organs
(leaves, resin, flowers and fruits) from Terebinth is significantly
higher over the Mediterranean countries and its history as a source
of food traced back since antiquity (Foddai et al., 2015). Besides, all
organs of Terebinth, including resin, leaves, gum, fruits, and twigs,
have been used as valuable remedies for various kinds of diseases
(Bozorgi et al., 2013; Rauf et al., 2017). All these main advantages,
being low-cost, eco-friendly, biodegradable, available, harmless
and readily obtainable have made Terebinth EOs an interesting
corrosion inhibitors.

By considering all the above-mentioned factors, the present
research is intended to use the Terebinth extracts for corrosion

inhibition of iron in 3% NaCl solution. To our knowledge, this is
the first time Terebinth EOs are applied as an environmentally
friendly and cost-effective corrosion inhibitors source for iron in
chloride media. In this case, the investigation seems to be interest-
ing and relevant research, more than that it is a comparative study
between the different parts of Terebinth in order to determine the
most performant organs as a green corrosion inhibitor.

The main objective of this research is to study the influence of
EOs extracted of twigs, leaves and fruits of Terebinth on the inhibi-
tion of corrosion from iron in chloride medium. The inhibition per-
formance was provided via potentiodynamic polarization curves
and electrochemical impedance spectroscopy; besides, surface
studies were done by SEM/EDX. Furthermore, theoretical modeling
was used to explore the adsorption of the molecules on the iron
surface.

2. Material and methods
2.1. Plant material

Our Pistacia terebinthus L. plant were collected from Moulay
Idriss Zerhoun a town in northern Morocco. The twigs, fruits and
leaves of Terebinth were air-dried for 7 days at room temperature
and the EO from each parts of Terebinth was obtained by hydrodis-
tillation for 4 h and analyzes by GC/MS (Clarus SQ 8C Gas chro-
matograph coupled with mass spectrometer from PerkinElmer).
We adopted the method describe in S1.

2.2. Electrochemical measurements

In this paper, the inhibitive action of EOs versus the iron corro-
sion in 3% NaCl solutions has been investigated. The composition of
iron (wt%) employed in this research was as follows: Mn(0.514), Si
(0.201), C(0.157), S(0.009), P(0.007), and Fe(balance).

The electrochemical measurements have been reached using a
potentiostat/galvanostat in the SP-200. Three-electrode cell with
an iron-working electrode of cylindrical shape (1 cm?), a platinum
electrode as counter-electrode, and reference electrode Ag/AgCl
(XR300/XR310). Prior to use, the working electrode surface was
washing with distilled water, shortly after successively abraded
by SiC abrasive papers of grade 600 to 2000 on a rotating disc, fol-
lowed by degreasing in ethanol and finally the samples are cleaned
with distilled water. The working electrode is maintained prior to
immersion in free corrosion potential during 30 min. The scanning
speed is 1 mV/s.

The inhibition efficiency #,p,(%) was estimated using the fol-
lowing relation Eq. (1) (Qiang et al., 2019):

leorr — 1
Nepp(%0) = {m} x 100 (

corr

—
~—

where i°.,, and i are corrosion current densities values without and
with Terebinth EOs, respectively.

The plot of the EIS diagrams were conducted on a wave at fre-
quency range between 100 KHz and 10 mHz and a potentiel ampli-
tude of 10 mV on a steady state open-circuit potential (Eo). The
inhibition efficiency #,5(%) was computed by the following for-
mula Eq. (2) (Qiang et al., 2020):

Rp(inh) — Rp

Nis(%) = [ ] « 100 2)

Ryinn)
Were the Ryinn) and R, represent the total resistance in the
absence and presence of Terebinth EOs, respectively.
The PDP and EIS parameter fit was performed via EC-Lab soft-
ware. In order to ensure reproducibility, all tests and measure-
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ments are repeated three times. The evaluated inaccuracy did not
exceed 10%.

2.3. Fourier transform infrared

Fourier transform infrared (FTIR) analysis was performed for
Terebinth EO and for the formed film on the iron surface using FTIR
spectrometer (type JASCO-4100) in order to illustrate the adsorbed
functional groups. FTIR spectra were registered between 400 and
4000 cm™ .

2.4. Surface analysis by SEM/EDX

The morphological characterization of the iron surface speci-
mens was performed by SEM/EDX (scanning electron micro-
scopy/the Energy Dispersive X-ray microanalysis), over the FEI
Quanta 450 FEG.

2.5. Quantum chemical calculations

Computational science becomes an essential tool to determine
compound inhibition, through a calculation of its interactions with
the metal surface. Theoretical calculations were performed by
Gaussian software version 09, using DFT/B3LYP and two different
basis sets 6-311G*™* and 6-31G** in gas phase. Among the impor-
tant global molecular properties that can describe chemical reac-
tivity of organic compound as corrosion inhibitor are
electronegativity (), chemical potential (), Global hardness (#),
softness (S) and number of transferred electrons (AN):

The electronegativity () and the hardness (#) are approxi-
mated as Eqgs. (3) and (4) (Chugh et al., 2020):

Ip+E
1="5" 3)
and

Ip—E
n="5" (4)

where [p is ionization potential (—Epmo) and Eais electron
afﬁnity(fEHOM()).

The number of transferred electrons (AN;1o) was defined as fol-
lows Eq. (5):

Q — Xinh
2(Npe + Ninn)

The function ¢ is the electronegativity of the metal surface, for
Fe (110) surface it gives 4.82 eV (Haddadi et al., 2019). Also, the
hardness of the iron surface (#) was predicted as 0.

The electrophilicity index () is given by the following formula
Eq. (6) (Domingo et al., 2016):

AN“() = (5)

12
W= 2 (6)
Where the electronic chemical potential ,u2 = ((Erumo -
Eromo)/[2).
The nucleophilicity index (N) has been recently introduced on
the basis of the Eyopno can be computed by the following expression
Eq. (7) (Domingo and Pérez, 2011):

N = EHOMo(NUCIeOphile) — EHOM()(TCE) (7)

The TCE (tetracyanoethylene) is taken as a reference owing to
its lower Egomo in a large series of organic molecules.

The chemical softness (S) was introduced as the inverse of the
chemical hardness Eq. (8) (Adib Ghaleb et al., 2018):

1
S= b 8)
The Fukui indices (FI) calculations were performed using the
DMol3 module embedded in the Material Studio (MS, version
7.0) program of Accelrys Inc. They were calculated based on gener-
alized gradient approximation (GGA) of Perdew-Burke Ernzerhof
(PBE) and “double numeric plus polarization” (DNP, setting to
4.4) (Saha et al., 2014).

2.6. Molecular dynamics simulation

All studied compounds of EOs in this research were carried out
via a simulation box along with periodic boundary conditions using
materials studio package (Obot et al., 2015). As regards the iron
crystal was imported, then cleaved alongside (110) plane and a slab
of 5 A was utilized. The surface of Fe (110) was relaxed by minimiz-
ing its energy employing the smart minimizer method. As well as
the surface of Fe (110) was enlarged to a (10 x 10) supercell in
order to envisage a wide surface for the interaction of studied inhi-
bitors. Afterwards, a vacuum slab of 30 A thickness was constructed
overhead the Fe (110) plane. MD simulation were performed in a
supercell with a size of a=b = 24,80 A and ¢ = 39,24 A, containing
500 H,0, 6 NaCl molecules and the tested inhibitors. As regards
to simulation was achieved was made via a simulation box (24.82
x 24.82 x 35.69 A®) employing the forcite module with a time step
of 1 fs and simulation time of 2000 ps carried out at 298 K, NVT
ensemble, as well as COMPASS force field (Sun, 1998).

In simulation system, the interactions among Fe (110) and inhi-
bitors were estimated using the following equations Egs. (9) and
(10) (Haddadi et al., 2019; Tan et al., 2020):

Einteraction = Etot - (ESurface+solution + Einhibitor) (9)

EBindinig = *Einteraction (10)

where Esyace s solution assigned to the total energy of Fe (110) surface and
solution without the inhibitors and Ejior present the total energy of
inhibitors; E;, indicate the total energy of the system as a whole.

3. Results and discussion
3.1. Chemical composition

The chemical composition found by GC/MS of EOs from twigs,
leaves and fruits of Terebinth is presented in Table S2.

Forty-two and 36 compounds accounting for 98.74% and 98.48% of
the EOs from twigs and leaves of Terebinth, as well as 45 compounds
representing 99.53% of Terebinth fruit were characterized. In the Tere-
binth twig EO, the principal common constituents were o-Pinene
(36.81%), Limonene (6.88%), B-Pinene (4.64%), o-Terpineol (3.97%),
Undecan-2-one (3.70%) and p-Myrcene (3.50%). However, the leaf
EO, o-Pinene (50.58%), Limonene (13.96%), Terpinolene (5.44%) and
o-Terpineol (3.97%) were found to be the major components. Also, o-
Pinene (32.65%), Limonene (15.07%), a-Terpineol (5.15%) and Ter-
pinolene (5.44%) are the main constituents of fruit EO.

The three main components detected between the EOs from
leaves, twigs and fruits of Terebinth are a-Pinene (32.65-50.58%),
Limonene (6.88-15.07%) and a-Terpineol (2.50-5.15%) with quan-
titative variations.

3.2. Electrochemical methods
The objective of this section is to investigate the EOs from dif-

ferent organs of Terebinth in order to compare their inhibition
efficiency against iron corrosion in 3% NaCl solutions. At first, we
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started by investigating the Terebinth twig EO in order to find their
optimal concentration. Afterwards, we’ll be continuing our com-
parison study on the basis of this optimal concentration.

3.2.1. Electrochemical measurements of essential oil of Terebinth twig

Polarization curves and impedance diagrams of iron in 3% NaCl
(free inhibitors) and containing various concentrations of Tere-
binth twig EO are illustrated in Fig. 1.

As shown in Fig. 1(a), there is a displacement of E,, towards the
anodic direction and the inhibition efficiency was found to increase
with increasing of the inhibitor concentration from 1000 to
3000 ppm. The maximum inhibition efficiency was observed in
the presence of 3000 ppm inhibitor. As regards the impedance
curves (Fig. 1(b)), a presence of two loops is observed. The capacitive
loop at high frequencies shows that the iron corrosion is mainly con-
trolled by a charge transfer process. Furthermore, the inductive loop
at low frequency values may be attributed to the relaxation process
obtained by adsorption of EO inhibitors on the iron surface. How-
ever, the diameter of the capacitive loop in the presence of Terebinth
twig EO is bigger than in the absence of EO inhibitors and increases
with the EO concentration. The maximum value of the inhibition
efficiency was evaluated at 71.6% for 3000 ppm.

Therefore, according to these results we’ll be continuing our
comparison study on the basis of this optimal concentration

3.2.2. Open circuit potential curves of different parts of Terebinth

The results of the open-circuit potential for iron in 3% NaCl with-
out and with 3000 ppm of Terebinth EOs are reported in Fig. S3.

In the absence of the EOs inhibitors, the results show that the
potential tends to stabilize at —0.52 V after 30 min. In the presence
of EOs inhibitors, we note that the potential increases as soon as
the leaf and fruit EOs is immersed, and then it stabilizes towards
positive potentials. For the twig EO, the potential believes towards
positive potentials as soon as our EO inhibitors is immersed. This
change in potential indicates that the inhibitory effect acts prefer-
entially on the anodic process.

3.2.3. Electrochemical measurements of different parts of Terebinth

e The polarization curves:
The polarization curves of iron in 3% NaCl, without and with the
twig, leaf and fruit EOs of Terebinth, at 3000 ppm are presented in

Fig. 2(a).
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As it can be seen of Tafel polarization curves indicate that the
adsorption of Terebinth EOs on the iron surface gives rise to a
decrease in the current density compared to that of the blank (NaCl
solution). This effect is ascribed to the modification of the reactional
process owing the surface of the electrode is coated by a protective
film, which accompanied with blocking of active sites. The film
appears to inhibit effectively the anodic reaction at the corrosion
potential and the same in its vicinity (Amar et al., 2007). We note
there is a significant blocking of the anodic reaction proved by the
shift of E,, to the anodic direction. However, there is a limited effect
on the cathodic reaction. The Tafel region of the cathodic portion
that displays from —0.6 to 0.9 V/SCE this can be explained by the
diffusion-controlled oxygen reduction reaction (Mehta et al,
2010). Usually, an inhibitor can be classified as the cathodic or ano-
dic type when the change in E.,, value is above 85 mV with respect
to that in the absence of the inhibitor (Aouniti et al., 2018). In the
presence of EOs, E,, shifts to more positive (about 82.43 mV) which
indicates that the Terebinth EOs, can be classified as mixed-type
inhibitors, with predominant anodic effectiveness. It is noted that
when the potential reaches towards positive values of 300 mV, the
anodic part is slightly modified. This result is well known as “desorp-
tion potential” and is coherent with other research that has found
that an increase in anodic currents is primarily associated with the
potential for desorption that varies significantly the inhibitor film
(Bentiss et al., 2006). The results obtained in Table 1 suggest that
the top inhibitor is the Terebinth fruit EO with an 88.7% efficiency.

e Impedance diagrams:

The corrosion behavior of iron in 3% NaCl solution in the absence
and presence of EOs from various parts of Terebinth was investigated
by the EIS method at room temperature after 30 min immersion. The
results of this method are represented as Nyquist diagrams in Fig. 2
(b), and these capacitive loops are simulated by two equivalent circuits
presented in Fig. 2(c) and (d). As an example, the Nyquist and Bode
plots of both experimental and simulated data of iron in 3% NaCl solu-
tion without and with 3000 ppm of Terebinth EOs are exposed in Fig. 2
(c) and (d). In both circuits, Rs represent the resistance of the elec-
trolyte, R; the resistance of the surface film, Q; is the capacitance due
to the dielectric nature of the surface film. The R; is the charge transfer
resistance related to the process corrosion with Q,, which is an element
of constant phase representing the ability of the double layer at the
interface iron/3%NaCl solution. The impedance parameters acquired
from these studies using EC-Lab software are displayed in Table 2.
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Fig. 1. (a) Polarization curves and (b) Nyquist plots for iron in 3% NaCl without and with different concentrations of Terebinth twig essential oil.
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Fig. 2. (a) Polarization curves and (b) Nyquist plots for iron in 3% NaCl without and with 3000 ppm of Terebinth essential oils, EIS Nyquist and Bode plots for iron in 3% NaCl
solution; (c) without, (d) with 3000 ppm of Terebinth fruit essential oil.

Table 1
Electrochemical parameters of the current-potential curves of iron in 3% NaCl.
Concentration(ppm) —Ecorr(mV) icorr(MAJCm?) fa(mV/dec) - (mV/dec) Npop(%)
3% NaCl Blank — 527.51 78.23 76.5 464.4 —_
Essential oils of Terebinth Leaves 3000 5171 29.2 125.8 138.7 62.7
Twigs Fruits 3000 460.3 21.1 471 213.2 73.1
3000 445.1 08.9 85.5 824 88.7

From Fig. 2a, the addition of inhibitors shows the appearance of
two capacitive loops except in the case of the Terebinth fruit EO
was the appearance of one loop, with an increase of the polariza-

tion resistance, this increase is more pronounced on the Terebinth
fruit. In the high frequencies, the size of the capacitive loop
increases than that in the blank solution, this can be allocated to
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the formation of a protective film over the iron surface (Barbouchi
et al,, 2019). The low frequencies, the inhibitory effect results in an
increase in the value of the charge transfer resistance R, that has a
significant variation with inhibitors.

The inhibition efficiency value estimated from EIS data is in
great agreement with those acquired from electrochemical polar-
ization. However, in comparison with our previous results of the
study of the EOs against iron corrosion in 3% NaCl solutions, it
can say that the inhibition efficiency of the Terebinth fruit EO
(86.4% at 3000 ppm) is better than that of Pistacia lentiscus
(81.5% at 3000 ppm) (Barbouchi et al., 2019).

3.3. Immersion time effect

The evolution of the impedance diagrams, at different immer-
sion times of iron in 3% NaCl, in the presence of 3000 ppm of the
Terebinth fruit EO shown in Fig. 3. In this figure, it is observed that
the electrochemical impedance diagrams for different immersion
times in the presence of the Terebinth fruit EO (3000 ppm) look
the same in size and shape with an increase in polarization resis-
tance. These results show that the EO inhibitors does not degrade
the protective film after 24 h, 48 h and 72 h immersion. These
results reveal the protective effect of the Terebinth fruit EO and
indicate that the thickness of the film seems to be enhanced by
the immersion time.

3.4. Fourier transform infrared

Fig. S4 show the IR spectrum of the Terebinth fruit EO and the
corrosion product on the iron surface in the presence of inhibitors.
The spectrum S4(a) of the Terebinth fruit EO shows a large peak at
3422.45 cm~!, which could be assigned to O-H stretching mode.
The bands appearing at 2921.37 and 2845 cm™! corresponded to
C-H stretching vibrations. The peak at 1730.52 cm™! corresponded
to the C=0 stretching vibrations. The C=C stretching vibration was
detected at 1637.25 cm™'. The peak at 1403 cm™! could be due to
binding C-H in plan and the bands appearing at 882.78 and
787.62 cm™! corresponded to the aromatic ring. On comparing
Fig. S4(a) and (b) shows that the certain additional peaks have
appeared and few have shifted to higher frequency region, provid-
ing that some interaction/adsorption has been taking place over
the metal surface. The -OH stretching shifted from 3422.45 to
343422 cm™! and C=0 stretching shifted from 1730.52 to
1741.16 cm~! may be confirmed that there is a strong interaction
between EO inhibitors and the iron surface.

3.5. Surface analysis

SEM/EDX techniques were carried out to establish the inter-
action of EOs inhibitors with the metal surface after immersion
for 24 h in 3% NaCl solution. Fig. 4(a;) shows a plan view of SEM
micrograph of the blank (without inhibitors) sample, which is
clearly corroded and characterized by a highly rough surface with
corrosion products on the surface. In the presence of inhibitors
Fig. 4(by, ¢; and d;), iron surface damage was strongly reduced
and the coupons appeared smooth. This observation supported
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Fig. 3. Nyquist plots of the sample immersed in 3% NaCl solutions as a function of
time, including 3000 ppm of Terebinth fruit essential oil.

the formation of a protective barrier layer on the iron surface after
24 h exposure to the corrosive media containing 3000 ppm of Tere-
binth EOs. EDX was employed to determine the elements present
on the iron surface without and with Terebinth EOs. Fig. 4(a;) illus-
trates that in the absence of the EOs inhibitors (blank), the spectra
contained mainly the characteristic peaks of Fe, C, O, Cl and Na.
This suggested the formation of metal oxides/hydroxides and
chlorides as corrosion products on the iron surface. In the presence
of the EOs inhibitors Fig. 4(b,, c; and d,), we remarked the reduc-
tion in peak intensity of O also makes the Cl and Na disappear.
Hence, we could say that the molecules of Terebinth EOs adsorbed
on the iron surface, preventing the formation of oxides/hydroxides
and chlorides. In addition, the percentage of carbon increases
because it is related to the chemical composition of our inhibitors
indicating the adsorption of the EOs inhibitors on the iron surface
leading to the creation of a protective film.

3.6. Theoretical calculation

e Quantum chemical calculations

DFT was employed to explore the atomic sites having an impact
on the adsorption of a-Pinene, Limonene, a-Terpineol, p-Cymen-8-
ol and p-Cymene on the metallic surface using two different basis
sets 6-311G** and 6-31G™* to determine and confirm the reliability
of calculations results. The choice of these molecules is based on
the fact that o-Pinene, Limonene and o-Terpineol are the main
components detected between the EOs from leaves, twigs and
fruits of Terebinth. On the other hand, the p-Cymen-8-ol and p-
Cymene are chosen because they own the electron-rich centers.
The global indices; , 1, @, N and AN were calculated and dipected
in Table 3.

The tendency of the inhibitors (molecules) to donate electrons
can be acknowledged by the high values of N are classified as
strong nucleophile, whereas further insights of capacity to accept

Table 2
The electrochemical parameters derived from impedance diagrams.
C Rs R; Q; x 1073 m R> Q, x 1073 ny Rp Ners(%)
3000 ppm (Q.cm?) (Q. cm?) F s(-1 (Q. cm?) F s(-1 (Q. cm?)
3% NaCl Blank 7.8 87.6 1.11 0.73 128.6 6.57 0.93 216.1 -
Essential oils of Terebinth Leaves 8.9 77.9 0.24 0.69 649.9 0.36 0.58 727.8 70.3
Twigs 111 160.7 0.72 0.63 601.4 0.21 0.66 762.1 71.6
Fruits 111 - - - 1587 0.17 0.69 1587 86.4




M. Barbouchi et al./Journal of King Saud University - Science 32 (2020) 2995-3004 3001

é Element Wt %
] C 5.98
] o 20.28
] cl 1.18
] Na 0.32
] v Fe 72.24
a e Te 1
Energy/keV
(b 2) Element Wt %
(& 5.94
[0} 1.41
Fe 92.65
Mn Fe
a ¢ s 10
Energy/keV
7
( c ) Element Wt %
2 C 9.565
o 0.72
* Fe 89.72
»
Mn
c‘- s Mn Fe

w

N

"

Ene;'gy/keV ¢ *

o

Element Wt %

C 4.67
Fe 95.33
i e
: s 10

Enel"gy/keV ¢

Fig. 4. SEM/EDX analysis of the iron dipped in the 3% NaCl solution without ((a4, a;) blank) and with 3000 ppm of essential oils from (by, b,) leaves, (¢4, ¢3) twigs, and (d4, d3)
fruits of Terebinth.

electrons is indicated by the high value of w are classified as strong transfer its electrons to the metal if AN > 0 and vice versa if
electrophile (El Aoufir et al., 2016). Therefore, the AN value AN < 0 (Kovacevic and Kokalj, 2011). The positive values of AN dis-
donates a measure of the capacity of a chemical compound to played in Table 3, illustrates that the high ability of studied inhibi-
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Table 3
The energies of HOMO/LUMO, ionization potential (Ip), electron affinity (E4), electronegativity (), hardness (), electrophilicity (®) nucleophilicity (N), softness (S), and the
fraction of electrons transferred (4AN) for compounds inhibitors using B3LYP/6-31G**; 6-311G*".

Inhibitors Exomo (eV) Erumo (eV) I, Ea X n ® N S AN
B3LYP/6-311G**
o-Pinene -6.072 0.374 6.072 —0.374 2.849 3.223 1.259 3.28 0.155 0.306
Limonene -6.303 0.244 6.303 -0.244 3.030 3.273 1.402 3.06 0.153 0.273
o-Terpineol ~6.303 0.439 6.303 -0.439 2.932 3.371 1.275 3.06 0.148 0.280
p-Cymene -6.394 0.176 6.394 -0.176 3.109 3.285 1.472 2.96 0.152 0.260
p-Cymen-8-ol -6.328 -0.190 6.328 0.190 3.259 3.069 1.730 3.03 0.163 0.254
B3LYP/6-31G**
o-Pinene —5.852 0.703 5.852 -0.703 2.574 3.278 1.011 3.50 0.153 0.343
Limonene ~6.084 0.608 6.084 —0.608 2.738 3.346 1.120 3.27 0.149 0311
o-Terpineol -6.083 0.840 6.083 -0.840 2.621 3.462 0.992 3.27 0.144 0.318
p-Cymene —6.164 0.174 6.164 -0.174 2.995 3.169 1.415 3.19 0.158 0.288
p-Cymen-8-ol ~6.094 0.154 6.094 —0.154 2.970 3.124 1.412 3.26 0.160 0.296
(a) Geometry optimized (b) Nucleophilic (c) Electrophilic

Limonene o-Pinene

a-Terpineol

p-Cymene

p-Cymen-8-ol

Fig. 5. Fukui functions for molecules calculated by DFT (Dmol3). (a) Geometry optimized structure, (b) Nucleophilic and (c) Electrophilic Fukui functions.
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Fig. 6. Top and side views of the most stable low energy adsorption configurations
of the inhibitors (a) Limonene, (b) o-Pinene, (c) o-Terpineol, (d) p-Cymene, (e) p-
Cymen-8-ol, on Fe (110) surface using MD simulations.

Table 4
Interaction and binding energies obtained from MD simulations for adsorption of
inhibitors on Fe (110) surface.

SyStem Eimeracrion Ebinding
(KJ/mol) (KJ/mol)
Fe + a-Terpineol + 494 H,0 + 6CI + 6Na*  —447 447
Fe + p-Cymen-8-ol + 494 —446 446
H,0 + 6Cl~ + 6Na*
Fe + p-Cymene + 494 H,0 + 6C1~ + 6Na* —385 385
Fe + Limonene + 494 H,0 + 6CI~ + 6Na* —312 312
Fe + o-Pinene + 494 H,0 + 6Cl~ + 6Na” -282 282

tors donates electrons to the iron surface particularly o-Pinene
inhibitor.

As shown in Table S5, it can be seen that for o-Terpineol and
Limonene molecules high values of f, are located on the C(2), C
(5), C(1), and H(14), this reflects that the presence of double bond
on cyclohexene of both compounds are responsible for electrons
donating to the metal surface, on the other hand, C(10), H(3),
and H(9) atoms are participating with electrons acceptance. In o-
Pinene the values of negative fukui indices f, indicate that C(4),
H(14), H(5) are responsible for electrophile attacks, while C(5), C
(12) and H(13) atoms with high values of f; indicate that these

positive sites are able to accept electrons from metal surface. p-
Cymen-8-ol and p-Cymene gives high negative fukui indices in C
(4), C(5), C(6), C(7), H(22), H(23) and H(24) which indicate that
benzene ring of these compounds has good electron-donating
character. These results confirm the reactivity of these inhibitors
with the iron surface.

As can be seen from Fig. 5, that the most reactive sites are C(4),
C(5) for a-Pinene; C(5), C(6) for Limonene and a-Terpineol, while
for p-cymene and p-cymen-8-ol inhibitors it appears that all car-
bon atoms of the ring are reactive.

e Molecular dynamics (MD) simulations results

The calculated of the interaction energies of the adsorbed inhi-
bitors is made when the whole simulation system achieved its
equilibrium state. The best favorable adsorption configuration of
the studied molecules on Fe (110) surface is exposed in Fig. 6, as
regards the interaction and binding energies are grouped in
Table 4.

It must be emphasized that all five inhibitors adopt near-flat
orientation on the surface of Fe (110). This way of adsorption
can favor optimized interactions with the iron surface. In addition
to that, the existence of the oxygen atoms, aromatic ring as well as
conjugated double bonds in the molecular structure of our inhibi-
tors, can facilitate donor-acceptor interactions, this allows the inhi-
bitor molecules to prevent the iron surface from corrosion attack
through a formation of a barrier layer between the iron surface
and the aggressive media. The high negative energy suggests the
strong and stable adsorption of the five inhibitors on Fe (110) sur-
face (Xie et al., 2015; Zeng et al., 2011). The results are shown in
Table 4 clarify that the binding energy of a-Terpineol is far higher
than that of p-Cymen-8-ol, p-Cymene, Limonene and subsequently
o-Pinene, hence, has less adsorption efficiency, which can be
explained by the presence of the oxygen atom and m-electrons
on o-Terpineol and p-Cymen-8-ol, while the lack of this oxygen
in the three other inhibitors. These results are in good accordance
with the experimentally obtained inhibition efficiency, which sug-
gests that the Terebinth fruit EO is rich in a-Terpineol presents the
high inhibition efficiency as compared to the EOs inhibitors of
twigs and leaves of Terebinth. Based on the results of DFT and
MD simulations, it can be concluded that the o-Terpineol acts as
the major component, but the total inhibition action can be attrib-
uted to the intermolecular synergistic effect of various constituents
of the Terebinth oils. This can be explained on the basis that the
other molecular have a greater tendency to be absorbed on the
surface.

4. Conclusion

The present work revealed that the Terebinth EOs acts as an
effective, natural and environmentally friendly corrosion inhibitors
for iron in neutral chloride medium at room temperature. Assess-
ing the results of electrochemical measurements noted that the
inhibition effects of the Terebinth EOs increased by increasing its
concentrations. The Terebinth fruit EO showed maximum inhibi-
tion efficiency (86.4%) at the optimum concentration (3000 ppm).
The results of potentiodynamic polarization curves indicated that
the Terebinth EOs are mixed type inhibitors affecting both the ano-
dic and the cathodic processes. Data obtained from theoretical DFT
and MD simulations studies showed that the tested compounds of
the corrosion inhibitors had good corrosion inhibition performance
and exhibited high binding energies. Moreover, the theoretical out-
comes indicated that the o-Terpineol (447 Kcal/mol) had the high-
est binding energy in comparison to the other tested compounds.
This can be explained on the basis that the Terebinth fruit EO
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which is rich in a-Terpineol has a maximum inhibition efficiency.
This result indicates that both experimental and theoretical calcu-
lations are in reasonable agreement. SEM/EDX studies also
strengthen all the findings. From the outcome of our study, it is
possible to conclude that the essential oils of fruits, twigs and
leaves from Terebinth can be applied as green corrosion inhibitors
for iron corrosion in 3% NaCl solution.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jksus.2020.08.004.
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