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KEYWORDS Abstract Natural-based corrosion inhibitors have gained great research interest thanks to their
Corrosion inhibitor; low cost and higher performance. The Cupressus arizonica fruit essential oil (CAFEO) has a higher
Green inhibitor; extraction yield than leaves; however, it has less antibacterial and antifungal activities. The three
Cupressus arizonica; main components in the CAFEO were o-pinene (51.07%), myrcene (17.92%), and limonene
Essential oil; (9.66%). Essential oils with a higher percentage of a-pinene were found to have outstanding corro-
DFT; sion inhibition properties. Therefore, herein, the CAFEO was investigated as a green corrosion inhi-
SEM bitor for carbon steel (CS) in 1.0 mol/L HCI using electrochemical, i.e., potentiodynamic

polarization (PDP) and electrochemical impedance spectroscopy (EIS), and scanning electron
microscope (SEM) techniques. The experimental results revealed that CAFEO successfully inhib-
ited the carbon steel corrosion in 1.0 mol/L HCI solution. Results from PDP indicated that the inhi-
bitor had a mixed-type effect with a predominance cathodic character. EIS data showed that the
charge transfer resistance of the CS electrode increased from 20.9 Q cm? in blank solution to
294.5 © cm? in HCI solution inhibited with 0.5 g/L of CAFEO at 298 K, leading to a significant
decrease in the double layer capacitance values and an inhibition efficiency (%) of 93%. The high
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temperatures showed a negative effect on the corrosion inhibition efficiency of the tested inhibitor.
At 323 K, the n% of CAFEO decreased to 77%. Besides, SEM images showed that the inhibitor
formed a protective barrier against acid attack, preventing carbon steel from corrosion. Theoretical
calculations by Density Functional Theory (DFT) were performed to investigate the reactivity of
the three main components of CAFEO.
© 2022 The Author(s). 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

The acidic solutions used in several industrial applications
cause damage to metallic materials by electrochemical and
chemical reactions (Bhrara et al., 2008; Chami et al., 2015;
Dehghani et al., 2019). They are the widely used minerals for
acid treatment (acidizing) in oil and gas production to improve
wells’” productivity (stimulation). Their use results in a corro-
sion phenomenon, which leads to a high economic loss.
Numerous techniques are available for protecting metals from
corrosion ranging from material selection and coatings to gal-
vanization and corrosion inhibitors (Cherrad et al., 2020). The
use of inhibitors is one of the most cost-effective and practical
choices to prevent the degradation of metal surfaces in an
acidic medium (Benhiba et al., 2021; Benzbiria et al., 2021;
Berrissoul et al., 2020a; Bouoidina et al., 2019). Corrosion
inhibitors are chemical substances that minimize the dissolu-
tion of the metal surfaces when present in a corrosive medium
at optimized concentrations.

Most of the inorganic inhibitors and part of synthetic inhi-
bitors, acting as good corrosion inhibitors, are vastly toxic to
the environment (Jamil et al., 2018; Manssouri et al., 2020a).
Thus, their use is now restricted in most applications. This fact
challenges researchers to search for green and eco-friendly
alternatives. Among these alternatives, plant extracts and oils
are considered a winning card thanks to their green nature,
low cost, availability, and most importantly, their excellent
anticorrosion proprieties (Abdel-Gaber et al., 2020; Pal
et al., 2019; Subekti et al., 2020). For instance, most plant
essential oils possess several biological activities such as
antioxidant, anti-inflammatory, and antibacterial (Abdallah
et al.,, 2021; Berrissoul et al., 2020b; Manssouri et al.,
2020b). Another factor that attracts the attention of corrosion
researchers to plant-based inhibitors is the presence of complex
organic species based on nitrogen, oxygen, and sulfur atoms in
their composition. These elements are electro-active groups
representing major adsorption centers, which mimic the most
effective synthetic corrosion inhibitors (Cherrad et al., 2020).
In most cases, the presence of several components that possess
heteroatoms and several reactive sites in a plant extract com-
position suggests its potential application as a corrosion inhi-
bitor (Ashassi-Sorkhabi et al., 2005).

Significant scientific studies have shown that essential oils
can serve as good corrosion inhibitors in acidic environments.
In our recent study, we have reported the essential oil of
Cupressus arizonica (CAEQ) leaves as an efficient corrosion
inhibitor for carbon steel in acidic solutions (1.0 mol/L HCI)
(Cherrad et al., 2020). The results of the polarization curves
have shown that this oil is a mixed-type inhibitor. Its
inhibitory efficiency reached 95% at 500 ppm because of the
inhibitive layer formation on the carbon steel surface. In the
same context, Manssouri et al. (Manssouri et al., 2020a),

studied Santolina pectinata oil as an effective corrosion inhibi-
tor in 1.0 mol/L HCI. They found that the oil can effectively
protect the carbon steel corrosion via inhibiting the charge
transfer, leading to an inhibition efficiency of 85% at a concen-
tration of 3 g/L. The polarization curves showed a mixed-type
effect. In addition, Nutmeg oil has been confirmed as an effec-
tive inhibitor for carbon steel corrosion in an acid medium
(1.0 mol/L HCI) through electrochemical studies. Results were
reported by Abdellah et al. (Abdallah et al., 2021). They
approved that the increasing of concentration up to 500 ppm
raises the inhibition efficiency to 94.73%. The polarization
measurements suggested that nutmeg oil behaved as a mixed-
type inhibitor.

There are a wide variety of phytochemicals identified in
plant extracts, and the common point between those chemicals
in the presence of several reactive sites in the form of heteroa-
toms, double bonds, long carbon chains, and aromatic rings
(Bhardwaj et al., 2021; Bilgig, 2021; Verma et al., 2018). This
complex mixture of molecules constitutes a corrosion inhibitor
formulation with outstanding anti-corrosion properties. A
recent review by Hossain et al. (Hossain et al., 2020) nicely
addressed the remarkable advantages of essential oils as pow-
erful corrosion and biocorrosion inhibitors.

On the other hand, it is of paramount importance for life on
Earth to preserve plants given their actual or potential useful-
ness as renewable natural resources. Many aspects of human
activity are dependent on plants. According to World Health
Organization (WHO), millions of people depend on plants
for their traditional medicine, especially in developing coun-
tries (Haq, 2004). However, ecologists and conservationists
believe that hundreds of wild species are disappearing at an
alarming rate (Zahran, 2010). Therefore, preserving plants,
especially endemic species, is a worldwide responsibility. One
of the main ways to preserve endemic species is by integrating
them into the economic cycle.

The Cupressus arizonica, which belongs to the Cupressus
family, is a versatile, fast-growing evergreen tree. It is a North
American native ornamental plant. Several efforts have been
made as a contribution to the valorization of this plant
(Cesur et al., 2021; Cheéraif et al., 2007; Chichiricco and
Pacini, 2008; Shahali et al., 2007). The antibacterial and anti-
fungal activities of Moroccan Cupressus Arizonica Greene
essential oils have been reported by Bouksaim et al.
(Bouksaim et al., 2018). Authors found that Cupressus arizon-
ica fruits essential oil did not affect mold growth. However,
Cupressus arizonica fruits essential oil extraction yield is sig-
nificantly higher than that of leaves. Studies in our laboratory
showed that CAFEO has 1.29% extraction yield compared to
0.85% of that from leaves. Moreover, as it is shown in the pre-
sent work, the essential oil from the fruit has a high level of a-
Pinene (51.07%) compared to its small amount in fruits EO
(9.39%). Considering these facts and the lack of a previous
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study on its corrosion inhibition properties, it would be impor-
tant to evaluate the potential application of CAFEO in the
corrosion protection of metals as a phase of the valorization
cycle of the whole plant.

Considering the facts mentioned above and the encourag-
ing results from Cupressus arizonica leaves, herein, we report
the corrosion inhibition effect of Cupressus arizonica fruit
essential oil (CAFEQO) on carbon steel in 1.0 mol/L HCI using
potentiodynamic polarization (PDP), electrochemical impe-
dance spectroscopy (EIS) measurements along with surface
characterization using SEM. The effect of temperatures has
also been studied. Although a concentrated HCI solution
(15-20 wt%) is used in the acidizing process, a low concentra-
tion of 1.0 mol/L is selected in the present wok to assess the
effectiveness of tested corrosion inhibitors. This HCI concen-
tration is widely used as a reference for multiple academic
researches prior any field tests (Haque et al., 2018; Kowsari
et al., 2016; Sanaei et al., 2019). Furthermore, DFT calcula-
tions were carried out to investigate the chemical reactivity
of the three main components of CAFEO.

2. Materials and methods

2.1. Plant collection and essential oil extraction

The Cupressus arizonica fruits were collected in March 2017
from the middle Atlas of Morocco, Azrou city. There are sev-
eral techniques for extracting essential oils. The choice of the
technique is made according to the physico-chemical charac-
teristics of the oil to be extracted and the nature of the plant
material. The hydrodistillation of the fresh or dry plant is
one of the most used techniques (Pharmacognosie, 1999). This
method is generally suitable for essential oils with
heat-resistant chemical constituents. In the present work,
200 g of plant material was immersed in 1 L of distilled water
and subject to a hydrodistillation for about 4 h using a
Clevenger type apparatus in accordance with the recommenda-
tions of the European Pharmacopoeia 7.0 (Elena, 2012). The
obtained essential oil was dried over anhydrous sodium sulfate
and then stored in the refrigerator at 4 °C in dark glass bottles
until use. The yield of the essential oil (%, v/w) was determined
and expressed on a dry weight basis using the following
formula:

EO,i1a(%) = W x 100 (1)
where EO, e 18 the volume of obtained EO in mL, and m the
mass of dry material in g.

Components’ identification was carried out following the
procedure described in our recent work (Cherrad et al.,
2020). Table 1 lists the name and percentage of CAFEO com-
ponents, while Fig. 1 represents the molecules of major
components.

2.2. Materials and solutions

The chemical composition (in wt. %) of carbon steel samples
used in this work is given in Table 2. The carbon steel samples
were polished with abrasive paper of grain size from #400 to
#1600, followed by rinsing with distilled water, then degreasing
with ethanol and rinsing with distilled water, finally drying

Table 1 Chemical composition of Cupressus arizonica fruit
essential oil.

KI (Kovats indices) Compounds Content (%)
935 o-Pinene 51.07
950 Camphene 0.61
977 B-pinene 4.92
989 Myrcene 17.92
1008 8-3-carene 2.02
1021 P-cymene 0.47
1028 Limonene 9.66
1041 (E)-B-Ocimene 1.31
1054 v-Terpinene 0.29
1084 Terpinolene 2.6
1091 p-cymenene 0.33
1107 Cis-camphenol 0.33
1139 Cis-hydrate pinene 0.58
1144 Camphor 0.64
1159 Trans- B- terpineol 0.41
1176 Terpinen-4-ol 1.37
1190 a-terpineol 2.38
1219 cis-Sabinene hydrate acetate 1.25
1237 E-ocimenone 1.4
1347 a-cubeben 0.34

Limonene Myrcene a-Pinene
Fig. 1 The molecular structure of major components presents in

CAFEO.

under airflow. An exposed area of 1 cm? was allowed to inter-
act with aggressive solutions.

The test solution (1.0 mol/L. HCI) was made by the dilution
of 37% analytical grade HCI (Sigma Aldrich, France) using
distilled water. The essential oil was dissolved in pure ethanol;
adding the oil directly to the acid solution by gentle mechanical
agitation for 1 h. Different concentrations of CAFEO were
used for testing its corrosion protection abilities. The final con-
centration range were: 0.0125 g/L to 0.5 g/L.

2.3. Weight loss measurements

Carbon steel samples were prepared according to ASTM G-
03 standard procedures [35] for weight loss tests. The prepared
and weighted carbon steel specimens were suspended and
dipped in acidic solution (1.0 M HCI) with several concentra-
tions of CAFEO for 24 h at 298 K. After the required time, the
samples were taken, washed using bidistilled water and ace-
tone, and reweighted. The obtained average weight loss
(AW) values were used to calculate the corrosion rate (Cg, in
mg cm>h™') and inhibition efficiencies (nw %) using the fol-
lowing formulas [36, 37]:

Aw

Cr=—X
R pAt

K (2)
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Table 2 Chemical composition of carbon steel in wt. %.

Elements C Si Mn Cr Mo Ni Al Cu Co v w Fe
wt. % 0.11 0.24 0.47 0.12 0.02 0.1 0.03 0.14 < 0.0012 < 0.003 0.06 Balance

o Cr—Cr : o : :
0, % :T x 100 3) Table 3 Corrosion rate and inhibition efficiency obtained
R from weight loss measurements for carbon steel samples in

where A is the metal surface area in cm?, ¢ is the exposure time
in hours, p is the metal density in g cm™". C% and Cy refer to
the corrosion rate in the absence and presence of inhibitor con-
centrations, respectively.

2.4. Electrochemical measurements

Electrochemical experiments were performed using a poten-
tiostat PGZ301 (Radiometer Analytical, Lyon, France) piloted
via VoltaMaster Ver. 4. This potentiostat was equipped with a
pyrex cell connected to the thermostats with a double wall. The
working, counter, and reference electrodes were carbon steel,
standard calomel, and platinum, respectively. The potential
was stabilized at open circuit potential (OCP) for 30 min
before the measurements. PDP curves were plotted at
1 mV/s of scan rate from —700 to —300 mV/SCE. EIS tests
were carried out using a 10 mV of amplitude AC signal, over
a frequency domain from 100 kHz to 10 mHz. The impedance
diagrams were fitted using EC-Lab software.

2.5. SEM analysis

Carbon steel samples used for surface characterization were
treated as described in Section 2.2. Samples were exposed to
inhibited and uninhibited solutions for 24 h immersion time
at 298 K. SEM analysis was performed using JEOL-Model
JSM-IT 100 with the acceleration energy of 20 kV.

2.6. Theoretical calculations

The geometry optimization and frontier molecular orbitals of
the main components of CAFEO were determined using
Dmol3 model implemented in Material Studio software. The
Generalized Gradient Approximation (GGA) with double
numerical basis sets plus polarization (DNP) (Perdew et al.,
1996) and COSMO solvation model (Klamt and
Schiitirmann, 1993) were used for all calculations. All other
parameters correspond to “fine” quality in Dmol3 code.

3. Results and discussion

3.1. Weight loss measurements

Weight loss is a commonly used chemical method to evaluate
the corrosion rate of metals and corrosion inhibition
performance of inhibitors. Weight loss tests are carried out
on carbon steel samples in the absence and presence of
investigated essential oil. Weight loss data are listed in Table 3.
By inspecting the results in Table 3, we can notice a significant
decrease in the corrosion rate of carbon steel samples exposed
to inhibited HCI solutions compared to blank tests. It

1.0 mol/L HCI with and without various concentrations of
CAFEO at 298 K.

[CAFEQ](g/L) Cr N, (%)
(mg cm?h ")

Blank 0.625 £ 0.008 =

0.5 0.037 + 0.003 94

0.1 0.056 + 0.005 91

0.05 0.080 + 0.004 87

0.025 0.105 + 0.007 83

highlights the concentration-dependence of inhibitor’s effect
on carbon steel corrosion process and the mitigating abilities
of tested CAFEO. At higher concentration of 0.5 g/L, the
corrosion rate significantly decreased to 0.037 mg cm>h™!
compared to 0.625 mg cm>h~! in blank conditions. At 0.5
g/L, the inhibition efficiency reaches 94%, while it decreases
to 83% at 0.025 g/L of CAFEQ. Results show that inhibiting
HCI solutions, even with low concentrations of CAFEO,
induces a lower corrosion rate. This is mainly due to the
effective adsorption of CAFEQO’s components on steel surface,
creating a protective barrier that prevents corrosion initiation.

3.2. Potentiodynamic polarization curves

The OCP curves of the carbon steel samples in 1.0 mol/L HCI
solutions in the absence and presence of 0.5, 0.05, and 0.125
g/L of CAFEO are shown in Fig. 2(a). With the immersion
time gone on, all OCP curves became stable. The addition of
CAFEO to HCI solutions shifts the potential slightly to the
cathodic region while promoting a better stabilization of the
OCP over time. It might indicate that investigated inhibitor
has a more cathodic effect on the corrosion process.

The polarization curves of carbon steel in 1.0 mol/L HCI
solution in the absence and presence of various concentrations
of CAFEO are shown in Fig. 2(b). The corrosion current den-
sity (icorr), corrosion potential (E.o,), cathodic (f.) and anodic
(B.) Tafel line slopes are obtained from the Tafel plots. Table 4
shows all corrosion kinetic parameters, including n% of the
CAFEO inhibitor calculated from PDP measurements.

From the analysis of PDP curves, it can be observed that
both corrosion reactions, i.e., anodic and cathodic, are chan-
ged after adding the inhibitor to HCI medium. However, the
cathodic branch is greatly affected by inhibitor addition. Shift-
ing the potentiodynamic polarization curves to the E = 0 can
allow a better comparison and a more distinguishable anodic
and cathodic behavior. The curves shifted to E = 0 are shown
in Figure S1 (Supplementary material). It can be noticed that
the addition of different concentrations of tested oil decreases
the current densities of both anodic and cathodic curves
compared to that of blank solution. However, the inhibitor’s
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Fig. 2 Open circuit potential curves (a) and Tafel polarization

curves (b) of carbon steel without and with various concentrations
of CAFEO in 1.0 mol/L HCL

addition to the blank solution has a more pronounced effect
on the cathodic branches. It can be concluded that the pres-
ence of inhibitor has a mixed-type impact, decreasing the cor-
rosion rate of both anodic and cathodic corrosion reactions,

but with a predominance cathodic effect (Shahini et al.,
2021). Besides, cathodic polarization curves indicate a wide
range of linearity, suggesting that Tafel’s law is well supported
in the cathodic region, and the mechanism of hydrogen reduc-
tion is controlled by the kinetics of pure activation (charge
transfer) (Bammou et al., 2011). On the other hand, the shape
of polarization curves is similar in the absence and presence of
inhibitor, suggesting that the tested oil inhibited the steel cor-
rosion by first adsorbing on the metal surface and then block-
ing its reaction sites without affecting the mechanism of anodic
and cathodic reactions.

Results in Table 4 show that in the presence of different
concentrations of CAFEO, the values of anodic (f,) and
cathodic (f5.) Tafel slopes are slightly changed, suggesting that
the inhibitory action of CAFEO occurred by blocking the
cathode sites present on the surface of the metal and decrease
the rate of steel dissolution (Rekkab et al., 2012).

The corrosion inhibition performance of tested oil can be
determined from PDP curves using the following equation
(Znini et al., 2011):

N (%) = o~ Teortih) 1 (4)
Icorr

where icorr and igorr(inny are the values of corrosion current den-

sity in the absence and presence of inhibited medium, respec-

tively, obtained by the Tafel-extrapolation method from the

polarization curves.

As shown in Table 4, the increasing inhibitor concentration
causes a reduction in the i.,, values, consequently increasing
the inhibitory efficiency. The latter reaches a value of 92%,
for 0.5 g/L concentration. The inhibitor shows good corrosion
protection even at a low concentration of 0.0125 g/L (n
(%) = 85%). This inhibitory action is due primarily to the
adsorption of several organic molecules present in the oil com-
position (Abdullah Dar, 2011).

3.3. EIS measurements

3.3.1. Effect of inhibitor concentration

Electrochemical impedance spectroscopy is a useful non-
destructive technique to characterize the corrosion inhibition
properties of an inhibitive system (Chugh et al., 2020;
Kumar et al., 2017). Nyquist diagrams of carbon steel in
1.0 mol/L HCl in the absence and presence of different concen-
trations of CAFEO are shown in Fig. 3. Nyquist diagrams of
carbon steel in 1.0 mol/L HCI show a single semicircle; its

Table 4 PDP parameters for carbon steel corrosion in 1.0 mol/L HCI without and with various concentrations of CAFEO.

[CAFEOI 'Ecorr‘\ icorrh 'ﬁcc (mV/dec) ﬁad n
(g/L) (mV/SCE) (nA/em?) (mV/dec) (%)
Blank 474.83 996 112.3 83.9

0.5 527.17 76 120.3 95.8 92
0.1 514.56 95 141.1 91.7 90
0.05 499.19 104 190.4 90.7 89
0.025 516.37 136 144.8 108.8 86
0.0125 494.82 145 162.7 80.7 85

% The standard deviation range for E.o.: [2.4-5.7%].
® The standard deviation range for icor: [6.1-8.3%].
¢ The standard deviation range for f.: [3.7-6.0%].
4 The standard deviation range for f,: [2.9-5.8%].
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Fig. 3 EIS plots of carbon steel in absence and presence of
different concentrations of CAFEO at 298 K.

diameter increases with increasing concentrations of the inhibi-
tor. The single semicircle indicates that the process at the elec-
trode surface has one relaxation time constant (Aslam et al.,
2019). It is also clear that these semicircles are imperfect due
to the frequency dispersion effect in solid electrodes as a result
of the heterogeneous nature of the electrode surface (Erami
et al., 2019; Liao et al., 2020; Orazem and Tribollet, 2008).

The equivalent electrical circuit used to simulate and fit the
experimental EIS results is shown in Fig. 4. It consists of solu-
tion resistance (R;), polarization resistance (R,), and constant
phase element (CPE), which is used instead of the pure capac-
itor to account for non-ideality of the interface. There is a rela-
tionship that correlates CPE with impedance by the following
equation (Macdonald and Barsoukov, 2005):

Zcpg = Qil(iw)_" )

where, Q is a proportionality coefficient, i is an imaginary
number, o represents angular frequency and n refers to surface
heterogeneity measure (Orazem and Tribollet, 2008). CPE can
be simplified to represent capacitance (C), resistance (R) and
inductance (L) based on the n values equal to 1, 0, and —1,
respectively.

The Cgi g1 effective capacity can be calculated from the
CPE parameters when the time-constant dispersion is induced

>4 R. |
RE

WE

Rp

Fig. 4 The electrical equivalent circuit used to fit EIS data.

by local in homogeneities along the interface using the follow-
ing equation (Brug et al., 1984):

i 1 1 n—1/n
Cota=CQa E"‘RTP (6)

The protective ability of CAFEO inhibitor in term of the
inhibition efficiency is calculated using R, as follows:

inh
R]’ P

Egis(%) = TR
P

x 100 (7)

where R; and RI","” are the polarization resistance without and
with the addition of inhibitor, respectively.

The electrochemical parameters extracted from EIS fitting
are represented in Table 5 and the corresponding inhibition
efficiency. Analysis of Table 5 shows that the values of R,
increase by the addition of inhibitor, which is further raised
by raising the inhibitor concentrations. This notices an
increased resistance against charge transfer, thus reducing
the corrosion rate. Alternatively, the values of Ceg, g exhibited
a declining trend with an increase in the inhibitor concentra-
tions. This decrease suggests the modification of the double-
layer behavior. It is reported that a lower effective capacitance
value indicates a higher thickness of the barrier film formed on
the steel surface (Hirschorn et al., 2010). Therefore, it can be
concluded from the results in Table 5 that, with the increase
in inhibitor’s concentration, the thickness of the inhibitor film
formed by adsorption of oil’s molecules on the steel surface
becomes higher, which signifies higher corrosion protection.
The inhibitor performance can be further measured by deter-
mining the inhibition efficiency, as represented in Table 5.
The inhibitory efficiency rises by raising the inhibitor concen-
trations. An excellent inhibition efficiency is obtained at
0.5 g/L, which equals 93%. The inhibitory efficiencies obtained
by the two electrochemical methods are in good agreement.

3.3.2. Effect of temperature

EIS curves for carbon steel in inhibited and uninhibited
solutions at different temperatures are exposed in Fig. 5. The
impedance data from the EIS experiments performed at differ-
ent temperatures are given in Table 6. By inspecting results in
Fig. 6(a), a drastic decrease can be seen in the corrosion
resistance of steel exposed to HCI solution with the increase
of temperature. The same behavior can be observed after
adding inhibitor to HCl medium (Fig. 6(b)), due to the
increase of corrosion rate in both cases. However, results show
that the EIS behavior is like that obtained from the effect of
inhibitor concentration. Besides, the variation in the corrosion
protection at different temperatures can be observed from the
EIS parameters listed in Table 6.

From Table 6, it is clear that the presence of CAFEO causes
an increase in the diameter of the semicircles. The value of R,
in the presence of inhibitor is more significant than that
obtained in the blank solution. The inhibited solution
decreases from 294.5 to 21.57 Ohm cm?® as the temperature
increases from 298 K to 323 K, respectively. This behavior
causes a decrease in the value of the inhibitory efficiency from
92% to 77% for the same temperatures. These results indicate
that the inhibitory effect of tested oil on the corrosion behavior
of carbon steel in 1.0 mol/L HCI medium decreases with
increasing temperature. The formation of an inhibitor barrier
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Table 5 EIS parameters for carbon steel in 1.0 M HCI without and with different concentrations of CAFEO.

Rh

c

Qd 10-4

[CAFEOQ] RS N n Cenr, ai n
(g/L) (Ohm cm?) (Ohm cm?) (S" Ohm ' em?) (uF ecm?) (%)
Blank 0.11 20.9 0.848 5.17 89.5
0.5 0.632 294.5 0.878 0.60 14.5 93
0.1 0.867 258.4 0.918 0.64 26.6 92
0.05 0.894 230.3 0.959 0.70 46.2 91
0.025 0.769 218 0.989 0.72 64.5 90
0.0125 0.469 173.9 0.986 0.83 71.8 88
# The standard deviation range for R: [3.5-4.7%)].
® The standard deviation range for R,: [5.8-6.9%].
¢ The standard deviation range for n: [5.2-7.8%].
9 The standard deviation range for Q: [4.3-6.1%)].
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Nyquist diagrams of carbon steel in (a) 1.0 mol/L HCI solution and (b) the presence of 0.5 g / L of inhibitor at various

Table 6 Electrochemical parameters derived from EIS curves for carbon steel with and without inhibitor at different temperatures.

Inhibition system Temperature Ry R, n Q10* Cetr, a1 % IE
(K) (Ohm cm?) (Ohm cm?) (S™ Ohm™' cm~?) (uF cm™?)
298 0.440 20.85 0.848 5.16 8 114 -

1.0 mol/L HCl 303 0.593 17.18 0.812 6.87 4 111 —
313 1.257 10.07 0.783 9.82 148 -
323 0.846 5.04 0.806 17.26 345 -
298 0.632 294.5 0.878 0.60 14 93

HCI + 0.5 g/L CAFEO 303 1.882 128.5 0.925 0.689 33 87
313 2.181 64.63 0.909 0.954 40 84
323 2.327 21.57 0.920 1.759 88 77

on the surface of steel becomes less stable at higher tempera-
tures. This is frequently ascribed to the desorption of adsorbed
molecules at higher temperatures.

3.4. Activation energy

The corrosion inhibition data obtained from temperature
effect tests can be used to calculate the activation kinetic

parameters, namely the activation energy (E,). The apparent
activation energy of the corrosion process in inhibited and
uninhibited systems are determined using the Arrhenius-type
plot by employing the following equation (Akinbulumo
et al., 2020; Oshomogho et al., 2020):

E
lcorr = Aexp(_ _“)

RT ®)
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Fig. 6 Arrhenius plots of In i vs. 1/T for carbon steel in
1.0 mol/L HCI and in the presence of CAFEO at 0.5 g/L.

Where R, A, and T denote gas constant, Arrhenius factor,
and absolute temperature, respectively. The i, values were
extracted from PDP curves of carbon steel in inhibited and
uninhibited solutions at different temperatures. Data are rep-
resented in the supplementary material (Figure S2,
Table S1). Fig. 6 shows the variation of the logarithms of i.,,
as a function of the temperature inverse in 1.0 mol/L HCI with
0.5 g/L concentration of CAFEQO.

The activation energy values determined from Arrhenius
plots in the absence and presence of CAFEO are 29.11 and
90.48 kJ/mol, respectively. The E, value of 1.0 mol/L HCI con-
taining CAFEO is significantly higher than that obtained in
the blank solution. These results can be ascribed to an eleva-
tion of the energy barrier of corrosion reaction. Szauer et al.

Optimized molecular structure

-

HOMO

a-Pinene

Enomo=-5.31 eV

Myrcene

Enomo=-5.48 eV

o

Limonene

Enomo=-5.51 eV

Fig. 7
HOMO, LUMO and energy gap are given in eV.

4= Energy gap ==p

(Szauer and Brandt, 1981) suggested that the rise in activation
energy can be attributed to a significant reduction in the
adsorption of inhibitor molecules at the metal surface with a
temperature rise. In addition, some authors (Bentiss et al.,
2005; Martinez and Stern, 2002; Mora et al., 2004) have
explained the increase in activation energy to the contribution
of physical interactions to the adsorption process.

3.5. Density functional Theory calculations

Quantum chemical parameters are useful theoretical tools to
evaluate an inhibitor’s reactivity and its most atomic reactive
sites (Damej et al., 2021; Serdaroglu et al., 2020; Singh et al.,
2020). In particular, frontier molecular orbitals can provide a
valuable prediction of the inhibitor’s ability to donate or
accept electrons, which is beneficial information in under-
standing the corrosion inhibition mechanism. A molecule can
have more ability to donate electrons when its Highest Occu-
pied Molecular Orbital (HOMO) energy is high, while its abil-
ity to accept electrons is associated with a low value of the
Lowest Unoccupied Molecular Orbital (LUMO) energy
(Olasunkanmi and Ebenso, 2020). The three components of
CAFEO having higher composition percentage are investi-
gated by DFT calculations. Fig. 7 shows the optimized struc-
tures, HOMO and LUMO densities of o-pinene, myrcene,
and limonene, along with HOMO and LUMO energies and
energy gap values. It can be noticed from Fig. 7 that o-
pinene, which is the major molecule of CAFEO, has well-
distributed HOMO/LUMO densities, particularly around its
double bond. The same can be said for the other two mole-
cules, where densities are concentrated around double bonds.
It signifies that these molecules can participate in donor—accep-
tor interactions with steel surface by sharing their n-electrons
with vacant d-orbitals of iron. Simultaneously, their vacant
antibonding m-orbitals accept electrons from filled metal orbi-
tals (retro-donation) (Haque et al., 2018).

LUMO

E umo = Enomo= 4.93 eV

ELumo=-0.38 eV

<= Energy gap ==p
ELumo = Enomo= 3.6 eV

ELumo=-1.88 eV

4= Energy gap ==p-
Erumo = Evomo= 4.99 eV

ELumo=-0.52

Optimized molecular structures and frontier molecular orbitals of a-Pinene, Myrcene, and Limonene. Numerical values of
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In terms of individual reactivity, o-pinene has the strong
electron-donating power with HOMO energy of —5.31 eV, fol-
lowed by myrcene (-5.48 eV) and limonene (-5.51 eV). How-
ever, in the case of electron-accepting power, the myrcene
shows the highest electron-accepting characteristic with a
LUMO value of —1.88 eV, followed by limonene (-0.52 eV)
and o-pinene (-0.38 eV). Considering both HOMO and
LUMO energies, the energy gap, which indicates a molecule’s
stability (high energy gap) or reactivity (low energy gap), can
be determined. Results show that myrcene has the lowest
energy gap of 3.6 eV, followed by a-pinene (4.93 eV), and then
limonene with 4.99 eV. It signifies that myrcene has the highest
reactivity among the three molecules, followed by a-pinene
and limonene. These three components are expected to have
the most substantial contribution to the corrosion inhibition
effect of CAFEO. However, the inhibition action is mainly
due to the synergistic effect of all compositions, including
those with a minor percentage.

3.6. Scanning electron microscope (SEM)

The corrosion protection ability of the investigated oil can also
be evaluated using a surface characterization technique. To
this end, SEM images were determined for carbon steel
exposed to HCI solution without and with inhibitor, as repre-
sented in Fig. 8. The SEM image of the steel exposed to HCl

alone (Fig. 8(a)) shows a severe corrosive attack. It can be seen
that a thick and cracked layer of corrosion products, mainly
oxides and hydroxides, covered the entire electrode surface
(Abd El-Lateef, 2015). In contrast, Fig. 8(b) shows a steel sur-
face with a minimized destructive attack. The protected steel
surface is mainly due to the adsorption of CAFEO’s molecules
on the steel surface, forming a protective barrier that prevents
corrosion attacks.

3.7. Comparison with other green inhibitors

The application of green corrosion inhibitors to protect
different metals and alloys is a growing research subject
(Chevalier et al., 2014; Martins et al., 2021; Oguzie, 2008;
Ramezanzadeh et al., 2018; Yang, 2021). The main advantage
of these materials is the low-cost as compared to synthetic
corrosion inhibitors. The composition of natural-based
corrosion inhibitors consists of plenty of moderate to complex
molecules with several functional groups, heteroatoms, and
aromatic rings. These features make them resemble those of
traditional organic corrosion inhibitors. In the literature, there
are many natural-based corrosion inhibitors in plant extracts.
Table 7 lists some natural-based materials used as corrosion
inhibitors in different experimental conditions. Compared to
other inhibitors, results show that the CAFEO tested in the
present study shows excellent corrosion inhibition properties.

Fig. 8 SEM images of carbon steel after 24 h immersion in 1.0 mol/L HCI without (a) and with (b) 0.5 g/L of CAFEO at 298 K.

Table 7 The performance and experimental conditions of some previously reported natural-based corrosion inhibitors and CAFEO

inhibitor.

Inhibitor

Optimum conc./Material/Solution

Highest inhibition efficiency(%) Reference

Artemisia Mesatlantica essential oil
Eleusine aegyptiaca leaf

Juniperus Phoenicea Essential Oil
Musa acuminate Peel

Opuntia elatior fruit

Acid garlic essential oil

Mangifera indica leaf

Cupressus arizonica fruit essential oil

3000 mg/L/Carbon steel/1.0 M HCI  92.0
2400 mg/L/Mild steel/1.0 M HCl 91.3
250 mg/L/Mild steel/1.0 M HCI
500 mg/L/Mild steel/0.5 M H,SO,  85.6
500 mg/L/Mild steel/1.0 M HCI
2500 mg/L/Carbon steel/1.0 M HCl  95.8
1000 mg/L/Mild steel/1.0 M HCl
500 mg/L/Carbon steel/1.0 M HCI ~ 92.0

(Boumbhara et al., 2015)
(Rajeswari et al., 2014)

88.3 (Tiskar et al., 2016)
(Saxena et al., 2020)

79.7 (Loganayagi et al., 2014)

92.0 (Ramezanzadeh et al., 2019)
This work
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An inhibition efficiency higher than 90% by a natural-based
inhibitor at low concentration is a very promising result. It
further confirms the high potential of this kind of material
for the adequate protection of metals and alloys in highly
aggressive conditions.

4. Conclusions

The Cupressus arizonica fruit essential oil (CAFEO) has a chemical
composition rich in a-Pinene (51.07%), a higher extraction yield than
that from leaves; however, it showed fewer biological activities. The
present work investigated the corrosion inhibition characteristics of
Cupressus arizonica fruit essential oil for carbon steel in HCl medium
using electrochemical techniques and scanning electron microscope
(SEM). The results showed that tested oil could be used as an effective
corrosion inhibitor for carbon steel in HCI medium. Its performance
increased with increasing concentration and reached an inhibition effi-
ciency of 92% at 0.5 g/L. EIS measurements showed that the presence
of CAFEO decreased carbon steel corrosion via the adsorption of oil’s
molecules on its surface. Potentiodynamic polarization curves sug-
gested that the CAFEO had a mixed-type effect but more pronounced
on the cathodic corrosion reaction. The temperature greatly influenced
the inhibition efficiency of the CAFEO, which decreased to a 77%
value at 323 K. Furthermore, quantum chemical calculations by
DFT showed that the three main components of CAFEO can partici-
pate in Donor-Acceptor interactions through their bonding and anti-
bonding m-electrons, with myrcene showing the highest reactivity. A
comparison with similar materials showed that tested oil could be a
promising corrosion inhibitor for carbon steel in HCl medium.
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