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Abstract: Origanum Majorana L. from Errachidia region (Morocco) was the matrix subjected during
this work. The essential oil was obtained by hydrodistillation using the Clevenger system. Chemical
composition was recognized using the chromatographic method (GC-MS). The yield of Origanum
Majorana L. essential oil (OML-EO) was considerable (1.92%), and the chemical composition showed
that terpene-4-ol is the major compound with an important percentage of 39.59 %. Antioxidant activity
was determined using three different tests: DPPH, ABTS, and FRAP assays. The IC50 in the DPPH
assay has an interesting antioxidant activity surrounding 4.006 mg/mL. ABTS and FRAP tests were in
agreement with the DPPH test. The antibacterial activity was determined using the microdilution
method, and it shows an effective against strains Staphylococcus aureus, Escherichia coli, Bacillus
subtilis, and Pseudomonas aeruginosa. The anticorrosion activity was conducted via ferrous steel in an
acidic environment. This research was adopted via polarization curves and Electrochemical impedance
spectroscopic (EIS) plots, indicating that OML-EO exhibited protective properties and reacted as a
suitable corrosion inhibitor in an acidic environment. The protective capacity was as high as 94% for
0.5 g/L of this essential oil, which manifested itself as a barrier layer by Scanning Electron Microscopy
(SEM). The computational chemistry (DFT) method and Molecular Dynamics (MD) simulation were
utilized to rationalize the inhibitory effect and adsorption mode. Therefore, the tested plant has various
applications with good results, opening interesting perspectives of other applications for these OML-
EO.
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1. Introduction

Natural resources, in particular plants, were used for decades. The main usefulness was
curing disease. Traditional healers are knowledgeable persons, giving prescriptions transferred
from generation to generation. Encouraging human beings to use them is not hazardous due to
their interesting properties and pharmacological benefits. The pivot role of plants against
several diseases comes from the valuable volatiles' compounds, and no volatile compounds
constituents are present in the substrate. Varieties of bioactive compounds deal with specific
targets against several damages. Essential oils are considered as prize material recovered from
plants. Their ability to neutralize free radicals causing cell damage was evaluated in many
scientific productions [1]. They might be used as antibacterial agents [2,3], antifungal elements,
and antiproliferative [4,5]. Orientation to natural products takes the attention of many classes
of people around the world. Due to the safety provided and no need to be bothered.

On the other hand, synthetic products possess secondary effects, and they cause damage
in the long term [6,7]; sometimes, they produce viral diseases [8]. Oxidative stress is considered
a leading agent in several chronic diseases [1]. Numerous persons suffer from oxidative stress.
He destroys and worsens cells and damages the organism's function. Looking forward to
discovering antioxidant agents is a contributing path. Many authors reported using the essential
oil and botanical extracts as antioxidant elements to reduce oxidative stress [9]. Enhancing the
bioavailability of reductors is so beneficial, particularly from natural resources (plants, herbs,
fruits). The origanum plant is known to contain tremendous amounts of antioxidants [10-12].
Essential oil and plant components such as Polyphenols and flavonoids have been studied as
natural antioxidants which can serve the human body in reducing oxidative damage caused by
free radicals [13]. Those antioxidants mainly neutralize free radicals, such as reactive oxygen
species (ROS).

Most mitigating corrosion products contain various functional groups, such as C-O, C-
H, C=0, O-H, and CHO [14-18]. The above-mentioned compounds are adsorbed and form a
protective layer on the steel's surface to limit corrosion formation [19-21]. Green anticorrosion
inhibitors recently occupied a predominant place in the industry as an alternative to synthetic
compounds [22]. Essential oils extracted from natural plants are highly obtainable products
with corrosion-preventing properties and renewable sources; by nature, they are non-toxic
[23,24]. Many chemical components are present in these plant essential oils, such as terpene,
polyphenols, and aromatic rings. These compounds have the ability to slow down the corrosion
process of steel [14,25-28]. Hydrochloric acid is considered a commonly examined medium
due to its wide use in the industry [29]. Indeed, steel is the most frequency used due to its
adequate cost [30]. Several studies were conducted in this medium using theoretical and
experimental approaches to give more insights into corrosion efficiency [31-33].

This leads us to reflect on anticorrosion tests using both approaches mentioned to check
the limit of protection against the degradation of the Ferrous metal involved.

We aim to study the Origanum Majorana L., Vernacular named "Merdedlch"” [34].
This plant is one of the species origanum of the labiate family. We selected this plant precisely
because it is widely abundant in Morocco, as well as there is no reported study combining the
three intended activities. Moreover, there is no detailed examination regarding the use of this
plant from the Errachidia region in corrosion inhibition [32,33]. The Chemical profiling of the
essential oil was assayed by using gas chromatography coupled with mass spectroscopy (GC-
MS), and the evaluation of both antioxidant and antimicrobial activities will be conducted using
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DPPH, ABTS, FRAP, and MIC. Electrochemical techniques (PDP, EIS), scanning electron
microscope (SEM), X-Ray diffraction, UV-liquid, and DFT tools will be assessed regarding
the anticorrosion part.

2. Materials and Methods

2.1. Plant material.

The substrate used in this experiment for antioxidant activity was collected from wild-
growing arias of Morocco (Errachidia provinces) in seasons (2020). It was freshly harvested,
washed, and air-dried for fifteen days at room temperature. This species was identified at the
Department of Botany and Plant Ecology, Institute Scientific University of Rabat, and
registered under voucher number (RAB111870). The specimen was deposited in the plant
section of the herbarium at the Institute Scientific University of Rabat.

2.1.1. Preparation of essential oil.

200 g of aerial parts from O. Majorana L. were hydrodistilled for 4 hours using a
Clevenger-style apparatus, filtered to remove any remaining water, and then kept at +4°C in
the dark until being tested and evaluated. To calculate the EOs' yields, the extraction was
carried out many times.

2.1.2. Chemical analysis of volatile constituents.

A gas chromatograph (Perkin Elmer ClarusTM GC-680) and a mass spectrometer were
used for the analysis (Q-8 MS). Samples of essential oils (0.5 pL) were directly injected into
the HP-5MS column, which has a length of 60 m, an internal diameter of 0.25 mm, and a film
thickness of 0.25 mm. the following analytical conditions: With a flow rate of 1 uL min?, a
temperature range of 60°C to 300°C at a rate of 2°C/min, and injector and interface
temperatures of 280°C and 300°C, respectively, were set, helium was employed as the carrier
gas. A quadrupole mass spectrometer that ran at 70 V was used to conduct the GC/mass
spectrometry (MS) study. The area of the chromatographic peaks was used to compute the
percentage compositions of the essential oils. The sample was solubilized in hexane (1 ppm).
Peak identification was based on the mass spectra of each compound with the use of the NIST
database.

2.2. Study of the antioxidant activity.

2.2.1. Scavenging effect on 1,1-diphenyl-2-picrylhydrazyl (DPPH assay).

The DPPH test was carried out as described by Hatano et al.[35], with some
modifications. Briefly, 1 mL aliquot of various essential oil dilutions and its main active
compounds were mixed with 0.5 mL of a 99.98% methanol solution of DPPH (0.02 mM). After
an incubation period of 30 min at room temperature, the absorbance of the samples was read
at wavelength 517 nm using a spectrophotometer. Ascorbic acid is used as positive control.
Percentage inhibition (Pl %) of free radical DPPH was calculated as follows the equation (1):

A(blank)— A(sample) (1)

PI (%):{ A (Biank) }xlOO
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A(blank) s the absorbance of the control reaction and A(sample) s the absorbance in
the existence of the tested extract.

2.2.2. ABTS radical scavenging assay.

The analysis was made following the protocol described by Re et al. [36]. A stock
solution of 7 MM ABTS was added to an equal volume of 2.45 mM potassium persulphate
stock sample solution, and the obtained mixture was stored for 24h at 25°C in the dark.
Methanol was added to reach 0.7+0.2 units very carefully at wavelength 734 nm. Then, 2 mL
of the obtained solution was added to 200 uL of the crude extract, the whole was mixed, and
the absorbance was registered at wavelength 734 nm. The results were determined using the
following equation (2): ABTS radical scavenging activity:

Abs (blank ) — Abs (sample) (2)
Abs (blank)

where Abs(blank) represents the read value of the blank and Abs(sample) is the read value

% Inhibition :{ }xlOO

of the test sample.

2.2.3. FRAP assay.

The reducing power was examined following the protocol of Oyaizu [37]. Each extract
in methanol and water (2.5 mL) was mixed with 2.5 mL of 200 mM of sodium phosphate
buffer, and 2.5 mL of 1% potassium ferricyanide, and the mixture was incubated at 50°C for
20 min. Then, 2.5 mL of 10% trichloroacetic acid was added, and the resulting solution was
centrifuged for 10 min. The upper layer (2.5 mL) was mixed with 2.5 mL deionized water and
0.5 mL of ferric chloride (FeCI3 0.1 %). Then, the absorbance was noticed at wavelength 700
nm.

2.3. Antimicrobial activity.

2.3.1. Microorganisms and cultivated conditions.

The choice of bacteria was based on the strains of bacteria frequent in human pathology,
belonging to two categories (Gram Positive and Gram Negative). These bacterial species are
often responsible for nosocomial infections, which constitute a major public health problem.
The following microorganisms were examined to see whether OML-essential oil has any
antibacterial properties: The laboratory of the Team of Formulation and Quality Control of
Health Products, Faculty of Medicine and Pharmacy, Mohammed V University in Rabat
provided the Gram Positive (Staphylococcus aureus and Bacillus subtilis) and Gram Negative
(Escherichia coli and Pseudomonas aeruginosa) bacteria. The pathogens' bacterial strains were
cultivated on YPGA medium (5 g yeast extract, 5 g peptone, 10 g glucose, 15-18 g agar, in 1
liter) and incubated at 28°C before being grown at 37°C in Mueller-Hinton agar (MHA). The
experiment employed final inoculum doses of 106 CFU/mL.

2.3.2. Minimum Inhibitory Concentration (MIC).

The plant's definition of the Minimum Inhibitory Concentration (MIC) is the lowest
inhibitor concentration at which the microorganism does not exhibit discernible growth
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following incubation. 20 L of Risazurin (1 mg/mL) diluted in sterile water was added to each
well and incubated for 30 min at 37 °C as a measure of microbial growth. After incubation with
MTT(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide), the solution in the well
remained clear when microbiological growth was prevented. The test is carried out in
accordance with the Gulluce et al. [38] procedure with a few minor modifications utilizing the
microplate dilution technique (96 wells) with a final volume in each microplate well of 100
pL. Mueller-Hinton broth (MHB), 100 pL, was divided among the second through the twelfth
test wells for sensitivity testing.

The stock solution of the extract was created in the first microplate well by combining
all of the extracts with 10 percent DMSO (MHB for bacteria) to achieve a final concentration
of 25 mg/mL. Then 100 liters of scalar dilutions were transported from the first to the twelfth.
The bacterial suspension was then added to each well, replacing 10 mL of the suspension,
resulting in final inoculum concentrations of 106 CFU/mL. The antibacterial activity was
measured at concentrations ranging from 0.097 to 25 mg/mL. The eleventh well served as a
positive control for the development of microorganisms, the twelve well served as a negative
control since it contained 10 percent DMSO/MHB without extract, and the tenth well served
as a sterile medium. The plates were then covered with sterile plate covers and kept incubating
for 24 hours at 37°C. The MTT incubation resulted in no microbiological growth, and the
solution in the well remained clear.

2.4. Anticorrosion Activity of Origanum Majorana L (OML-EO).
2.4.1. Preparation of samples.

Ferrous steel is the substance employed in this experiment as the working electrode for
electrochemical studies. The used steel coupons have a percent composition (wt.%) of 98.38
percent Fe, 0.28 percent C, 1.25 percent Mn, 0.05 percent S, and 0.04 percent P. Before each
test, coupons were polished with emery paper (ranging in grade from 200 to 2000), washed
with distilled water, and air dried.

2.4.2. Preparation of electrolytes.

Strong hydrochloric acid (37 percent) was diluted with distilled water to produce the
potent solution used in this investigation, 1 M HCI. Concentrations of OML-EO extract ranging
from 0.2 to 0.5 g/L were tested. It is necessary to mention that in terms of cost-benefit analysis,
the studied inhibitor was prepared without using expensive solvents or any other further cost
step; essential oil needs only available acidic media and mixing for 3 h to obtain the
homogenous electrolyte medium.

2.4.3. Electrochemical monitoring.

Electrochemical studies, including potentiodynamic polarization curves and
electrochemical impedance spectroscopy (EIS) were performed using platinum as the counter
electrode, ferrous steel as the working electrode, and a saturated calomel electrode (SCE) as
the reference electrode. The PGZ 100 Potentiostat/Galvanostat, which was operated by a
computer and used in conjunction with the "Volta Master 4" software to enable the
interpretation of experimental data, was used to record all experiments. The EC-Lab program
was then used to retrieve the electrochemical parameters.
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Before testing, the electrochemical system was stabilized for 30 minutes to establish a
steady-state corrosion potential (Ecorr). The anodic and cathodic polarization curves (PC) were
continuously swept from -800 mV to 0 mV at a rate of 0.5 mV/s. Software data for corrosion
current density (icorr) and corrosion potential (Ecorr) Were acquired, and the following equation

(3) was used to compute inhibition efficiency (ntaf) for various inhibitor doses:
H

Mo (%) — Loor O_I(:or %100

(3)

cor

where i2 and i, are the corrosion current densities of Ferrous steel in the non-existence and

existence of (OML-EQ), respectively.
The EIS tests were conducted using (peak to peak) alternating amplitude signals of 10

mV in a frequency range of 100 kHz to 100 mHz under the identical circumstances as the
polarization curve plot. It was done by plotting the EIS diagrams using the Nyquist
representation. Investigating the values of the double-layer capacitance (Ca) and polarization
resistance (Rp) from these plots allowed for the calculation using equation (4) of the inhibitory
efficiency (EIS) for each (OML-EO) concentration using:

i 0

s () =2~ 100 “

RP

where R:)and Rg are the polarization resistance values of Ferrous steel in the existence and

non-existence of OML-EOQ, respectively.

2.4.4. Surface imaging.

Scanning Electron Microscopic investigations were carried out on the prepared samples
by JEOLJSM-IT 100. In both the non-existence and existence of the OML-optimal EO's
concentration, images were captured on samples submerged for 48 hours in 1 M HCI using an
accelerating voltage of 20 kV [28].

2.4.5. UV-liquid spectroscopy.

UV-Visible absorption spectra were conducted in 1 M HCI solution with the inclusion
of 0.5 g/L of OML-EO before and after dipping the ferrous steel specimen for 6 hours. Spectral
monitoring was undertaken in the wavelength range of 200-800 nm using a UV spectral
analyzer of type (UV-730, Jasco).

2.4.6. DRX Analysis.

In order to confirm the formation of a productive film by the inhibitor molecule OML-
EO on ferrous steel after a 6h immersion in 1 M HCI. The exposed part was removed and dried
and submitted to an analysis using a Shimadzu 6100 diffractometer, controlled at 40 kV and
30 mA. The Cu Ka with a wavelength of 1.541838 A. was used for measurements in an angular
range of 4°< 6§ <110° at room temperature.

2.4.7. DFT and MDO information.

Using the DFT technique in the aqueous phase, we attempted to investigate the mode
of action of the new TRO on the Fe- steel surface [39]. A correlation between TRO's calculated
experimental inhibitory efficacy and the chemical reactivity indices was also made due to this
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theoretical addition [40]. The Gauss.09 software package at the DFT/B3LYP/6-31G (d, p) has
optimized the examined compound's molecular structure to its final shape [41].

The electrons that were moved from the occupied orbitals of organic molecules to the
vacant orbitals of the metal surface «AN110» included the ELUMO, EHOMO, global
electronegativity, global hardness, and the electrons. With @ = (Fel10) = 4.82 eV, the work
function (Equation 8) explains the theoretical value of y in Fe (110) and represents the metallic
bulk (nFel10) =0 eV) [42].

AEgap = ( ELUMO - EHOMO ) (5)
1 (6)
X = E( ELumo + EHOMO)
1 7
n= E(EHOMO - ELUMO) ()
— i — 8
ANllO _ ;(Feﬂo Zlnh _ (D Zlnh ( )

2(77|:e110 + 77inh) B 21

Using molecular dynamics, the TRO/Fe (110) system's interaction is investigated
(MDO). This simulation was carried out using the Materials Studio 2016 Forcite module
[43,44]. A 6-couche slab model representing an (11x11) unit cell was used in each layer of the
simulation box (27.30 * 27.30 * 37.13 A®) used to run the interactions for the system under
study. By 27.13 A3, the built-in simulation box has been empty. The 500H,0, 5H30*, 5CI-, and
TRO fill this vacuum. The temperature of the simulated system, which had a temperature of
303 K, was controlled by the Andersen thermostat, NVT ensemble, with a simulation time of
600 ps and a time step of 1.0 fs [45].

3. Results and Discussion
3.1. Phytochemical tests.

3.1.1. Essential Qil Yield and Composition.

Hydrodistillation of the aerial parts of O. Majorana L. resulted in pale yellow color oils
and a wet smell with a significant yield surrounding 1.92%. This resulting oil yield obtained is
higher than reported by some authors [46-48]. Furthermore, Makrane et al. [49] have found a
yield of 1.06%(plant grown in Errachidia of Morocco). Whereas similar to the yield of 1.86%
obtained by Semiz et al. [50]. Table 1 reports the percent composition of the essential oil,
showing that the major components of O. Majorana L. are terpene-4-ol (39.59%), a-
terpineol(14.55%), Sabinene hydrate(7.02%) and p-Cymene (4.71%).

Table 1. Composition of oil extracted fromOriganum Majorana L. of Errachidia region.

Tim Percen
Compounds (mn()e € ((:gA))tage
1 a-Thujene 11.12 0.17
2 a-Pinene 11.29 0.22
3 Sabinene 11.99 1.22
4 B-Pinene 12.10 0.12
5 B -myrcene 12.18 0.26
6 a-Terpinene 12.73 0.55
7 p-Cymene 12.88 4.71
8 Limonene 12.95 0.42
9 B-Phellandrene 12.99 0.42
10 Eucalyptol 13.03 0.51
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Time | Percentage

Compounds (mn) (%)

11 y-Terpinene 13.43 1.58
12 a-Terpinolen 13.94 0.55
13 Linalool 14.05 241
14 Sabinene hydrate 14.18 7.02
15 p-Menth-2-en-1-ol 1451 3.08
16 trans-4-Thujanol 14.62 0.39
17 p-Menth-2,8-dien-1-ol 14.87 2.06
18 Terpinen-4-ol 15.55 39.59
19 P-Cymen-8-ol 15.06 0.07
20 a-terpineol 15.69 14.55
21 trans-p-Menth-1-en-3-ol 15.75 0.78
22 cis-p-Menth-1-en-3-ol 15.87 1.44

23 5-isopropenyl-2-methyl-7- 16.12

oxabicyclo[4.1.0]heptan-2-ol 0.54

24 Linalyl acetate 16.61 1.28
25 1-trans-Ascaridol glycol 16.81 2.29
26 geranyl acetate 17.04 1.20

27 Caryophyllene 17.48 11
28 Alloaromadendrene 17.85 0.35
29 humylene 19.20 0.29
30 ledol 20.98 1.84
31 (-)-Spathulenol 20.98 0.87
32 Caryophyllene oxide 21.75 0.14
33 a-Cadinol 21.62 0.61
34 Chlorpyrifos 22.60 0.20
Total 92.83
Monoterpene hydrocarbons 10.73
Oxygenated monoterpene 76.70
Sesquiterpene hydrocarbon 1.74
Oxygenated Sesquiterpene 3.66

The chemical profiling of different components of O. Majorana L. species has been
extensively studied. It has been postulated that the essential oil of O. Majorana L. exists mainly
in different chemotype forms [2,51]. The most predominant is terpinene-4-ol as the majority
compound and, as in our case, with the difference in their percentages [46,52]. This variation
in performance can be attributed to the plant's origin and the climate and soil of each country.
The chemical profiles of volatile constituents and their concentrations are the most important
variables from plant to plant. They help us expect the antioxidant activity before running the
biological tests. Many parameters guide the changeset of compounds and their abundance,
manner of extraction [53], time and period of harvesting, and conditions of place [54].

3.1.2. Antioxidant activities of O. Majorana L.

Three distinct tests—the DPPH assay, FRAP, and ABTS were employed to assess the
materials' capacity to scavenge free radicals. The findings of the essential oil of Origanum
Majorana L.'s antioxidant activity are provided in Table 2 and displayed in Figure 1; ascorbic
acid served as the techniques' positive control.
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Figure 1. Evolution of percentage inhibition (%) obtained for OML-EQ by: (a) DPPH test, (b) ABTS test, (c)
FRAP Test.

DPPH assay exposes an IC50 of 4.001+0.010 mg/mL. This value seems close to the
work prepared by Khadhri et al. presenting an IC50= 2.1 mg/mL [55], an author study the Salha
et al. [56] obtained an IC50 = 0.418 mg. Essentially, Origanum Majorana L. bioactive
constituents combine with the stabilized free radical, 1,1-diphenyl-2-picrylhydrazyl,
representing a dark purple color and converting it to 1,1-diphenyl-2-picrylhydrazine with a
yellow discoloration. The decolorization level shows the essential oil's free radical scavenging
ability.

ABTS method was so lower in terms of the half minimal inhibitory. An IC50 of
5.439+0,046 mg/mL is considered in agreement with the previous test of DPPH. Both tested
methods, DPPH and ABTS assays, are established on the transfer of electrons and protons;
they include several reaction mechanisms [57].

The antioxidant property of O. Majorana L. has presumably been associated with a
significant proportion of the class of oxygenated monoterpenes. In particular, the major
constituent, terpin-4-ol [58,59].

FRAP also shows a respectful ability with an 1C50 = 4.518+0.031 mg/mL; the third
manner was in correlation with the previously tried methods during this work. Reported studies
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show a strong value of 1C50= 1.4+0.03 mg/mL [55]; with increasing Origanum Majorana L.
concentrations, the decrease of free radicals ranged from 18.11 % to 83%. The three methods
showed considerable antioxidant activity, and they agreed. The results are pretty close.

Table 2. Antioxidant activity of the essential oil of Origanum Majorana L.
DPPH ABTS FRAP
I1Cs0 (Mg/mL) 4.001+0.010 5.439+0.046 4.518+0.031
Ascorbic Acid 0.011+0.004 0.064+0.009 0.063+0.003
Data are expressed as mean, standard deviation (n=3), and different letters in the same row represent significant

differences at P < 0.05.

3.1.3. Antimicrobial activity.

Several works showed the antibacterial efficacy of essential oil from the plant. An
investigation of previous research shows that many studies listed the antibacterial potential of
O. Majorana L. against Gram-positive and Gram-negative bacteria.

The result of the antibacterial activity of the OML-EO is presented in Table 3 and
Figure 2. Gram-positive bacteria were more negatively affected by the OML-EO than gram-
negative bacteria. It was effective against all the tested microorganisms.

Table 3. Antimicrobial activities of the OML-EO.

Strains Minimum inhibitory
concentration (MIC) (nL/mL)
Staphylococcus aureus 1.560
Bacillus subtilis 1.560
Pseudomona aeruginosa 3.125
Escherichia coli 1.560
3.0 -
2.5
32.0 4
E
4
N
O 15
=
1.0 =
0.5 -
0.0 -

SA

BS . . PA EC
Bacterial stains

Figure 2. Percentage of antibacterial activity of OML-EO.

The MIC observed from the OML-EO is 1.56-3.125 puL/mL. As a result, the plant
extracts were efficient against the test bacterium. The bacteria (Pseudomonas aeruginosa)
showed a higher MIC = 3.125 puL/mL against tested bacterial strains.

According to the results obtained from the testing we observe a better impact on
Staphylococcus aureus, Bacillus subtilis, and Escherichia coli with a (MIC) value equal to
1.56 pL/mL is very low compared to oliverira [59], which finds a value of 5 pL/mL for a
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different type of bacteria. The study by Lima [3] results showed that OMEO exhibits an anti-
Staphylococcal activity with a MIC equal to 50 puL/mL.

Much research has been done on the antibacterial study of these strains with the
microdilution method using (EO) in mg/mL. It also shows a very strong impact on bacteria
from its very low MIC values between 3.125 mg/mL and 0.1 mg/mL.

3.2. Study of anticorrosion of (OML-EO).

3.2.1. Polarization curves.

PC measurement (ES) is fundamental for learning about an electrochemical system.
After 30 minutes of stabilization at the potential at 303 K, the perturbations of the ferrous metal
in 1 M HCI medium, both with and without OML-EO, were undertaken (see Figure 3).

1

1E-5 3 —e— Blank
3 —e—0.2 g/L (OML-EOQ)
] 0.3 g/L (OML-EO)
1E-6 4 —+— 0.4 g/L (OML-EO)
3 0.5 g/L (OML-EO)

1E-7 . T T T
-0.8 -0.6 -04
E (V/SCE)
Figure 3. Tafel graph for Ferrous steel in different concentrations of OML-EO in 1 M HCI.

0.0

Figure 3 shows the anodic and cathodic polarization curves for the ferrous metal in an
acidic solution without and with various chemical concentrations of OML-EO. The
electrochemical parameters obtained from the (EC) system studied, namely corrosion current
density (icorr), corrosion potential (Ecorr), and Tafel's cathodic coefficient (Bc), as well as the
protective efficiency (nTaf ) were tabulated in Table 4.

Table 4. (EC) parameters of Fe-steel in 1 M HCI at 303K containing different concentrations of OML-EO.

C. (/L) | Ecorr (MV/SCE) | icorr (MA fcm?) | - Bc (mV/dec) | Ba(mV/dec) | nrar (%)
Blank -430.7 617 189 145 -
0.5 -447.3 36 81 46 94
04 -464.3 80 90 52 87
0.3 -465.2 94 97 59 85
0.2 -465.9 110 99 63 82

As can be observed, the inclusion of OML-EO in the electrolyte displaced the Ecorr of
the Ferrous steel to the negative direction. This can be attributed to the cathodic reaction's
kinetics being slower due to the existence of OML-EQ. So, from these outcomes, OML-EO
can be interpreted as having diminished the corrosion current density (icorr) of the ferrous steel,
which indicates that the OML-EO delayed the corrosion rate of Ferrous steel samples in
corrosive solution [60—63]. Furthermore, it can be viewed that the protective efficacy nTaf (%)
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of the extract rises with augmentation of OML-EQO, up to an optimal concentration of 0.5 g/L
and reach a maximum value (94%) as obtained in previous studies carried out by the use of
Origanum Majorana as inhibitor [32,33]. Additionally, it should be noted that the OML-EO
can be classified as either cathodic or anodic depending on the direction of displacement when
the potential corrosion difference between it and the reference solution is larger than 85 mV
[15,64]

As a result, the corrosion potential (Ecorr) of Ferrous steel was shifted below 85mV,
indicating that the OML-EO product exhibits mixed inhibition effects.

3.2.2. Electrochemical impedance spectroscopy.

To better understand the reaction's mechanism at the Electrolyte-Steel interface, the EIS
technique was employed to examine the corrosion inhibition processes. Nyquist plots of the
Fe-metal embedded in the corrosive HCI solution, without and with different concentrations of
OML-EO, are presented in Figure 4.

300

—@— Blank
0.2 g/L (OML-EO)
0.3 g/L (OML-EO)
250 —— 0.4 g/L (OML-EO)
0.5 g/L (OML-EO)
— fitting
200 -
o
IS
S
C 150 +
£
N
100
50 -
0+ o T T T T T T T T
0 50 100 150 200 250 300 350

2
re )

Figure 4. Nyquist plot for Ferrous steel in different concentrations of OML-EO in 1 M HCI.

The Nyquist plots at first sight display only a single depressed capacitive loop, which
points out that the corrosion of the Fe-steel tested can be controlled by the charge transfer
process. Also, at the electrode’s interface, capacitance dispersion occurs, which is strongly
dependent on the surface condition of the electrode, its roughness, its degree of
polycrystallinity, and also on the adsorption of ions [63,65]. The impedance is characterized
by a deviation from the ideal capacitive behavior, which is represented empirically by a
constant phase element (CPE), which can be expressed using the following equation (9) [66]:

Lope = Yo_1 X( jw)in 9)
where w is the angular frequency inrad s™ (@ = 2f), Y, * is a CPE constant, n is a CPE exponent

that represents the working electrode's interface surface features, j> = -1 is the imaginary
number, and f is the frequency in Hz [67], the double-layer capacitance has been calculated by
the use of equation (10):

CdI = Q(wmax )"‘l (10)
where Q is the constant phase element and mmax = 2fmax is the angular frequency at the
greatest value of the imaginary section of the impedance spectrum (CPE).
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Therefore, the simplest electrical equivalent that has been used to describe the present
(EC) interface to extract the necessary parameters for understanding the studied system is only
the following circuit with a one-time constant which consists of solution resistance (RS),
polarization resistance (Rp) and double-layer capacitance (Cdl) (Figure 5).

CPE
[N

Rs
A%

Rp
Figure 5. Equivalent Electrical circuit for fitting the EIS experimental data.

The impedance parameters recorded from the fitting of diagrams and neis% are
presented in Table 5.

Table 5. EIS parameters in the non-existence and in the existence of the (OML-EO) at diverse concentrations.

C Rs Rp Q n Cal Chi NEIs
(g/L) (Q cm?) (Q cm?) (us" Q! (MFcm?)  |squared| (%)
cm™)
HCI 0.441 20.6+0.6 507.7+0.2 0.8504+0.0061 227 1x104 -
0.5 2.361 343.8+0.9 106.1+0.1 0.8578+0.0014 61.28 2x103 94
0.4 2.014 174.0+1.1 132+0.1 0.8199+0.0032 57.62 3x108 88
0.3 1.906 147.0£1.2 150.6+0.2 0.8146+0.0032 63.27 5x108 86
0.2 2.685 134.0£1.1 159.8+0.2 0.8081+0.0058 64.14 2x10* 84

The impedance spectra allow the extraction of the parameters listed in Table 5. As
shown, the protective efficiency increases to a maximum value of 94%, and the polarization
resistance Ry is improved from 20.57 to 343.8 Q cm?. As a result, the rise in these latter values
suggested that an OML-EO adsorption coating had developed on the Fe-steel substrate,
delaying the transfer of charge [68,69]

With an increase in OML-EO concentration of up to 0.5 g/L, the value of the double-
layer capacitance (Cqi) reduces from 227 to 61.28 pF cm™. A decrease in the film's local
dielectric constant, an increase in the electrical double layer's thickness, or both concurrently
occurring factors may be to blame for a decrease in the capacity (Ca) [70].

Therefore, the following equation (11) relates the electrical double layer's thickness to
Cal[71]:

&y — &, (11)
A

where A is the effective surface area, g is the relative dielectric constant, and € is the dielectric

constant.

Consequently, the results showed high agreement between the impedance study's and
the polarization measurement's results for the corrosion inhibition efficiency.

Cdl =

3.2.3. Temperature effect.

The Tafel tests were performed in the temperature range of 303-333 K, as part of the
evaluation of OML-EO adsorption and activation variables of the Ferrous metal oxidation
process in an acidic solution without and with 0.5 g/L of OML-EO. The findings are resumed
in Figure 6 and Table 6.
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Figure 6. Polarization curves of Fe-steel in 1 M HCI (a) -without OML-EO, (b): with OML-EO at different
temperatures.

Table 6. Corrosion parameters of Fe-steel of 1 M HCI + 0.5 g/L OML-EO at different temperatures.

T (pzlsc/ocr;nz) 0 = nTai/100 TTaf
() ["Hciim | omL-EO (%0)
303 617 36 0.9416 94
313 716 137 0.80 80
323 2073 560 0.72 72
333 2076 856 0.58 58

In fact, the temperature factor is considered an essential parameter to measure the
degree of oxidation. To do this, we investigated the effects of a temperature range between 303
and 333 K, the existence or non-existence of OML-EO, and the influence of the extract oil's
protective properties [72]. On the other hand, it seems that in an aggressive medium, the
protective capacity has decreased with temperature, going from 94% to 58%, while the
corrosion current density has increased. This can probably be explained by the desorption of
OML-EO molecules [72,73].

Therefore, the following relation (12) may be used to get the activation energy ( E*)
using Arrhenius patterns for the corrosion rate (icorr) Of ferrous steel, as shown in Figure 7:
E*j (12)

i =Aexp| —
corr p( RT

where R is the universal gas constant (8.314 J/mol K), T is the absolute temperature (K), and
A is the frequency factor.

I (iggyr) (HA €M)

m  Blank (R?=0.92124)
® OML-EO (R?=0.972)
—— Fitting

T T T T T T T
3.00 3.05 3.10 3.15 . 3.20 3.25 3.30
1000/T (K

Figure 7. Arrhenius plot for steel in 1 M HCI solution with 0.5 g/L of OML-EO present and absent.
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An alternative form of Arrhenius equation (13) is the transition-state equation:

. RT (—AH*] (AS*] (13)
loorr = ——€XP exp| —

Nh RT R

2] = Blank (R?=0.91105)
® OML-EO(R*=0.97022)
— Fitting

T T T T T
3.00 3.05 3.10 20 3.25 3.30

10001 (KM >
Figure 8. The plot shows the transition states for steel in 1 M HCI in the non-existence and existence of 0.5 g/L
of vc OML-EO.

From the data in Table 7, it is noticeable that the E” value of the solution comprising
0.5 g/L of OML-EO in our case has risen with respect to the standard solution, thus evincing
strong adsorption of OML-EO molecules on the ferrous metal surface [74].

Table 7. Activation parameters of the dissolution of Ferrous steel in 1M HCI in the non-existence and existence
of 0.5 g/L of OML-EO.

C E AH’ AS”
(9/L) (kd/mol) | (kJ/mol) | (I mol K*)
Blank 39.80 37.00 -70

0.5 87.24 84.60 65

The range of E” values (39.8 and 87.24 kJ/mol), proves that the adsorption of OML-
EO is a physical type. Furthermore, based on equation (12), the corrosion rate is impacted by

E” and A. This is apparent from the data below that the value of these parameters is higher
when OML-EO was added compared to the standard solution. The diminished corrosion rate

with the concentration of OML-EO seems to propose that E [75,76]. In contrast, the figure
below (Figure 8) presents a graph of In (icor/T) as a function of 1000/T. Line graphs are derived
with a slope, the enthalpy of activation (AS™J mol K1), and from the intercepts of the
log(icor/ T) axis, the values of the entropy of activation (AS”J mol K) were computed and are
listed in Table 7.

However, the positive values of AH’ (kJ/mol) are indicative of the endothermic

character of the Ferrous steel dissolution process. The augmentation of AH™ with the
enhancement of OML-EO concentration discloses that the diminution of the corrosion rate of
Ferrous steel is predominately controlled by the kinetic parameters of the activation process

[77]. We remark that the values of E are superior to the analogous values of AH™, which
points out that the degradation procedure consisted of a gaseous reaction, simply the evolution
of hydrogen.
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With respect to the activation entropy (AS”), the discussion of the results in Table 7
demonstrates that the corroding metals are ordered in order of importance. Indeed, the
arrangement of the attacked metallic surface in the rate-determining phase is a result of the
improved formation of complexes. (Negative sign of (AS™) versus the activation step against
a pronounced disorder (the positive sign of (AS”) in the existence of OML-EO. Therefore, the
latter is involved in a dissociation-type activation process [78]. Besides, the observed
augmentation of (AS™) suggests the replacement of water molecules during the adsorption of
OML-EO on the ferrous-steel surface [78,79].

3.2.4. Scanning Electron Microscopy (SEM).

In purpose is to identify the nature of the adsorbed products and the morphology of the
film formed on the metal studied compared to the steel dipped in the solution without the
addition of OML-EO. The (SEM) images of the Ferrous-steel surface having a diameter of
1 cm? was exposed in a solution of 1 M HCI for 48 hours in the non-existence and the existence
of the optimal concentration of the studied product of 0.5 g/LL OML-EO, and are presented
respectively in Figure 9.

S
4
. \\
SED 20.0kV WD10mmP.C.30 x5,000 Spym
Faculty of Science Rabat

SED 20.0kV WD10mmP.C.30 x10,000 1pm
Faculty of Science Rabat 0011

(b)
Figure 9. SEM image of Fe-steel surface after 48 hours of (a) immersion in 1 M HCI solution alone, (b)
immersion in 1 M HCI with 0.5 g/L. of OML-EO.

The image of the surface of the Ferrous metal dipped at 303 K in 1 M HCl alone (Figure
9-a) clearly shows the existence of corrosion points on the parts submerged in the acid medium.
These samples have been corroded decisively, indicating the existence of layers of rust and the
accumulation of corrosion products on the surface of the metal.

We note from the SEM the existence of 0.5 g/L of inhibitor (Figure 9-b), and the non-
existence of corrosion traces on the samples tested in the solution. The above phenomenon
indicates that OML-EQ offers better protection against corrosion in a hydrochloric medium,
confirming the results obtained by electrochemical measurements.

3.2.5. UV-liquid spectroscopy.

Figure 10 displays UV-vis absorption spectra from 1 M HCI solution containing 0.5
g/L of OML-EO before and after 6 hours of immersion of ferrous steel to confirm the potential
of the creation of OML-EO-Fe complex.
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Figure 10. UV spectra without and with the intervention of OML-EO in a solution containing Fe-steel in HCI.

Absorption spectra of OML-EO in 1 M HCI prior to Fe-steel dipping revealed weak
adsorption of the inhibitor characterized by two short wavelength absorption bands. The first
less intense peak at 330 nm can be assigned due to the n— n* electronic transition [80], and
the second peak of average absorbance occurred at 242nm is due to the 1 — n* transitions of
the aromatic ring present in the main compound [42,81].

The spectra also noted that the absorbance values after immersion in the Fe steel were
higher than those seen for the solution before immersion [82]. Furthermore, we pointed out the
appearance of two distinctive absorbance peaks in the same range (200-400 nm). In
comparison, the most intense absorbance peak appears at 218 nm, corresponding to a transition
(m — m+*). The second peak at 330 nm is associated with the absorption of functional groups
contained in the inhibitor molecules (n — =) [82]. It was also observed that there is a change
in the position of the absorption maximum.

Earlier research reported that the offset of the wavelength with the change in absorbance
is caused by the formation of a complex between the inhibitor and the metal ion in the solution
[81,83]. This fact permits us to conclude that there is a possibility of forming a complex
between the extract's main molecule and the Fe-ion, which can contribute to the inhibitory
action. These results have already been confirmed by studies in the literature [42,81,82,84].

3.2.6. X-ray diffraction analysis.

After an analysis of Figure 11, it can be noted that the comparison between the
diffraction patterns shows no significant differences between the XRD pattern of the
uncorroded and corroded surfaces after exposure to 1 M HCI + 0.5 g/L OML-EO. The plot
displays no indication of film formation on the surface of the Fe-steel electrode. In addition,
the high peak intensity observed around 45° at 20 is related to the Fe phase, and the peaks
related to iron oxides are not observed.

In the case of OML-EOQ, the lower peak intensity points to binding between the Fe-steel
and the OML-EO inhibitor molecules, probably due to the formation of metal complexes
[85,86].
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Figure 11. XRD spectrum of Fe-steel corrosion in the non-existence and existence of OML-EO.
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3.2.7. DFT approach.

The reactivity of an organic compound with an anticorrosive property of metal support
is theoretically evaluated using the DFT approach [87]. Figure 12 represents the optimized
structure and the HOMOSLUMO electron density distributions on the TRO. The structure
visualized in Figure 12 shows that this geometry is well stable in space with positive
frequencies. The distribution of HOMO and LUMO occupies the entire structure of the
optimized compound. This property shows that this species is more reactive with the Fe-
surface. Therefore, there will be better protection against corrosive ions located in an acidic
environment.

Optimized structure HOMO LUMO

V oy Y
35 e B

Figure 12. Optimized structure and the FMO electron density distributions.

The overall reactivity descriptors are listed in Table 8. The energies EHomo and ELumo
measure the level of give and take of the electrons in their relations with the surface of the
metal [88]. The high value of Enomo (-6.043 eV) and the minimum value of ELumo (1.034 eV)
indicate that the tested compound has high chemical reactivity. Consequently, this reactivity is
sustained by the minimum value of AEgyp (7.077 V) [89]. Electronegativity () and hardness
(n) are other descriptors of reactivity in which the minimum value of these two parameters (
= 2.504 eV, n = 3.538 eV) reflects a high chemical reactivity [90]. The parameter AN110
describes the electron donor capacity; a positive value of this descriptor reflects the donor
capacity of the inhibitor molecule to vacuum orbitals in the iron surface [90]. In Table 8, we
conclude that the TRO is capable of yielding electrons.

Table 8. Chemical reactivity parameters describing the electronic system of TRO.

. Enomo ErLumo AEgap X n

Descriptors ‘ (V) ’ (eV) ‘ (eV) ‘ (eV) (eV) AN110
TRO | 6043 | 103 | 7077 | 2504 | 3538 | 0327
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It is common knowledge that the reactivity of an inhibitor molecule and the recovery
rate of a metal substrate against the corrosion procedure is mostly dependent on the most active
sites of this molecule's selectivity (local) [91]. There are two more well-known methods for
this purpose, namely the molecular electrostatic potential (MEP) and the Fukui indices (FI)
[92]. The topographic distributions of MEP and FI on the structure of TRO are apparent in
Figure 12. The red color in this figure represents the electron donor centers (f (-)), while the
blue color represents the electron acceptor sites (f (+)) [93]. As observed from Figure 13 and
Table 9, the atoms C5 and C6 are the most donor and acceptor sites of electrons simultaneously.
These sites may be liable for the inhibitory property of TRO of Ferrous steel in the acidic
solution.

(b)

Figure 13. Fukui functions (a) and MEP (b) repartitions on TRO structure.

Table 9. Fukui indice sites of TRO.

Atoms f() f(+)
cC(@1) 0.030 0.029
C((2 0.001 0.001
CcC@®3) 0.007 0.007
c@ 0.028 0.031
C(5) 0.181 0.176
C (6) 0.221 0.206
C (14 0.039 0.040
C (18) 0.003 0.003
C (19) 0.007 0.007
C (22) 0.004 0.004
O (28) 0.010 0.010

3.2.8. Molecular dynamics ownership (MDO).

In an effort to find a more favorable and stable adsorption configuration, the MDP was
used to calculate the (Einteraction) and binding (Eninding) €nergies using equations (14) and (15),
respectively, at the interfacial level Fe (1 1 0)/TRO [94].
Einteraction = Etotal — Esurtace-sotution — Einhibitor (14)
Epinding = ~Einteraction (15)
Figure 13 displays the adsorption configuration of TRO on the atomic Ferrous
simulated. Through the visual analysis of Figure 14, we notice that the simulated molecule
adsorbs itself through its structure in order to cover a large part of the atomic surface of steel.
This adsorption behavior indicates that TRO performs as a better inhibitor against the
degradation of our substrate [95].
The calculated values of Einteraction and Ebinging are —672.18 and 672.18 kJ mol?,
respectively. The negative value of Einteraction and the positive value of Epinding reveal TRO's
spontaneity and strong adsorption process, respectively [96]. This type of adsorption confirms
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that the chosen compound carries several active sites dispersed over the whole structure.
Therefore, there is better protection of treated steel against corrosive species.

Figure 14. Adsorption aspects of TRO on atomic Ferrous.

The radial distribution function (RDF) approach was used to identify the bond distances
between TRO and the iron atoms in the first layer (Fe (1 1 0)) [97]. The literature search tells
us that if the first peak due to the interaction of species Q with species N presented in the
graphical representation of gQN (r) versus the r distance is located between 1 and 3.5 A, it is
assumed that the nature of their interaction is chemisorption, while if the peaks appear at
positions superior to 3.5 A, it is physisorption [98,99]. The RDF findings are shown in Figure
15. This figure makes it clear that the first peak of the RDF produced for the interactions of the
TRO with the ferrous surface atoms, g(r)Fe (110)-TRO, has a value of 1.71A. This
chemisorption of TRO on the surface of Fe (1 1 0) promotes the development of a protective
layer that serves as a barrier and shields the steel under test from the corrosion process.

6

-\

9(n),

N

| —0—Fe (110)-TRO

[N

0 1 2 I_3(A) 4 5 6

Figure 15. RDF of TRO on Fe.
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4. Conclusions

In this work, we shed light on the chemical composition (GC/MS), antioxidant
activities, antibacterial activities and anticorrosive activity of the essential oil of OML, and the
above analysis and discussion of the experimental results lead to the following main
conclusions: The chromatographic analysis (GC/MS) of the OML-EO has proved that it is rich
in potentially bioactive compounds with a dominance of terpinene-4-ol (39.59%) and o-
terpineol (14.55%); A high antioxidant capacity of OML-EO was confirmed by tests (FRAP,
DPPH, and ABTS tests); Based on the above results, the oil is very effective against bacterial
strains against Gram-positive (Staphylococcus aureus, Bacillus subtilis) and Gram-negative
(Escherichia coli, Pseudomonas aeruginosa) bacteria, which is validated by a very low MIC,;
The findings obtained from the PDP curves marked that OML-EO is a mixed-type inhibition;
at 0.5 g/L concentration of OML-EO, the electrolyte exhibited an inhibition performance of
94%; The impedance plots of the mild steel revealed that the inhibition efficiency improved
with the concentration of the plant extract, and the corrosion process was controlled by the
charge transfer and corroborated the PDP measurements; According to the results found from
the thermodynamic parameters, it is possible to confirm the formation of a protective film by
the adsorption of OML-EOQ, replacing the initially adsorbed water molecules; The monitoring
of the surface morphology using SEM corroborated these results by showing a regular growth
of a protective film on the corroded surface, reaching a dense morphology at the optimal
concentration, which showed the highest (IE%) under the current working conditions; The UV-
visible X-ray examinations gave clear evidence of a complex formation, which may also be
responsible for the monitored protection; Quantum chemical parameters obtained from the
DFT method showed a good correlation between experimental data and the electronic
properties of the major inhibitor compound.
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