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Abstract
In this study, Oregano (Origanum vulgare) leaf essential oil was studied as an environmental-friendly anticorrosion agent for
carbon steel in aggressive hydrochloric acid. The corrosion inhibition ofO. vulgarewas characterized by surface morphology,
electrochemical, weight loss, theoretical and computational methods. It was found that the highest inhibition performance of
O. vulgare was 85.64% at 2 g/l in 1 M HCl. The results of Langmuir isotherm and adsorption thermodynamics investigation
demonstrated that the O. vulgare inhibitor adsorbed on the metal surface by the formation of rigid covalent bonds. The
adsorption and inhibition centers of the selected inhibitor were studied by the computational methods, resulting in that the
hydroxyl functional groups and benzoyl rings are mainly responsible for the high inhibition efficiency.
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1 Introduction

Steel-based metallic materials are widely employed as trans-
portation pipes and cooling or heating systems in the gas–oil
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industries [1–3], because these materials have superior hard-
ness, high tensile strength and low cost [4, 5]. Carbon steel
is normally severely corroded during the surface treatment,
storage of gas oil, heating and cooling operations, and trans-
portation of crude oil. The reason for this is that Fe is a more
reactive metal; it can easily react with the water and oxy-
gen molecules to form the corrosion products on the metal
surface. In the acid-cleaning processes of metal surfaces, the
hydrochloric acid solution is normally employed to remove
the oxide deposits on the surface of steel [6, 7]; as a result,
a large number of corrosion products on the metal surface
were depleted [8–10]. For example, the salts are accumu-
lated inside steel-based pipes during crude oil transportation.
Then, the acidic solutions are performed to clean the metal
surface [2, 11]. However, the corrosive nature of these acids
leads themetal to dissolve during cleaning procedures, result-
ing in the deterioration of the metal substrate [12, 13]. The
addition of a corrosion inhibitor to the corrosive medium is a
cost-effectiveway for themetal protection fromacidic attack.
Corrosion inhibitors are water-soluble compounds, and they
are added to the pickling solution at low concentrations [2].
At that point, the metal surface is effectively insulated from
the corrosion attacks of acidic solution [14–16]. Traditional
inhibitors have harmful environmental effects. Due to their
harmful impact on individuals and the environment, the use
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of these inhibitors has been limited [17, 18]. This has aug-
mented ecological awareness, and the use of green corrosion
inhibitors has gained greater consideration recently [19–24].

Green inhibitors are natural [25–27], non-toxic, environ-
mentally friendly [28, 29], readily available and renewable
products to prevent metal from corrosion, such as plant
extracts and essential oils, which have more functional
groups (carboxyl, hydroxyl and amino), aromatic rings and
hetero atoms. These features promote their high corrosion
efficiency [30–33].

Origanum vulgare (Oregano) is a native herb of themiddle
countries and belongs to the family Lamiaceae. The essential
oil of O. vulgare contained more phenol compounds, such
as hydroxycinnamic acid, caffeic acid, rosmarinic acid and
other acid compounds [34], indicating that these biologically
active compounds are good adsorbents on the metal surface.

The main aim of this investigation is to explore the inhi-
bition efficiency of the essential oil of O. vulgare for steel in
1MHClmediumas an environmental-friendly agent formild
steel by the surface morphology, electrochemical, weight
loss, theoretical and computational methods.

2 Experimental

2.1 Materials andMethods

2.1.1 Preparation of Inhibitor and Corrosive Environment

In this investigation, carbon steel was used as the working
electrode. Its chemical composition is listed in Table 1. The
working electrodes, whose contact surface with the corrosive
medium is 1 cm2, were prepared by polishing them with 80-
to-2000-grit emery paper, thenwashing and drying themwith
distilled water and acetone. A 1 M solution of hydrochloric
acidwas used to prepare the corrosive solution. The corrosive
hydrochloric acid solutions were made by diluting 37% HCl
with deionized water.

2.1.2 Preparation of Inhibitor

The essential oil Oregano was used as the selected inhibitor.
Oregano samples were collected from the region of Lekhmis-
set (Morocco). The dried aerial components were hydro-
distilled for 4 h by a Clevenger-type device. The essential
oil was extracted, dried with anhydrous sodium sulfate and
kept at 4 °C until it was needed. The essential oil of Oregano
extracted by Ghanmi et al. [35], in which the major com-
pounds are presented in Fig. 1 and Table 2, was used in a
concentration range from 0.5 to 2 g/l.

2.2 Weight Loss Study

The dimensions of the utilized steel samples are 1.5 cm ×
1.5 cm × 0.05 cm. The weight loss of metal coupons was
measured after corrosion and inhibition according to ASTM
G1-67 standard after 6 h of immersion time. The protection
performance (EW , %) and corrosion rate (W corr) are esti-
mated by Eqs. (1) and (2), respectively, in which W corr is
the corrosion rate in the corrosion solution, W corr/inh is the
corrosion rate in inhibited solution,�m is weight loss in mg,
t is immersion time in hours and S is surface area in cm2,

EW% = Wcorr −Wcorr/inh

Wcorr
× 100 (1)

Wcorr = �m

S × t
(2)

2.3 Electrochemical Study

Using a PGZ100 galvanostat potentiostat equipped with
Volta Master 4 software and a three-electrode cell containing
a working electrode (plain steel), a saturated calomel refer-
ence electrode (ECS) and a chemically inert counter electrode
(platinum), the electrochemical tests were conducted. The
system was connected to a computer. To get the OCP con-
stant, the working electrodes were submerged in the solution
for 0.5 h.

The electrochemical potential reached a steady state dur-
ing 0.5 h. The PDP analysis was done between − 900 and
− 100 mV. The values of protection degrees were calculated
using Eq. (3), where i0corr and i

i
corr show the corrosion current

densities for corroded and inhibited metal samples, respec-
tively.

ηPDP(%) = i0corr − i icorr
i0corr

× 100 (3)

The next part of electrochemical measurement is EIS,
which was done between 100 kHz and 100 mHz with the
10 mV applied AC signal. It is noted that a thermostat bath
was used to keep the solution temperature at the targeted
value. The protection degrees of selected inhibitorswere esti-
mated using Eq. 4, where Ri

ct and Ro
corr are the charge transfer

resistances in the inhibitor-free and inhibitor-contained sys-
tems.

ηEIS(%) = Ri
ct − Ro

corr

Ri
ct

× 100 (4)
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Table 1 Chemical composition of selected carbon steel

Element V Co Cu Al Ni Mo Cr Mn Si C W Fe

wt% < 0,003 < 0,0012 0,14 0,03 0,1 0,02 0,01 0,47 0,24 0,11 0,06 rest

Fig. 1 Major phytochemicals
present in the plant Oregano
(Origanum vulgare)

 

OH

OH

Thymol
(27,49%)

Carvacrol
(25,3%)

Alpha-terpinene
(9,76%)

(E)-beta-ocimene
(22,62%)

Table 2 Basic compounds of the essential oil of Oregano

IK Component (%)

1016 α-terpinene 9,76

1046 (E)-beta-ocimene 22,62

1185 Thymol 27,49

1191 Carvacrol 25,3

2.4 Surface Study

The changes in the surfacemorphology ofmetal after corrod-
ing and inhibition (2 g/l inhibitors) processes were explored
by scanning electron microscopy (SEM) (JOEL JSM-5500)
at 20 keV (magnification is 500 ×) and 298 K. The surface
destructions and improvements on the surfacewere identified
by the SEM analysis.
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2.5 Computational Investigations

2.5.1 DFT Study

The density functional theory (DFT) is frequently used in
corrosion inhibition studies.

The DFTmethod accurately describes the performance of
organic compounds as corrosion inhibitors. In this study, the
DFT calculations were performed using the Biovia Materi-
als studio program with the Dmol3 module (Biovia, USA)
[36, 37]. In the geometry optimizations of selected inhibitors,
the double numerical basis set with polarization (DNP) [38]
and the SCAN (Strongly Constrained and Appropriately
Normed) functional [39, 40] in the frame ofGeneralizedGra-
dient Approximation [41] were used. The DFT calculations
were performed in the solvent (water) via a Conductor-like
Screening Model (COSMO) [42, 43].

2.5.2 MC andMD Simulations

The chemical interactions between the metal surface and
selected corrosion inhibitors were theoretically investigated
by themonte carlo (MC) andmolecular dynamic (MD) simu-
lations. The simulation analyses were performed in Material
Studio (Biovia, USA) using COMPASS III (Version 1.0)
force-field (condensed phase), Forcite module and NVT
canonical ensemble at 298 K (simulation time is 1 ns) [6,
44, 45]. Before undertaking simulations, the whole system
was geometrically optimized [46–48]. The temperature of
the simulation box was controlled by the Berendsen thermo-
stat [49–51]. The radial distribution function (RDF) was also
studied in this analysis [52]. The adsorption sites, energies
and chemical adsorption mechanisms were also predicted in
this analysis. These simulations were done on Fe(110) iso-
surface (three dimensions to the slab model: 14.260 Å ×
19.8590 Å × 19.8590 Å) under periodic boundary condi-
tions. This model included 10 hydronium, 10 chloride, 350
H2O molecules and 1 inhibitor molecule.

3 Results and Discussion

3.1 Weight Loss Study

The first way to evaluate the corrosion inhibition of a metal
in an electrolyte solution is through weight loss method. The
advantage of this approach is that it does not require a lot
of equipment. The results of the weight loss tests are indi-
cated in Table 3. It is noted that the inhibition efficiency and
corrosion rate depend on the change in the concentration,
confirming that the maximal protection degree was 85.64%
while the minimal corrosion rate was 0.115 mg/cm2*h at
2 g/l. This demonstrates that the chosen essential oil is an

Table 3 Weight loss analysis results of steel in the absence and presence
of Oregano extract at different concentrations and 308 K in 1 M HCl

C (g/l) W corr (mg/cm2*h) EW (%)

1 M HCl 0 0,801 –

Oregano extract 0.5 0,215 73,16

1 0,21 73,78

1,5 0,195 75,65

2 0,115 85,64

Fig. 2 Nyquist diagrams for blank and corrosion inhibitors of the essen-
tial oil of oregano at various concentrations

effective inhibitor for steel corrosion in 1 M HCl. This is
due to this extract having good organic compounds, in which
the aromatic rings are the main sign of the high inhibition.
The aromatic rings are abundant in delocalized π-electron
systems. This accounts for the excellent inhibition perfor-
mance. With the support of π-electron systems, the inhibitor
adsorbed onto the metal surface by forming strong covalent
bonds.

3.2 Electrochemical Studies

3.2.1 EIS

EIS is regarded as one of the most prevalent and effective
techniques; its purpose is to identify various electrochem-
ical reaction phenomena and protective mechanisms [53].
Figure 2 represents the electrochemical impedance diagrams
for blank and inhibitor in 1 M HCl. It is noted from these
results that the presence of a single capacitive half-loop indi-
cates that the corrosion and inhibition of metal surface are
mainly controlled by the process of charge transfer [54], and
the increase in the concentration of inhibitor is attributed
to the rise the diameter of the capacitive loop. This effect
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Table 4 Electrochemical
parameters of the impedance
diagram of steel in 1 M HCl in
the presence of the essential oil
of Oregano extract at different
concentrations at 298 K

C
(g/l)

Rs (�·cm2) Rct (�·cm2) Cdl (μF·cm−2) ndl Q (μF·Sn−1) ηEIS (%)

1 M HCl – 1.12 34.7 121.0 0.773 419 –

Oregano
extract

2.0 1.84 263.3 48.4 0.877 83 86.8

1.5 2.21 153.6 82.9 0.890 133 77.4

1.0 2.35 140.0 83.5 0.887 137 75.2

0.5 2.52 138.2 90.3 0.895 142 74.9

Fig. 3 An equivalent circuit model (EIS)

is responsible for enhancing the protective power of the
inhibitor [55, 56].

Table 4 summarizes the electrochemical parameters
obtained by modeling the impedance spectra using the fol-
lowing equivalent circuit (Fig. 3). According to Table 4,
when the inhibition concentration rises, then the double-layer
capacitance Cdl was decreased up to a value of 48.4μF/cm2,
while the charge transfer resistance was increased signif-
icantly reaching a maximum of 263.3 �.cm2 at 2 g/l.
According to the literature [14], these observations can be
interpreted and confirmed. These results also suggested a
higher inhibition ability of the selected inhibitor. Oregano
extract contained more hydroxyl functional groups, which
are attached to benzoyl rings. These functional groups are
effectively adsorbed to the metal surface by the formation of
covalent bonds. Consequently, a protective film was formed
on the steel surface. According to Qian et al. and Mourya
et al. [57, 58], the corrosion inhibitor electrostatically and
chemically adsorbs on themetal surface, displacing thewater
molecules adsorbing on the surface. As a result, the values
in double-layer capacitance (Cdl) markedly went down. The
next reason for this decrease is that the defender layer was
formed on the metal surface by the adsorption of corrosion
inhibitors. TheCdl is characterized related toEq. (5), inwhich
S is the metal surface dimension, d is the dielectric constant,
ε is the environment constant and ε0 is vacuum constant [59].

Cdl = εε0

d
S (5)

The protection values given in Table 4 show that the essen-
tial oil of oregano admits a good inhibitory power with a
maximum inhibitory efficiency of 86.8% at 2 g/l. The val-
ues in charge transfer resistance (Rct) and solution resistance

Fig. 4 Polarization curve of steel in 1.0 M HCl (Blank and essential oil
of oregano extract at different concentrations)

(Rs) are high in the corrosion solution, because the metal
surface was corroded. In comparison, the values of Rs and
Rct decrease with the presence of corrosion inhibitors. This
is due to the formation of a protective film.

3.2.2 PDP

Theelectrochemical kinetic character of themetal/electrolyte
interface was identified by PDP methods. Figure 4 indicates
the Tafel curves obtained in the presence and absence of the
essential oil of Oregano in a 1 M HCl medium. It is also
demonstrated that the presence of oregano essential oil has
a small effect on the anodic curves, whereas the addition
of corrosion inhibitors reduces the corrosion density rela-
tive to the control. This suggests that the development of a
protective coating reduces the rate of anodic and cathodic
corrosion. Corrosion inhibitors have an effect on anodic cor-
rosion (iron oxidation) and cathodic hydrogen reduction [60].
The values of EIS functions were found by extrapolation of
the Tafel plots; the obtained data are indicated in Table 5. It
is clear from the obtained results that (1) the selected corro-
sion inhibitor is amixed type, whichmeans that the corrosion
and inhibition processes were depleted by the cathodic and
anodic interactions; (2) the potential differences among the
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Table 5 Electrochemical parameters of the essential oil of Oregano extract at different concentrations at 298 K

C ( g/l) − Ecorr (mV/Ag/AgCl) icorr (μA/cm2) − βc (mV/dec) βa (mV/dec) ηPD P(%)

1 M HCl – 498 983 140 150 –

Oregano extract 2.0 486 122 126 135 87.5

1.5 492 213 124 137 78.4

1.0 491 236 126 140 75.9

0.5 494 242 127 146 75.3

corrosion and inhibition processes were lower 80 mV, indi-
cating that the electron transfers on the metal surface were
maximally blocked with the presence of corrosion inhibitor
[61]; (3) the addition of inhibitor is attributed to a decrease
in the current density compared to the blank, indicating a
slowdown in the rate of corrosion due to the adsorption of
these molecules on the metal surface [62]. The obtained EIS
data show that the selected compound protects 87% of the
metal surface from corrosion attacks at 2 g/l.

Temperature Effect The temperature is also the next impor-
tant effect on corrosion and inhibition. The rise of the
temperature modifies the inhibition and adsorption charac-
teristics. The corrosion reactions are rose, and the adsorption
processes are reduced with the rise of temperature. The liter-
ature indicates that the inhibitory actions of essential oils are
temperature dependent [63, 64]. In the present investigation,
the temperature effect was studied by the PDP method. The
results of the PDP curves at various temperatures are found
in Fig. 5. According to Fig. 5, it is noted that the rise in tem-
perature is responsible for a rise in the current density and the
corrosion rate in both cases. It is also shown that the anodic
and cathodic plots were decreased in the inhibited system,
confirming that the selected inhibitor can protect the metal
surface at high temperatures [43].

Table 6 indicates the electrochemical parameters obtained
from the potentiodynamic polarization curves. It is observed
that when the temperature rose, then the current density
increased in both cases. The temperature rise cannot dra-
matically change the inhibition performances. The inhibition
protection was 87.5% at 298 Kwhile this value was 81.6% at
328 K, showing that there is little decrease in the inhibition
efficiency. It is also indicated that the cathodic and anodic
slopes have not been varied significantly; these observations
reveal that the temperature of the medium does not affect the
mechanism of protection and it acts only on the speed of the
reactions involved. It decreased the speed of adsorption of
essential oil of Oregano on the metal surface [65].

Changes in Activation Parameters According to the litera-
ture [66, 67], it was confirmed that the changes in activation
were explored using the thermodynamic parameters such as

Fig. 5 Potentiodynamic polarization curves of steel (2.0 g/l of essential
oil of Oregano)

activation entropy, enthalpy and energy. These thermody-
namic parameters can quantify the effectiveness of corrosion
inhibition and identify the adsorption type. Additionally, the
surface phenomenon, the interaction between the inhibitor
and surface, heat treatments of inhibition and electrostatic
interactions on the surface were described by the thermody-
namic analysis. The dependence of the value of corrosion
density (icorr) to the variation in temperature can be con-
sidered related to Arrhenius Eq. (6) [68], in which the T
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Table 6 Electrochemical parameters of PDP curves for steel (Essential oil of Oregano at different temperatures)

T (K) − Ecorr (mV/Ag/AgCl) icorr (μA.cm−2) − βc (mV dec−1) βa (mV dec−1) ηPDP (%)

Blank 298 498 983 140 150 –

308 477 1200 184 112 –

318 487 1450 171 124 –

328 493 2200 161 118 –

Oregano extract 298 486 122 126 135 87.5

308 499 168 139 101 86.0

318 497 235 144 109 83.8

328 503 405 180 123 81.6

Table 7 Values in thermodynamic parameters for carbon steel in 1 M
HCl solutions with and without inhibitor

Ea (kJ/mol) �Ha (kJ/mol) �Sa (J/mol
K)

Blank 21.0 18.5 − 126.0

Oregano
extract

31.8 29.2 − 107.3

is temperature, Ea is activation energy and A is constant.
The thermodynamic parameters are estimated using Eq. (7),
in which the �Sa is activation entropy, �H a is activation
enthalpy, h is plank constant, N is Avogadro number and R
is universal gas constant.

icorr = A · exp
(−Ea

RT

)
(6)

icorr = RT

Nh
exp

(
�Sa
R

)
exp

(−�Ha

RT

)
(7)

According to Ivanov [69], the adsorption performance of
corrosion inhibitors also depends on the values of activation
energy. This is due to the corrosion inhibitor adsorbed on the
metal surface by the covalent and electrostatic interactions.
The rise in temperature is depleted the force of electrostatic
interactions [70]. Table 7 indicates that the values of activa-
tion energy were enhanced with the presence of the organic
compound, confirming that the energetic blocks were formed
for the corrosion processes by the formation of a protective
film on the metal surface [70]. The positive value of � Ha

indicates that the dissolution process of steel is endothermic
[71]. The increase in entropy in the inhibited system con-
firmed that the Fe reacted with organic compounds to form
the active complex, which adsorbed on the metal surface
effectively [66].

3.3 Surface Morphology Analysis

The surface morphology analysis indicates the surface phe-
nomenon and changes on themetal surface after the corrosion
and inhibition processes. In this research work, the SEM
observations are made on steel samples after 6 h of immer-
sion (Fig. 6). It is revealed from Fig. 6a that the surface of
the metal was seriously scratched in the acidic solution. It
also noticed that the surface is importantly destroyed with
the corrosion ions on the entire surface in the absence of the
inhibitor system. The presence of the essential oil of Oregano
in 1MHCl solution (Fig. 6b) made the surface more smooth,
confirming that the metal surface was well insulated from the
acidic medium.

3.4 Theoretical Analysis

3.4.1 DFT Results

Figure 7 shows the results of the conformer search (6000
conformers found) and the corresponding lowest energy
structures for α-terpinene, (E)-β-ocimene, thymol and car-
vacrol molecules [72–75]. As can be observed that the found
lowest energy structures of α-terpinene, (E)-β-ocimene, thy-
mol and carvacrol are efficient corrosion inhibitors.

Figure 8 shows the σ-profile of the α-terpinene, (E)-
β-ocimene, thymol and carvacrol molecules. The selected
inhibitors have good H-bonding acceptor and donor sites,
which are responsible for the physical and chemical adsorp-
tion mechanisms. The accepting and donating abilities of the
α-terpinene, (E)-β-ocimene, thymol and carvacrol molecules
dependon the interactionbetween their functional groups and
water molecules.

Figure 9 shows the optimized structures of studied
molecules and the estimation of theMACvalues for O atoms.
As indicated, the α-terpinene, (E)-β-ocimene, thymol and
carvacrol molecules were good polar organic compounds.
Their high polarity is rose in the aquatic solution. The
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Fig. 6 SEM pictures of carbon steel surface: a in corrosion and b in inhibited systems (2 g/l, 298 K)

functional groups and delocalized aromatic systems are the
main reason for their high polarity.

The Mulliken Atomic Charges (MAC) provide a consis-
tent and convincing indicator of the inhibition adsorption
heteroatoms. It is revealed that the oxygen atoms mainly
interacted with the Fe atoms [72, 76–78]. Figure 10 reveals
optimized structure, HOMO, LUMO and ESP pictures of α-
terpinene, (E)-β-ocimene, thymol and carvacrol molecules.
The values of basic theoretical parameterswere found and are
indicated in Table 8. Molecular activity is key to describing
the chemical properties and structural positions for chem-
ical reactions [3, 5, 7, 47]. The HUMO regions are more
electron-rich. The electrons of HOMO regions are shared
with electrophilic regions of the substrate. In comparison,
the electrons are accepted in LUMO regions from the nucle-
ophilic species [5]. The α-terpinene, (E)-β-ocimene, thymol
and carvacrol molecules are chemically adsorbed on the

metal surface by theHOMOregionswhile theLUMOregions
are attributed to promoting the adsorption.

Calculated theoretical parameters of α-terpinene, (E)-β-
ocimene, thymol and carvacrol molecules are tabulated in
Table 8 related to the previously reported equations [3, 79].
The difference between the HOMO and LUMO energy was
around 4–5 eV for the studied chemicals, suggesting that
they are good adsorbents on the metal surface. The values of
electron affinity and ionization potential for these inhibitors
were around 1 and 6 eV, respectively, confirming that the
electron transfer between the vacant d-orbitals of iron and
HOMO regions is very effective [3, 79]. It is also revealed
that the α-terpinene, (E)-β-ocimene, thymol and carvacrol
molecules are low hardness and high softness compounds,
showing good corrosion efficiency. The values of energy of
back-donation and fraction of transferred electrons also con-
firmed that the electrons of corrosion inhibitors are easily
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Fig. 7 Conformer search and the corresponding lowest energy structures for α-terpinene, (E)-β-ocimene, thymol and carvacrol molecules

Fig. 8 σ-profile of the
α-terpinene, (E)-β-ocimene,
thymol and carvacrol molecules

shared to the metal surface. As a result, the rigid donor–ac-
ceptor bonds are formed between the d-orbitals of Fe and
heteroatoms of the inhibitor [80, 81].

3.4.2 MC Simulation

The interaction of the α-terpinene, (E)-β-ocimene, thymol
and carvacrol molecules with the surface of Fe(110) was
investigated by the MC simulations, and the obtained results

are indicated in Fig. 11. The adsorption energy (Eads) may
be deduced from Eq. (8), in which the Einhibitor is inhibi-
tion energy; Fe(110) is Fe surface energy; E(110)//inhibitor is
the total energy of the simulated system; the obtained values
of Eads show the adsorption forces of optimized structure
[82–84].

Eads = E(110)//inhibitor −
(
Fe(110) + Einhibitor

)
(8)
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Fig. 9 Optimized structures of studied molecules and estimation of the MAC values for O atoms

Fig. 10 Optimized structure, HOMO, LUMO and ESP pictures of α-terpinene, (E)-β-ocimene, thymol and carvacrol molecules

123



Arabian Journal for Science and Engineering (2023) 48:7685–7701 7695

Table 8 Calculated theoretical
parameters of α-terpinene,
(E)-β-ocimene, thymol and
carvacrol molecules

Theoretical parameters α-terpinene (E)-β-ocimene Thymol Carvacrol

EHOMO (eV) − 5.375 − 5.823 − 6.018 − 6.006

ELUMO (eV) − 0.488 − 0.951 − 0.156 − 0.104

�E(EHOMO—ELUMO) (eV) 4.887 4.872 5.862 5.902

Ionization energy (I) 5.375 5.823 6.018 6.006

Electron affinity (A) 0.488 0.951 0.156 0.104

Electronegativity (χ) 2.931 3.387 3.091 3.055

Global hardness (η) 2.433 2.436 2.931 2.951

Global softness (σ ) 0.411 0.410 0.341 0.338

Chemical potential (μ) − 2.931 − 3.387 − 3.091 − 3.055

Fraction of transferred electrons (�N) 0.623 0.741 0.666 0.668

�Eback-donation − 0.608 − 0.609 − 0.732 − 0.737

Fig. 11 MC simulations results: adsorption configurations and positions of α-terpinene, (E)-β-ocimene, thymol and carvacrol molecules on the
Fe(110) surface

The adsorption configurations and positions of α-
terpinene, (E)-β-ocimene, thymol and carvacrol inhibitors on
the studied surface were found. Figure 12 indicates the val-
ues of adsorption for selected optimized structures show the
following order of inhibition efficiency: Carvacrol > (E)-β-
ocimene > α-terpinene= Thymol (Fig. 12). The high values
of binding energies show the stiffness of the interaction of
inhibitors on the studied surface. It is found that carvacrol is
the most effective inhibitor due to its benzoyl ring and func-
tional groups. The delocalized electron systems of corrosion
inhibitors are attributed to enhance the inhibition efficiency.
The flat adsorption positions of α-terpinene, (E)-β-ocimene,

thymol and carvacrol inhibitors are most favorable on the
studied surface.

3.4.3 MD Simulation

The adsorption processes of corrosion inhibitors (α-
terpinene, (E)-β-ocimene, thymol and carvacrol) on Fe(110)
surface in dynamic condition were investigated by MD sim-
ulations. On the other hand, the adsorption positions of
inhibitors on the metal surface were also studied in dynamic
conditions. The most energetic stable positions of inhibitors
are found by studying the temperature variations in MD
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Fig. 12 Values of Eads for α-terpinene, (E)-β-ocimene, thymol and car-
vacrol onto the Fe(110) surface

Fig. 13 Changes in temperature of selected MD simulation system (α-
terpinene, (E)-β-ocimene, thymol and carvacrol, T = 298 K)

simulation analyses. As can be seen in Fig. 13, the tem-
perature change is minimal, suggesting that the MD of the
selected system was stable and effective [79, 85].

In the next part of the simulation analysis, the adsorp-
tion dynamics of α-terpinene, (E)-β-ocimene, thymol and
carvacrol corrosion inhibitors onFe (110) surfacewere inves-
tigated by the MD method and the obtained results are
indicated in Fig. 14. In the corrosion inhibition analysis, the
MD simulations were mostly used to describe the interaction
between the optimized structures and metal surfaces [21, 23,
43, 44]. As observed, the α-terpinene, (E)-β-ocimene, thy-
mol and carvacrol corrosion inhibitors adsorbed on Fe (110)
surface by the flat adsorption positions. The water molecules
and chloride atoms were insulated from the metal surface.

In the radial distribution (RDF) analysis, the bond distance
between the adsorption centers and Fe atoms was estimated
[86–88]. The obtained RDF plots are cited in Fig. 15. As can
be seen from the obtained results, the distance between the
oxygen heteroatom ad Fe atom was under 3.5 Å, confirm-
ing that the inhibitors adsorbed on the metal surface by the
dominant chemisorption mechanism [3, 24]. The negative
value of interaction energy shows that the α-terpinene, (E)-
β-ocimene, thymol and carvacrol molecules are forcefully
binding to the metal surface.

3.5 AdsorptionMechanism

The obtained results of electrochemical, surface and quan-
tumchemical calculationmethods suggested that the selected
corrosion inhibitors adsorbed on the metal surface by the
chemisorption and physisorption mechanisms. In addition to
this, the given theoretical investigations demonstrate a strong
agreement with electrochemical experiments, which demon-
strate that these inhibitors have a great performance against
metal corrosion [20, 89].

As indicated in Fig. 16, the lone pair electrons of the –OH
group, the π-electrons of the benzene ring and the double
bonds may share their electrons with the empty d-orbitals
of the Fe atoms, resulting in the chemisorption [78]. Next,
the accumulated electrons of the d-orbitals of metal atoms
lead to inter-electron repulsions. As a result, some electrons
are transferred to the antibonding orbitals of benzoyl rings.
These processes promote the formation of protective film.

The comparison results with the previously published
works are tabulated in Table 9 It is indicated that the
suggestedOregano extract ismore effective at lowconcentra-
tions. It was extracted with easy operation and cost-effective
methods. The corrosion efficiency ofOregano extract ismore
stable at high temperatures.
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Fig. 14 Adsorption configurations and positions of α-terpinene, (E)-β-ocimene, thymol and carvacrol inhibitors on the Fe(110) surface

4 Conclusion

• In this researchwork, the following conclusions are found:
• Oregano extract is amore effective inhibitor for steel corro-
sion in aggressive acidic solutions at low concentrations. It
was extracted with easy operation and cost-effective meth-
ods.

• Its maximum protection ability was 85.64% at 2 g/l at
medium temperatures.

• The PDP method revealed that the introduction of this
extract to a corrosive solution leads to a noticeable decrease
in the icorr and both cathodic and anodic slopes of carbon
steel.

• The polarizing activities on the cathodic and anodic
regions were maximally blocked by the presence of this
extract.

• Calculated thermodynamic parameters prove that this
inhibitor acts by physical-sorption and chemical sorption
mechanisms at the metal/electrolyte interface.

• MD calculations indicated that inhibitors flat-adsorbed
onto the metal surface and their adsorption energies are
fairly high.
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Fig. 15 RDF curves of α-terpinene, (E)-β-ocimene, thymol and car-
vacrol molecules

Table 9 Comparison results with the previous works (2 g/l, 1 M HCl,
Steel)

Inhibitor Method IE (%) Refs.

Citrus peel WL 90 [90]

Spirogyra algae EIS 67 [91]

Glycine max EIS 86 [91]

Cuscuta reflexa EIS 80 [91]

Cedrus atlantica EIS 80 [92]

Watermelon rind EIS 83 [93]

Watermelon seed EIS 85 [93]

Watermelon peel EIS 79 [93]

Phoenix dactylifera EIS 88 [94]

Ircinia strobilina crude WL 82 [95]

Origanum vulgare EIS 87 Present work
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