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Abstract-The essential oil from the seeds of Anethum graveolens (AGEO) was studied by 
Gas Chromatography (GC) and Gas Chromatography-Mass Spectrometry (GC/MS). 12 
components were identified accounting 98% of the total oil, which Carvone (43.5%), 
Dillapiol (26.7%) and Limonene (15.4%) were the major compounds. The use of AGEO as a 
C38 steel corrosion inhibitor in 1 M HCl solution was studied by weight loss measurements, 
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) methods. 
AGEO acted as a highly efficient mixed-type inhibitor. Adsorption of the inhibitor on the 
steel surface followed Langmuir adsorption isotherm. The calculated adsorption 
thermodynamic parameters were calculated and discussed. Quantum chemical calculations 
and molecular dynamic simulations were also carried out in order to correlate the inhibitory 
effect of AGEO and the electronic properties of its major constituents, and to provide some 
indications into the nature of their interaction with the metal surface at a molecular level. 
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1. INTRODUCTION  

Steel corrosion has become an important phenomenon, particularly in acidic media 
because of the enlarged industrial applications of both acid solutions and steel structures [1]. 
It is estimated that around one-quarter of the world's annual steel production is destroyed by 
corrosion which represents approximately 150 million tons/year or 5 tons/sec [2]. In terms of 
protection against steel corrosion in acidic medium, the use of organic corrosion inhibitors is 
one of the best control methods. However, most of these substances have the disadvantage of 
being toxic and polluting the environment, which has led to research other corrosion 
inhibitors more respectful of the environment and public health [3]. Recently, the exploration 
of components of essential oils (EOs) from various plant origins as inexpensive eco-friendly 
corrosion inhibitors is an innovative field of study. In addition to being environmentally 
friendly and ecologically acceptable, EOs products are low-cost, readily available and 
renewable sources of materials [4]. The inhibitory effect of these substances, as Green 
Inhibitors, is normally ascribed to the presence in their composition of complex 
phytochemical components, including terpenic hydrocarbons and their oxygenated terpenoid 
derivatives [5]. In this context, much research has been conducted, in our laboratory, to 
evaluate the inhibitory properties of certain essential oils against the steel corrosion in 1M 
HCl using weight loss, potentiodynamic polarization, and electrochemical impedance 
spectroscopy (EIS) methods [6-11]. In a continuation of our researches, Anethum graveolens 
L., essential oil (AGEO) was selected for the present study.  

A. graveolens, commonly known as Dill, is the sole species of the genus Anethum 
belonging to the Apiaceae family [12]. It is an annual plant growing up to 90 cm tall, with 
furrowed and branched stems. The leaves are alternate, very slender, fine, filiform, bluish-
green in color and slightly broader than similar leaves of fennel. The flowers are white to 
yellow and develop in compound terminal umbels. The brown colored seeds are small (2.5 
mm), tinny, oval, flat and somewhat resembles caraway [13]. Dill is a culinary and medicinal 
herb using as a flavoring agent in the food industry for more than 2000 years [14,15]. To the 
best of our knowledge, there is no reported study on inhibitive action of AGEO on acid 
corrosion of C38 steel in 1M HCl solution. Therefore, this study is aimed at (i) To determine 
the chemical composition of studied EO (ii) To establish the effectiveness of AGEO as 
corrosion inhibitor and (iii) To try to correlate the overall inhibitive effect of this inhibitor 
with the electronic/molecular parameters of these major compounds using density functional 
theory (DFT) and molecular dynamic simulations (MDS). 
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2. MATERIALS AND METHODS 

2.1. Essential oil isolation  

The dried seeds of Anethum graveolens were bought at a local market at Errachidia 
(Morocco) and were water-distillated (3h) using a Clevenger-type apparatus according to the 
method recommended in the European Pharmacopoeia [16]. The yield of AGEO was 3.5%. 

 

2.2. GC and GC-MS analysis 

The analysis of AGEO was carried out by GC and GC–MS according to the described 
methodologies in our previous works [6-10], using a Perkin-Elmer Autosystem XL GC 
apparatus. Fused-silica capillary columns (60 m×0.22 mm i.d., film thickness 0.25 µm),  
Rtx-1 (polydimethylsiloxane) and Rtx-wax (polyethyleneglycol). Temperature program: from 
60 °C to 230 °C at 2 °C/min and then held isothermally at 230 °C for 35 min. Injector and 
detector temperatures were held at 280 °C. Samples were injected in the split mode (1/50), 
the carrier gas was H2 (1 ml/min); the volume injected was 0.2 µl of pure oil. MS conditions: 
Turbo mass detector quadrupole, EI+=70 eV, acquisitions scan mass range of 35-350 Da, 
split: 1/80, injection volume: 0.2 µl of pure oil. 
 
2.3. Preparation of materials 

Carbon steel coupons containing 0.09 wt.% (P), 0.38 wt.% (Si), 0.01 wt.% (Al), 0.05 
wt.% (Mn), 0.21 wt.% (C), 0.05 wt.% (S) and the remainder iron (Fe) used for weight loss 
measurements. The surface preparation of the steel coupons (2 cm×2 cm×0.05 cm) was 
carried out with emery papers by increasing grades (400, 600 and 1200 grit size), then 
degreased with AR grade ethanol and dried at room temperature before use. The aggressive 
solution of 1 M HCl was prepared by dilution of analytical grade 37% HCl with double 
distilled water.  

2.4. Weight loss measurements  

Weight loss tests were carried out in a double walled glass cell equipped with a 
thermostat-cooling condenser. The solution volume was 100 mL with and without the 
presence of different concentrations of AGEO ranging from 0.25 to 2 g/L at various 
temperatures (308-343 K). After 6 h of immersion, the specimens of steel were carefully 
washed in double-distilled water, dried and then weighed. The rinse removed loose segments 
of the film of the corroded samples. Triplicate experiments were performed in each case and 
the mean value of the weight loss is reported using an analytical balance (precision±0.1 mg). 
Weight loss allowed us to calculate the mean corrosion rate as expressed in mg.cm-2 h-1. 
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The corrosion rate (Wcorr) and inhibition efficiency Ew (%) were calculated according to 
the Eqs. (1) and (2) respectively: 

St
mW ∆

=                                                                                                                             (1) 

100
W

WW% E
corr 

(inh)corr corr   
W ×

−
=                                                                                               (2) 

where Δm (mg) is the specimen weight before and after immersion in the tested solution, 
Wcorr and Wcorr(inh) are the values of corrosion weight losses (mg/cm2.h) of C-steel in 
uninhibited and inhibited solutions, respectively, S is the area of the steel specimen (cm2) and 
t is the exposure time (h). 
The degree of surface coverage was calculated using: 

corr 

(inh)corr corr   

W
WWθ −

=                                                                                                             (3) 

where θ is surface coverage; Wcorr (inh) is corrosion rate for steel in the presence of inhibitor, 
Wcorr is corrosion rate for steel in the absence of inhibitor. 
 

2.5. Electrochemical studies  

Electrochemical measurements were carried out in a conventional three-electrode 
electrolysis cylindrical Pyrex glass cell. The working electrode (WE) in the form of disc cut 
from C28 steel has a geometric area of 1 cm2 and is embedded in polytetrafluoroethylene 
(PTFE). A saturated Ag/AgCl electrode and a disc platinum electrode were used respectively 
as reference (RE) and counter (CE) electrodes, respectively. The temperature was 
thermostatically controlled at 308 K. The WE was abraded with silicon carbide paper (grade 
P1200), degreased with AR grade ethanol and acetone, and rinsed with double-distilled water 
before use. 

All electrochemical measurements were carried out using a potentiostat/galvanostat SP-
150 Biologic Science Instruments and the electrochemical parameters values were 
determined using the EC-LAB V 10.36 software. Before polarization and impedance 
experiments, the WE has been immersed in 1 M HCl solution with and without addition of 
various concentrations of AGEO (0.25-2 g/L) for 30 minutes to establish a steady state open 
circuit potential (OCP). Potentiodynamic polarization studies were plotted from -800 to +800 
mV versus open circuit potential (Ecor) at the scan rate of 0.5 mV/sec. The inhibition 
efficiency (EI %) was defined by equation (4): 

100
I

II% E
corr 

(inh)corr corr   
I ×

−
=                                                                                                        (4) 
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where Icorr and Icorr (inh) are the corrosion current density values with and without the inhibitor, 
respectively, obtained by extrapolation of cathodic and anodic Tafel lines to the corrosion 
potential.  

Electrochemical impedance spectroscopy measurements were achieved at the open circuit 
potential for the frequency range of 100 KHz to 10 mHz, using a peak-to-peak voltage 
excitation of 10 mV. The impedance diagrams are given in the Nyquist representation. 
Values of Rt and Cdl were obtained from Nyquist plots. The charge-transfer resistance (Rt) 
values are calculated from the difference in impedance at lower and higher frequencies, as 
suggested by Tsuru et al [17]. The inhibition efficiency got from the charge-transfer 
resistance is calculated by the following relation: 

100
R'

RR'% E
t 

t  t  
Rt ×

−
=                                                                                                            (5) 

where Rt and R’t are the charge-transfer resistance values without and with inhibitor 
respectively. Rt is the diameter of the loop. 

The double layer capacitance (Cdl) and the frequency at which the imaginary component 
of the impedance is maximal (-Zmax) are found determined by Eq. (6): 

t 
dl

.R
1 C

ω
=    where  ω  = 2 π. fmax                                                                                                                                  (6) 

2.6. Quantum chemical calculations 

The full geometry optimization was carried out at the DFT (density functional theory) 
B3LYP level using 6-311G (d,p) basis set. Theoretical parameters such as the energy of the 
highest occupied orbital (EHOMO), the energy of lowest unoccupied molecular orbital (ELUMO), 
energy gap (ΔE) and dipole moment (μ), were performed with complete geometry 
optimization by means of standard Gaussian 09 software package in the gas phase. The 
molecular sketches of the extract major components were drawn using the GaussView 9.0 in 
the neutral forms.  
 

2.7. Molecular dynamics (MD) simulations 

MD simulations were undertaken to describe the interaction between the inhibitor 
molecules and metallic surface. The adsorption locator module implemented in the Materials 
studio 12.0 software from Accelrys was used for the simulation. The inhibitor molecules 
were modelled and optimized using the Condensed-phase Optimized Molecular Potentials for 
Atomistic Simulation Studies (COMPASS) force field. The MD simulation of the interaction 
between the Carvone molecule and the Fe (1 1 0) surface was carried out in a simulation box 
(29.78 Å×29.78 Å×34 Å) with periodic boundary conditions in order to model a 
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representative part of an interface devoid of any arbitrary boundary effects. The box 
comprised of the Fe slab, cleaved along the (1 1 0) plane and a vacuum layer of 20 Å height. 
The geometry of the bottom layer of the slab was constrained to the bulk positions, whereas 
other degrees of freedom were relaxed before optimizing the Fe (1 1 0) surface, which was 
subsequently enlarged into a 10×10 supercell. Two types of solvent layers were constructed: 
one consisted of 1 inhibitor molecule and 500 and 10 water and HCl molecules, respectively 
(aqueous phase), and the other only consisted of 1 inhibitor molecule (gas phase) [18]. 
 

Table 1. Chemical composition of the AGEO from south-eastern of Morocco 
 

N° a Compound RI lb RI a c RI p d % e 

1 α-Pinene 936 930 1022 0.4 

2 Sabinene 973 964 1119 0.2 

3 α-Phellandrene 1002 997 1161 1.2 

4 p-Cymene 1015 1011 1263 0.2 

5 Limonene 1025 1022 1198 15.4 

6 Camphor 1123 1120 1502 0.9 

7 Dillether 1170 1170 1510 0.6 

8 E-Dihydrocarvone 1177 1177 1609 1.8 

9 Carvone 1214 1219 1717 43.5 

10 Piperitone 1228 1228 1706 6.5 

11 Piperitenone oxyde 1335 1330 1930 0.6 

12 Dillapiol   1595 2332 26.7 

TOTAL 98.00 

Monoterpene Hydrocarbons 17.40 

Oxygenated Monoterpenes 53.90 

Phenylpropanoid (Dillapiol : 12) 26.70 
aOrder of elution are given on a polar column (Rtx-1);bRI l = Retention 
indices on the apolar column (Rtx-1) in literature;cRI a = Retention indices 
on the apolar column (Rtx-1);dRI p = Rtention indices on the polar column 
(Rtx-Wax);eRelative percentages of components (%) are calculated on GC 
peak areas on the apolar column (Rtx-1) 

 

3. RESULTS AND DISCUSSION 

3.1. Essential oil composition 

The composition of the AGEO analyzed by GC-FID and by GC-MS is given in Table 1. 
A total of 12 compounds were identified representing 98% of the total oil by comparison of 
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their EI-mass spectra and their retention indices with those of our own authentic compound 
library.  

The AGEO was characterized by a large amount of monoterpenic fraction with 71.3% of 
the total oil, which the five monoterpene hydrocarbons (1-5) represent 17.4% and sex 
oxygenated monoterpenes (6-11) account 53.9% of the oil, among which Carvone 9 (43.5%) 
and Limonene 5 (15.4%) were the most abundant components. This oil was also 
characterized by the presence of a phenylpropanoid named Dillapiol 12 (dimethoxysafrole) 
with 26.7% and the absence of the sesquiterpenic fraction. The chemical structures of three 
major compounds are shown in Fig. 1. These results are consistent with those previously 
reported in the literature referring to these three major components of essential oil of A. 
graveolens growing wild in Mediterranean and Asia regions [19-23]. 

 

O

O

O

O

O

Carvone                       Dillapiol                        Limonene  
Fig. 1. Chemical structures of major compounds of AGEO 

 
Table 2. Weight loss results of C38 steel corrosion in 1 M HCl with addition of various 
concentrations of AGEO at different temperatures 
 

 298 K 308 K 318 K 328 K 338 K 

C 
(g/L) 

Wcorr Ew Wcorr Ew Wcorr Ew Wcorr Ew Wcorr Ew 

(mg/cm2.h) (%) (mg/cm2.h) (%) (mg/cm2.h) (%) (mg/cm2.h) (%) (mg/cm2.h) (%) 

0 0.68  2.84  7.42  11.69  17.34  
0.25 0.136 80 0.65 77 2.15 71 4.68 60 7.63 56 

0.5 0.102 85 0.60 79 1.86 75 3.97 66 6.94 60 

1 0.075 89 0.45 84 1.41 81 3.16 73 5.72 67 

2 0.027 96 0.26 91 0.82 89 1.64 86 4.51 74 
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3.2. Weight loss measurements  

The values of percentage inhibition efficiency IEw (%) and corrosion rate (W) obtained 
by the addition of different concentrations of AGEO at different temperatures on the 
corrosion of C38 steel in 1 M HCl media are given in Table 2. 

The results indicated clearly that IEw increases while W decreases with an increase in 
extract concentration, indicating that the extent of inhibition is dependent on the amount of 
AGEO (concentration-dependent). Also, they revealed that IEw decreases with the rise of 
temperature from 308 to 343 K and a remarkably high maximum IEw (%) of 96% was 
obtained at the highest AGEO concentration applied (2 g/L) at 298 K. These results indicate 
that studied oil acts perfectly as a corrosion inhibitor for C38 steel in 1M HCl. This could be 
explained by the adsorption of its phytochemical components onto the C38 steel surface, 
thereby blocking the reaction sites. 
 

3.3. Potentiodynamic polarization curves 

The polarization recorded in 1.0 M HCl solution without and with different 
concentrations of AGEO curves at 298 K are shown in Fig. 2. The corresponding 
electrochemical parameters including corrosion current density (Icorr), corrosion potential 
(Ecorr), cathodic and anodic Tafel slopes (βc, βa) and inhibition efficiency (IE%) are 
summarized in Table 3. 
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Fig. 2. Polarization curves of C38 steel in solutions of 1 M HCl in the presence and absence 
of different concentrations of ADEO 
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It is clear from Fig. 2 that the addition of AGEO induced a marked decrease in the anodic 
and in the cathodic current densities. This behavior reflects its ability to inhibit the hydrogen 
evolution reaction as well as steel dissolution in HCl solution. In addition, parallel cathodic 
Tafel curves suggested that that the hydrogen evolution is activation-controlled and the 
reduction mechanism of H+ ions is not affected by the presence of this inhibitor.  
 
Table 3. Polarization parameters for the C38 steel in 1 M HCl containing different 
concentrations of AGEO 
 

Concentration 
(g/L) 

-Ecorr 

(mV/ECS) 
Icorr  

(mA/cm2) 
-βc 

(mV/dec) 
βa 

(mV/dec) 
E (%) 

(HCl 1M) 492 2.2 147.7 74.8 --- 
0.25 460 0,33 100.9 66.4 85 
0.5 444 0,286 104.4 64.1 87 
1 445 0,22 109.2 62.9 90 

2 450 0,132 99.09 60.7 94 
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Fig. 3. Nyquist plots for C38 steel in 1 M HCl with and without of different concentrations of 
AGEO 
 

Inspection of Table 3 reveals that increasing concentration of the inhibitor resulted in a 
decrease in Icorr and correspondingly, an increase in IE (%), reaching its maximum value, 
94%, at 2 g/L. In addition, the anodic Tafel slope (βa) values are approximately constant, 
which means the adsorption of inhibitor molecules onto the steel surface. However, the 
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addition of inhibitor caused a slight shift of corrosion potential towards the positive values 
compared to that in the blank with the maximum displacement of 48 mV, which is less than 
85 mV, indicating that AGEO behaves as a mixed-type corrosion inhibitor with 
predominantly control of anodic reaction [24]. 
 

3.4. Electrochemical impedance spectroscopy (EIS)  

The corrosion behavior of C38 steel in 1 M HCl solution without and with various 
concentrations of AGEO at 298 K was performed using EIS. The impedance data, presented 
as Nyquist plots, are shown in Fig. 3. 

As shown in Fig. 3, the obtained Nyquist impedance diagrams show a single capacitive 
loop in an uninhibited and inhibited 1M HCl solution, indicating that steel corrosion is 
mainly controlled by the charge transfer process [25].  

 

 
 

Fig. 4. The equivalent circuit used to fit the EIS experiment data 
 
Table 4. Electrochemical parameters for C38 steel in 1 M HCl with and without different 
concentrations of AGEO 
 

Concentration (g/L) Rct (Ω.cm2) fmax (mHz) Cdl (µF/cm2) ERt (%) 

1M HCl 21.29 100 73.37 – 

0.25 127.27 28.09 44.17 83 

0.5 158.94 22.32 42.20 86 

1 175.52 22.32 39.72 88 

2 242.41 20.00 34.24 92 

 
Additionally, these capacitive loops are not perfect semicircles, generally attributed to the 

frequency dispersion effect as a result of the roughness and the inhomogeneities of the 
electrode surface [26]. Moreover, the diameter of these capacitive loop increases with the 
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increase of the inhibitor concentration, which leads to good inhibitory properties. [6]. The 
electrochemical equivalent circuit used to model the metal/acidic solution interface is shown 
in Fig. 4, where Rs is the electrolyte resistance, Rct the charge transfer resistance and CPE 
represents the constant phase element to use in place of the double layer capacitance (Cdl). 
The electrochemical parameters of Rct, Cdl and fmax derived from Nyquist plots and inhibition 
efficiency ERt (%) are calculated and listed in Table 4. 

It is apparent from the Table 4 that as the concentration of the AGEO increases, the Rct 
values significantly increase and consequently ERt increases to reach maximum value 92% at 
2 g/L, indicating that the corrosion of C38 steel can be effectively inhibited by the adsorption 
of AGEO constituents at the metal/solution interface. However, the presence of the EO in the 
acid medium leads to decreases of Cdl values This is attributed to the adsorption of this 
inhibitor on the metal surface leading to the formation of a film or complex from acidic 
solution and replace the water molecules on the steel surface [27,28]. Finally, it should be 
noted that the values of IE (%), determined by the three methods (weight loss, polarization 
curves and EIS methods) are in good agreement.  

 

 
Fig. 5. Arrhenius plots for C38 steel corrosion rates (Wcorr) in 1 M HCl in the absence and 
presence of different concentrations of AGEO 
 

3.5. Kinetic/Activation parameters  

The activation parameters for the dissolution of C38 steel coupons in 1 M HCl solution in 
the absence and presence of AGEO were calculated from the Arrhenius-type plot (Eq. (7)) 
and the transition state Eq. (8) 

)
RT

aAexp(-W
E°

=                                                                                                                       (7) 
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)
RT

a)exp(-
R

aexp(
Nh
RTW

ΔHΔS °°
=                                                                                              (8) 

where W is the corrosion rate, E°a is the apparent activation corrosion energy, T is the 
absolute temperature, R is the universal gas constant, A is the Arrhenius pre-exponential 
factor, h is the Plank’s constant, N is the Avogrado’s number, ΔS°a is the entropy of 
activation and ΔH°a is the enthalpy of activation. 

The E°a in presence and absence of the inhibitor could be determined by plotting Ln (W) 
versus 103/T which gives a straight line (Fig. 5) with a slope permitting the determination of 
E°a, which their corresponding values are given in Table 5. 

Further, using Eq. (8), plots of Ln (W/T) versus 103/T gave straight lines (Fig. 6) with a 
slope of (-ΔH°a/R) and an intercept of (Ln(R/Nh)+(ΔS°a/R)) from which the values of ∆H°a 
and ∆S°a were calculated and are listed in Table 5. 
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Fig. 6. Transition-state plot for C38 steel corrosion rates (Wcorr) in 1 M HCl in absence and 
presence of different concentrations of AGEO 
 
Table 5. Activation parameters E°a, ∆S°a, ∆H°a of the dissolution of C38 steel in 1 M HCl in 
the absence and presence of different concentrations of AGEO 
 

C 
(g/L) 

E°a 
(KJ. mol-1) 

ΔH°a 
(KJ.mol-1) 

ΔS°a 
(J. mol-1.K-1) 

0 66.77 63.44 -30.28 
0.25 84.53 81.96 15.81 
0.50 87.28 84.618 22.96 

1 89.52 86.95 28.12 
2 101.92 99.26 61.90 
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It is clear from Table 5 that the E°a values the inhibited solutions are higher than those in 
uninhibited acid solution, indicating that the corrosion reaction of C38 steel is inhibited by 
AGEO. Higher values of E°a in the presence of inhibitor explain that the energy barrier of 
corrosion reaction increases with the concentration of AGEO. The lower values of E°a, 
coupled with the observed decrease in IE with a rise in temperature support the phenomenon 
of physical adsorption of AGEO molecules on the steel surface [29,30]. The value of ∆H°a 
are positive, suggesting that the C38 steel dissolution process is endothermic one. It appears 
also that the value of ∆H°a increased with inhibitor concentration, indicating higher 
protection efficiency observed for the system. However, the obtained values of E°a and ∆H°a 
are between 80 and 100 KJ.mol-1, which indicates that the adsorption process is attributable 
to chemical adsorption [31]. Finally, we conclude that combinate adsorption (physisorption 
and chemisorption) was proposed for the AGEO molecules on C38 steel surface. The positive 
values of ∆S°a imply that the activated complex in the rate determining step represents a 
disordering taking place from reactants to the activated complex. The degree of this disorder 
continued to increase with the increase of the value of ∆S°a [32].  
 

3.6. Adsorption isotherm and Thermodynamic parameters  

The inhibition performance is explained based on molecular adsorption on the steel 
surface. To understand the interactions of the AGEO molecules with the active sites on the 
metal surface, several adsorption isotherms were tested and the correlation coefficient, R2, 
was used to choose the isotherm that best fit experimental data.  
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Fig. 7. Variation of u with different concentration of AGEO fitted to Langmuir isotherm at 
different temperatures 
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Indeed, the best agreement was obtained using the Langmuir adsorption isothermal 
equation as follows: 

CC
inh

inh

K
1

θ
+=                                                                                                                       (9) 

where, Cinh is the concentration of inhibitor, K is the adsorption–desorption equilibrium 
constant and θ is the surface coverage, which can be calculated by the ratio of IE (%)/100 for 
different AGEO concentration. The corresponding plots obtained from weight loss 
measurements are shown in Fig. 7.  

As shown in Fig. 7, the slopes of the linear plots are close to 1 and the correlation 
coefficients (R2) at all temperatures are almost equal to 1 (Table 6), which confirms the 
assumption that the adsorption of AGEO on the C-steel surface obeys Langmuir adsorption 
isotherm. 
Thermodynamic parameters are very important for the understanding of the adsorption 
process of inhibitor on the steel/solution interface. The equilibrium adsorption constant, K is 
related to the standard Gibb’s free energy of adsorption (ΔG°ads)with the following equation: 

𝐊𝐊 = 𝟏𝟏
𝟓𝟓𝟓𝟓.𝟓𝟓

𝐞𝐞𝐞𝐞𝐞𝐞 ( ∆𝐆𝐆𝐚𝐚𝐚𝐚𝐚𝐚
°

𝐑𝐑𝐑𝐑
)                                                                                                          (10) 

The standard adsorption enthalpy (ΔH°ads) could be calculated on the basis of Van’t Hoff 
equation (Eq. (11)).  
 
Table 6. Thermodynamic parameters for adsorption of AGEO on C38 steel in 1 M HCl 
solution at different temperatures from Langmuir adsorption isotherm 
 

Température 
(K) R2 K 

(L/g) 
∆G°ads 

(KJ.mol-1) 
ΔH°ads 

(KJ.mol-1) 
ΔS°ads 

(J.mol-1.K-1) 

298 0.999 12.34 -23.75 

-19.61 

12.57 
308 0.998 11.11 -24.26 13.84 
318 0.998 8.54 -24.33 13.65 
328 0.994 4.85 -23.51 10.82 
338 0.998 5.81 -24.73 14.09 

 
Besides, the standard adsorption entropy (ΔS°ads) can be calculated using the following 

thermodynamic basic Eq. (12). 

𝐋𝐋𝐋𝐋 𝐊𝐊 = −∆𝐇𝐇𝐚𝐚𝐚𝐚𝐚𝐚
°

𝐑𝐑𝐑𝐑
+  𝐃𝐃                                                                                                               (11) 

∆𝐒𝐒𝐚𝐚𝐚𝐚𝐚𝐚° = ∆𝐇𝐇𝐚𝐚𝐚𝐚𝐚𝐚
° −∆𝐆𝐆𝐚𝐚𝐚𝐚𝐚𝐚

°

𝐑𝐑
                                                                                                           (12) 
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where R is the universal gas constant, T is the thermodynamic temperature, D is 
integration constant, and the value of 55.5 is the concentration of water in the solution in 
mol/L (103 g/L). To calculate the ΔH°ads, Ln(K) was plotted against 1/T (Fig. 8) and straight-
line was obtained with slope equal to (-ΔH°ads/R). The obtained value is listed in Table 6. 

Results presented in Table 6 indicate that the K values decrease with increasing 
temperature showing that the molecules of the oil were physically adsorbed on the steel 
surface. Also, it is clear that the ∆G°ads are negative values, meaning that the adsorption of 
inhibitor molecules onto the C-steel surface in HCl is spontaneous. It is well known that 
values of ΔG°ads around −20 KJ.mol−1 or lower are associated with the physisorption 
phenomenon, while those around −40 KJ.mol−1 or higher are associated with the 
chemisorption phenomenon [33]. In the present study, the values of ∆G°ads are with the range 
from 20 to 40 KJ.mol-1, indicating that some phytochemical compounds of AGEO can be 
adsorbed chemically and others can be adsorbed physically on C38 steel surface. The 
negative values of ∆H°ads reflect the exothermic behavior of the adsorption of AGEO on the 
C-steel surface. Moreover, the positive value of ΔS°ads means that the process of adsorption is 
accompanied by an increase in solvent entropy. The adsorption of inhibitor molecules at the 
metal/solution interface can be represented by a quasi-substitutional process between the 
inhibitor in the aqueous phase Inh(sol) and water molecules at the electrode surface H2O(ads) 

[34]: 

( ) 2 ) 2 ( )( ( )sol ads adssolOrg xH O xH O Org+ ↔ +                                                                               (13) 

where x is the size ratio, that is, the number of water molecules replaced by one organic 
inhibitor. 

 

 
Fig. 8. Van’t Hoff’s plot of Ln K against 1/T for the adsorption of AGEO onto C38 steel 
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3.7. Quantum chemical calculations 

The effectiveness of inhibiting corrosion by an EO is closely related to its chemical 
composition consisting generally of a mixture of phytochemical components, including 
terpenic hydrocarbons and their oxygenated terpenoid derivatives, as well as aromatic and 
phenolic compounds. This complexity makes it rather difficult to accurately determine the 
exact contributions of the different components to the inhibitory effect of the entire extract. 
Nevertheless, it is possible to the inhibition effectiveness of these extracts might be related to 
one specific molecule, especially major compound, or those susceptible to be active, or to a 
synergistic effect of all compounds. The quantum chemical computations have been 
calculated in order to correlate the inhibitive effect of the extract and the electronic properties 
of its main constituents and also to determine their possible contributions to the overall 
inhibiting effect. Hence, in this study also, quantum chemical calculations were performed to 
characterize the electronic structures of selected major constituents of AGEO namely 
Carvone, Dillapiol and Limonene. Fig. 9 illustrates the optimized structure, the lowest 
unoccupied molecular orbital (LUMO), the highest occupied molecular orbital (HOMO) and 
the molecular electrostatic potentials (MEP) of three major constituents. The some calculated 
quantum chemical parameters EHOMO (the energy of the highest occupied molecular orbital), 
ELUMO (the energy of the lowest unoccupied molecular orbital), ΔE (ELUMO-EHOMO) and the 
dipole moment (µ) are listed in Table 7.  

 

 
 
Fig. 9. Optimized structure, HOMO, LUMO and MEP distributions of the calculated 
molecules obtained from B3LYP method using 6-311G (d,p) 
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High values of EHOMO indicate the tendency of the molecule to donate electrons to 
unoccupied orbital of the metal, while low value of ELUMO is related to the ability of the 
molecule to accept electrons from metal surface.  

Consequently, the lower values of ΔE provide an indication for the stability of the formed 
complex on the metal surface, which substantially results in good inhibition efficiencies 
[35,36]. 

It could be seen that the HOMO density for Carvone is mainly located on the entire 
molecule and strongly distributed in the α,β-unsaturated carbonyl system and the isopropenic 
unit, while the LUMO density is located only around the atoms of the α,β-unsaturated 
carbonyl system. The HOMO and LUMO orbitals for Dillapiol are similar and concentrated 
along the safrol motif (bicyclic nucleus) and the methoxy groups. Likewise for Limonene, the 
HOMO and LUMO are similar and distributed over the entire molecule. Furthermore, MEP is 
widely used as a map representing the type of reactivity in a molecule. Indeed, the negative 
(red color) regions were related to electrophilic reactivity (nucleophilic attack regions) and 
the positive (blue color) ones to nucleophilic reactivity (electrophilic attack regions) [37]. It is 
obvious from Fig. 9 that the regions around the oxygen atoms (C=O, C-O) represents the 
more negative potential regions (red), which was the most susceptible site for electrophilic 
attacks and could offer electrons to the steel surface to form a coordinate-type of a bond. The 
slight electron rich region (yellowish white) were on the double bonds (C=C). On the other 
hand, the most positive regions (blue) occupy the rest of the molecule. The color code of the 
maps in the range -0.0205 a.u. (deepest red) to 0.0205 a.u. (deepest blue). 
 
Table 7. Calculated quantum chemical parameters for the major effective components of 
AGEO obtained from B3LYP method using 6-311G (d,p) 
 

 Carvone Dillapiol Limonene 

EHOMO (eV) -6.45 -6.02 -6.13 

ELUMO (eV) -1.23 0.28 0.75 

ΔE = ELUMO-EHOMO (eV) 5.22 5.74 6.88 

 µ (D) 3.46 1.84 0.65 

 
The results of Table 7 show that there are only small differences (less than 0.43 eV) 

between the values of EHOMO for the different molecules, which indicate that these molecules 
have very similar capacities of charge donation to the metallic surface. Carvone has the 
lowest ELUMO (-1.23 eV) which implies the high ability to accept electrons from the d-orbital 
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of Fe However, there are only small differences between the values of ΔE for the Carvone 
and Dillapiol (less than 0.52 eV), which implies that these molecules would have very similar 
stability for the formed complex on the metal surface [36]. Moreover, the highest dipole 
moment value of Carvone compared to other compounds further confirms the strong 
adsorption ability of this molecule at the C-steel surface. Similarly, the µ of Carvone and 
Dillapiol are higher than that of H2O, indicating that the adsorption can be regarded as a 
quasisubstitution process between these molecules and water molecules at the electrode 
surface. According to these theoretical data, we can deduce that Carvone and Dillapiol are 
presumed to play the most important role in the inhibition performance of AGEO. 
 

3.8. Molecular Dynamic Simulations 

MDS have been investigated to research the interaction between Carvone and metal 
surface. The interaction energy Einteraction between the inhibitor molecule and the Fe (110) 
surface is calculated by Eq. (14) [38]: 

Einteraction= Etotal- (Esurface+ Einhibitor)                                                                                   (14) 

where, Etotal, Esurface, Einhibitor correspond respectively to the total energies of the Fe (1 1 0) 
surface with adsorbed inhibitor Fe surface and inhibitor. The interaction energy is regarded as 
an indication of the stability of inhibitor/surface interaction. The binding energy is expressed 
as Ebinding=-Einteraction, where a negative value of EBind corresponds to a stable adsorption 
structure.  

 

 
Fig. 10. Typical energy profile plots for Dillapiol/H2O, HCl/Fe (1 1 0) system obtained 
during 5 cycles of the Monte Carlo simulation process 
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Table 8. Outputs and descriptors calculated by the Mont Carlo simulation for adsorption of 
Carvone, Dillapiol and Limonene on Fe (1 1 0) (in kj.mol-1) 
 

Molecule Phase 
Total 

energy 
Adsorption 

energy 
Rigid 
energy 

Deformation 
energy 

dEad/dNi 

Carvone 
G -580.85 -440.91 -425.27 -15.63 -440.91 
A -13338.92 -13199.02 -13556.2 357.18 -614.75 

Dillapiol 
G -412.357 -566.22 -533.95 -32.270 -566.26 
A -12850.07 -13003.98 -13340.72 336.74 834.24 

Limonene 
G -465.36 -376.70 -387.44 10.743 -376.74 

A -12928.74 -12840.08 -13216.99 376.91 -459.63 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. The adsorption energy distribution of the adsorbate (Carvone, Dillapiol and 
Limonene) on Fe (1 1 0) (a) gas phase and (b) aqueous phase 
 
Just for an example, Fig. 10 shows a typical plot of energy distribution for Dillapiol/ H2O, 
HCl/Fe (1 1 0) system during energy optimization process (Carvone:H2O:HCl=1:500:10). 
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The outputs and descriptors calculated by the Monte Carlo simulation in two phases, 
including the total adsorption (Eads), rigid adsorption (ERA), and deformation energies (Edef), 
are presented in Table 8. 

Etotal contains the Eads plus the internal energy of the sorbate. The substrate energy 
(energy of iron surface) is taken as zero.  

The ERA is the energy released (or required) when the unrelaxed adsorbate components 
(i.e., before the geometry optimization step) are adsorbed on the metal. The Edef is the energy 
released when the adsorbed adsorbate components are relaxed on the metal surface. Ead is the 
sum of ERA and Edef for the adsorbate. It is the most relevant energy parameter for adsorption 
and its high absolute value reflects a strong adsorption behavior [39].  

 

 
 
Fig. 12. Side (a) and Top (b) views of the most stable configurations for the adsorption of 
studied molecules on Fe (1 1 0) in gas phase obtained using Monte Carlo simulations 
 

In addition, dEads/dNi reports the energy of substrate–adsorbate configurations where the 
adsorbate has been removed. As is clear in Table 8, the adsorption energies of the 
constituents are negative corresponding to a stable adsorption structure. In the gas phase, the 
adsorption energies of the studied molecules increased in the order of Limonene < Carvone < 
Dillapiol and this latter molecule gave the maximum negative adsorption energy. Therefore, 
Dillapiol exhibited greater inhibition abilities as compared to the other molecules. However, 
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in the aqueous phase, it is quite clear that the adsorption energies increased in the following 
order Limonene < Dillapiol ≤ Carvone. This suggests that Carvone and Dillapiol possessed 
better inhibition performance than Limonene. Therefore, these results corroborate the 
similarities in electronic and molecular parameters deduced from the quantum chemical 
computations. In addition, the high absolute value of dEad/dNi for studied molecules means 
that the interactions of the inhibitor molecules with the metallic surface involve the 
displacement of H2O and HCl from the iron surface, resulting in the formation of a stable 
layer which can protect the steel from aqueous corrosion. This also can be seen from the 
adsorption energy distributions of adsorbates on Fe (1 1 0) substrate presented in Fig. 11. 

The close contacts between the studied molecules and the Fe (1 1 0) surface as well as the 
best equilibrium adsorption configuration for these compounds in gas and aqueous phases are 
depicted in Figs. 12 and 13. 

It can be seen from Fig. 12 that the Dillapiol and Carvone adsorbed on Fe (1 1 0) surface 
with a flat or nearly parallel orientation.  

 

 
 
Fig. 13. Side (a) and Top (b) views of the most stable configurations for the adsorption of 
studied molecules on Fe (1 1 0) in aqueous phase obtained using Monte Carlo simulations 
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This orientation can be said to maximize the contact and surface coverage, ensuring a 
strong interaction of the Fe-inhibitor complex. However, in the case of Limonene adsorption 
on iron, the methyl groups prevent it from making total parallel contact with the iron surface.  

This may be the reason for the lower binding energy obtained for Limonene adsorption on 
the iron surface when compared to other molecules. Thus, the degree of flat orientation 
corresponds to the degree of interaction between the inhibitor molecule and the surface of the 
metal. To allow a correct visualization of the orientation of the surface of the molecules, 
relative to the positions of the Fe atoms on the surface and in bulk, we modified the Fe plates 
seen from top view by reducing the diameters of the sub-surface Fe atoms (Fig 12c).  

Thus, careful inspection reveals a very clear tendency in the adsorption pattern of the 
three molecules in which the oxygen atoms of Dillapiol and Carvone, as well as the phenyl 
ring and double bonds align with the vacant sites on the metal surface. This phenomenon 
explains the high binding energies obtained from the phytochemical constituents of AGEO, 
hence the excellent inhibitory effect of the corrosion of this oil observed experimentally. 
These types of adsorption orientations have been reported for the adsorption of 
phytochemical constituents of some biomass extracts on metal surfaces [40,41].  

However, in aqueous phase (Fig. 13), it can be concluded that Dillapiol can be adsorbed 
on the iron surface mainly through the oxygen atoms from safrol motif and the methoxy 
group; while the moieties containing the α,β-unsaturated carbonyl system and the isopropenic 
unit in the Carvone can be adsorbed on Fe (1 1 0) surface. In addition, the values of 
adsorption energy in aqueous solution are slightly higher than those in the gas system. Thus, 
it can theoretically be concluded that the initial adsorption prefers parallel mode in the gas 
phase, whereas a reorientation process will take place in the aqueous phase. This is due to the 
zone clearance and the increase in the ensemble adsorption energy caused by this 
reorientation [39].  

Moreover, the measured shortest bond distances between the molecules and Fe (1 1 0) 
surface at equilibrium showed that the bonding length of Csp2-Fe and O-Fe are all less 3.5 Å, 
especially, the bonding length O-Fe is less 3.0 Å, indicating that these atoms could be 
coordinately absorbed on the iron surface by donating π-electrons to the unoccupied d-orbital 
of iron to form coordinate bonds, as well as by accepting electrons from d orbital of iron to 
form anti-bonding orbital coordinate bonds [42]. However, Van Der Waals interactions were 
also involved in the adsorption process of the inhibitors with Fe surface, in the case where the 
bond distances above 3.5 Å. In the same way, Zhang et al (2016) reported that the bond 
length of chemisorption is within the limits of 1Å~3.5 Å, while physisorption is longer than 
3.5 Å [43]. 



Anal. Bioanal. Electrochem., Vol. 11, No. 10, 2019, 1426–1451                                        1448 
 
 

3.9. Mechanism of corrosion inhibition 

Generally, the mechanism of corrosion inhibition in acid medium is clarified by the 
adsorption of essential oil phytochemical components onto the metal surface. The process of 
adsorption is governed by different parameters almost depend on the chemical structure of 
these inhibitors. Accordingly, the inhibitive action of AGEO could be attributed to the 
adsorption of its phytoconstituents, especially its major constituent namely Carvone (43.5%) 
Dillapiol (26.7%) and Limonene (15.4%), on the carbon steel surface. These compounds 
represent 86% of the total oil and contain oxygen atoms in functional groups (C=O, C–O) 
and π-electrons of the double bonds (C=C) and aromatic rings, which meet the general 
characteristics of typical corrosion inhibitors.  
 

 
 

Fig. 14. Simplified schema of mechanism of AGEO in inhibition of metallic corrosion 
 

However, it is also possible that the minor components might be involved in some type of 
synergism effect with these three compounds. 
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Generally, in aqueous acidic solution, the organic molecules of AGEO exist either as neutral 
molecules or in the form of protonated organic molecules (cations). Therefore, two modes of 
adsorption are considered on the metal surface in acid media. In the first mode, the 
protonated molecules can be adsorbed on the surface of the steel through the physisorption 
mechanism, involving the electrostatic interactions between the cationic ions of the inhibitor 
molecules and the opposite charge of the metal either "directly" if the surface of the metal is 
negatively charged or "indirectly" if positively charged (Fig. 14 a,b),. In the latter case, 
chloride ions (Cl-), present in solution, first adsorbed on the surface of the metal, creating an 
excess of negative charges in the vicinity of the metal surface. In the second mode, the 
neutral molecules may be adsorbed on the surface of metal by chemisorption through 
“donor–acceptor” interactions (chemisorption mechanism) between: (i) the π-electrons of 
double bonds as well as the phenyl group and/or unshared electron pairs of oxygen atoms of 
EOs molecules with the vacant “d” orbitals of metal donation) (Fig. 14c), (ii) the anti-
bonding molecular orbitals (vacant p*) of the EOs molecules and the d-electrons of surface 
metal-atoms (reterodonation) in order to relieve the extra negative charge from the metal 
(Fig. 14d). 

 

4. CONCLUSION 

The AGEO acts as a highly efficient mixed inhibitor for the corrosion of C38-steel in 1 M 
HCl solution. At the highest extract concentration of 2 g/L, the inhibition efficiency is 
increased markedly and reached 96%. The inhibitory action is performed via adsorption of 
the extract constituents on C38 surface, especially its major constituent namely Carvone 
(43.5%) Dillapiol (26.7%) and Limonene (15.4%). The adsorption process obeys the 
Langmuir adsorption isotherm and is a spontaneous, exothermic process accompanied by an 
increase in entropy. The quantum-chemical computations were performed to find out whether 
a clear link exists between the inhibitive effect of the EO and the electronic properties of its 
main constituents. These results revealed that Dillapiol and Carvone are presumed to play the 
most important role in the inhibition performance of AGEO. MDS suggests that the stronger 
interactions of the Dillapiol and Carvone with the metallic surface and these molecules can be 
adsorbed on Fe (1 1 0) surface in a near flat orientation, mainly through the oxygen atoms 
from safrol motif and the methoxy group for Dillapiol and the α,β-unsaturated carbonyl 
system for Carvone. The MDS suggests that three major compounds adsorb on Fe (1 1 0) 
surface in a nearby flat manner in the gas phase, but show some distortions with higher 
adsorption energies in the aqueous phase (solvent effect). 
 

 

 



Anal. Bioanal. Electrochem., Vol. 11, No. 10, 2019, 1426–1451                                        1450 
 
 

REFERENCES  

[1] A. H. Ostovari, S.M. Peikari, S.R.Shadizadeh, and S.J. Hashemi, Corros. Sci. 51 (2009) 
1935. 

[2] D. Landolt. Corrosion and surface chemistry of metals, 1st ed., Switzerland: EPFL Press 
(2007). 

[3] N.O. Eddy, and E.E. Ebenso, Afr. J. Pure Appl. Chem. 2 (2008) 46. 
[4] S. Bilgic, Korozyon 13 (2005) 3. 
[5] A. V. Fokin, M. V. Pospelov, E. S. Churshukov, L. P. Maiko, A. Ya. Sergeikin, Y. N. 

Shekhter, and T. I. Belova, Chem. Tech. Fuels Oils. 22 (1986) 62. 
[6] A. Ansari, M. Znini, A. Laghchimi, J. Costa, P. Ponthiaux, and L. Majidi, Der Pharma. 

Lett. 7 (2015) 125. 
[7] M. Znini, M. Bouklah, L. Majidi, S. Kharchouf, A. Aouniti, A. Bouyanzer, B. 

Hammouti, J. Costa, and S.S. Al-Deyab, Int. J. Electrochem. Sci. 6 (2011) 691. 
[8] S. Andreani, M. Znini, Paolini, L. Majidi, B. Hammouti, J. Costa, and A. Muselli, Int. J. 

Electrochem. Sci. 8 (2013) 11896. 
[9] F. Darriet, M. Znini, L. Majidi, A. Muselli, B. Hammouti, A. Bouyanzer, and J. Costa, 

Int. J. Electrochem. Sci. 8 (2013) 4328. 
[10] M. Manssouri, Y. El Ouadi, M. Znini, J. Costa, A. Bouyanzer, J.M. Desjobert, and L. 

Majidi, J. Mater. Environ. Sci. 6 (2015) 631. 
[11] S. Andreani, M. Znini, J. Paolini, L. Majidi, B. Hammouti, J. Costa, and A. Muselli, J. 

Mater. Environ. Sci. 7 (2016) 187. 
[12] S. Jana, and G.S. Shekhawat, Pharmacog. Rev. 4 (2010) 179. 
[13]  K.K. Chahal, Monika, A. Kumar, U. Bhardwaj, and R. Kaur, J. Pharmacog. 

Phytochem. 6 (2017) 295. 
[14] I. Blank, and W. Grosch, J. Food Sci. 56 (1991) 63. 
[15] R. Huopalathi, and R.R. Linko, J. Agri. Food Chem. 31 (1983) 331. 
[16] Council of Europe, European Pharmacopoeia, (3rd ed.) Strasbourg (1997). 
[17] T. Tsuru, S. Haruyama, and B. Gijutsu, Jpn. Soc. Corros. Eng. 27 (1978) 573. 
[18] L. Guo, S. Zhu, S.  Zhang, Q. He, and W. Li, Corros. Sci. 87 (2014) 366. 
[19] A. Khaldia, B. Meddah, A. Moussaoui, P. Sonnetc, and M.M. Akermy, J. Chem. 

Pharm. Res. 7 (2015) 615. 
[20] H. Said-Al Ahl, and E. Omer, Int. J. Pharm. Pharm Sci. 8 (2016) 227. 
[21] G. Singh, S. Maurya, and C. Catalan, J. Food Sci. 70 (2005) 208. 
[22] A. Mahmoodi, L. Roomiani, M. Soltani, A.A. Basti, A. Kamali, and S. Taheri, Global 

Veterinaria 9 (2012) 73. 
[23] J. Tian, X.Q. Ban, H. Zeng, B. Huang, J.S. He, and Y.W. Wang, Food Control. 22 

(2011) 1992. 

http://www.springerlink.com/content/?Author=A.+V.+Fokin
http://www.springerlink.com/content/?Author=M.+V.+Pospelov
http://www.springerlink.com/content/?Author=E.+S.+Churshukov
http://www.springerlink.com/content/?Author=L.+P.+Maiko
http://www.springerlink.com/content/?Author=A.+Ya.+Sergeikin
http://www.springerlink.com/content/?Author=Yu.+N.+Shekhter
http://www.springerlink.com/content/?Author=Yu.+N.+Shekhter
http://www.springerlink.com/content/?Author=T.+I.+Belova
http://www.springerlink.com/content/0009-3092/
http://www.springerlink.com/content/0009-3092/22/2/


Anal. Bioanal. Electrochem., Vol. 11, No. 10, 2019, 1426–1451                                        1451 
 
 

[24] A.K. Satapathy, G. Gunasekaran, S.K. Sahoo, K. Amit, and P.V. Rodrigues, Corros. 
Sci. 51 (2009) 2848. 

[25] A.R. Sathiyapriya, V.S. Muralidharan, and A. Subramanian, Corrosion 64 (2008) 541. 
[26] F. Mansfeld, M.W. Kendig, and S. Tsai, Corrosion 38 (1982) 570. 
[27] K. Juttner, Electrochim. Acta 35 (1990) 1501. 
[28] M.K. Pavithra, T.V. Venkatesha, M.K. Punith Kumar, and H.C. Tondan, Corros. Sci. 60 

(2012) 104. 
[29] E.E. Ebenso, Mater. Chem. Phys. 79 (2003) 58. 
[30] S.A. Umoren, and I.B. Obot, Surf. Rev. Lett. 15 (2008) 277. 
[31] S. Martinez, and I. Stern, Appl. Surf. Sci. 199 (2002) 83. 
[32] R.A. Prabhu, A.V. Shanbhag, and T.V. Venkatesha, J. Appl. Electrochem. 37 (2007) 

491. 
[33] I.B. Obot, and N.O. Obi-Egbedi, Corros. Sci. 52 (2010) 282. 
[34] A. Döner, and G. Kardas, Corros. Sci. 53 (2011) 4223. 
[35] G. Gece, Corros. Sci. 50 (2008) 2981.  
[36] N.O. Obi-Egbedi, and I.B. Obot, Corros. Sci. (2011) 263. 
[37] N.A. Wazzan, O.S. Al-Qurashi, and H.M. Faidallah, J. Mol. Liquids29 (2016) 223. 
[38] K. Khaled, Electrochim. Acta 53 (2008) 3484. 
[39] L. Guo, S. Zhu, S. Zhang, Q.He, and W. Li, Corros. Sci.87 (2014) 366. 
[40] E.E. Oguzie, K.L. Oguzie, C.O. Akalezi, I.O. Udeze, J.N. Ogbulie, and V.O. Njoku, 

ACS Sustainable Chem. Eng. 1 (2013) 214.  
[41] I.M. Mejeha, M.C. Nwandu, K.B. Okeoma, L.A. Nnanna, M.A. Chidiebere, and F.C. 

Eze, E.E. Oguzie, J. Mater. Sci. 47 (2012) 2559. 
[42] S.A. Umoren, I.B. Obot, A. Madhankumar, and Z.M. Gasem, J. Adhesion Sci. Technol. 

29 (2015) 271. 
[43] Z. Zhang, N. C. Tian, X. D. Huang, W. Shang, and L. Wu, RSC Adv. 6 (2016) 22250. 

 
 
 
 
 
 
 
 

Copyright © 2019 by CEE (Center of Excellence in Electrochemistry) 

ANALYTICAL & BIOANALYTICAL ELECTROCHEMISTRY (http://www.abechem.com) 

Reproduction is permitted for noncommercial purposes. 

http://www.abechem.com/

	2.2. GC and GC-MS analysis
	2.5. Electrochemical studies
	Electrochemical measurements were carried out in a conventional three-electrode electrolysis cylindrical Pyrex glass cell. The working electrode (WE) in the form of disc cut from C28 steel has a geometric area of 1 cm2 and is embedded in polytetrafluo...
	2.6. Quantum chemical calculations
	2.7. Molecular dynamics (MD) simulations
	3. RESULTS AND DISCUSSION
	3.1. Essential oil composition
	3.2. Weight loss measurements
	3.3. Potentiodynamic polarization curves
	3.4. Electrochemical impedance spectroscopy (EIS)
	3.5. Kinetic/Activation parameters
	3.6. Adsorption isotherm and Thermodynamic parameters
	3.7. Quantum chemical calculations
	3.8. Molecular Dynamic Simulations
	3.9. Mechanism of corrosion inhibition

