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The corrosion inhibition capabilities of menthone, discovered in 2014 by our team, encouraged us to prepare again a new derivative of
menthone called 7-isopropyl-4-methyl-4,5,6,7-tetrahydrobenzoisoxazole (MD). This compound was characterized by FT-IR, 1H NMR and
13

C NMR techniques. Then, the evaluation of corrosion inhibition and adsorption behavior of MD onto carbon steel was carried out in 1 M

HCl using the weight loss analysis and electrochemical methods such as potentiodynamic polarization (PDP), and electrochemical
impedance spectroscopy. The inhibition efficiency was increased by the increase of both the dose of MD (0.72 to 5.65 mM) and the
temperature of the medium (298 to 323 K). The thermodynamic kinetic parameters showed that the adsorption of MD on the carbon steel
surface follows the Langmuir adsorption isotherm. Furthermore, PDP measurements exhibited that the studied MD inhibitor performs as a
mixed-type inhibitor. Finally, the density functional theory, molecular electrostatic potential and Monte Carlo studies were performed to
gain an insight about adsorption mechanism, indicating that the MD inhibitor can effectively limit corrosion onto the carbon steel surface.
Based on the results, we have concluded that the synthesized MD can be used as an efficient inhibitor to stop carbon steel surface
corrosion.
Keywords: Menthone derivative, Corrosion inhibitor, Density functional theory, Monte Carlo Simulation

INTRODUCTION
Carbon steel is one of the major building materials that
are widely used in industry [1,2]. In acidic medium, this
metal is attacked by the aggressiveness of corrosive
environments. To limit its potential corrosion, many organic
compounds containing hetero-atoms, lone pair electrons,
double/triple bonds, aromatic ring, or all, have proven
to be among the most effective organic corrosion
inhibitors. Several studies in this field reveal that these
organic inhibitors can adhere to the surfaces of metals via
*Corresponding author. E-mail: ansdesa2@yahoo.fr

adsorption of polar functional groups including heteroatoms
(N, P, O and S) an the π-electrons of functional groups
and aromatic rings that form a protective surface [3,4].
Typically, this metal/inhibitor adsorption depends on the
nature of the electrode surface, electrochemical potentials at
the metal/solution interface as well as the structure and
electronic properties of the inhibitor [5,6]. In this regard,
numerous studies have revealed that monoterpenoid ketones
possess corrosion-inhibiting properties in the acidic medium
[7-9]. For instance, we reported previously that menthone is
an efficient corrosion inhibitor for steel in acidic media
[10]. In continuation of our work and to improve the
inhibition efficiencies of menthone we have synthesized the
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Scheme 1. Synthesis of 7-isopropyl-4-methyl-4,5,6,7-tetrahydrobenzoisoxazole (MD)

menthone derivative comprising of some electron-rich
active sites in the form of heteroatoms (oxygen and
nitrogen) and π-electrons. In addition, computational
approaches have been also widely used to a deep
understanding of the adsorption mechanism between the
metal surface and inhibitor, elucidating the chemical and
physical properties of structures and sometimes proving the
adsorption behavior of inhibitor compound towards the
metal surface [11,12]. Our study here contains four parts; i)
synthesis of new menthone derivative, namely, 7-isopropyl4-methyl-4,5,6,7-tetrahydrobenzoisoxazole (MD), and its
characterization using FT-IR, 1H NMR and 13C NMR
techniques, ii) testing the corrosion inhibition of MD using
the monitoring techniques such as low weight
measurements and electrochemical methods, and iii) using
the modeling approaches such as the density functional
theory (DFT), molecular electrostatic potential (MEPS) and
Monte Carlo (MC) to evaluate the corrosion inhibition and
adsorption behavior of the MD towards the iron surface
(110) (the main constituent of CS) in 1 M HCl as corrosive
solution medium. The corrosion inhibition process is carried
out in acidic solution that consequently leads to protonation
of inhibitors with both lone pair of electrons and possibly
the increase of nucleophilic sites of carbon atoms. To verify
this, the calculation results of non-protonated forms will be
discussed, and then compared to those of the protonated
forms.

Co. The preparation of the 2-hydroxymethylenementhone
intermediate was required for the synthesis of 7-isopropyl4-methyl-4,5,6,7-tetrahydrobenzoisoxazole (MD) started
with the formylation of menthone (M) previously reported
in our publication [13] (Scheme 1). To do so, to a solution
of hydroxylamine (NH2OH) (0.08 mol) and 40.0 ml
of toluene as a solvent, 2-hydroxymethylenementhone
(0.04 mol) was added. The reaction mixture was then
refluxed for 4 h. After rearward filtration, the solvent was
removed under reduced pressure. The residue was purified
by column chromatography affording the corresponding
product
7-isopropyl-4-methyl-4,5,6,7-tetrahydrobenzoisoxazole (MD) in 75% yield (Scheme 1). The MD product
was characterized by deducing NMR1H, NMR13C and
infrared data (Fig. 1 and Table 1)

Preparation of CS Samples, Corrosive Solutions,
and Inhibitors
Corrosion tests were performed on the CS samples with
dimension of 222 cm; the CS metal presents the
subsequent composition with mass percentages (%): P 0.09,
Si 0.38, Al 0.01, Mn 0.05, C 0.21, S 0.05 and Fe 99.21.
Before each corrosion test, the MS samples were
mechanically grazed with sequential grades emery papers
(400, 600 and 1200 grit), and ensuing rinsed and degreased
with distilled water and acetone, respectively, then dried
and weighed. The corrosive acid solution (a molar
hydrochloric acid (1 M of HCl)) was prepared from the
concentrated commercial acid of HCl (37%) by dilution
with distilled water. For the three corrosion monitoring
techniques (WL, EIS and PDP), we worked in the different
concentrations of inhibitor (MD) as follows: 0.7, 1.4, 2.8
and 5.58 mM.

EXPERIMENTAL
Synthesis of MD
All chemical reagents designed for this synthesis were
of analytical grades and obtained from Aldrich Chemical
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Fig. 1. 1H NMR (a) and 13C NMR (b) spectra of MD.
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Table 1. Spectral Characterization Data of MD
IR data

1

7.36 (S, 1H); 2.78 (m, 1H); 2.14

18.73 (CH3); 20.19 (CH3);

ν C-H 2872; νC=N 1625; νC=C 1458;

(m, 2H); 1.50 (m, 2H); 0.9 (d,

22.3 (CH3); 26.1 (CH); 29.65

ν C-O 1227.

3H);1.22 (d, 3H); 1.04 (d, 3H);

(CH2); 30.8 (CH); 38.7 (CH);

0.68 (d, 3H)

122 (CH); 132 (C); 144 (C).

cut form of CS as a working electrode (1 cm2), a saturated
calomel electrode (Ag/AgCl) as a reference electrode and a
platinum electrode as against electrode. All electrochemical
measurements were carried out using a potentiostat/
galvanostat (Model 263A) and the electrochemical
parameters values were determined using the Volta Master
4 software. We note that all potentials measurements in this
study were obtained concerning the potential value of the
reference electrode.
The PDP tests are achieved in 1 M HCl (without MD)
and in different concentrations of MD concentrations (0.7 to
5.6 mM) at the temperature range of 298-328 K,
simultaneously. Furthermore, the cathodic and anodic
curves are plotted by varying the electrode potential
between -800 and +800 mV versus reference electrode at
open circuit potential with a scan rate of 0.5 mV s-1.
Inhibitory efficiency (IE%) is determined based on the
current corrosion i of CS at the above conditions according
to following equation (Eq. (4)):

Weight loss (WL) measurements. The prepared CS
samples were weighed, and then immersed in 1 M HCl with
and without different concentrations from 0.7 to 5.6 mM of
MD under different temperatures of 298 to 328 K after an
exposure time of 6 h [14]. Inhibitory efficiency (IE%) is
determined based on the CS corrosion rates W (mg cm-2 h-1)
according to the subsequent relationship (Eqs. (1), (2)) [15]:
mb  m a
S .t

(1)

where m b and ma (mg) are the CS sample weights before
and after immersion in the tested solution. S is the area of
the CS sample (cm2) and t is the exposure time (h),
IE % 

WHCl  Winh
 100
WHCl

(2)

where WHCl and Winh are the MS corrosion rates in both
uninhibited and inhibited solutions, respectively. The extent
of the surface coverage (θ) is defined as follows (Eq. (3))
[16]:


C NMR data

ν = C-H 2959; ν C-H 2932.

Corrosion Monitoring Techniques

W

13

H NMR data

IE %
100

IE % 

iHCl  iinh
 100
iHCl

(4)

where iHCl and iinh are the corrosion current densities without
and with inhibitor, respectively. Total charge transfer
resistances Rt(HCl) (without MD) and Rt(inh) (with MD) were
calculated from Nyquist plots by measuring the impedance
difference at low and high frequencies. We maintained the
above experiment conditions, and then we performed the
EIS tests in the frequency series varying from 100 kHz
to 10 MHz at open circuit potential with a signal amplitude
of 10 mV. The inhibitory efficiency (IE%) is designed

(3)

Electrochemical (PDP and EIS) measurements.
Before realizing each electrochemical corrosion test, the
studied CS was immersed in the test solution for 30 min at
the open circuit potential (EOCP) to find a steady-state. Both
PDP and EIS tests were performed utilizing an assembly of
the electrochemical cell containing three electrodes: a disc
116
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according to Eq. (5).
IE % 

Rt (inh )  Rt ( HCl )
Rt ( inh)

 100

in a simulation box of 24.82×24.82×40 Å with periodic
boundary conditions. The simulation study was conducted
in tow environments: firstly, in a vacuum (MD or MDH+
and Fe (110) surface) and secondly, in solution (MD or
MDH+, 500 molecules of water and Fe (110) surface)
using COMPASS (condensed-phase optimized molecular
potentials for atomistic simulation studies) force field [32].

(5)

The capacity of the double layer (Cdl) is determined as
follows (Eq. (6)) [17]:
C dl 

1
2 f max Rt

RESULTS AND DISCUSSION

(6)

Corrosion and Adsorption Behavior of MD on
Carbon Steel Surface in 1 M HCl

fmax is the frequency for which the imaginary part of the
impedance is maximum.

Weight loss analysis, kinetic and thermodynamic
parameters. Effect of MD concentration and temperature
media: This part aimed to study the influence of MD
concentration and temperature media on the progress of
corrosion rate of carbon steel (CS) and the inhibition
efficiency associated to the MD in corrosive media (1 M
HCl) at range temperature of 298-328 K without and with
different concentrations of inhibitor (MD), the results are
depicted in Table 2. Based on the results in Table 2, the MD
has an inhibiting behavior to limit corrosion on CS surface;
furthermore, it is observed that the corrosion rate of CS
decreases when the concentration of inhibitor increases and
consequently the inhibition efficiency of MD increases for
the concentration of 5.58 mM; reaching a high value of IE%
varies from 92% at 298 K to 97% at 328 K. This is probably
due to the increase of the surface coverage θ for the studied
adsorption; thus, it could be ensured the apparition of the
defensive deposit which limits the dissolution of the carbon
steel. In other words, it is observed that the inhibition
efficiency of MD is slightly increased when the temperature
media increases, which probably results in the
chemisorption behavior of MD onto CS surface.
Kinetic and thermodynamic parameters of adsorption:
According to the Arrhenius plot (Fig. 2) (representation of
ln(W/T) vs. 1/T), we calculated the enthalpy ΔH°a and
entropy ΔS°a energies, then the standard activation E°a was
calculated from the plot of ln(W) against 1/T. These
parameters were applied for the carbon steel without
inhibitor MD (1 M HCl alone) and with inhibitor (1 M HCl
+ 5.58 mM of MD) based on the following equations:
(Eq. (7)) for ΔH°a and ΔS°a energies [33] and Eq. (8) for
E°a energy [34]. The output parameters from the Arrhenius

Theoretical Procedures
DFT and MESP calculations. The optimized
geometries of both MD (neutral form) and MDH+
(protonated form) were performed using DFT method
[18] embedded in Gaussian 09 software [19] in the
scheme of B3LYP [20] with the 6-31G++(d,p) [21].
Then, we calculated the following global quantum
descriptors for the target structures: energy of HOMO
(highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital), the electronegativity
χ (χ = -(EHOMO + ELUMO)/2), the energy gap of frontier
orbital ΔEg (ΔEg = ELUMO - EHOMO) [22,23], the hardness η
(η = ELUMO - EHOMO), the softness σ (0.5/η) [24,25], the
fraction of electrons transferred ΔN from the MD to the
bulk iron surface (1 1 0) (ΔN = 0.5((χFe(110) - χ)(ηFe(110)+ η)-1)
[26], where the values of χFe(110) and ηFe(110) are 7 and
0 eV mol-1, respectively [27]. The back-donation parameter
ΔEbd (-η/4) of MD and MDH+ was also calculated [28].
Therefore, the local reactivity of the studied structures was
examined by analyzing the shapes of the HOMO, LUMO
and MEPS surfaces as well as by competing for both Parr
and Fukui indices [29,30].
Monte Carlo simulations. The most stable adsorption
configurations of DM and DMH+ on the Fe (110) surface
were attained from the adsorption locator module using
Biovia Materials studio 8.0 [31]. For doing so, the Fe (110)
plane was firstly built from Fe crystal and optimized using
smart minimizer. Then, the plane was expanded to the
supercell of 12912. The simulation of the interaction
between adsorbent and Fe (110) surface was implemented
117
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Table 2. The Corrosion Rate of CS (W), the Inhibitory
Efficiency (IE%), and Coverage Surface (θ) in
Corrosive Media 1 M HCl at Different Temperatures
without and with the Various Concentrations of MD
(C) Explored from WL Measurements
C

298 °K

308 °K

318 °K

328 °K

W
-2

(mM)

(mg cm h )

(%)

1 M HCl

1.032

-

0.70

0.186

82

1.40

0.155

85

2.79

0.103

90

5.58

0.083

92

1 M HCl

1.803

-

0.70

0.198

89

1.40

0.180

90

2.79

0.126

93

5.58

0.090

95

1 M HCl

3.483

-

0.70

0.348

90

1.40

0.313

91

2.79

0.209

94

5,58

0.139

96

1 M HCl

5.883

-

0.70

0.529

91

1.40

0.471

92

2.79

0.235

96

5.58

0.176

97

 E 
ln W  ln A'   a 
 RT 

plot (Fig. 2) are listed in Table 3,
 R  S a 
W 
 
ln    ln 

R 
T 
 N a h 

 H a 


 RT 

IE
-1

(8)

(7)
where W, R, T, h and Na signify the corrosion rate, the
118

Evaluation of Corrosion Inhibition and Adsorption Behavior/Anal. Bioanal. Chem. Res., Vol. 8, No. 2, 113-128, December 2020.

Fig. 2. CS Arrhenius plots in 1 M HCl without and with MD inhibitor (5.58 mM) under different temperatures.

Table 3. Enthalpy H a and Entropy ΔS° Energies for Carbon Steel without
MD (1 M HCl Alone) and with MD (1 M HCl + 5.58 mM of MD)
H a

S a

Ea

(kJ mol-1)

(J mol-1 K-1)

(kJ mol-1)

1 M HCl

42.85

-100

47.84

MD (5.58 mM)

18.80

-203

23.00

universal constant of the ideal gas, the absolute temperature,
the Plank constant, and universal Avogadro number,
respectively.
From Table 3, we perceived that the activation standard
energy attained in 1 M HCl with MD inhibitor is lower
when compared with the blank value. This reflects the
chemisorption of adsorption [35]. This character of
adsorption can be attributed to the electrons transfer from
MD towards empty d-orbitals of iron atoms (main
compound of carbon steel) to form both dative and covalent
bonds. Moreover, the positive value of standard activation
enthalpy reveals the endothermic process of the corrosion
phenomenon of carbon steel [36]. In other words, the
entropy of activation values is significantly negative for the
inhibited solutions compared to that for the uninhibited
solutions. This suggests that a rise in randomness happened

when moving from reactants to the activated complex [37].
Adsorption isotherm: To gain insight into the adsorption
mechanism and the surface behavior of inhibitor molecules,
different models of adsorption isotherms were considered.
In this current study, the corresponding adsorption
with different concentrations of inhibitor under media
temperature of 298 °K was tested according to the following
isotherms: Langmuir, Temkin, and Frumkin. The results
found show that the studied adsorption obeys a Langmuir
adsorption isotherm (Fig. 3) assumed by Eq. (9) [38]. As
mentioned in Table 4, the linear regression factor of this
isotherm model appears to be close to 1,
C
1

C
 K ads

(9)

where Kads is adsorption coefficient. The Kads values can be
119

Ansari et al./Anal. Bioanal. Chem. Res., Vol. 8, No. 2, 113-128, December 2020.

Fig. 3. Langmuir isotherm adsorption model of MD on the carbon steel surface in 1 M HCl at 298 °K.

Table 4. Langmuir Isotherm Adsorption Parameters for 1 M HCl/MD/Carbon
Steel Interface at 298 °K
.

Kads

R2

-1

(kJ mol-1)

(M )
MD (5.58 mM)

7610.10

calculated from the intercept lines on the Cinh/θ axis. The ads
is linked to the standard free energy of adsorption ΔG° as
follows (Eq. (10)):
ΔG° = - RTln(55.55Kads)

ΔG°

0.99

-32.13

semi-circle diameters of carbon steel, suggesting the
prominent role of MD to block corrosion over carbon steel
metal. Therefore, the existence of a single semi-circle can
be attributed to the presence of a single charge transfer
process of adsorption which is not affected by the presence
of MD molecules [41]. Otherwise, it is observed that the
charge transfer behavior of adsorption is not changed by the
addition of MD, and the corrosion inhibition is more
probable governed by the charge transfer process [42].
Moreover, the double-layer capacity values Cdl calculated
in with MD are lower concerning those in the blank solution
(HCl alone). This suggests the formation of the protective
film during adsorption by MD molecules onto carbon steel
surface [43]. The EIS parameters are listed in Table 5. From
this table, we noticed that the charge transfer resistance
value Rct increases with the increase of MD concentration
leading to a high value of 761.4 Ω cm2 with inhibitory
efficiency of 97% at 5.60 mM. Thus, it reveals that MD
molecules can be considered as a useful inhibitor to protect

(10)

The Langmuir isotherm adsorption reflects clearly that the
adsorbed molecules of MD occupy only one protective film
and that there are no interactions between MD molecules
during adsorption [39]. Therefore, it is observed that the
value of ΔG° (-32.13 kJ mol-1) is lower -40 kJ mol-1 in a
negative value. This result suggests that the this adsorption
is chemisorption in nature [40].
Electrochemical measurements (EIS and PDP). EIS
investigation: The EIS curves of the carbon steel in 1 M
HCl were obtained in both the absence and presence of
various concentrations of MD after an exposure time of
30 min at 308 K (see Fig. 4). As can be seen in Fig. 4, the
increase of MD concentration leads to the increase of the
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Fig. 4. Nyquist plots for carbon steel in 1 M HCl without and with different concentrations of MD at 308 °K.

Table 5. EIS Parameters for Carbon Steel in 1 M HCl without and with Different
Concentrations of MD at 308 °K
Rct

Rs

Cdl

Inhibitor
Blank (1 M)

IE
-

(Ω cm²)

(Ω cm²)

(µF cm ²)

(%)

1.0

16.96

2 .149

84.12

-

0.7

108.8

2.475

73.17

84

1.4

132.4

3.727

60

87

2.8

361.1

3.911

55

95

5.6

761.4

5.939

52

97

MD (mM)

Fig. 5. The equivalent circuit used to fit the electrochemical impedance spectroscopy (EIS) data.
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carbon steel against corrosion and to reduce the reactive
sites which could be created during the corrosion
phenomenon.
PDP investigation: Potentiodynamic polarization curves
(anodic and cathodic) of carbon steel in 1 M HCl were
obtained without and with different concentrations of MD
(Fig. 6). Then, the output parameters of PDP analysis are
given in Table 6. From Fig. 6, we noticed that both cathodic
and anodic curves were translated to lower current densities
with an increase of MD concentration. Furthermore,
the corresponding corrosion potential was appeared
approximately constant, signifying that MD into adsorption
acts as a mixed type inhibitor [44]. Additionally, we noticed
that the current density values of corrosion are decreased
with an increase of MD concentration leading to a minimum
value of 26 µA cm-2 with inhibitory efficiency of 89% at
5.60 mM. This result suggests that MD can be considered as
a good inhibitor to limit the deterioration of carbon steel in
the acidic medium of HCl.

MD (MDH+) has a higher tendency to donate electrons to
empty 3d orbital of iron atoms available on the studied
surface compared to the neutral form of MD, which is
confirmed by the higher electronegativity of the MDH+
(8.98 eV) compared to the MD (3.34 eV). It could lead to
the increase of reactivity and adsorption of MD onto the
iron surface. On the other hand, it is noticed that both
HOMO and LUMO are very concentrated at oxazole ring of
MD and MDH+, suggesting the prominent role of oxazole
group to reach more adsorption of these compounds onto
the iron surface. From MEPS maps we looked that forte
negative charge density (Forte NCD) which is defined by
the red color region strongly localized on the oxazole ring
of MD, while for MDH+, we noticed that the oxazole group
represents this forte positive charge density (Forte PCD)
that is defined as a blue region. Based on the results, it must
be concluded that the oxazole ring is very important to
assure donating and accepting electrons behaviors during
the studied adsorption and consequently, the inhibitory
efficiency because of the adsorption of the inhibitory
compounds MD and MDH+.
From Table 7, we noticed that the value of ΔN in the
case of MD (0.29 e) is positive and less than 3.6 e,
suggesting the high ability of MD molecules to donate
electrons to vacant d orbitals of iron on the surface. In
contrast, the negative value of ΔN for MDH+ (-0.19 e)
indicates that MDH+ species have a high capability to
accept electrons of metal. Therefore, comparing ΔEg and
ΔEbd of MD with those of MDH+ shows that MDH+ is
associated with a lower values of ΔEg and ΔEbd, suggesting
that accepting electrons in MDH+ species is more preferred
than donating electrons in MD species.
Both Fukui functions (f- and f+) and Parr functions (Pand P+) are used to understand the reactive sites of the MD
inhibitor responsible for the nucleophilic and electrophilic
reaction attacks. The values corresponding to the Fukui and
Parr functions are listed in Table 8 as follows: f- and P- for
an electrophilic attack on MD and f+ and P+ for a
nucleophilic attack on MD.
According to Table 8, the maximum values of f+ and
P+ are located on C (1), C (2), O (27), N (28) and C (29).
However, the maximum values of f- and P- are situated on
C (1) and N (28). This result indicates that the nucleophilic
attacks from the iron surface on MD molecules are more

Computational Inquiries Using DFT, MESP and
MC Approaches
DFT, MESP and MC calculations were performed to
clarify the affinity of MD molecules to adsorb and form
protective layers onto the iron surface.
DFT and MESP calculations: DFT and MESP
calculations were conducted to describe physico-chemical
properties of both neutral forms of MD and its protonated
form MDH+. The optimized structures, the frontier orbital
(HOMO and LUMO) shapes, and MESP maps are exposed
in Fig. 7. Global DFT parameters of MD and MDH+ such
as EHOMO, ELUMO, the energy gap of frontier orbital
ΔEg, the electronegativity χ, the hardness η, the softness σ,
the fraction of electrons (ΔN) transferred from the MD or
MDH+ to the bulk iron surface (110) and the back-donation
character (ΔEbd) were calculated. These parameters are
obtained based on the relationships described in section
2.4.1 of the manuscript. These parameters are gathered in
Table 7.
According to Fig. 7, we noticed that protonation of MD
does not provide a change at the level of LUMO
distribution, while for HOMO, it is observed that the
protonation of MD causes an appearance of new areas of
HOMO. This result indicates that the protonated form of
122
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Fig. 6. Anodic and cathodic polarization curves of mild steel in solutions of 1 M HCl without and with different
concentrations of MD.

Table 6. Electrochemical Parameters for Carbon Steel at Different Concentrations of MD
Studied in 1 M HCl at 308 K
Inhibitor

-Ecorr

icorr

Tafel slopes

EI

(mv/ESC)

(µA cm-2)

(mv dec-1)

(%)

βa
Blank (M)

- βc

1M

450.0

420

71.9

105.2

0.7

475.5

236

83.6

166.5

44.0

1.4

412.0

111

64.4

120.2

73.5

2.8

467.9

67.5

94.2

153.3

84.0

5.6

410

26.0

53.6

46.7

89.0

MD (mM)

123
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Fig. 7. Optimized structures, LUMO, HOMO orbital, and MEPS maps of MD and MDH+. Note for MESP: forte NCD
(i.e., forte negative density charge) and forte PCD (i.e, forte positive density charge).

Table 7. Global Quantum Parameters in eV (Expect ΔN in e) of MD and MDH+
EHOMO

ELUMO

ΔEg

χ

η

σ

ΔN

ΔEbd

MD

-6.53

-0.15

6.38

3.34

6.38

0.08

0.29

-1.60

MDH+

-11.70

-6.25

5.45

8.98

5.45

0.09

-0.19

-1.36

important than the electrophilic attacks of MD molecules on
the iron surface. Furthermore, it must be noticed that all
reactive sites are localized throughout the oxazole ring of
MD, which is in agreement with the electron acceptor
character of the MD molecules during adsorption. We
concluded from the above results that the adsorption regions
of MD and/or MDH+ on Fe (110) include unsaturated
double bonds C=C, C=N, C=NH+, sp2 nitrogen atom (˃N=)
and/or sp3 oxygen atom (_O_) of oxazole group.
Monte Carlo simulations: In the context of the Monte
Carlo calculations, adsorption energy (Eads) is a very
important parameter which represents a direct tool to
classify the efficiency of the studied inhibitors. This energy
is defined according to the following equation (Eq. (11))
[40].

E adsorption = E total +E solution - (E surface+solution +
E inhibitor+solution)

(11)

where Etotal, Esurface+solution, Einhibitor+solution, and Esolution
correspond respectively to the total energy of interface
(substrate/adsorbent), the total energy of the surface and
solution, the total energy of the system except the iron
surface, and the total energy of the solution.
Briefly, the adsorption energy is defined as the sum of
both the rigid adsorption energy (ERads) and the
deformation energy (EDef). Another term of energy, noted
dEads/dNinhibitor, represents the amount of energy
required to remove one entity of inhibitor to the iron surface
(110). These energies are calculated in the solution medium
of (460H2O, 20H3O + and 20Cl-) and reported in Table 9.
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Table 8. Calculated Values of Fukui and Parr's Functions Associated with the
Significant Atoms of MD
Fukui functions f-/ f+

Parr functions P-/P+

Atoms

f-

f+

P-

P+

C (1)

0.22283

0.25952

0.400641

0.451610

C (2)

0.18994

0.19696

0.023893

0.166019

C (3)

-0.03359

-0.01801

-0.057834

0.040936

C (5)

-0.01431

-0.01140

0.021347

0.020946

C (8)

-0.01505

-0.01278

0.020958

-0.022811

C (11)

0.00130

-0.00293

0.037077

-0.014727

C (13)

-0.01015

-0.01329

-0.022413

0.020089

C (17)

-0.00759

-0.00789

-0.010893

0.001674

C (21)

-0.00531

-0.00766

0.012188

-0.012346

C (25)

-0.02562

-0.02171

0.010394

0.014347

O (27)

0.02222

0.69185

-0.180420

0.753447

N (28)

0.19675

0.17720

0.483541

0.195935

C (29)

-0.00451

0.12177

-0.203250

0.139806

Table 9. Calculated Energies (in kcal mol-1) by the Mont Carlo Simulation for the Lowest
Adsorption Configurations of Inhibitor (MD or MDH+) on the Iron Surface (110)
in the Solution Medium (460H2O, 20H3O+, 20Cl-)
Inhibitor

ET

Eads

ERads

EDef

dEads/dNinhibitor

MD

-9448.97

-9452.01

-9799.93

347.91

-110.44

MDH+

-9528.20

-9487.60

-9815.22

327.62

-130.06

Top and side views of the more stable configurations of MD
and MDH+ are shown in Fig. 9. From this figure, it is
observed that both MD and MDH+ are adsorbed almost on
flat orientations onto the iron surface (110) to maximize the
surface coverage and contact.
Table 9 shows that MDH+/solution/Fe (110) interface
is more stable (has low value of ET) than MD/solution

/Fe (110). Further, the negative values of Eads suggest that
the studied adsorption is spontaneously shaped
[45]. Moreover, it is noticed that MDH+/solution/
Fe (110) interface has a highest negative value of
Eads (-9487.60 mol-1) compared to the MD/solution/Fe (110)
interface (-9452.01 mol-1), indicating a stronger interaction
between the MDH+ and the iron surface (110) in the acidic
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Fig. 9. Top and side views of stable adsorption configurations of MD and MDH+ inhibitors on Fe surface in solution
(460H2O, 20H3O+ and 20Cl-).

CONCLUSIONS

solution; this is proposing that the protonation process of
MD molecules has been severed to the high reactivity of
MD towards the iron surface.

In this study, the inhibition corrosion behavior of MD
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on carbon steel surface was explored using experimental
inquiries (WL, EIS and PDP). The DFT calculation, MESP
and MC simulations were additionally used to explain the
anti-corrosion mechanism of the inhibitor. Based on the
data analysis related to the WL measurements, the increase
of MD concentration leads to the increase of the inhibitory
efficiency reaching up about 97% at 5.58 mM and 308 °K.
Then, the inhibition ability of MD is better than that of
menthone (90% at 6.48 mM at 298 K) in the same
condition. Effectively, the MD has an oxazole group with a
high tendency to coordinate with metals, which provides it
with the high anticorrosive property for carbon steel. The
adsorption of MD on the carbon steel surface follows a
Langmuir adsorption isotherm, suggesting that there is no
any interaction between the adsorbed molecules of MD,
MDH+ and molecules of one protective layer over the metal
surface. According to PDP analysis data, we demonstrated
that the corrosion inhibitory is the mixed type. Furthermore,
the computation of both activation standard energy (E°a)
and activation Gibbs free energy (ΔG°) indicates that the
adsorption is chemisorption in nature. The theoretical
findings showed a good agreement with the results of
different experimental techniques. For the future study, we
are interested in evaluating the corrosion inhibition effect of
the MD compound on the other metal surfaces and in
another aggressive medium either acidic, neutral, or basic.
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