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Abstract 

The corrosion inhibition of carbon steel in a 1.0 M HCl solution, using 4-amino-2-(4 
chlorophenyl)-8-(2,3-dimethoxyphenyl)-6-oxo-2,6-dihydropyrimido[2,1b][1,3]thiazine-
3,7-dicarbonitrile (ACMPT) was investigated by weight loss, potentiodynamic 
polarization, electrochemical impedance spectroscopy (EIS) and quantum chemical 
calculations. Polarization curves indicate that the studied compound was acting as a 
mixed inhibitor with predominant cathodic effectiveness. The inhibition efficiency 
decreased with an increased temperature, and the thermodynamic and activation 
parameters obtained from this study were discussed. The adsorption behavior of ACMT 
follows Langmuir’s isotherm. In addition, Density Function Theory (DFT) calculations 
were performed on the studied molecule. The theoretical parameters obtained from this 
method are in good agreement with the experimental results. 
 
Keywords: pyrimidothiazine, carbon steel, corrosion inhibition, theoretical studies, 
DFT. 

 

 
Introduction 
Mild steel is widely used in different areas, such as in chemical processing, 
marine application, petroleum production and refining, and construction [1-4]. 
Furthermore, hydrochloric acid solutions are widely used for the pickling, 
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cleaning, desaling and etching of mild steel [5-7]. In the other hand, hydrochloric 
acid is the most difficult to handle of the common acids, from the standpoint of 
corrosion and construction materials. It is required an extreme care to choose the 
right material to handle this acid by itself, even in relatively dilute 
concentrations, or in process solutions containing it in appreciable amounts. This 
acid is well-known for its corrosive capacity towards the most common metals 
and alloys [8]. One of the most used methods for the protection against corrosion, 
especially in acidic solutions, is the use of inhibitors [9]. The development of 
organic inhibitors containing nitrogen, sulphur and oxygen atoms is of growing 
interest in the field of corrosion and industrial chemistries, as corrosion poses a 
serious problem to the iron industry [10, 11]. In the other hand, quantum 
chemical calculations became widely reputed and used to study reaction 
mechanisms, and to interpret the experimental results, as well as to resolve 
chemical ambiguities [12]. The choice of pyrimidothiazine as an inhibitor is 
based on the good results obtained with this type of heterocyclic compounds in 
different media [13-16]. In the present work, 4-amino-2-(4-chlorophenyl)-8-(2,3-
dimethoxyphenyl)-6-oxo-2,6-dihydropyrimido[2,1-b] [1,3] thiazine-3,7-
dicarbonitrile (ACMPT) was investigated as a corrosion inhibitor for carbon steel 
in 1.0 M HCl, using detailed gravimetric measurements, electrochemical 
impedance spectroscopy and quantum chemical calculations. The molecular 
structure of this pyrimidothiazine derivative is shown in Fig 1. 
 

 
Figure 1. Molecular structure of 4-amino-2-(4-chlorophenyl)-8-(2, 3-dimethoxyphenyl)-
6-oxo-2, 6-dihydropyrimido[2,1-b][1, 3]thiazine-3,7-dicarbonitrile. 
 
 
Experimental methods  
Materials and methods 
Materials 
The metal used in this study is carbon steel (CS) (Euronorm: C35E carbon steel 
and US specification: SAE 1035); Table 1 shows its chemical composition: 
 

Table 1. Chemical composition of carbon steel. 

 C Si Mn S Cr Ti Ni Co Cu Fe 
wt% 0.370 0.230 0.680 0.016 0.077 0.011 0.059 0.009 0.160 remainder iron 

 
Synthesis 
Pyrimidin-4-one (1 mmol) was added to a solution of 2-(2, 3-dimethoxybenzy-
lidene) malononitrile (1 mmol) in acetonitrile (20 mL). The mixture was then 
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refluxed for 30 h. The solvent was removed under reduced pressure, and the 
crude product was treated with a mixture of ether/petroleum ether and the 4-
amino-2-(4-chlorophenyl)-8-(2,3-dimethoxyphenyl)-6-oxo-2,6-
dihydropyrimido[2,1-b][1,3]thiazine-3,7-dicarbonitrile (ACMPT) precipitate, and 
it was recrystallized from EtOH. The synthetic approaches adopted to obtain the 
target compounds (ACMOPT) are shown in Scheme 1. 

 
Scheme 1. Synthesis of 4-amino-2-(4-chlorophenyl)-8-(2,3-dimethoxyphenyl)-6-oxo-2,6-
dihydropyrimido[2,1-b] [1,3]thiazine-3,7-dicarbonitrile (ACMPT). 

 
Solution 
The aggressive solution of 1.0 M HCl was prepared by the dilution of analytical 
grade 37% HCl with distilled water. The concentration range of used 4-amino-2-
(4-chlorophenyl)-8-(2, 3-dimethoxyphenyl)-6-oxo-2, 6-dihydropyrimido[2, 
1b][1, 3] thiazine-3,7-dicarbonitrile (ACMPT) was 10-6 to 10-3 M. 

 
Weight loss measurements 
Gravimetric measurements were carried out at a definite time interval of 4 h, at 
room temperature, using an analytical balance (precision ± 0.1 mg). The used 
carbon steel specimens had a rectangular form (length = 1.6 cm, width = 1.6 cm, 
thickness = 0.07 cm). Gravimetric experiments were carried out in a double glass 
cell equipped with a thermostated cooling condenser containing 80 mL of the 
non-de-aerated test solution. After the immersion period, the steel specimens 
were withdrawn, carefully rinsed with bidistilled water, ultrasonic cleaned in 
acetone, dried at room temperature and then weighed. Triplicate experiments 
were performed in each case, and the mean value of the weight loss was 
calculated.  
 
Electrochemical measurements 
Electrochemical impedance spectroscopy 
The electrochemical measurements were carried out with a Voltalab (Tacussel-
Radiometer PGZ 100) potentiostat, and controlled by Tacussel corrosion analysis 
software model (Voltamaster 4) under static conditions. The used corrosion cell 
had three electrodes. The reference electrode was a saturated calomel electrode 
(SCE). A platinum electrode was used as auxiliary electrode, with a surface area 
of 1 cm2. The working electrode was carbon steel. 
All potentials given in this study were referred to this reference electrode. The 
working electrode was immersed in a test solution for 30 min, to establish a 
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steady state open circuit potential (Eocp). After measuring the Eocp, the 
electrochemical measurements were performed. All electrochemical tests have 
been performed in aerated solutions at 303 K. The ESI experiments were 
conducted in the frequency range with a high limit of 100 KHz, and a different 
low limit of 0.1 Hz at open circuit potential, with 10 points per decade, at the rest 
potential after 30 min of immersion in the acid, by applying 10 mV ac voltage 
peak-to-peak. Nyquist plots were made from these experiments. The best 
semicircle could be fit through the data points in the Nyquist plot, using a non-
linear least square fit, so as to give the intersections with the X-axis. 
The inhibition efficiency was calculated from the charge transfer resistance 
values using the following equation [17]: 
 

% 100
i o
ct ct

z i
ct

R R

R
η −= ×       (1) 

 
where Rº

ct  and Ri
ct are the charge transfer resistance, respectively in the absence 

and presence of inhibitor.  
 
Potentiodynamic polarization 
The electrochemical behavior of a carbon steel sample in inhibited and 
uninhibited solutions was studied by recording anodic and cathodic 
potentiodynamic curves. Measurements were performed in the 1.0 M HCl 
solution containing different concentrations of the tested inhibitor, by 
automatically changing the electrode potential from 800 to -100 mV versus the 
corrosion potential at a scan rate of 2 mV.s-1.  The linear Tafel segments of 
anodic and cathodic curves were extrapolated to the corrosion potential to obtain 
corrosion current densities (Icorr). From the obtained polarization curves, the 
corrosion current (Icorr) was calculated by the curve fitting using the following 
equation: 
 

 
   
The inhibition efficiency was evaluated from the measured Icorr values using the 
following relationship [18]: 
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where I°corr and Iicorr are the corrosion current density, respectively in the absence 
and presence of the inhibitor.  
 

  (2) 
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Computational details 
Density Functional Theory (DFT) has been recently used [18-22] to describe the 
interaction between the inhibitor molecule and the surface, as well as the 
properties of these inhibitors concerning their reactivity. The molecular hand gap 
was computed as the first vertical electronic excitation energy from the ground 
state using the time dependent density functional theory (TD-DFT) approach, as 
implemented in Gaussian 03 [23]. For this purpose, some molecular descriptors, 
such as HOMO and LUMO energy values, frontier orbital energy gap, molecular 
dipole moment electronegativity (χ), global hardness (η), softness (S) and the 
fraction of transferred electrons (∆N) were calculated using DFT method, and 
have been used to understand the inhibitors’ properties, to help in the explanation 
of the experimental data obtained for the corrosion process.  
According to Koopman’s theorem [24], the ionization potential (IE) and electron 
affinity (EA) of the inhibitors are calculated using the following equations: 
 

IE= -EHOMO                                                     (4) 
 

EA= -ELUMO                                                                     (5) 
Thus, the values of electronegativity (χ) and chemical hardness (η) that, 
according to Pearson, are operational and approximate definitions, can be 
evaluated using the following relation [25]: 
 

 χ  = (IE + EA) / 2                                          (6) 
 

 ƞ = (IE – EA) / 2                                           (7) 
The number of transferred electrons (∆N) was also calculated depending on the 
quantum chemical method [26, 27]. 
 

( )2
Fe inh

Fe inh

χ χη
η η

−=
+

    (8) 

where χFe and χinh donate the absolute electronegativity of iron and of the inhibitor 
molecule, and ηFe and ηinhi donate the absolute hardness of iron and of the 
inhibitor molecule. In this study, we use the theoretical values of χFe for the 

absolute hardness of iron and of the inhibitor molecule, and we use the 
theoretical value of χFe = 7.0 eV and ηFe = 0 to calculate the number of transferred 
electrons. 
 
 
Results and discussion  
Polarization curves 
In the present paper, a potentiodynamic polarization study has been made in 
order to understand the role of the inhibitor in biasing anodic and cathodic 
reactions. Fig. 2 shows the anodic and cathodic polarization plots of carbon steel 
in a 1.0 M HCl solution, in the absence and presence of different concentrations 
of the ACMPT inhibitor at 298 K, while Table 2 shows electrochemical 
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corrosion parameters, such as corrosion potential (Ecorr), corrosion current density 
(Icorr) and inhibition efficiency (ηIE%). 
 

 
Figure 2. Potentiodynamic polarization curves of carbon steel in 1.0 M HCl, in the 
presence of different concentrations of ACMPT. 

 
It is noted from Fig. 2 that the polarization curves in the 1.0 M HCl solution, 
containing different concentrations of the studied pyrimidothiazine, are nearly 
the same. In addition, cathodic and anodic current densities of the polarization 
curves are both reduced [28, 29]. 
The above results indicate that retardation of the samples corrosion processes at 
cathodic and anodic reaction sites occurred, and this was due to the adsorption of 
these sites by the inhibitor molecules [30-33]. 
 
Table 2. Electrochemical parameters of carbon steel at various concentrations of 
ACMPT in 1.0 M HCl, and corresponding inhibition efficiency. 

Inhibitor Conc 
 (M) 

-Ecorr  
(mV/SCE) 

I corr  
 (µA cm-2) 

-βc 
(mV dec-1) 

ηTafel 
(%) 

Blank 1.0 469 588 168 - 

 
 

ACMPT  

1×10-3 499 44.98 140 92.35 
1×10-4 481 50.03 156 91.49 
1×10-5 470 61.03 173 89.62 
1×10-6 474 89.26 157 84.82 

 
On the other hand, cathodic Tafel curves gave rise to parallel Tafel lines, 
indicating that hydrogen evolution reaction is activation-controlled, that a 
stronger inhibition effect of the inhibitors does not affect the reduction 
mechanism, and that their inhibition action is blocking the metal surface [34]. 
Based on Fig. 2 and Table 2, it is obvious that the value of βc changed with the 
increase in the inhibitor’s concentration, indicating the influence of the inhibitor 
on the kinetics of the hydrogen evolution [35]. 
In addition to what was previously described, an inhibitor can generally be 
classified as from the cathodic or anodic type, if the shift of corrosion potential in 
the presence of the inhibitor is more than 85 mV, with respect to the corrosion 
potential of the blank solution.  
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In the present study, the maximum displacement was 30 mV, suggesting that 
ACMPT can be arranged as a mixed type inhibitor, with predominant cathodic 
effectiveness [36, 37]. 
Also, the examination of Table 2 concludes that the corrosion current density 
(Icorr) values of carbon steel, in the presence of the ACMPT inhibitor, are lower 
than those found without inhibitor.  
It is noted that the inhibitory efficiency (IE%) increased with the increase in the 
inhibitor’s concentration, and reached a maximum value of 92.35% for a 
concentration of 10-3 M of the studied inhibitor. 
 
Electrochemical impedance spectroscopy measurements 
The corrosion behavior of carbon steel in 1.0 M HCl, in the absence and presence 
of various concentrations of ACMPT, was also investigated by EIS technique. 
The resultant Nyquist plots are shown in Fig. 3.  
The values of inhibition efficiency ((ηZ%) were calculated by the equation (1). 
 

 
Figure 3. Nyquist diagrams for a carbon steel electrode with and without ACMPT at 
298 K, after 30 min of immersion. 
 
To obtain the values of double layer capacitance (Cdl), the values of frequency at 
which the imaginary component of the impedance is maximum –Zim(max) were 
found and used in the following equation with corresponding Rct values: 

 
Nyquist plots contain a semicircle with the center under real axis. The size of the 
semicircle increases with the inhibitor’s concentration, indicating the charge 
transfer process as the main controlling factor for the corrosion inhibition of 
carbon steel. As we could see from the plots, the impedance of the inhibited 
solution has increased with the increase in the inhibitor’s concentration. 
The experimental results of EIS measurements for the corrosion of carbon steel 
in 1.0 M HCl, in the absence and presence of inhibitor, are given in Table 3.  
As it can be observed from Table 3, the charge transfer resistance (Rct) value 
increased with the increase in the inhibitor’s concentration. Inversely, values of 
the interface’s capacitance (Cdl) started decreasing, with the increase in the 
inhibitor’s concentration, which is most probably due to the decrease in local 

(9) 
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dielectric constant and/or to the increase in thickness of the electrical double 
layer. This suggests that the inhibitor acts via adsorption at the metal/solution 
interface [38], and that the decrease in the Cdl values is caused by the gradual 
replacement of water molecules by the adsorption of the inhibitor molecules onto 
the electrode surface, which decreases the extent of metal dissolution [39]. A 
keen observation of these plots has revealed that capacitive loops are not perfect 
semicircles, which is possibly due to the frequency dispersion, roughness, and 
inhomogeneity of the metal surface, and to impurities, grain boundaries, and 
distribution of the surface’s active sites. The existence of a single semicircle can 
be attributed to the single charge transfer reaction during the metal dissolution 
process [40].  
 
Table 3. Electrochemical impedance parameters for carbon steel corrosion in an acid 
medium, at various contents of ACMPT. 

Inhibitor C (mol/L) Rct (Ω.cm2)  f (max) Cdl (µF/cm2) ERt (%)   θ 
Blank 1.0   21 34.31064    221       -  

ACMPT 

1×10-3 250 15.83253 
 

40.23 91.6 0.92 

1×10-4 225 16.67564 
 

42.44 90.7 0.91 

1×10-5 200 17.8116 
 

44.7 89.5 0.89 
1×10-6 150 21.10899 50.29 86.0 0.86 

 
The equivalent circuit that describes the present metal/electrolyte corroding 
system is the simple Randles model shown in Fig. 4, where Rs, Rct and Cdl are, 
respectively, the resistance in solution, the charge transfer resistor and the double 
layer capacitance of the interface. 
 

 
Figure 4. The electrochemical equivalent circuit used to fit the impedance spectra. 

 
Weight loss, corrosion rates and inhibition efficiency 
Fig. 5 indicates the variation of ACMPT’s corrosion rate as a function of its 
concentration in 1.0 M HCl at 298 K, from weight loss measurements. This 
figure reveals that the rate of mild steel corrosion in 1.0 M HCl decreases with an 
increase in the inhibitor’s concentration at 298 K.  
The increase in inhibition efficiency with an increase in the concentration of the 
studied compound can be explained by the increased adsorption of ACMPT on 
the metal surface (Table 4). 
In the inhibition process, the first step in the inhibition mechanism is the 
adsorption at the metal/aggressive solution interface [41]. Given the dependence 
of inhibition efficiency on the concentration, as represented in Fig. 6, the 
inhibitor decreases the active center for steel dissolution. The adsorption process 
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is made possible by the presence of heteroatoms such as N, S and O, which are 
regarded as active adsorption centers.  
 

 
Figure 5. Relationship between the corrosion rate and the inhibitor’s concentration for 
carbon steel, after 4 h immersion in 1.0 M HCl at 298 K. 
 
Table 4. Effect of ACMPT´s concentration on the corrosion data of carbon steel in 1.0 M 
HCl. 

Inhibitor    concentrations M  Wcorr (mg cm−2 h-1) Ew (%)  Θ 

Blank 1.0 1.2043       ------ ------ 

ACMPT  

1×10-3 0.0772 91.59 0.9359 

1×10-4 0.1171 90.28 0.9028 

1×10-5 0.1445 87.00 0.8800 

1×10-6 0.1595 85.76 0.8676 

 

 
Figure 6. Corrosion inhibition efficiency of ACMPT for carbon steel in 1.0 M HCl, as a 
function of the concentration at 298 K. 
 
The adsorption of ACMPT on the surface of mild steel can be achieved by the 
interaction between the pair of single electrons of the heteroatoms or between the 
electron-rich π electron systems and the metal surface. This, as earlier reported by 
Umoren and Ebenso [42], may be facilitated by the presence of the vacant d- 
orbital of iron that constitutes steel, as observed in d group metals or in the 
transition element. In addition to the molecular form, ACMPT can be present in 
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protonated species in an acidic solution. This protonated form facilitates the 
adsorption of the compound onto the metal surface by electrostatic interaction 
between the organic molecules and the metal surface [43].  
 

 
Figure 7.  Potentiodynamic polarization curves of carbon steel in 1.0 M HCl at different 
temperatures. 
 
Effect of temperature 
The influence of temperature is also studied by potentiodynamic polarization. We 
have carried out a study in the range of 298-328 K, using stationary 
electrochemical measurements in potentiostatic mode.  
Figs. 7 and 8 show the polarization curves of steel in a 1.0 M HCl medium, 
respectively in the absence and presence of 10-3 M of ACMPT, in the studied 
temperature range. 
The results deduced from the polarization curves are given in Table 5. As it can 
be seen, raising the temperature increases both anodic and cathodic reactions of 
the carbon steel electrode, both in the absence and presence of the organic 
compound.  
 

 
Figure 8.  Potentiodynamic polarization curves of carbon steel in 1.0 M HCl, in the 
presence of 10-3 M of the inhibitor at different temperatures. 
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Table 5 also shows that the corrosion current density (Icorr) increased with an 
increasing temperature, while the investigated pyrimidothiazine derivative kept 
his inhibiting properties at all studied temperatures.  
 

Table 5. Effect of temperature on carbon steel in free acid and at 10-3 M of ACMPT. 

Inhibitor 
Conc. 
(M) 

-Ecorr  
(mV/SCE) 

I corr 

(µA cm-2) 
 

-βc 
(mV dec-1) 

ηTafel 
(%) 

 
Blank 

298 469 588 168 - 
308 467 896 165 - 
318 470 3428 137 - 
328 477 6720 125 - 

 
ACMPT  

298 499 45 159 92.35 
308 492 96 151 89.28 
318 490 435 177 87.31 
328 483 875 167 86.98 

 
The inhibition efficiency of ACMPT reaches the maximum values (92.35%) at 
298 K, upon an increased temperature; ηIE% is slightly decreased, and the 
pyrimidothiazine derivative becomes less effective at 328 K. This behavior again 
shows the physical nature of ACMPT’s adsorption in a HCl solution.  
The activation energy, Ea, was calculated from an Arrhenius-type plot (Eq. 10) 
[44, 45]. 

                                                (10) 

 
where E is the apparent activation corrosion energy, T is the absolute 
temperature, k is the Arrhenius pre-exponential constant and R is the universal 
gas constant. 
The enthalpy of activation, ∆Ha, and the entropy of activation, ∆Sa, were 
calculated from equation 11. 
 

                        (11) 

 
where h, N, ∆Sa and ∆Ha are, respectively, the Planck constant, the Avogadro 
number, the activation entropy and the activation entropy. 
Plots of ln (Icorr) vs. 1000/T and ln (Icorr/T) vs. 1000/T gave straight lines, 
respectively with slopes of –Ea/R and –∆Ha/R. The intercepts were A and [ln 
(R/Nh)+ (∆Sa/R)], respectively for the Arrhenius and transition state equations.  
Figs. 9 and 10 represent the data plots of Ln (Icorr) vs. 1000/T and Ln (Icorr/T) vs. 
1000/T, in the absence and presence of 10-3 M ACMPT, as a representative 
example. 
The calculated values from both methods of the activation energy, Ea, the 
enthalpy of activation, ∆Ha, and the entropy of activation, ∆Sa, are shown in 
Table 6. From this table, it could be clearly seen that the values of Ea and of ∆Ha, 
obtained in the presence of ACMPT, are higher than those obtained in the 
solution without inhibitor. The positive sign of ∆Ha reflects the endothermic 
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nature of carbon steel dissolution process, suggesting that the dissolution of 
carbon steel is slower in the inhibitor’s presence [46]. It is also clear that Ea, in 
the presence of 10-3 M of ACMPT, is higher than that obtained in the blank. This 
observation has been reported to be indicative of physical adsorption mechanism, 
while lower values of Ea suggest a chemisorption mechanism [47, 48].  
 

 
Figure 9. Arrhenius plots of steel in 1.0 M HCl, with and without inhibitor. 

 

 
Figure 10. Relation between ln(Icorr/T) and 1000/T at different temperatures. 

 
Table 6. Values of activation parameters, ∆Ha, ∆Sa and Ea, for mild steel in 1.0 M HCl, 
in the absence and presence of 10-3 M of ACMPT. 

Inhibitor  Ea (kJ/mole) ∆Ha (kJ/mole) ∆Sa (J/mole) 

1.0 M HCl 70.75 68.16 33.29 

ACMPT  82.56 79.97 34.24 

 
The presence of the test compound results in an increase in the ∆Sa values. This 
result indicates that corrosion changes from a more ordered system into a 
disordered system, with the increase in the inhibitory nature of the studied 
compounds [49]. In the presence of the inhibitor, the value of ∆Sa increases, 
which is generally interpreted as an increase in disorder, as the reactants are 
converted to the activated complexes [50]. 
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Adsorption isotherm and standard adsorption of free energy 
The adsorption isotherm that describes the adsorptive behavior of organic 
inhibitors is important, in order to know the mechanism of corrosion inhibition. 
Basic information on the interaction between the inhibitor molecules and the 
metal surface can be provided by adsorption isotherms. Several adsorption 
isotherms were attempted to fit the degree of surface coverage values (θ), 
including Frumkin, Temkin, Freundlich and Langmuir isotherms. The θ values 
for various concentrations of inhibitors in acidic media have been evaluated from 
the polarization measurements. The best fit was obtained in the case of Langmuir 
isotherm, which assumes that the solid surface contains a fixed number of 
adsorption sites, and that each site holds one adsorbed species [51]. The plot of 
Cinh/θ vs. Cinh (Fig. 11) yields a straight line with a correlation coefficient of 
0.99998, providing that the adsorption of ACMPT from the 1.0 M HCl solution 
on the carbon steel surface obeys Langmuir adsorption isotherm. This isotherm 
can be represented as:   
 

1inh
inh

ads

C
C

Kθ
= +     (12) 

 
where Cinh is the molar concentration of the inhibitor and Kads is the equilibrium 
constant or the adsorption-desorption process. 
 

 
Figure 11. Langmuir adsorption of ACMPT on the carbon steel surface in a 1.0 M HCl 
solution. 
 
The value of Kads was found to be 654900.3 M-1 (Table 7). The relatively high 
value of the adsorption equilibrium constant reflects the high adsorption ability 
of ACMPT on the carbon steel surface [52].  
 
Table 7. Thermodynamic parameters for the adsorption of ACMPT in 1.0 M HCl on 
carbon steel at 298 K. 

Inhibitor Slope K ads (M -1)              R2    Corr.  .Coeff.  ∆G0
ads (kJ/mol) 

ACMPT 1.06 654900.3 0.99998 -43.13 
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Kads is related to the standard free energy of adsorption, adsG°∆ , by the following 
equation: 

   
 

where R is the gas constant, T is the absolute temperature of the experiment, and 
the constant value of 55.5 is the concentration of water in the solution in mol L-1. 
The ∆Gºads was calculated as -43.13 KJ mol-1. The negative value of ∆Gºads 
indicates the spontaneity of the adsorption process and the stability of the 
adsorbed layer on the carbon steel surface. 
It is well known that the values of ∆Gºads  of the order of -20 KJ mol-1 or lower 
indicate a physisorption; those of the order of -40 kJ mol-1 or higher involve a 
charge sharing or transfer from the inhibitor molecules to the metal surface, to 
form a coordinate type of bond (chemisorption) [53-54]. On the other hand, the 
adsorption phenomenon of an organic molecule is not just considered as a purely 
physical or chemical adsorption phenomenon [55, 56]. A wide spectrum of 
conditions, from the dominance of chemisorption to electrostatic effects, arises 
from other adsorptions experimental data [57]. The value of -43.13 kJ mol-1 may 
suggest chemisorption mode. 
 
Computational studies 
Computational methods have a strong impact towards the design and 
development of organic corrosion inhibitors. 
Nowadays, density function theory (DFT) has been used to analyze the 
characteristics of the inhibitor/surface mechanism, and to describe the structural 
nature of the inhibitor on the corrosion process. Furthermore, DFT is considered 
to be a very useful technique to probe the inhibitor/surface interaction, as well as 
to analyze the experimental data [58]. Thus, in our present investigation, DFT 
method was employed to give some insight into the inhibition action of ACMPT 
molecule on the carbon steel surface. Quantum chemical parameters, such as 
EHOMO, ELUMO, energy gap, ∆E (ELUMO - EHOMO) and dipole moment (µ), were 
obtained, for the neutral molecule to predict their activity towards the metal 
surface. These quantum chemical parameters were generated after geometric 
optimization with respect to all nuclear coordinates.  
Fig. 12 shows the optimized geometry of ACMPT: the HOMO optimized 
structure and frontier orbital distribution, and the LUMO density distribution. 
Frontier orbital density distribution is useful in predicting adsorption centers of 
the ACMPT molecule responsible for the interaction with metal surface atoms. 
As it can be seen from this figure, HOMO is distributed over the entire molecule, 
but the LUMO density is mainly localized on the dimethoxyphenyl group. The 
presence of these adsorption centers can cause a flat orientation of ACMPT 
molecules on the steel surface; thus, a high degree of surface coverage and 
inhibition efficiency is expected for ACMPT, from the theoretical point of view. 
These results suggest that O and S atoms and two N atoms are probably the most 
favorable reactive sites for the adsorption of ACMPT onto the metal surface. 
 

(13) 
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Figure 12. Optimized structures and frontier molecular orbital (FMO) density 
distribution of ACMPT: HOMO (left) and LUMO (right). 
 
The calculated molecular parameters are listed in Table 8.  
 

Table 8. Quantum chemical parameters for ACMPT calculated by DFT. 

EHOMO (eV) ELUMO (eV) ∆Egap(eV) µ (Debye) I (eV) A (eV) ∆N  
-4.9593 -2.8882 2.0711 6.6028 4.9593 2.8882 1.4853  

 
EHOMO is often associated with the electron-donating ability of a molecule, and its 
high value (-4.9593) is likely to indicate a tendency to donate electrons to 
appropriate low-energy acceptor states. Increasing EHOMO values facilitates 
adsorption (and therefore inhibition), by influencing the transport process 
through the adsorbed layer. ELUMO indicates the ability of the molecule to accept 
electrons; hence, these are the acceptor states. The lower the value (-2.8882) of 
ELUMO, the more probable it is that the molecule would accept electrons [59]. As 
for the values of ∆E (ELUMO - EHOMO), lower values (2.0711) of the energy 
difference, ∆E, will cause a higher inhibition efficiency, because the energy to 
release an electron from the last occupied orbital will be low [60]. For the dipole 
moment (µ), a higher value (6.6028) will favor a strong interaction of the 
inhibitor molecules with the metal surface. 
In addition, the number of transferred electrons (∆N) was also calculated based 
on the quantum chemical method [61]: 
 

 ( )2
Fe inh

Fe inh

N
χ χ
η η

−∆ =
+   

 
where χFe and χinh denote, respectively, the absolute electronegativity of iron and 
the inhibitor molecule; and ηFe and ηinh denote, respectively, the absolute 
hardness of iron and the inhibitor molecule. These quantities are related to the 
electron affinity (A) and ionization potential (I).  
Absolute electro negativity, (χ), and absolute hardness, (η), of the inhibitor 
molecules are given by [62]: 

(14) 
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2

IE EAχ +=
               2

IE EAη −=  

 
IE and EA are related [63] to EHOMO and ELUMO, as follows: 
 
                                             IE = -EHOMO   

 

 

                                             EA = -ELUMO 

 
For an iron atom, a theoretical χ, with the value of 7 eV mol-1, and η, with the 
value of 0 eV mol-1, were used [64] to calculate the number of electrons 
transferred (∆N) from the inhibitor to the iron atom. The number of transferred 
electrons strongly depends on what the actual quantum chemical method has 
employed for computation. Furthermore, the expression ‘‘number of transferred 
electrons’’ is equal to the wording ‘‘electron-donating ability’’, which does not 
imply that the figures of ∆N actually indicate the number of electrons leaving the 
donor and entering the acceptor molecule. 
The value of electron-donating ability (∆N) was calculated, and it is given in 
Table 8. If ∆N < 3.6 (electron), the inhibition efficiency increases with an 
increasing value of ∆N, while it decreases if ∆N > 3.6 (electron) [65, 66]. Based 
on these data, it can be said that ACMPT is the electron donor, and the surface is 
the acceptor. ACMPT was bound to the mild steel surface, thus forming an 
inhibition adsorption layer against corrosion, at carbon steel/hydrochloric acid 
solution interface. 
 
 
Conclusions  
From the results of this paper, several conclusions could be listed: 
� ACMPT was found to be a good inhibitor for carbon steel in 1.0 M HCl. The 

inhibition efficiency increases with the inhibitor concentration. 
� ACMPT acts as a mixed type inhibitor, with predominant cathodic 

effectiveness. 
� The temperature affects the inhibitory efficiency; this is clearly demonstrated 

by the decrease in the studied inhibitor effect, with the increase in temperature. 
� The adsorption of ACMPT at the carbon steel surface has obeyed the 

Langmuir’s adsorption isotherm. 
� The inhibition efficiencies obtained from EIS, Tafel polarization and weight 

loss methods are in reasonable agreement with each other. 
� The calculated parameters obtained from the quantum chemical calculations 

were correlated with experimental results.  
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