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ABSTRACT 
 
Pyridinium derivatives namely, 4-(dimethylamino)-1-ethylpyridinium bromide (DEB), 4-(dimethylamino)-1-
pentylpyridinium bromide (DPB) synthesised by our group, were tested as inhibitors for the corrosion of mild steel 
in 1 M HCl using polarisation and electrochemical impedance measurements, Scanning electron microscope (SEM) 
and Quantum chemical calculations. The results show that the DEB and DPB enhances inhibition at all 
concentrations. The best protection (94.09%) is obtained by adding DEB at 10-4 M. Polarisation curves show that 
DEB and DPB acts as a mixed type inhibitor. The degree of the surface coverage of the adsorbed inhibitors is 
determined by weight loss measurement, and it was found that the adsorption of the two compounds on the mild 
steel surface obeys the Langmuir adsorption isotherm. The effect of the temperature on the corrosion behaviour with 
addition of DEB and DPB at various concentrations was studied in the temperature range 303 – 333 K.  Results 
show that the rate of corrosion of mild steel increased and protection efficiency decreased with increasing 
temperature.  Kinetic parameters as well as thermodynamic parameters were calculated and discussed.  Scanning 
electron microscopy (SEM) was applied to study the mild steel surface in the presence and absence of the two 
compounds. Quantum chemical calculations using DFT at the B3LYP/6-31G* level of theory was further used to 
calculate some electronic properties of the molecule in order to ascertain any correlation between the inhibitive 
effect and molecular structure of the DEB and DPB.  
 
Keywords: Pyridinium derivatives; Mild steel; Inhibition corrosion; Hydrochloride acid.  
_____________________________________________________________________________________________ 
 

INTRODUCTION 
 
The use of inhibitors is one of the most important tasks for protection of metals against corrosion in acidic media [1-
3], for this reason, many works on inhibitors have been carried out, especially on hetero atoms containing inhibitors 
and rapid progress has been made in this field in recent years [4-6]. The synthesis of new organic molecules offers 
different molecular structures containing several heteroatoms and substituents and their adsorption is generally 
explained by the formation of an adsorptive film of a physical or chemical character on the metal surface [7-9]. In 
recent times, in our group, attention has been paid to the development of new organic compounds as acid inhibitors 
[10-12]. In continuation of our work, we have synthesised organic compounds namely 4-(dimethylamino)-1-
ethylpyridinium bromide (DEB), 4-(dimethylamino)-1-pentylpyridinium bromide (DPB) with a view to study their 
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ability to inhibit mild steel in hydrochloric acid. It should be noted that, the choice of these compounds is based on 
molecular structure considerations. The introduction of ethyl and pentyl group changes essentially the volume of the 
4-dimethylaminopyridinium bromide molecule and hence the surface occupied when adsorbing at the metal. The 
effects of compounds concentrations on the values of the corrosion parameters characterising the systems have been 
recorded by weight loss measurements and electrochemical methods (potentiodynamic polarisation curves and 
electrochemical impedance spectroscopy). Scanning electron microscope (SEM) and Quantum chemical calculations 
were also utilized to investigate the corrosion protection performance of DEB and DPB on mild steel in the 
aggressive solution. The free energy, the enthalpy and entropy for the adsorption process and the apparent activation 
energies for the dissolution process were also determined in the absence and the presence of the two inhibitors. 
The molecular structure of 4-(dimethylamino)-1-ethylpyridinium bromide (DEB), 4-(dimethylamino)-1-
pentylpyridinium bromide (DPB is as shown below (Fig. 1) : 
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Figure .1. The molecular structure of DBP and DEB 
 

MATERIALS AND METHODS 
 
2.1. Procedure for the preparation of pyridinium ionic liquids DPB and DEB using conventional method 
4-(dimethylamino) pyridine (1eq) and 1-bromopentane or bromoethane (1.1eq) were added to toluene and stirred at 
80 °C for 18 h. The reaction was deemed complete when oil or a solid separated from the initial clear and 
homogenous mixture. Unreacted starting materials and solvent were removed by extraction or filtration. The 
pyridinium salt was then washed with ethyl acetate and dried in vacuo to remove all VOCs. 
 
4-(dimethylamino) pyridine (1 eq) and the appropriate alkyl halide (1 eq) were placed in a closed vessel and exposed 
to irradiation for 5 h at 70 °C in a sonicator. The product was then isolated and purified as described in the previous 
procedure. 
 
White crystals (DPB), Mp 210-215 ºC,

 1H NMR  (D2O, 400 MHz,): δ =  0.74 (t, 3H), 1.18 (m, 4H), 1.73 (sixtet, 2H),  
3.09 (s, 6H), 4.02 (t, 2H), 6.77 (d, 2H), 7.91 (d, 2H); 13C NMR  (D2O, 100 MHz,): δ = 13.1 (CH3), 21.4 (CH2),  27.4 
(CH2), 29.7 (CH2), 39.4 (CH3) 57.6 (CH2), 107.5 (CH), 141.3 (CH), 156.2 (C); LCMS (M-Br) 193.3 found for 
C12H21N2

+. 
 
White crystals (DEB), Mp 130-132 ºC,

 1H NMR  (CDCl3, 400 MHz,): δ =  1.36 (t,  3H), 3.08 (s, 6H), 4.06 (t, 2H), 
6.78 (d, 2H), 7.94 (d, 2H); 13C NMR  (CDCl3, 100 MHz,): δ = 15.2 (CH3), 39.6 (CH3), 52.9 (CH2), 107.6 (CH), 
140.9 (CH), 156.2 (C); LCMS (M-Br) 151.2 found for C9H15N2

+. 
 
2.2. Solutions 
The aggressive solutions of 1.0 M HCl were prepared by dilution of analytical grade 37% HCl with distilled water. 
The solution tests are freshly prepared before each experiment. The organic compounds tested were 4-
(dimethylamino)-1-ethylpyridinium bromide (DEB) and 4-(dimethylamino)-1-pentylpyridinium bromide (DPB). 
The concentration range of this compound was 10-4 to 5.10-6 M. 
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2.3. Weight loss measurements 
Coupons were cut into 2 × 2 × 0.08 cm3 dimensions are used for weight loss measurements. Prior to all 
measurements, the exposed area was mechanically abraded with 180, 320, 800, 1200 grades of emery papers. The 
specimens were washed thoroughly with bidistilled water, degreased and dried with ethanol. Gravimetric 
measurements are carried out in a double walled glass cell equipped with a thermostated cooling condenser. The 
solution volume is 80 mL. The immersion time for the weight loss is 6 h at 298 K. 
 
2.4. Electrochemical measurements 
2.4.1. Electrochemical impedance spectroscopy (EIS) 
The electrochemical measurements were carried out using Voltalab (Tacussel-Radiometer PGZ 100) potentiostat 
and controlled by Tacussel corrosion analysis software model (Voltamaster 4) under static condition. The corrosion 
cell used had three electrodes. The reference electrode was a saturated calomel electrode (SCE). A platinum 
electrode was used as auxiliary electrode. The working electrode was carbon steel. All potentials given in this study 
were referred to this reference electrode. The working electrode was immersed in test solution for 30 minutes to 
establish asteady state open circuit potential (Eocp). After measuring the Eocp, the electrochemical measurements 
were performed. All electrochemical tests have been performed in aerated solutions at 298 K. The EIS experiments 
were conducted in the frequency range with high limit of 100 kHz and different low limit  0.1 Hz at open circuit 
potential, with 10 points per decade, at the rest potential, after 30 min of acid immersion, by applying 10 mV ac 
voltage peak-to-peak. Nyquist plots were made from these experiments. The best semicircle can 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. 
 
2.4.2. Potentiodynamic polarization  
The electrochemical behaviour of carbon steel sample in inhibited and uninhibited solution was studied by recording 
anodic and cathodic potentiodynamic polarization curves. Measurements were performed in the 1.0 M HCl solution 
containing different concentrations of the tested inhibitor by changing the electrode potential automatically from -
800 mV to -200 mV versus corrosion potential at a scan rate of 1 mV.s-1. The linear Tafel segments of anodic and 
cathodic curves were extrapolated to corrosion potential to obtain corrosion current densities (Icorr). 
 
2.5. Quantum chemical calculations 
Quantum chemical calculations are very effective methods for determining a correlation between molecular 
structure and inhibition efficiency. They can also be utilized to support the accuracy of experimental results [13-15]. 
Thus, it is important to compute the quantum chemical parameters, such as the energy of the highest occupied 
molecular orbital (EHOMO), the energy of the lowest unoccupied molecular orbital (ELUMO), the fraction of electrons 
transferred (∆N) and the energies of the frontier molecular orbitals. In the present study, density functional theory 
(DFT) was used to determine the molecular structure of DPB and DEB as a corrosion inhibitor for mild steel. The 
corrosion inhibition behavior of DPB and DEB on the inhibitors in acidic solution was investigated using some 
experimental techniques. Quantum chemical computations were carried out by density function theory (DFT) with 
6-31-G (d, p) basis set. All of the calculations were carried out with Gaussian 03W package [16-17]. The following 
quantum chemical parameters were acquired: EHOMO, ELUMO, EHOMO - ELUMO energy gap (∆E), electronegativity (χ), 
global hardness (η), global softness (σ), fraction of electrons transferred (∆N) and Mulliken charges on the backbone 
atoms. 
 
2.6. Scanning electron microscopy (SEM) 
Immersion corrosion analysis of steel samples in the acidic solutions with and without the optimal concentration of 
the inhibitor was performed using SEM. Immediately after the corrosion tests, the samples were subjected to SEM 
studies to know the surface morphology using SEM Jeol JSM-5800 scanning electron microscope. 
 

RESULTS AND DISCUSSION 
 
3.1. Weight loss measurements 
3.1.1. Effect of temperatures  
Temperature has a great effect on the corrosion phenomenon and generally the corrosion rate increases with the rise 
of the temperature. For this reason, we have studied the temperature influence on the efficiency of the two 
compounds. We made weight-loss measurements in the range of temperature 303–333 K, in the absence and 
presence of DPB and DEB at different concentrations of these inhibitors after 6 hours of immersion. The 
corresponding data are shown in Table 1. The corrosion rate (W) was calculated from the following equation:  
 

� = �����
�.	                                                                  (1)  
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where m1 is the mass of the specimen before corrosion, m2 the mass of the specimen after corrosion, S the total area 
of the specimen, t the corrosion time and W the corrosion rate. 
 

Table 1 Corrosion rate and inhibition efficiency obtained from weight loss measurements of inhibitors in 1 M HCl containing various 
concentrations of DPB and DEB at different temperatures. 

 
       Conc. (M) Temperature (°C) 

30  40 50 60 
W 

(*)  

IEw 

(%) 
W 

(*)  

IEw 

(%) 
W 

(*)  

IEw 

(%) 
W 

(*)  

IEw 

(%) 
Blank 1.0 1.135 --- 2.466 --- 5.032 --- 10.029 ---- 
 
DPB 

10-4 0.067 94.09 0.196 92.05 0.598 88.12 1.692 83.13 
5.10-5 0.090 92.07 0.264 89.29 0.751 85.07 2.097 79.09 
10-5 0.124 89.07 0.340 86.21 0.903 82.05 2.403 76.04 
5.10-6 0.168 85.19 0.439 82.19 1.452 71.14 3.579 64.31 

DEB 10-4 0.122 89.25 0.362 85.32 0.866 82.79 2.098 79.08 
5.10-5 0.145 87.22 0.405 83.58 1.003 80.07 2.410 75.97 
10-5 0.191 83.17 0.539 78.14 1.146 77.22 2.638 73.70 
5.10-6 0.259 77.18 0.661 73.19 1.493 70.33 3.412 65.98 

(*): mg cm−2 h-1 
 
With the calculated corrosion rate, the inhibition efficiency of inhibitor for the corrosion of mild steel was obtained 
by using the following equation: 


�� = �����
��

100                                                                (2) 

 
where W1 and W2  are the corrosion rate of steel samples with and without the inhibitor, respectively.  
The degree of surface coverage (Θ) was calculated using equation 3: 
 

Θ = 1 − ��
��

                                                                       (3) 

 
The results show that the inhibition efficiency decreases with increasing temperature indicating that higher 
temperature dissolution of steel predominates on adsorption of the inhibitors at the surface. Is clear that, the 
inhibition efficiency increased with increase in inhibitors concentrations. The maximum value of inhibition 
efficiency obtained for 10-4 M is 94.09% and 89.25% for DPB and DEB at 308 K, respectively. 
 
The Arrhenius plot and transition state plot were used to determine the activation energy (Ea), activation enthalpy 
(∆Ha°), and activation entropy (∆Sa°) for the corrosion of mild steel in 1M HCl with and without the inhibitors. The 
activation energy can be obtained by the Arrhenius equation and Arrhenius plot:  
 

 � = �exp ������ �                                                                 (4) 

 
where W is the corrosion rate, R the gas constant, T the absolute temperature, A the pre-exponential factor.  
Using the logarithm:  

��	� = 	− ��
�� + 	��	�                                                              (5) 

 
The graph of LnW against 1/T gives a straight line with a slope of (-Ea/R). 
 
Figs. 2a and 2b show the Arrhenius plot for mild steel in 1M HCl in the presence and absence of the two 
compounds. Ea was calculated and tabulated in Table 3. 
 
The transition state equation was used to calculate the ∆ !" and 	∆#!" : 
 

� = ��
$% exp �

∆��&
� � '( �−

∆)�&
�� �                                               (6) 

 
where N is Avogadro’s number and h is Plank’s constant.  
 
Eq. (6) looks like an exponential multiplied by a factor that is linear in temperature.  
 
However, the activation energy is itself a temperature dependent quantity as follows:  

Ea = ∆ !"- T	∆#!"                                                               (7)  
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Fig. 2. Arrhenius plots for mild steel in 1 M HCl in the absence and presence of different concentrations of (a) DPB and (b) DEB 

 
Table 2 Activation parameters for mild steel corrosion in 1M HCl in the absence and presence of different concentrations of DPB and 

DEB 
 

Inhibitors Conc. 
(M) 

Ea 
(kJ mol-1) 

∆*+, 
(kJ mol-1) 

∆-+, 
(kJ mol-1K-1) 

Ea-∆*+, 
 

Blank ---- 60.79 58.15 -51.84 2.64 
 

DPB 
10-4 90.53 87.90 22.54 2.63 

5.10-5 87.93 85.30 16.50 2.63 
10-5 82.71 80.08 1.92 2.63 

5.10-6 86.94 84.31 18.23 2.63 
 

DEB 
10-4 78.93 76.29 -10.26 2.64 

5.10-5 78.34 75.70 -10.95 2.64 
10-5 72.43 69.79 -27.91 2.64 

5.10-6 71.70 69.06 -28.07 2.64 

 
Therefore, when all of the details are worked out one ends up with an expression that again takes the form of an 
Arrhenius exponential multiplied by a slowly varying function of T. The precise form of the temperature 
dependence depends upon the reaction, and can be calculated using formulas from statistical mechanics involving 
the partition functions of the reactants and of the activated complex [18].  
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Nevertheless, in order to carry simple calculations, Eq. (6) was rearranged to become: 
 

�� ��� � = �
�∆)�&
�� � + .�� �

�
$%� +

∆��&
� /                                                (8) 

 
 

A plot of Ln (W/T) against 1/T should give a straight line with a slope of (-∆ !"/R) and intercept of  � �$%� +
∆��&
�  , as 

shown in Figs. 3a and 3b.  
 
∆ !"	and	∆#!" were calculated and tabulated in Table 2. From this table, the activation energy Ea increases in the 
presence of the inhibitors. Increases in Ea with the presence of the two compounds indicate that a physical 
(electrostatic) adsorption occurred in the first stage. It should be noted that, DPB and DEB are an organic nitrogen 
compounds that give a cationic form in acid medium. The values of ∆H!"	 and Ea are higher in the presence of the 
inhibitors. This indicates that the energy barrier of the corrosion reaction increased in the presence of the inhibitors 
without changing the mechanism of dissolution. The positive values of 	∆H!"	 for both corrosion processes with and 
without the inhibitors reveal the endothermic nature of the steel dissolution process and indicate that the dissolution 
of steel is difficult [19-20].  
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Fig. 3. Transition state plots for the inhibition of corrosion of inhibitors in 1M HCl in the absence and presence of different 

concentrations of (a) DPB and (b) DEB 
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The negative values of ∆#!" imply that the disorderness is increased on going from reactant to product. It is observed 
that the shift of ∆#!" to more positive values for DPB on increasing the concentration of the inhibitor is the driving 
force that can overcome the barriers for the adsorption of inhibitor onto the mild steel surface [21-22]. Also, for the 
second compound (DEB) the entropies of activation were positive indicating that the activation complex represents 
association steps and that the reaction was spontaneous and feasible [23-27]. 
 
3.1.3 Adsorption Isotherm and thermodynamic parameters 
The degree of surface coverage values (θ) obtained from weight loss measurements using the equation (θ = E(%) / 
100) assuming a direct relationship between surface coverage and inhibition efficiency were tested graphically by 
fitting to different isotherms. Attempts were made to fit θ values to the Freundlich, Temkin, Langmuir, and Flory- 
Huggins isotherms, and the correlation coefficient (R2) values were used to determine the best fit isotherm. The best 
results were obtained for the Langmuir adsorption isotherm. The characteristics of the Langmuir adsorption isotherm 
are given by the equation: 

456%
7 = 	 18!9:

+ 456% 

 
where Cinh is inhibitor concentration, Kads is adsorption equilibrium constant for corrosion process. Figures 4a and 4b 
show the plots of Cinh/θ versus Cinh. The linear plots were obtained indicating that the experimental data obtained 
from three different measurements fits the Langmuir adsorption isotherm. 
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Fig. 4. Langmuir adsorption isotherm on mild steel in 1 M HCl at different temperatures of (a) DPB (b) DEB 
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The Kads values can be calculated from the intercept lines on the Cinh/Θ-axis. This is related to the standard free 
energy of adsorption ( ∆;!9:) with the following equation 6: 
 

∆;!9: = −RT Ln (55.5 K ads)                                       (6) 
 

where R is the gas constant and T is the absolute temperature.  
Calculated free energies (∆;!9:) are given in Table 4; the negative values of  ∆;!9: indicate spontaneous adsorption 
of the two compounds onto the mild steel surface [10] and strong interactions between inhibitors molecules and the 
metal surface [11]. In the present study, the estimated ∆;!9: 	values are higher than -40 kJ/mol indicate that the 
adsorption mechanism of the two compounds may be a chemisorption.  
 
Thermodynamically, ∆;!9: related to the standard enthalpy and entropy of the adsorption process, ∆ !9: and ∆#!9:, 
respectively, via Eq. (7): 
 

∆;!9:= ∆ !9:− Τ.∆#!9:                                       (8) 
 

and the standard enthalpy of adsorption (∆ !9:) can be calculated according to the Van‘t Hoff equation [10]: 

��8!9: = − ∆)�=>
�� + 4?�@A				                                      (9) 

 
 

A plot of Ln Kads versus 1000/T gives a straight line, as shown in Fig. 5. The slope of the straight line is ∆Hads /R and 

the intercept is (∆Sads/R + ln
B

CD�E
). The value of ∆Hads and ∆Sads are given in Table 4.  
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Fig. 5. Plots of Ln Kads Vs 1/T for the inhibition of corrosion of mild steel in 1 M HCl with DPB and DEB 

 
The thermodynamic parameters (∆Hads and ∆Sads) can also evaluated using the Gibbs-Helmholtz equation, which is 
defined as follow in the arranged form [28]: 
 

∆F�=>
� = − ∆)�=>

� + 4?�@A				                                            (10)  
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Fig. 6. Plots of ∆G/T Vs 1/T for the inhibition of corrosion of mild steel in 1M HCl with DEB and DPB 

 
Fig. 6 shows the variation of ∆Gads/T with 1/T which gives a straight line with a slope that equals ∆Hads. It can be 
seen from the figure that ∆Gads/T decreases with 1/T in a linear fashion. 
Since the ∆Hads value is negative, the adsorption of inhibitor molecules onto the mild steel surface is an exothermic 
process, which indicate that the inhibition efficiencies decrease, with increasing the temperature. On the other hand, 
the adsorption of inhibitor molecules is accompanied by positive values of S ads.  
 
It should be noted that, in an exothermic process, chemisorption is distinguished from physisorption by considering 
the absolute value of Hads, for the chemisorption process, it approaches 100 kJ/mol, while for the physisorption 
process, it is less than 40 kJ /mol [29-31]. But, in this case, the chemisorption is governed by the high values of S 
ads. From the same table, we can see that the values of ∆Hads obtained by both methods are in good agreement. 
 

Table 3 Adsorption parameters of DPB and DEB for mild steel corrosion in 1M HCl at different temperatures 
 

 
Inhibitors 

 
Temp. 

(K) 

 
Langmuir adsorption isotherm 

 
Van’t Hoff 
equation 

Gibbs Helmholtz 
equation 

Kads ∆;ads 

(kJ mol-1) 
∆ ads 

(kJ mol-1) 
∆#ads 

(J mol-1K-1) 
∆ ads 

(kJ mol-1) 
 

DPB 
303 1276994 -45.51  

-26.77 
 

62.18 
 

-26.75 313 1007123 -46.40 
323 682687 -46.83 
333 500325 -47.43 

 
DEB 

303 929817 -44.72  
-10.03 

 
114.5 

 
-10.03 313 813338 -45.84 

323 746915 -47.08 
333 641737 -48.12 

 
3.2. Electrochemical Measurements 
3.2.1. Potentiodynamic Polarization Studies 
The potentiodynamic polarization measurements were carried out to study the kinetics of the cathodic and anodic 
reactions. Fig. 7 shows the results of the effect of DPB inhibitor on the cathodic as well as anodic polarization 
curves of mild steel in 1M HCl respectively. It is evident from the figure that both reactions were suppressed with 
the addition of the inhibitor. This suggests that the two reduced the anodic dissolution reactions as well as retarded 
the hydrogen evolution reactions on the cathodic sites.  
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Fig. 7. Polarisation curves of carbon steel in 1 M HCl for various concentrations of selected DPB at 30°C 

 
Electrochemical corrosion kinetic parameters namely corrosion potential (Ecorr) and corrosion current density (Icorr) 
obtained from the extrapolation of the cathodic polarization curves are listed in Table 4. The corrosion current 
density (Icorr) decreased by the increase in the adsorption of the inhibitor with increasing inhibitor concentration. The 
inhibition efficiency increases with increase in the inhibitor concentration was calculated by the Icorr values and 
listed in Table 4. According to Ferreira et.al [32], Li et al. [33] and Shukla et al. [34], if the displacement in 
corrosion potential is more than 85 mV with respect to the corrosion potential of blank solution, the inhibitor can be 
consider as a cathodic or anodic type. In present study, displacement was 58 mV with respect to the corrosion 
potential of the uninhibited sample which indicates that the studied inhibitors is a mixed type of inhibitors.   
 
Also, the Tafel plots indicate that the mechanism of hydrogen reduction is activation control. The presence of tested 
inhibitors does not affect the cathodic Tafel slope, indicating that the mechanism of H+ reduction is not modified 
with the DEB and DPB concentration. Also, the corrosion potential is almost constant in the presence of the 
inhibitors.  The inhibitor molecules decrease the surface area of corrosion and only cause inactivation of a part of the 
surface with respect to the corrosion medium. The inhibition efficiency reaches 92.37% and 88.12 % at 10-4 M of 
DPB and DEB, respectively. This phenomenon is interpreted by the adsorption of the molecules on steel surface 
leading to the increase of the surface coverage. 
 

Table 4. Corrosion parameters for corrosion of mild steel with concentrations of the inhibitors in 1M HCl by Potentiodynamic 
polarization method at 303K 

 
Inhibitor Conc. 

(M) 
 

-Ecorr 
(mV/SCE) 

-βc 
(mV dec-1) 

Icorr 
(µA cm-2) 

ηTafel 
(%) 

Blank 1.0 496 162 564 - 
 

DEB 
10-4 438 186 43.0 92.37 

5.10-5 457 183 66.3 88.24 
10-5 467 174 77.7 86.22 

5.10-6 480 176 119.1 78.88 
 

DPB 
10-4 441 167 67.0 88.12 

5.10-5 458 159 80.2 85.78 
10-5 460 181 108.0 80.85 

5.10-6 477 165 133.2 76.38 

 
3.2.2. AC Impedance Spectroscopic Studies 
Nyquist representation of the EIS study of mild steel in 1M HCl in absence and presence of different concentrations 
of DEB were presented in figure 8. The large capacitive loop attributed to the adsorption of the inhibitor molecule 
[34-35].  
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Figure 8. Nyquist curves for mild steel in 1M HCl for selected concentrations of the inhibitor DEB at 303K 

 
The simple equivalent Randle circuit for studies is shown in Fig. 9, where Rs represents the solution and corrosion 
product film; the parallel combination of resister, Rt and capacitor Cdl represents the corroding interface. The 
existence of single semi-circle showed the single charge transfer process. Depression from the perfect semi-circle is 
due to the inhomogeneous nature of the metal surface arising from the surface roughness or the interfacial 
phenomenon [36].  

 
Figure 9. Equivalent electrical circuit corresponding to the corrosion process on the carbon steel in hydrochloric acid 
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Figure 10. EIS Nyquist plots for carbon steel in 1 M HCl with 10 -4M DEB interface: dotted lines experimental data; dashed line 

calculated 
 

Fig. 10 gives the fitted EIS Nyquist plot for carbon steel in 1 M HCl with 10-4M DPB interface using the above 
Equivalent electrical circuit. 
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The increase in Rt value due to the addition of inhibitors in comparison to the absence of inhibitors is attributed to 
the formation of protective film on the metal/solution interface. These observations suggest that the inhibitors 
molecules function by adsorption at metal surface thereby causing the decrease in Cdl values and increase in Rt 

values [34-37].   
 
The charge transfer resistance (Rt) and the interfacial double layer capacitance (Cdl) derived from these curves are 
given in table 6. Inhibition efficiency was calculated by the using the charge transfer resistance values. The results 
obtained from the EIS studies showed good agreement with the results obtained from the Tafel polarization and 
weight loss measurements.  
 

Table 5. AC-impedance parameters for corrosion of mild steel for selected concentrations of the inhibitors in 1M HCl at 303K 
 

Inhibitor Conc 
(M) 

Rct 
(Ω cm2) 

 
n 

Q×10-4 
(sn Ω-1cm-2) 

Cdl 
(µF cm-2) 

ηz 
(%) 

Ɵ 
 

Blank 1.0 29 .35 0.91 1.7610 91.63 - - 
 

DPB 
10-4 338.4 0.90 0.3979 24.65 91.33 0.913 

5.10-5 193.0 0.91 0.6370 41.23 84.79 0.847 
10-5 183.0 0.92 0.7308 50.22 83.96 0.839 

5.10-6 148.0 0.90 0.9210 57.15 80.17 0.801 
 

DEB 
10-4 262.8 0.90 0.4611 28.24 88.83 0.888 

5.10-5 197.5 0.92 0.6064 41.27 85.14 0.851 
10-5 163.1 0.91 0.7250 46.74 82.00 0.820 

5.10-6 106.8 0.93 0.9079 64.05 72.17 0.721 

 
3.3. SEM Analysis of metal Surface 
Scanning electron microscopy photographs obtained for mild steel surface after immersion in 1 M HCl solution for 6 
h at 303 K in the absence and presence of DEB  (10-4M ) are shown in Fig. 11. The steel surface was greatly 
corroded in HCl solution in absence of DEB (Fig. 10b). On the other hand, it can be observed that the addition of 
DEB results in formation of a protective layer on the surface which greatly reduces the corrosion rate (Fig. 10c). 
 

  
 

 
Fig.13. SEM images of mild steel (x5000): (a) unexposed, (b) exposed in 1M HCl and (c) exposed in 1M HCl in the presence of 10-4M of 

DEB for 6h at 303K 
 

3.4. Quantum chemical calculations 
3.4.1. Global reactivity descriptors 
The frontier orbital (highest occupied molecular orbital HOMO and lowest unoccupied molecular orbital LUMO) of 
a chemical species are very important in defining its reactivity. Fukui first recognized this. A good correlation has 
been found between the speeds of corrosion and EHOMO that is often associated with the electron donating ability of 
the molecule. Survey of literature shows that the adsorption of the inhibitor on the metal surface can occur on the 
basis of donor–acceptor interactions between the π-electrons of the heterocyclic compound and the vacant d-orbital 
of the metal surface atoms [38], high value of EHOMO of the molecules shows its tendency to donate electrons to 
appropriate acceptor molecules with low energy empty molecular orbitals. Increasing values of EHOMO facilitate 
adsorption and therefore enhance the inhibition efficiency, by influencing the transport process through the adsorbed 
layer. Similar relations were found between the rates of corrosion and ∆E (∆E = ELUMO − EHOMO) [39–41]. The 
energy of the lowest unoccupied molecular orbital indicates the ability of the molecule to accept electrons. The 
lower the value of ELUMO, the more probable the molecule would accept electrons. Consequently, concerning the 
value of the energy gap ∆E, larger values of the energy difference will provide low reactivity to a chemical species. 
Lower values of the ∆E will render good inhibition efficiency, because the energy required to remove an electron 
from the lowest occupied orbital will be low [42]. Another method to correlate inhibition efficiency with parameters 
of molecular structure is to calculate the fraction of electrons transferred from inhibitor to metal surface. According 
to Koopman’s theorem [43], EHOMO and ELUMO of the inhibitor molecule are related to the ionization potential (I) and 
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the electron affinity (A), respectively. The ionization potential and the electron affinity are defined as I = - EHOMO 
and A = - ELUMO, respectively. Then absolute electronegativity (χ) and global hardness (η) of the inhibitor molecule 
are approximated as follows [42]: 
 

2

IE EAχ +=                                                                                                                                        (14)
 

2

IE EAη −=                                                                                                                                         (15) 

 
The global electrophilicity index was introduced by Parr [44] and is given by: 

η
µω
2

²
 =                                                                                                                       (16)         

  

 
Thus the fraction of electrons transferred from the inhibitor to metallic surface, ∆N, is given by [45]: 

( )2
Fe inh

Fe inh

N
χ χ
η η

−∆ =
+

                                                                                                                 (17) 

 
In order to calculate the fraction of electrons transferred, a theoretical value for the electronegativity of bulk copper 
was used χFe= 7eV/mol [43], and a global hardness of, ηFe = 0 eV/mol by assuming that for a metallic bulk I = A, 
because they are softer than the neutral metallic atoms [46]. 
 
Quantum chemical parameters obtained from the calculations which are responsible for the inhibition efficiency of 
inhibitors, such as the highest occupied molecular orbital (EHOMO), energy of lowest unoccupied molecular orbital 
(ELUMO), HOMO–LUMO energy gap (∆EH-L), dipole moment (µ) and total energy (TE), electronegativity (χ), 
electron affinity (A), global hardness (η), softness (σ), ionization potential (I), The global electrophilicity (ω), the 
fraction of electrons transferred from the inhibitor to iron surface (∆N) and the total energy (TE) , are collected in 
Table 6. 
 

Table 7: The calculated quantum chemical parameters for the neutral inhibitors 
 

Quantum parameters DPB DEB 
EHOMO -2.4234 -1.3001 
ELUMO 0.3104 -0.0032 
∆EH-L 2.7339 1.2969 
µ 1.6499 0.5200 
EI% 88.12 92.30 
I 2.4234 1.3001 
A -0.3104 0.0032 
χ 1.0565 0.6517 
η 1.36696 0.64845 
σ 0.731548 1.542145 
∆N 2.173984 4.89498 
ω 0.9957 0.20849 
TE -15766.2 -12555.9 

 
In Fig. 12, we have presented the frontier molecule orbital density distributions of the studied compounds: HOMO 
(right); LUMO (left). Analysis of Fig. 12 shows that the distribution of two energies HOMO and LUMO, we can see 
that the electron density of the HOMO location in the molecules is mostly distributed near the nitrogen (N) 
indicating that these are the favorite sites for adsorption, while the density LUMO was distributed almost of the 
entire molecules. 
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Fig. 12. The optimized structure and calculated HOMO and LUMO molecular orbitals of DPB, DEB, inhibitors using the B3LYP/6-31 
G(d,p) 

 
According to the frontier molecular orbital theory (FMO) of chemical reactivity, transition of electron is due to 
interaction between highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
of reacting species [47]. EHOMO is a quantum chemical parameter which is often associated with the electron 
donating ability of the molecule. High value of EHOMO is likely to a tendency of the molecule to donate electrons to 
appropriate acceptor molecule of low empty molecular orbital energy [48]. The inhibitor does not only donate 
electron to the unoccupied d orbital of the metal ion but can also accept electron from the d-orbital of the metal 
leading to the formation of a feedback bond. The highest value of EHOMO of DPB indicates the better inhibition 
efficiency. 
 
Therefore, the tendency for the formation of a feedback bond would depend on the value of ELUMO. The lower the 
ELUMO, the easier is the acceptance of electrons from the d orbital of the metal [41]. Based on the values of ELUMO, 
the order obtained for the decrease in inhibition efficiency (DPB > DEB) was also similar to the one obtained from 
experimental results. 
 
The separation energy, ∆E = ELUMO - EHOMO is an important parameter as a function of reactivity of the inhibitor 
molecule towards the adsorption on metallic surface. As ∆E decreases, the reactivity of the molecule increases 
leading to increase the inhibition efficiency of the molecule. The results obtained from quantum chemical 
calculation are listed in Table 6. The calculations indicate that DPB has the lowest value which means the highest 
reactivity among the other inhibitor and accordingly the highest inhibition efficiency which agrees well with the 
experimental observations. The order of reactivity in this case will be: (DPB > DEB). 
 
Absolute hardness and softness are important properties to measure the molecular stability and reactivity. It is 
apparent that the chemical hardness fundamentally signifies the resistance towards the deformation or polarization 
of the electron cloud of the atoms, ions or molecules under small perturbation of chemical reaction. A hard molecule 
has a large energy gap and a soft molecule has a small energy gap [49]. In our present study DPB with low hardness 
value 0.64845 (eV) compared with other compound have a low energy gap. Normally, the inhibitor with the least 
value of global hardness (hence the highest value of global softness) is expected to have the highest inhibition 
efficiency [50]. For the simplest transfer of electron, adsorption could occur at the part of the molecule where 
softness (σ), which is a local property, has a highest value [39]. DPB with the softness value of 1.542145 has the 
highest inhibition efficiency. 
 
The most widely used quantity to describe the polarity is the dipole moment of the molecule [51]. Dipole moment is 
the measure of polarity of a polar covalent bond. It is defined as the product of charge on the atoms and the distance 
between the two bonded atoms. The total dipole moment, however, reflects only the global polarity of a molecule. 
For a complete molecule the total molecular dipole moment may be approximated as the vector sum of individual 
bond dipole moments. The dipole moment (µ in Debye) is another important electronic parameter that results from 
non-uniform distribution of charges on the various atoms in the molecule. The high value of dipole moment 
probably increases the adsorption between chemical compound and metal surface [52]. The energy of the 
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deformability increases with the increase in µ, making the molecule easier to adsorb at the Fe surface. The volume 
of the inhibitor molecules also increases with the increase of µ. This increases the contact area between the molecule 
and surface of steel and increasing the corrosion inhibition ability of inhibitors. In our study, there is no direct 
relationship between the EI (%) and the dipole moment. 
 
In literature it has been reported that the values of ∆N show inhibition effect resulted from electrons donation [43, 
53]. According to Lukovits’s study [53], if the value of ∆N < 3.6, the inhibition efficiency increased with increasing 
electron donating ability of inhibitor at the metal surface. Also it was observed [54] that inhibition efficiency 
increased with increase in the values of ∆N. In our study, the results, as reported in Table 6, show that the order of 
electron transfer is such that DPB > DEB, which also confirms that DPB has the highest tendency to donate 
electrons and therefore the highest tendency to bind onto the metal surface. 
 
The total energy calculated by quantum chemical methods is also a beneficial parameter. The total energy of a 
system is composed of the internal, potential, and kinetic energy. Hohenberg and Kohn [55] proved that the total 
energy of a system including that of the many body effects of electrons (exchange and correlation) in the presence of 
static external potential (for example, the atomic nuclei) is a unique functional of the charge density. The minimum 
value of the total energy functional is the ground state energy of the system. The electronic charge density which 
yields this minimum is then the exact single particle ground state energy. In our study the total energy of the best 
inhibitor DPB is equal to -12555.9 eV, this value is lower than that of the compound DEB. 
 

 
 
 

(a) 
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DPB 

 
 

 
 
(b) 

 

 

 
 
 
(c) 
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Fig. 13. Electrostatic properties of DPB and DEB: (a) The dipole moment with the Mulliken charge populations, (b) The NBO atomic 
charges, (c) and (d) The contour and isosurface representation of electrostatic potential respectively 
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3.4.2. Molecular electrostatic potential and Fukui functions 
In order to investigate the reactive sites in the tested inhibitors, Molecular electrostatic potential (MESP) maps 
provide a visual method to understand the region of the electrophilic attack, nucleophilic attack and the electrostatic 
potential zero regions[56]. The total electron density surface mapped with molecular electrostatic potential (MESP) 
and Electrostatic potential contour surface of DEB and DPB are shown in Fig. 13, respectively. The different values 
of the electrostatic potential were demonstrated with the help of different colors which are red, yellow, green, light 
blue and blue. The red and yellow colors suitable for the negative parts of the MESP are linked to electrophilic 
reactivity, blue colors suitable for the positive parts to the nucleophilic reactivity and the green color represents the 
electrostatic potential zero region[57, 58]. According to the ESP contour surface and MESP of studied inhibitors, the 
negative regions are electrophilic active regions are mainly observed over the nitrogen atoms. The positive regions 
are the nucleophilic regions and these are over the some carbon atoms of the title molecules. These observations 
have also been supported by the evidence Mulliken charges, natural bond orbital analysis and Fukui functions. 
 
Fukui functions are used to measure the local reactivity of the inhibitors molecules and indicate their chemical 
reactivity for nucleophilic and electrophilic nature[59, 60]. Using a scheme of finite difference approximations, this 
procedure condenses the values around each atomic site into a single value that characterizes the atom in the 
molecule. With this approximation, the condensed Fukui function becomes[61]: 
 

	GHI = JHKL + 1) −	JHKL)                                                                                                        (18)  
 GH� = JHKL) −	JHKL − 1)                                                                                                     (19)                                                               

 
Where JHKL + 1), JHKL), JHKL − 1) represent charge values of atom k for anion, neutral, and cation, respectively. 
The preferred site for nucleophilic attack is the atom in the molecule where the value of 	GHI is the highest while the 
preferred site for electrophilic attack is the atom in the molecule where the value of GH� is the highest[62]. The values 
of calculated Fukui functions based on natural population analysis, given in Table 7. In DEB and DPB, atoms C1, 
C2, C4, and N10, present the highest values of 	GHI, where are the most susceptible sites for nucleophilic attacks. On 
the other hand, in DEB, atoms C1, C2, C4, and N10, in DPB, atoms C1, C2, C4, N10, and N11, are the susceptible 
sites for electrophilic attacks as they present the highest values of GH�. The information obtained from the Fukui 
condensed function entirely agrees with the analysis of the FMO and ESP. 

 
Table 7 Values of the Fukui functions according with Eqs. (18)- (19) 

 
Atom DEB DPB Atom DEB DPB 

GH�. 	GHI GH�. 	GHI GH�. 	GHI GH�. 	GHI 
1  C 0.137 0.126 0.127 0.117 19  H 0.023 0.023 0.058 0.013 
2  C 0.125 0.117 0.116 0.128 20  C -0.022 -0.019 -0.005 -0.017 
3  C 0.013 -0.005 -0.018 0.004 21  H 0.033 0.037 0.025 0.048 
4  C 0.211 0.253 0.179 0.204 22  H 0.033 0.036 0.025 0.048 
5  C 0.007 -0.007 -0.040 0.026 23  C -0.003 -0.003 -0.004 0.001 
6  H 0.048 0.046 0.041 0.046 24  H 0.040 0.045 0.008 0.009 
7  H 0.046 0.046 0.041 0.046 25  H 0.011 0.013 0.008 0.008 
8  H 0.045 0.044 0.035 0.040 26  H/C 0.012 0.013 -0.012 0.005 
9  H 0.047 0.047 0.027 0.048 27  H   0.012 0.014 
10  N 0.097 0.100 0.069 0.091 28  H   0.013 0.014 
11  N 0.003 -0.014 0.140 -0.062 29  C   -0.015 0.007 
12  C -0.017 -0.015 -0.022 -0.019 30  H   0.008 0.002 
13  H 0.039 0.042 0.039 0.024 31  H   0.008 0.002 
14  H 0.021 0.020 0.060 0.009 32  C   -0.014 0.005 
15  H 0.011 0.012 0.015 0.056 33  H   0.009 0.003 
16  C -0.014 -0.012 -0.023 -0.016 34  H   0.018 0.012 
17  H 0.038 0.045 0.042 0.021 35  H   0.009 0.003 
18  H 0.012 0.011 0.015 0.055      

 
3.4.3. NBO analysis and Mulliken charges 
The calculation of atomic charges plays an important role in the application of quantum chemical calculations. The 
charges on the chelating atom give more information about the adsorbability of the inhibitors on the mild steel 
surface. The higher the negative partial atomic charge of the adsorbed center, the more easily the atom donates its 
electron to the partially filled or vacant d orbital of the metal[63, 64]. The Mulliken atomic charges on the atoms of 
the studied molecules with optimized geometry and the direction of the dipole moment vector calculated at the 
B3LYP/6-31G(d,p) level are presented in Fig. 13, and collected in Table 8.   
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Table 8 Calculated NBO and Mulliken atomic charges at DFT/ B3LYP/6-31 G(d,p) 
 

Atom DEB DPB Atom DEB DPB 

NBO Mulliken NBO Mulliken NBO Mulliken NBO Mulliken 
1  C -0.066 0.078 -0.066 0.089 19  H 0.191 0.075 0.191 0.085 
2  C -0.055 0.083 -0.055 0.059 20  C -0.256 -0.068 -0.252 -0.068 
3  C -0.286 -0.121 -0.286 -0.131 21  H 0.236 0.109 0.235 0.102 
4  C 0.077 0.186 0.076 0.231 22  H 0.236 0.108 0.235 0.103 
5  C -0.264 -0.112 -0.264 -0.125 23  C -0.702 -0.310 -0.471 -0.169 
6  H 0.227 0.092 0.226 0.091 24  H 0.237 0.105 0.236 0.105 
7  H 0.226 0.092 0.226 0.088 25  H 0.238 0.118 0.236 0.102 
8  H 0.243 0.081 0.242 0.078 26  H/C 0.237 0.117 -0.456 -0.168 
9  H 0.251 0.085 0.250 0.081 27  H   0.225 0.089 
10  N -0.412 -0.435 -0.408 -0.445 28  H   0.225 0.089 
11  N -0.513 -0.469 -0.513 -0.472 29  C   -0.446 -0.174 
12  C -0.474 -0.153 -0.473 -0.158 30  H   0.227 0.095 
13  H 0.224 0.098 0.224 0.101 31  H   0.227 0.095 
14  H 0.188 0.073 0.187 0.081 32  C   -0.675 -0.317 
15  H 0.234 0.110 0.233 0.114 33  H   0.224 0.102 
16  C -0.471 -0.149 -0.470 -0.158 34  H   0.231 0.102 
17  H 0.221 0.097 0.221 0.100 35  H   0.224 0.102 
18  H 0.233 0.109 0.232 0.108      

 
It is clear from Table 8, that all the nitrogen atoms as well as some carbons atoms for both inhibitors carries negative 
charge centers which are the probable reactive sites, could offer electrons to the mild steel surface to form a 
coordinate bond. It is worthy to mention that there are more negative charge centers in DPB than in DEB. On the 
other hand, DPB donates more negative charge to the d-orbitals of Fe than DEB. The direction of the dipole moment 
for both inhibitors is toward the nitrogen atoms, and the side containing the negative centers. It can be also 
understand the direction of the dipole moment by considering the electrostatic potential (Fig. 13c-d), which discerns 
electron density rich regions centered on the nitrogen atoms and some carbon atoms, 
 
Natural bond orbital (NBO) analysis is an essential tool for studying intra and intermolecular bonding interactions 
among bonds, it is also used to provide a convenient basis for investigating charge transfer or conjugative 
interactions in molecular systems[65]. NBO analysis was performed using NBO 3.1 program implemented in the 
Gaussian 03 program with B3LYP/6-31G(d,p) level[66, 67], and the results are presented in Fig. 13 and reported in 
Table 8. From the resulted values one can conclude that the two nitrogen atoms of the two inhibitors as well as the 
some carbon atoms bonded to the nitrogen atom possess the highest negative atomic charges suggesting that the 
tested compounds can effectively inhibit the corrosion of the mild steel through adsorption on its surface via their 
reactive sites.  
 

CONCLUSION 
 
All the weight loss measurements showed that the DEB and DPB have excellent inhibition properties against the 
mild steel corrosion in hydrochloric acid solution. Thermodynamic calculations show that the adsorption process is 
spontaneous, exothermic in nature.  Potentiodynamic polarization measurements showed that the inhibitors act as 
mixed type of inhibitor. EIS measurements also indicates that the inhibitor performance increase due to the 
adsorption of molecule on the metal surface. The inhibitors showed maximum inhibition efficiency at 10-4 M 
concentration of the studied compounds. The inhibition efficiencies determined by the above methods are in good 
agreement. The inhibitors follow the Langmuir adsorption isotherm in the process of adsorption. Surface 
morphological study with SEM showed that a film of inhibitor is formed on the electrode surface. Quantum 
chemistry calculation reveals that the substitution of ethyl by pentyl in 4-(dimethylamino)pyridinium bromide gives 
a decrease in ∆EH-L energy. The great increase of inhibition efficiency due to increase of ∆EH-L, implying the ability 
of organic molecule to offer free electrons to the metal surface.  
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