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Abstract: The effect of some prepared compounds, namely 4,6-dimethyl pyrimidine derivatives (P-Cl), (P-NMe2) and 
(P-OH)  on the corrosion of C-steel in 1 M HCl solutions has been studied using the weight loss, potentiodynamic 
polarization, electrochemical frequency modulation (EFM) and electrochemical impedance spectroscopy (EIS) 
techniques. The results showed that the inhibition efficiency of the investigated compounds was found to depend on the 
concentration and the nature of the inhibitor. The efficiency of the inhibitors increases with the increase in the inhibitor 
concentration but decreases with a rise in temperature. Polarization results indicated that these compounds behave as 
mixed type inhibitors. The adsorption of these compounds on steel surface followed Langmuir adsorption isotherm. 
The reactivity of investigated compounds was analysed through quantum chemical by PM3 method to explain the 
efficiency of these inhibitors as corrosion inhibitors. The scanning electron microscope (SEM) results showed the formation of 
a protective film on the metal surface in the presence of these additives. 
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I. INTRODUCTION 
Corrosion and corrosion inhibition of iron and iron alloys, in general, and steel, in particular, have received a great 
attention in different media [1– 5] with and without various types of inhibitors. The corrosion inhibition of C-steel 
becomes of such interest because it is widely used as a constructional material in many industries and this is due to its 
excellent mechanical properties and low cost. Carbon steel, the most widely used in engineering material, accounts for 
approximately 85 % of the annual steel production worldwide. Despite its relatively limited corrosion resistance, C-
steel is used in large tonnages in marine applications, chemical processing, petroleum production and refining, 
construction and metal- processing equipment. The corrosion inhibition efficiency of organic compounds is related to 
their adsorption properties. Adsorption depends on the nature and the state of the metal surface, on the type of corrosive 
medium and on the chemical structure of the inhibitor [6]. Studies report that the adsorption of the organic inhibitors 
mainly depends on some physico-chemical properties of the molecule related to its functional group, to the possible 
steric effects and electronic density of donor atoms; adsorption is also supposed to depend on the possible interaction of 
π-orbitals of the inhibitor with d-orbitals of the surface atoms, which induce greater adsorption of the inhibitor 
molecules onto the surface of C-steel, leading to the formation of corrosion protecting film [7,8]. 
Quantum chemical calculations have been widely used to study the reaction mechanism and to interpret the 
experimental results as well as to solve chemical ambiguities. This is a useful approach to investigate the reaction 
mechanism of the inhibitors molecules and the metal surface. The structural and electronic parameters of the inhibitors 
molecules can be obtained by means of theoretical calculations using the computational methodologies of quantum 
chemistry [9].  
The present work was designed to study the corrosion inhibition of C-steel in 1M HCl solutions by some pyrimidine 
derivatives as corrosion inhibitors using weight loss, different electrochemical techniques, also, to compare the 
experimental results with the theoretical ones. 
In this work, we investigate the effect of some chalcone derivatives on the corrosion behavior of aluminum in 0.5 M 
HCl solution using chemical, electrochemical techniques and quantum chemical calculations. 
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II. EXPERIMENTAL 
2.1. Materials and reagents 
The working electrode was mechanically cut from cylindrical carbon steel rod [having composition (weight %): C 0.2; 
Mn 0.9; P 0.007; Si 0.002 % and the rest Fe] of rectangular design having an area of 1 cm2 were used in this study. The 
surface of working electrode was abraded using different grades (up to1200 grade) of emery papers, degreased with 
acetone, washed with bidistilled water and dried with soft paper. The experimental measurements were carried out in 
0.1 M HCl solution in the absence and presence of various concentrations of 4,6-dimethyl pyrimidine derivatives for all 
studies. The chemical structure of 4,6-dimethyl pyrimidine derivatives is given in Table 1.These compounds were 
synthesized and characterized as before [10].  The concentrations of inhibitors employed were varied from 1x 10-6 M to 
17 x 10-6 M. For each experiment, a freshly prepared solution was used. 
 
Table 1: structures, molecular weights and molecular formulas of the investigated pyrimidine derivatives 

 Name Structure Molecular weight& 
Chemical formula 

p-Cl 

4-((4,6-dimethylpyrimidin-2-
ylimino)methyl) chlorobenzen. (P-Cl) 

Cl C
H

N

N

N

CH3

CH3  

245.6 
C13H12N3Cl 

 

p-NMe2 

4-((4,6-dimethylpyrimidin-2-
ylimino)methyl) N,N-dimethylaniline 
(P-NMe2) N C

H
N

H3C

H3C N

N
CH3

CH3  

254 
C15H18N4 

 

p-OH 

4-((4,6-dimethylpyrimidin-2-
ylimino)methyl) phenol 
(P-OH) 
 

HO

N

N

N

CH3

CH3 

227.26 
C13H13ON3 

  
2.2. Weight loss measurements 
Test pieces of C-steel (20×20×2 mm) were suspended by suitable glass hooks at the edge of the basin. The test 
specimen of C-steel was treated as described before and it had a total surface area of ≈8 cm2. It was dipped in 100 ml of 
test solution at 25±1°C. This was conducted in a covered beaker to prevent contact with air and allow the escape of 
evolving gases. After the required immersion time, the test specimen was removed, washed with double distilled water, 
dried as before and finally weighed. The average weight loss at a certain time (180 min) for the tested samples was 
taken in mg cm-2 at the temperature of 298 K, 303 K, 308K, 313 K and 318 K in water thermostat. The change in 
weight was recorded to the nearest 0.0001 g. Precautions were always made to avoid scratching the specimen during 
washing after exposure. Therefore, the weight losses/cm2. ΔW are given from the equations 1: 
 

 
 
Where W1 and W2 are the weights of specimen before and after reaction, respectively and a is the surface area in cm2. 
The inhibition or acceleration efficiency IE % was computed from the equation 2: 
 

 
 
Where ΔW and ΔWi   are the weight losses per unit area in the absence and presence of the investigated compounds, 
respectively. 
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2.3. Electrochemical measurements 
Polarization experiments were carried out in a conventional three-electrode cell with a platinum counter electrode (1 
cm2) and a saturated calomel electrode (SCE) coupled to a fine Luggin capillary as the reference electrode. The 
working electrode was in the form of a square cut from c-steel embedded in epoxy resin of poly tetra fluoro ethylene 
(PTFE) so that the flat surface was the only surface in the electrode.  
The electrochemical measurements were carried out using a Gamry instrument Potentiostat/Galvanostat/ZRA (PCI 
300/4). This includes a Gamry Framework system based on the ESA400, Gamry applications that include DC105 for 
dc corrosion measurements, EIS300 for electrochemical impedance spectroscopy and EFM140 software for 
electrochemical frequency modulation measurements along with a computer for collecting data. Electrochemical data 
were analyzed by Echem Analyst 5.5 software. The working electrode was immersed in the test solution before starting 
the measurements, until a steady state was reached (30 min). For potentiodynamic polarization measurements, the 
potential was scanned at a scan rate of 1mVs−1. Potential changed automatically from -700 mV up to +300.mVSCE. EIS 
measurements were performed at open-circuit potential over a frequency range of 0.1Hz to 100 kHz. The sinusoidal 
potential perturbation was 5 mV in amplitude. EFM carried out using two frequencies 2.0 and 5.0 Hz. The base 
frequency was 1.0 Hz. We use a perturbation signal with amplitude of 10 mV for both perturbation frequencies of 2.0 
and 5.0 Hz. 
 
2.4. QUANTUM CHEMICAL STUDY 

The molecular structures of the investigated compounds were optimized initially with PM3 semi empirical method so 
as to speed up the calculations. All the quantum chemical calculations were performed with Material studio V. 6.0. 
The calculated quantum chemical parameters χ, Pi and η were calculated. The concepts of these parameters are related 
to each other [11-15] where: 

                                                             (3) 

(4)   

                                                                               

The inverse of the global hardness which is designated as the softness σ: 

                                                                  (6)      

The obtained values of χ and η were used to calculate the fraction of electrons transferred, ΔN, from the inhibitor to 
metallic surface [16-18] as follows: 

                                           (7) 

where χsteel and χinh denote the absolute electronegativity of aluminum and inhibitor molecule respectively, ηsteel and ηinh 
denote the absolute hardness of aluminum and the inhibitor molecule respectively. 
 
2.5. SCANNING ELECTRON MICROSCOPY MEASUREMENTS (SEM, EDS) 

The electrode surface of C-steel was examined by Scanning Electron Microscope – type JOEL 840, Japan before  and  
after  immersion  in  1 M HCl test  solution  in  the  absence  and  in  presence  of  the  optimum concentrations of the 
investigated inhibitors at 25°C, for 1 day immersion time. The specimens were washed gently with distilled water, then 
dried carefully and examined without any further treatments. 
 

III. RESULTS AND DISCUSSION 
3.1. Weight loss measurements 
Weight loss in mg cm-2 of the surface area for C-steel was determined in the absence and presence of the investigated 
compounds. Fig. 1 shows the calculated weight loss/cm2 for C-steel which was exposed to 1 M HCl at 25±1°C in the 
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absence and presence of different concentrations ranging from 1 x 10-6 to 17 x 10-6 M from compound II ( P-NMe2) as 
example for the investigated compounds. The weight loss decreased by increasing the concentration of each inhibitor at 
the studied temperatures 25, 30,35,40 and 45°C, so that the three investigated compounds inhibit the corrosion of C-
steel in the acidic medium. Table 2 shows the inhibitor efficiency obtained (IE %) at the studied tested temperatures 
from 25 to 45°C. It is clear that the inhibition efficiency of the investigated compounds increased with increasing the 
inhibitor concentrations and decreased with increasing the range of temperatures. Fig. 2 shows the calculated weight 
loss.cm-2 for C-steel which is exposed to 1 M HCl at 25°Cin the absence and presence of 17 x 10-6 M from different 
investigated compounds. It is found that the percentage inhibition differs at the same concentration from one compound 
to another and the order of decreasing the inhibition efficiency among the investigated compounds decreases as 
follows: P-NMe2 ˃ P-Cl ˃ P-OH. 
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Fig. 1:  Weight loss–time curves for C-steel corrosion in the presence and absence of different concentrations of p-NMe2 at 25°C 
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Fig. 2: Weight loss-time curve for C-steel corrosion in the presence and absence of 17 x 10-6 M of different compounds at 25°C 
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Table 2: Inhibition efficiency (IE %) of the pyrimidine derivatives at different concentrations after testing C-steel for 60 min in 1 M 
HCl solution at the temperature range of 25-45ºC 

Inhibitor Concentration, M IE % 

25ºC 30ºC 35ºC 40ºC 45ºC 

p-Cl 

1 x 10-6 69.5 63.6 60.6 42.1 40 
5 x 10-6 71.9 64.8 62.4 43.3 41.1 

9 x 10-6 74.5 66.1 63.6 44.7 41.7 

13 x 10-6 75.7 67.3 64.5 45.3 42.9 

17 x 10-6 76.9 68.4 66.6 45.9 44 

p-NMe2 

1 x 10-6 80.1 72.7 69.9 50.9 48.6 
5 x 10-6 82.6 73.9 70.7 52 49.7 

9 x 10-6 85 75.2 71.9 52.6 50.3 

13 x 10-6 86.6 76.4 73.1 53.2 51.4 

17 x 10-6 88.2 77.6 74.3 53.8 52.8 

p-OH 

1 x 10-6 63.9 57.6 54 32.2 28.5 
5 x 10-6 66.4 58.8 54.6 33.9 29.1 
9 x 10-6 69.2 60 55.5 35.7 31.1 

13 x 10-6 71.7 61.2 57.6 36.8 31.7 

17 x 10-6 74.1 62.4 58.8 37.4 32.3 
 
3.2. POLARIZATION MEASUREMENTS 

Figs. 3–5 show the polarization curves after the addition of corrosion inhibitors P-Cl, P-NMe2 and P-OH. In every 
curve, it is observed that the current density of the anodic and cathodic branch is displaced towards lower values. This 
displacement is more evident with the increase in concentration of the corrosion inhibitor when compared to the blank 
material. The electrochemical parameters, such as current density (icorr), anodic (βa) and cathodic (βc) slopes, were 
obtained by Tafel extrapolation at the corrosion potential (Ecorr) and are listed in Table 3.It is observed that the current 
density decreased when the inhibitor concentration is increased and the lowest values were obtained for the P-Cl. The 
slopes do not display an order with the inhibitor concentration; this feature indicates that corrosion inhibitors have no 
effect on both hydrogen evolution and iron dissolution, it appears that inhibition occurred by a blocking mechanism on 
the available metal spaces [19, 20]. The corrosion potential displayed small fluctuations in the range of -523 mV around 
the corrosion potential of -459 mV and it tends to change towards the positive direction (Table 3). These results 
indicated that the presence of Pyrimidine compounds inhibited iron oxidation and in a lower extent hydrogen evolution, 
consequently these compounds can be classified as mixed corrosion inhibitors. The inhibition efficiency (IE %) was 
calculated from the polarization curves as follows: 

                                                   (8) 
where icorr and io

corr are the corrosion current densities with and without corrosion inhibitor, respectively. The corrosion 
inhibitor efficiency is summarized in Table 3, where it is shown that efficiency is proportional to concentration. It is 
important to note that there exists a difference in corrosion efficiency between weight loss tests and polarization curves, 
although the inhibition tendency is similar at 25ºC in both tests, probably because the former was performed for a 
longer time (3 h) than the latter (after reaching OCP, 0.5 h). This way ascending order of compounds as a function of 
inhibitor efficiency was as follows: P-NMe2 ˃ P-Cl ˃ P-OH. 
The inhibitor efficiency corroborated the importance of the molecular size and volume on the inhibition process [21, 
22]. 
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Fig.3: Potentiodynamic polarization curves for the corrosion of carbon steel in 1 M HCl in the absence and presence of different 
concentrations of P-Cl at 25º C 
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Fig. 4: Potentiodynamic polarization curves for the corrosion of carbon steel in 1 M HCl in the absence and presence of different 
concentrations of P-NMe2 at 25º C 
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Fig. 5: Potentiodynamic polarization curves for the corrosion of carbon steel in 1 M HCl in the absence and presence of different 
concentrations of P-OH at 25º C 
 
Table 3: Electrochemical parameters obtained from potentiodynamic polarization measurements of carbon steel in 1 M HCl in the 
absence and presence of different concentrations of investigated compounds at 25º C 

Inhibitor Conc., 
M 

-Ecorr, 
mV 

Icorr, 
µA cm-2 

β c, 
mV dec-1 

β a, 
mV dec-1 

 IEPP% 

 
 
 

p- Cl 

--- 523.0 981.0 169.6 149.5 --- --- 
1 x 10-6 484.0 135.0 122.5 85.70 0.862 86.2 
5 x 10-6 480.0 99.90 127.0 80.50 0.898 89.8 
9 x 10-6 477.0 70.10 135.6 79.30 0.929 92.9 

13 x 10-6 467.0 68.50 131.1 72.00 0.930 93.0 
17 x 10-6 457.0 60.30 133.3 85.10 0.939 93.9 

 
 
 

p- NMe2 

--- 523.0 852.0 155.0 137.6 --- --- 
1 x 10-6 479.0 99.50 130.9 95.60 0.883 88.3 
5 x 10-6 476.0 96.00 120.6 63.50 0.887 88.7 
9 x 10-6 464.0 54.70 159.8 79.40 0.936 93.6 

13 x 10-6 463.0 9.20 77.90 45.80 0.989 98.9 
17 x 10-6 460.0 8.55 77.90 48.70 0.990 99.0 

 
 
 

p-OH 

--- 523.0 943.0 162.1 148.7 --- --- 
1 x 10-6 518.0 279.0 134.4 103.3 0.704 70.4 
5 x 10-6 469.0 267.0 141.3 93.20 0.717 71.7 
9 x 10-6 468.0 238.0 152.5 99.50 0.748 74.8 

13 x 10-6 464.0 182.0 138.8 90.30 0.807 80.7 
17 x 10-6 459.0 173.0 143.2 91.80 0.817 81.7 

 

3.3. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) 

Figs. 6, 7 show the Nyquist and Bode diagrams of carbon steel in 1 M HCl solutions containing different 
concentrations of P-NMe2 at 25°C. All the impedance spectra exhibit one single depressed semicircle. The diameter of 
semicircle increases with the increase of investigated inhibitor concentration. The impedance spectra exhibit one single 
capacitive loop, which indicates that the corrosion of steel is mainly controlled by a charge transfer process [23] and the 
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presence of investigated inhibitor does not change the mechanism of carbon steel dissolution [24]. In addition, these 
Nyquist diagrams are not perfect semicircles in 1 M HCl that can be attributed to the frequency dispersion effect as a 
result of the roughness and inhomogeneous of electrode surface [25]. Furthermore, the diameter of the capacitive loop 
in the presence of inhibitor is larger than that in the absence of inhibitor (blank solution), and increased with the 
inhibitor concentration. This indicates that the impedance of inhibited substrate increased with the inhibitor 
concentration. [24, 25]. This behavior is usually attributed to the inhomogeneity of the metal surface arising from 
surface roughness or interfacial phenomena [26], which is typical for solid metal electrodes [27]. Generally, when a 
non-ideal frequency response is presented, it is commonly accepted to employ the distributed circuit elements in the 
equivalent circuits. What is most widely used is the constant phase element (CPE), which has a non-integer power 
dependence on the frequency [28]. Thus, the equivalent circuit depicted in Figure 8 is employed to analyze the 
impedance spectra, where Rs represents the solution resistance, Rct denotes the charge-transfer resistance, and a CPE 
instead of a pure capacitor represents the interfacial capacitance. The impedance of a CPE is described by the equation 
9: 

-n                                                  (9) 
where Y0 is the magnitude of the CPE, j is an imaginary number, ω is the angular frequency at which the imaginary 
component of the impedance reaches its maximum values, and n is the deviation parameter of the CPE: -1 ≤ n ≤ 1. The 
values of the interfacial capacitance Cdl can be calculated from CPE parameter values Y0 and n using equation 10 [29]: 

n-1                                           (10) 

 
The values of the parameters such as Rs, Rct, through EIS fitting as well as the derived parameters Cdl and IE % are 

listed in Table 4. 
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Fig. 6: Nyquist plots for corrosion of carbon steel in 1 M HCl in the absence and presence of different concentrations of p-NMe2 at 
25º C 
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Fig. 7: Bode plots recorded for carbon steel in 1 M HCl without and with various concentrations of p-NMe2 at 25˚C 

 
Fig. 8: Electrical equivalent circuit used to fit the impedance data 

Table 4: Electrochemical kinetic parameters obtained from EIS technique for carbon steel in 1M HCl solution containing various 
concentrations of investigated inhibitors at 25 ˚C. 
 

Concentration,  

M 

Rp, 

 kΩ cm2 

Cdl,  

μF cm-2 
θ % IE  

1 M HCl 24.69 1.27E-04 --- --- 
 
 

P-Cl 

1 x 10-6 97.20 1.10E-04 0.746 74.6 
5 x 10-6 99.94 9.62E-05 0.753 75.3 
9 x 10-6 105.10 7.19E-05 0.765 76.5 
13 x 10-6 116.20 7.72E-05 0.788 78.8 
17 x 10-6 156.40 6.87E-05 0.842 84.2 

 
 

P-NMe2 

1 x 10-6 106.80 1.21E-04 0.769 76.9 
5 x 10-6 110.50 1.14E-04 0.777 77.7 
9 x 10-6 115.60 1.09E-04 0.786 78.6 
13 x 10-6 129.60 1.07E-04 0.809 80.9 
17 x 10-6 180.70 8.39E-05 0.863 86.3 

 
 

P-OH 

1 x 10-6 77.03 1.17E-04 0.679 67.9 
5 x 10-6 87.90 1.16E-04 0.719 71.9 
9 x 10-6 95.00 1.14E-04 0.740 74.0 
13 x 10-6 99.94 9.62E-05 0.753 75.3 
17 x 10-6 112.60 4.72E-05 0.781 78.1 
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3.4. Electrochemical frequency modulation (EFM) measurements 

The EFM is a non-destructive corrosion measurement technique that can directly give values of the corrosion current 
without prior knowledge of Tafel constants. It is generally accepted that in most cases, the corrosion rates determined 
with the EFM technique, are much higher than the values determined with other techniques exhibiting low corrosion 
rates [30].The modulation frequencies that are used in the EFM technique are in the capacitive region of the impedance 
spectra. However, results of the EFM technique showed good agreement of corrosion rates obtained with the Tafel 
extrapolation method. Figs. 9 a-f are examples of carbon steel immersed in 1 M HCl solutions without compound (P-
NMe2) and others containing different concentrations of compound (P-NMe2) at 25 °C. Each spectrum is a current 
response as a function of frequency.  
The calculated corrosion kinetic parameters at different concentrations of the investigated compounds in 1 M HCl at 25 
°C (icorr, βa, βc, CF-2, CF-3 and % IE) are given in Table 5. From Table 5, the corrosion current densities decrease by 
increasing the concentration of investigated compounds and the efficiency of inhibition increases by increasing 
investigated compounds concentrations. The causality factors in Table 5 are very close to theoretical values, which 
according to EFM theory [31] should guarantee the validity of Tafel slopes and corrosion current densities. Values of 
causality factors in Table 5 indicate that the measured data are of good quality. The standard values for CF-2 and CF-3 
are 2.0 and 3.0, respectively. The deviation of causality factors from their ideal values might be due to the perturbation 
amplitude which was too small or that the resolution of the frequency spectrum is not high enough. Another possible 
explanation is that the inhibitor is not performing very well. The obtained results showed good agreement of corrosion 
kinetic parameters obtained with the EFM, Tafel extrapolation and EIS methods. 
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Fig. 9a- f: Intermodulation spectrum for carbon steel in 1 M HCl solutions without and with various concentrations (1x10-6-17x10-6 

M) of compound (p-NMe2) at 25 °C 
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Table 5: Electrochemical kinetic parameters obtained by EFM technique for carbon steel in 1 M HCl solutions containing various 
concentrations of the investigated compounds at 25 °C 

 

Concentration, M 
icorr, µA 

βa 

mVdec-1 

βc 

mVdec-1 

C.R. 

mpy 
CF-2 CF-3 θ %IE 

1 M HCl 551.8 89.02 98.06 252.2 1.885 2.745 --- --- 

p-Cl 

1x10-6 332.9 98.44 105.9 152.1 1.749 3.253 0.397 39.7 

5x10-6 219.1 82.59 95.06 100.1 1.802 2.956 0.603 60.3 

9x10-6 203.2 100.4 125.2 92.87 2.004 3.103 0.632 63.2 

13x10-6 107.6 64.74 71.70 49.17 1.986 3.075 0.805 80.5 

17x10-6 101.4 86.99 122.8 46.32 1.974 2.939 
0.816 81.6 

p-NMe2 

1x10-6 322.7 97.49 103.7 147.5 1.874 2.853 
0.415 41.5 

5x10-6 200.1 83.81 99.47 91.45 1.821 3.192 
0.637 63.7 

9x10-6 130.9 76.23 91.43 59.80 1.833 3.080 
0.763 76.3 

13x10-6 100.9 111.2 117.8 46.11 1.916 2.837 
0.817 81.7 

17x10-6 71.56 66.89 77.16 32.70 1.846 2.905 
0.870 87.0 

p-OH 

1x10-6 294.9 95.26 99.71 134.8 1.630 2.753 
0.466 

46.6 

5x10-6 291.6 32.29 38.11 133.2 1.761 2.823 
0.472 

47.2 

9x10-6 278.4 94.99 100.8 127.2 2.039 2.869 
0.495 

49.5 

13x10-6 274.5 87.40 111.3 125.4 1.884 3.226 
0.503 

50.3 

17x10-6 210.8 92.41 96.25 96.33 2.145 3.021 
0.618 

61.8 

 
 
3.5. EFFECT OF TEMPERATURE ON CORROSION PROCESS 

The effect of temperature on both corrosion and corrosion inhibition of carbon steel in 1 M HCl solution in the absence 
and presence of different concentrations of investigated compounds at different temperatures ranging from 25ºC to 
45ºC was studied using weight loss measurements. The corrosion rate increases with increasing temperature both in 
uninhibited and inhibited acid. The apparent activation energy (E*

a) for the corrosion process can be calculated from 
Arrhenius-type equation [32]:  

                                            (11) 
where Rcorr is the corrosion rate and A is the Arrhenius pre-exponential constant depends on the metal type and 
electrolyte. Plots of logarithm of the corrosion rate (log Rcorr) with the reciprocal of absolute temperature (1/T) in the 
absence and presence of 17 x 10-6M of inhibitors were shown graphically in Fig. 10. The values of (E*

a) is summarized 
in Table 6. It is clear that the values of E*

a are similar and ranging from (34.4 to 57.8 kJmol-1) suggested that the 
inhibitors are similar in their mechanisms of action. It is also indicated that the whole process is controlled by surface 
reaction, since the activation energy (E*

a) of the corrosion process is over (20 kJmol-1) [33].  
The enthalpy change of activation (∆H*) and the entropy change of activation (∆S*) for corrosion of carbon steel in 1 M 
HCl in the absence and presence of 17 x 10-6 M of each additives are calculated from the transition state theory using 
the following equation [34]. 
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                                                 (12) 
where h is Planck's constant, N is the Avogadro's number, ∆S* is the entropy of activation and ∆H* is the enthalpy of 
activation. 
Plot of log ( Rcorr/T) vs. (1/T) for uninhibited carbon steel in 1 M HCl and in the presence of 17 x 10-6 M of the 
investigated compounds (Fig. 11) give straight lines with slope equal (-∆H*/2.303R) and an intercept equal (log R/Nh - 
∆S*/2.303R) from which the values of ∆H* and ∆S* were calculated and listed in Table 6. It is clear that the presence of 
tested compounds increased the activation energy values and consequently decreased the corrosion rate of the carbon 
steel. These results indicate that these investigated compounds acted as inhibitors through increasing activation energy 
of carbon steel dissolution by making a barrier by their adsorption on metal surface. The positive values of enthalpy 
change of activation (∆H*) reflect the strong adsorption of these compounds on C-steel surface and the process of the 
dissolution of carbon steel is endothermic process. The values of the entropy change of activation (∆S*) in the absence 
and presence of the investigated compounds are large and negative; this indicates that the activated complex in the rate-
determining step represents an association rather than dissociation step. This means that the activated molecules were 
in higher order state than that at the initial state [35]. 
The order of the inhibition efficiency of the investigated compounds as gathered from the increase in E*

a 
and (∆H*) and the decrease in (∆S*) values, remains unchanged and follows the order: P-NMe2 ˃ P-Cl  ˃ P-OH . 
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Fig. 10: logarithm of the corrosion rate (log Rcorr) with the reciprocal of absolute temperature (1/T) for carbon steel dissolution in 1 
M HCl in the absence and presence of investigated inhibitors. 
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Fig. 11: log (Rcorr/T) vs. (1/T) for uninhibited carbon steel in 1 M HCl and in the presence of investigated inhibitors. 
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Table 6: Activation parameters of the dissolution of carbon steel in 1 M HCl in the absence and presence of investigated compounds 
at 25o C 

 
Inhibitor 

Activation parameters 
E*

a, kJmol-1 ∆H*, kJmol-1 ∆S* J mol-1K-1 
      p-NMe2 57.81 49.78 103.90 

p-Cl 42.12 45.95 117.17 
 p-OH 34.46 42.12 122.90 

 

3.6. ADSORPTION ISOTHERM 

The mode and interaction degree between an inhibitor and a metallic surface have been widely studied with the 
application of adsorption isotherms. The adsorption of an organic molecule occurs because the interaction energy 
between an inhibitor and a metallic surface is higher than that between water molecules and a metallic surface [36, 37]. 
To obtain the adsorption isotherms, the degree of surface coverage (θ) was determined as a function of inhibitor 
concentration. The values of θ were then plotted to fit the most suitable model of adsorption [38]. Fig. 12 show the 
dependency of the relationship Cinh /θ as a function of the corrosion inhibitor concentration (Cinh) for investigated 
inhibitors. Graph yielded a good fitting with a correlation factor of unity, which suggests that the compounds under 
study displayed an adsorption isotherm of the Langmuir type: 

                                                       (13) 

 
 
where Cinh is the inhibitor concentration in the total volume of the test solution, and Kads is the equilibrium adsorption 
constant involved in chemical reaction. Several authors have correlated the Langmuir isotherm with the interaction of 
adsorbed species on metallic surface [39,40]. The tendency of data indicates that inhibitor molecules are adsorbed on 
the metallic surface to form a film that isolates metal from the corrosive environment. The values of Kads decreased as 
temperature increased (Table 7), which indicates the presence of a rearrangement and detachment of the corrosion 
inhibitor molecules from the metallic surface with a consequent decay in inhibitor efficiency. 
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Fig. 12: Cinh/θ vs. Cinh to fitting of Langmuir’s isotherm for carbon steel in 1 M HCl to determine the thermodynamic parameters of 
investigated inhibitors at 25oC 
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Table 7: Thermodynamic parameters for investigated compounds as corrosion inhibitors of carbon steel in 1 M HCl as a function of 
temperature. 

Inhibitor Temperature, 
K 

R2 Kads x 105 

M-1 
-∆Gºads  

(kJ mol-1) 
P-Cl 298 0.981 30.303 20.21 

303 0.999 24.691 20.481 
308 0.968 21.978 20.69 
313 0.960 20.00 20.9 
318 0.984 14.492  20.99 

 
p- NMe2 

298 0.996 45.454 20.8 
303 0.996 38.461 20.95 
308 0.984 28.571 20.97 
313 0.979 23.584 21.10 
318 0.971 19.607  21.23 

 
p-OH 

298 0.996 26.315 20.2 
303 0.998 24.183 20.25 
308 0.974 18.181 20.3 
313 0.957 12.820 20.43 
318 0.981 10.869  20.5 

 
3.7. SEM- EDX INVESTIGATION 

 
SEM and EDX experiments were carried out in order to verify if the investigated compounds are in fact adsorbed on C-
steel surface or just pealed off the surface. SEM images were indicative of the changes that accompany both corrosion 
and protection of the carbon steel surface (Fig. 13a–e). Figure 13a shows the free metal. Figure 13b shows the damage 
caused to the surface by hydrochloric acid. Figure 13c, d, e shows SEM images of the carbon steel surface after 
treatment with 1 M HCl containing 17 x 10-6 M of investigated inhibitors. From these images, it is obvious that the steel 
surface seems to be almost unaffected by corrosion. This is because of adsorption of investigated inhibitors forming a 
thin protective film of the inhibitors on the metal surface. This film is responsible for the highly efficient inhibition by 
these inhibitors. 
The corresponding EDS profile analyses are presented in Table 8 and Figure 14 for investigated compounds not shown. 
It is also important to notice the existence of C and N peaks in the EDS spectra of the C-steel surface corresponding to 
the samples immersed for 1 day in solutions containing the optimum concentration of these compounds. The formation 
of a thin inhibitor film is in agreement with the SEM observations. 
 

           
      (a)                        (b)               (c) P-NMe2           (d) P-Cl                (e) P-OH 
 
Fig. 13: SEM micrograph of carbon steel free (a), after immersion for 24 h in 1 M HCl alone (b) or containing 17 x 10-6 M of 
investigated inhibitors (c, d, and e). 
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Fig. 14: EDS spectra of C-steel in 1 M HCl (a), , in the presence of 17 x 10-6M p-NMe2 (b) , in 17 x 10-6M p-Cl (c) and in 17 x 10-

6M of p-OH (d) 
 
Table 8: Surface composition (wt %) of c-steel after 1 day of immersion in 1 M HCl + 17 x 10-6 M of investigated inhibitors 

Mass % C Si Mn Fe 

Blank 37.19 0.49 0.49 61.83 

P-NMe2 56.60 0.47 0.30 42.62 

P-Cl 42.48 0.47 0.50 56.56 

P-OH 37.93 0.38 0.54 61.16 

 
3.8. QUANTUM CHEMICAL STUDY 

 
The EHOMO indicates the ability of the molecule to donate electrons to an appropriated acceptor with empty molecular 
orbitals, whereas the ELUMO indicates its ability to accept electrons. The lower value of ELUMO, the more ability of the 
molecule to accept electrons [41]. The PM3 calculations showed a correlation between the molecular area of the 
molecule and the inhibition efficiency. The inhibition efficiency increases as the molecular area of the molecule 
increases due to the increase of the contact area the molecule and surface of the metal. The use of optimization analysis 
to estimate the adsorption centers of inhibitors has been widely reported and it is mostly used for the calculation of the 
charge distribution over the whole skeleton of the molecule [42]. 
There is a consensus by several authors that the more negatively charged hetero atom is, the more is its ability to adsorb 
on the metal surface through a donor–acceptor type reaction [43-45].Variation in the inhibition efficiency of the 
inhibitors depends on the presence of electronegative O- and N- atoms as substituent in their molecular structure. The 
optimized structures of inhibitors are presented in Fig. 15. 
In a corrosion system, the inhibitor acts as a Lewis base while the metal acts as a Lewis acid. Bulk metals are soft acids 
and thus soft base inhibitors are most effective for acidic corrosion of those metals. Accordingly, it is concluded that 
inhibitor with the highest σ value has the highest inhibition efficiency Table 9 which is in a good agreement with the 
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experimental data. This also confirmed from the calculated inhibition efficiencies of molecules as a function of the 
inhibitor chemical potential, Pi and the fraction of the charge transfer, ΔN to metal surface.  The relatively good 
agreement of Pi and ΔN with the inhibition efficiency could be related the fact that factor causing an increase in Pi and 
ΔN would enhance the electronic releasing power of the inhibitor molecule (Table 9).  
 
Fig. 15: The optimized molecular structures, HOMO, LUMO and optimaization structures of the protonated inhibitors molecules 
using PM3 method. 

 
 p-Cl  p-NMe2  p-OH 

HOMO 

 
 

LUMO 

 
 

Optimized 
Structure 

  
 
Table 9: The calculated quantum chemical parameters for protonated compounds 

Parameter P-Cl  P-NMe2 P-OH  

 
 
 
 
 

PM3 

E HOMO (eV) -9.594 -8.914 -9.411 

E LUMO (eV) -0.96 -0.842 -0.778 

ΔE   (eV) 8.634 8.072 8.633 

μ (debyes) 4.503 2.883 2.485 

η (eV) 4.317 4.036 4.317 

σ (eV-1) 0.232 0.248 0.231 

Pi  (eV) -5.277 -4.878 -5.095 

χ  (eV) 5.277 4.878 5.095 

ΔN   (e) 0.611 0.604 0.590 

Molecular area (Å2) 271.435 308.118 266.198 
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3.9. MECHANISM OF CORROSION 
 

The adsorption of investigated compounds can be attributed to the presence of polar unit having atoms of nitrogen, 
sulphur and oxygen and aromatic/heterocyclic rings. Therefore, the possible reaction centers are unshared electron pair 
of hetero-atoms and л-electrons of aromatic ring [46]. The adsorption and inhibition effect of 4, 6-dimethyl Pyrimidine 
derivatives in 1 M HCl solution can be explained as follows:  In general, two modes of adsorption are considered on the 
metal surface in acid media. In the first mode, the neutral molecules may be adsorbed on the surface of metal through 
the chemisorption mechanism, involving the displacement of water molecules from the carbon steel surface and the 
sharing electrons between the hetero- atoms and C-steel. The inhibitor molecules can also adsorb on the metal surface. 
In the second mode, since it is well known that the C-steel surface bears positive charge in acid solution [45], so it is 
difficult for the protonated molecules to approach the positively charged metal surface due to the electrostatic 
repulsion. Since chloride ions have a smaller degree of hydration, thus they could bring excess negative charges in the 
vicinity of the interface and favor more adsorption of the positively charged inhibitors molecules, the protonated 
inhibitors adsorb through electrostatic interactions between the positively charged molecules and the negatively 
charged metal surface. Thus there is a synergism between adsorbed Cl- ions and protonated inhibitors. Thus we can 
conclude that inhibition of C-steel corrosion in 1 M HCl is mainly due to electrostatic interaction. The decrease in 
inhibition efficiency with rise in temperature supports electrostatic interaction. 

IV. CONCLUSIONS 
From the overall experimental results the following conclusions can be deduced:  
1.  The investigated compounds are good inhibitors and act as mixed type inhibitors for C-steel corrosion in 1 M HCl 
solution.  
2. The results obtained from all electrochemical measurements showed that the inhibiting action increases with the 
inhibitor concentration and decreases with the increasing in temperature.   
3. Double layer capacitances decrease with respect to blank solution when the inhibitor is added. This fact confirms the 
adsorption of these molecules on the carbon steel surface.  
4. The adsorption of inhibitor on C-steel surface in HCl solution follows Langmuir isotherm for these compounds.  
5. The values of inhibition efficiencies obtained from the different independent quantitative techniques used show the 
validity of the results.  
6. Quantum chemical parameters for these investigated compounds were calculated to provide further insight into the 
mechanism of inhibition of the corrosion process.  
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