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2,6-Dimethylpyrimidine-2-amine and two of its derivatives have been investigated as corrosion 
inhibitors for carbon-steel (C-steel) in 2M HCl solution using electrochemical impedance spectroscopy 
(EIS) and weight loss techniques. The efficiency of the inhibitors increases with increase in the 
inhibitor concentration. Results obtained reveal that the used pyrimidine derivatives perform as 
corrosion inhibitors for C-steel in 2M HCl. Double layer capacitance, Cdl, and charge transform 
resistance, Rct, values were derived from Nyquist and Bode plots obtained from A.C. impedance 
studies. Change in impedance parameters are indicative of the adsorption of these inhibitors on the iron 
surface. The inhibition efficiency mainly depends on the nature of the investigated compounds. The 
values of the inhibition efficiency calculated from the two techniques are in reasonably good 
agreement. The adsorption of these compounds on C-steel surface is found to obey Langmuir 
adsorption isotherm. The mechanism of inhibition was discussed in the light of the chemical structure 
of the undertaken inhibitors and their adsorption on C-steel surface. 
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1. INTRODUCTION 

Hydrochloric acid is widely used for the removal of rust and scale in several industrial 
operations. The corrosion of carbon steel (C-steel) in such environments and its inhibition constitute a 
complex problem of process. The corrosion characteristics of steel in aggressive mineral acid media 
have been widely investigated (1-6). The corrosion of iron and its alloys and their inhibition by 
different organic inhibitors in acid solution has been studied by several authors (7-19). A perusal of the 
literature on acid corrosion inhibitors act by adsorption on the metal surface. This phenomenon could 
take place via (i) electrostatic attraction between the charged metal and the charged inhibitor molecules 
(ii) dipole-type interaction between uncharged electron pairs in the inhibitor with the metal, (iii) π 
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electron-interaction with the metal, and (iv) a combination of all of the above (20). The compounds 
containing nitrogen can provide excellent inhibition in acid media.  

The present investigation is concerned with the mechanism and efficiency of some pyrimidine 
derivatives as corrosion inhibitors of C-Steel in 2M HCl solution. 
 
 
2. EXPERIMENTAL PART 

2.1. Composition of material samples 

The composition of C-steel specimens used in this work is  
 

Element C Mn P Si Fe 

Weight (%) 0.2 0.35 0.024 0.003 Rest 

 

2.2. Tested specimens and treatment 

For weight loss measurements the C-steel were used in the form of sheets having a sample area 
of 5 cm2. Before the measurements, the samples were polished by 2/0 and 3/0 emery papers and 
cleaned in ultrasonic bath for 5 min., then decreased with acetone (21), washed with bidistilled water, 
and finally dried between two filter papers and weighed. The weighed samples are immersed in the 
corrosive medium for a certain period of time, then removed, washed with double distilled water, dried 
and weighed again. The percentage inhibition efficiency (%IE) and the surface coverage (θ) were 
computed from the following equations 
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where wfree and wadd are the weight loss in corrosive medium and in inhibited solution in mg 

cm-2 respectively.  
For electrochemical impedance spectroscopy (EIS) measurements polishing and cleaning of C-

steel electrodes were carried out in a similar way to that used in the case of weight loss measurements. 
The electrodes used were cut from wire of a diameter 0.6 mm. Then fixed with epoxy resin at one end 
into a Pyrex glass tubing of appropriate diameter leaving the exposed length, 1 cm, to contact the 
solution. The EIS measurements were carried out in a conventional three-electrode glass cell with a 
platinum counter electrode and a saturated calomel electrode (SCE) as a reference electrode. C-steel 
rod is the working electrode. The cell was kept at a constant temperature (25±0.1oC). 
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From EIS data, the percentage inhibition efficiency (%IE) and the surface coverage (θ) were 
calculated from the following equations 
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where Rcto and Rct are the charge transfer resistance in the absence and presence of inhibitor 
respectively. 
 

2.3. Apparatus 

EIS measurements were carried out using as signals (10 mV) peak to peak at the open circuit 
potential in the frequency range 100 KHz – 10 mHz. Time interval of 15 min was given for steady 
state attainment of open circuit potential then, the A.C. impedance measurements were carried out. The 
impedance of the electrochemical system was measured using 1M be system (Zahner Elektric, 
Germany) with impedance measurement unit. Impedance data through this work were represented by a 
simple equivalent circuit model which is equivalent to the well-known Randles Cell (22). 
 

2.4. Materials and solutions 

Hydrochloric acid solution was prepared from chemically pure grade (BDH) by appropriate 
dilution, and then standardized using sodium carbonate. Double distilled water was used through out 
all experiments. 

The synthesis and characterization (IR spectra and elemental analysis) of the pyrimidine 
compounds were as described and documented previously (23). Structural formulae of the inhibitors 
examined are shown below. 
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Inhibitor I: 4,6-Dimethylpyrimidine-2-amine 
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Inhibitor II: N-Benzylidene-4,6-dimethylpyrimidine-2-amine 
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Inhibitor III: 2-[(3,6-Dimethylpyridimine-2-ylimino)methyl]-4-nitrophenol 

 

3. RESULTS AND DISCUSSION 

3.1. Electrochemical Impedance Spectroscopy (EIS) 

The corrosion behavior of C-steel in 2M HCl solution in the presence of the pyrimidine 
derivatives was investigated by the EIS method at 25oC. The Nyquist and Bode plots are shown in 
Figures (1-6). For Nyquist plots (Figures 1-3) it is clear that the impedance diagrams in most cases 
does not show perfect semicircle. This behavior can be attributed to the frequency dispersion (24) as a 
result of roughness and in homogenates of the electrode surface. The impedance response consisted of 
characteristic semicircles for solutions examined indicating that the dissolutions of C-steel process 
occurs under charge transfer control in other words under activation control and the presence of the 
inhibitors does not change the mechanism of the acid dissolution. These semicircles are of a capacitive 
type whose diameters increase with increasing inhibitor concentration.  

 

 
 

Figure 1. Nyquist plots of C-steel in 2M HCl in presence of different concentrations of inhibitor I at 
25 °C. (1) blank, (2) 1x10-5 M, (3) 5x10-5 M, (4) 1x10-4 M, (5) 5x10-4 M, (6) 1x10-3 M and (7)  
5x10-3 M  
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Figure 2. Nyquist plots of C-steel in 2M HCl in presence of different concentrations of inhibitor II at 
25 °C. (1) blank, (2) 1x10-5 M, (3) 5x10-5 M, (4) 1x10-4 M, (5) 5x10-4 M, (6) 1x10-3 M and (7)  
5x10-3 M  

 

 
 
Figure 3. Nyquist plots of C-steel in 2M HCl in presence of different concentrations of inhibitor III at 
25 °C. (1) blank, (2) 1x10-5 M, (3) 5x10-5 M, (4) 1x10-4 M, (5) 5x10-4 M, (6) 1x10-3 M and (7) 5x10-3 
M 
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The impedance spectra of the different Nyquist plots (Figures 1-3) were analyzed by fitting the 
experimental data to a simple equivalent circuit model, which includes the solution resistance Rs and 
the double layer capacitance Cdl which is placed in parallel to the charge transfer resistance Rct (22). 
The Rct values were calculated from the difference in impedance at low and high frequencies. The 
value of Rct is a measure of electron transfer across the surface and inversely proportional to the 
corrosion rate. The double layer capacitance, Cdl were calculated at the frequency fmax at which the 
imaginary component of the impedance is maximal by the following equation 

 

 
ctmax

dl R f 2
1

C
π

=        (5) 

 
The values of Rct, Cdl and %IE for C-steel in 2M hydrochloric acid containing different 

concentrations for the used inhibitors are shown in Tables (1-3). The data indicate that increasing 
charge transfer resistance is associated with a decrease in the double layer capacitance and increase in 
the percentage inhibition efficiency. The decrease in Cdl values could be attributed to the adsorption of 
the inhibitor molecules at the metal surface. It has been reported that the adsorption of organic 
inhibitor on the metal surface is characterized by a decrease in Cdl (25). Furthermore the decreased 
values of Cdl may be due to the replacement of water molecules at the electrode interface by organic 
inhibitor of lower dielectric constant through adsorption. 
 
Table 1. Data obtained from EIS measurements for C-steel in 2M HCl in presence of different 
concentrations of inhibitor I. 
 

Concentration 

(M) 
Rct (Ωcm2) Cdl (µF cm-2) %IE θ 

0.0 68.01 233.9 0.0 0.0 
5 x 10-5 117.90 122.0 42.30 0.42 
1 x 10-4 150.0 96.40 54.70 0.55 
5 x 10-4 175.0 82.60 61.14 0.61 
1 x 10-3 195.0 74.20 65.13 0.65 
5 x 10-3 240.0 60.3 71.2 0.71 

 
Table 2. Data obtained from EIS measurements for C-steel in 2M HCl in presence of different 
concentrations of inhibitor II. 
 

Concentration 

(M) 
Rct (Ωcm2) Cdl (µF cm-2) %IE θ 

0.0 68.01 233.9 0.0 0.0 
5 x 10-5 125.03 116.0 45.60 0.46 
1 x 10-4 155.00 93.3 56.70 0.57 
5x 10-3 204.90 70.60 66.8 0.67 
1 x 10-3 275.03 21.40 89.93 0.90 
5x 10-3 935.30 15.00 92.73 0.93 
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Table 3. Data obtained from EIS measurements for C-steel in 2M HCl in presence of different 
concentrations of inhibitor III. 
 

Concentration 

(M) 
Rct (Ωcm2) Cdl (µF cm-2) %IE θ 

0.0 68.01 233.90 0.0 0.0 
5 x 10-5 101.90 144.88 33.26 0.33 
1 x 10-4 145.87 99.70 53.53 0.54 
5 x 10-3 200.90 72.09 66.16 0.66 
1 x 10-3 225.40 64.08 69.83 0.70 
5 x 10-3 250.80 57.90 72.90 0.73 

 
 
Bode plots for effect of pyrimidine derivatives on the corrosion of C-steel in 2MHCl solution 

are shown in Figures (4-6). The high frequency limit corresponds to the solution resistance Rs, while 
the lower frequency limit represents the summation of Rs+Rct. Values of Rct, Cdl and %IE calculated 
from Nyquist and Bode plots are in good agreement. For Bode plots at both high and low frequency 
limits, the phase angle between current and potential, θo, in all cases assume a value of 00, 
corresponding to resistive behavior of Rs and Rs+Rct. The dielectric properties of the adsorbed film are 
evident at intermediate frequencies as indicated by the capacitive behavior of the system. The presence 
of one phase maximum at intermediate frequencies indicates the presence of one time constant 
corresponding to the impedance of the formed protective film. In Bode plots for pure capacitive 
behavior the slope of log impedance vs. log frequency relation should be -1. 

 

 
Figure 4. Bode plots of C-steel in 2M HCl in presence of different concentrations of inhibtor I at 25 
°C. (1) blank, (2) 5x10-5 M, (3) 1x10-4 M, (4) 5x10-4 M, (5) 1x10-3 M and (6) 5x10-3 M  
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Figure 5. Bode plots of C-steel in 2M HCl in presence of different concentrations of inhibitor II at 25 
°C. (1) blank, (2) 1x10-5 M, (3) 5x10-5 M, (4) 1x10-4 M, (5) 5x10-4 M, (6) 1x10-3 M and (7) 5x10-3 M  

 

 
Figure 6. Bode plots of C-steel in 2M HCl in presence of different concentrations of inhibitor III at 25 
°C. (1) blank, (2) 1x10-5 M, (3) 5x10-5 M, (4) 1x10-4 M, (5) 5x10-4 M, (6) 1x10-3 M and (7) 5x10-3 M  
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In the present work, most values of slopes were between -0.8 and -0.9, which indicate a 
capacitive behavior of the C-steel electrode under the experimental conditions. From the A.C. 
impedance technique data, at most inhibitor concentrations, the order of inhibition efficiency for the 
pyrimidine compounds is  

 
II > III > I 

 

3.2. Application of adsorption isotherm 

Assuming a direct relationship between inhibition efficiency and the degree of surface 
coverage, θ, for different concentrations of the inhibitor. Data obtained from EIS measurements were 
tested graphically for fitting various adsorption isotherms including Langmuir, Frunkin, Temkin and 
Frundich. By far the best fit was obtained with the Langmuir adsorption isotherm for the different 
inhibitors under investigation. According to this isotherm θ is related to the inhibitor concentration C 
via 

 

 C
K
1C +=

θ
        (6) 

 
where K is the equilibrium constant. 
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Figure 7. Langmuir adsorption isotherm plot for the adsorption of the used inhibitors,   data obtained 
from EIS . 
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By plotting C/θ vs.C a straight lines were obtained as shown in Figure 7. For inhibitor II, the 
slope of the straight line equals 1.05 which is close to unity indicating no interaction of the adsorbed 
molecules. For inhibitors I and III the slope of the straight lines deviate slightly from unity indicating 
the presence of mutual repulsion or attraction between the adsorbed molecules. Similar behavior was 
obtained for the adsorption of some organic inhibitors on iron surface in acid solutions (26-28). The 
intercept of the straight line permit the calculation of the equilibrium constant K, which leads to 
evaluate the standard free energy of adsorption o

adsG∆  from the following equation 

 

 RT/G o
adsexp

5.55
1

K ∆=       (7) 

where R is the universal gas constant and T is the absolute temperature.  

The calculated values of K and o
adsG∆  for inhibitor II amount to 9.8x103 mol-1 and -32.68 KJ 

mol-1 respectively. According to Donahue and Nobe (29), the value of o
.adsG∆  indicates that inhibitor 

interacts on the C-steel surface by electrostatic effect. Also the negative value of o
.adsG∆  points to the 

spontaneity of the adsorption process under investigated experimental conditions. 
 

3.3. Weight-loss measurements 

Weight-loss of C-steel at various time intervals, in the absence and presence of different 
concentrations of pyrimidine derivatives at 25oC was studied. The values of the corrosion rate 
(mg/cm2.min) and the percentage inhibition efficiency are presented in Table 4. It is clear that the 
decreasing corrosion rate is associated by increase in the %IE. Figure 8 shows the variation of the %IE 
with the concentration of the additives. The curves obtained indicate that the %IE increases with 
increasing the concentration of the additives. 

 
Table 4. Data obtained from weight loss measurements for C-steel in 2M HCl in presence of different 
concentrations of the used inhibitors. 
 

Concentration Rate of corrosion mg.cm-2.min-1 %IE 
(M) I II III I II III 
0.0 0.0310 0.031 0.031 0.0 0.0 0.0 

5 x10-5 0.0180 0.0167 0.0179 41.90 46.10 42.21 
1 x10-4 0.0143 0.0131 0.0139 53.92 57.81 55.81 
5 x10-3 0.0118 0.0101 0.0104 61.83 67.31 66.34 
1 x10-3 0.0108 0.00310 0.0091 64.92 90.10 70.54 
5 x10-3 0.0091 0.0021 0.0083 70.60 93.32 73.38 

 
From the weight loss measurements the order of inhibition efficiency for the used inhibitors is 

II > III > I which is in good agreement with those obtained from EIS technique.  
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Figure 8. Effect of concentration of pyrimidine derivatives on %IE , data obtained from weight loss. 
 

3.4. Mechanism of inhibition and molecular structure 

As far as the inhibition process is concerned, it is generally assumed that the adsorption of the 
inhibitors at the metal solution interface is the first step in the action mechanism of inhibitors in 
aggressive acid media. Inhibition of C-steel in HCl solution by the pyrimidine derivatives can be 
explained on the basis of adsorption. Four types of adsorption may take place involving organic 
molecules at the metal solution interface (i) electrostatic attraction between charged molecules and the 
charged metal, (ii) interaction of π-electrons with the metal, (iii) interaction of uncharged electron pairs 
in the molecule with the metal and (iv) a combination of the above (20). It is apparent that the 
adsorption of these pyrimidine compounds on the Fe surface could occur directly on the basis of donar 
acceptor between the lone pairs of the heteroatoms and the extensively delocalized π-electrons of the 
pyrimidine molecule and the vacant d-orbitals of iron surface atoms (30). Moreover the presence of the 
electron releasing two methyl groups in the molecules increase the electron density on the pyrimidine 
heterocyclic ring. 

In acidic solution, these compounds can exist as protonated species. These protonated species 
may adsorb on the cathodic sites of C-steel surface and decrease the evolution of hydrogen. These 
compounds are able to adsorb on anodic sites through N atoms, azomethine group, heterocyclic and 
aromatic rings which are electron donating groups. The adsorption of these compounds on anodic sites 
may decrease anodic dissolution of C-steel. 

Inhibition effect of different compounds used in this investigation was observed from two 
different techniques and the order of inhibition efficiency is II > III > I. The effectiveness of a 
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compound as corrosion inhibitor mainly depends on the size and the active centers of the compound. 
The improved performance of inhibitor II and III over compound I can be attributed to the smallest 
size of this compound. The best performance of compound II as corrosion inhibitor over compound III 
may be attributed to the presence of OH and NO2 groups in compound III. The electrophilic (electron 
with drawing) character of NO2 group is highest than the nucleophilic (electron releasing) character of 
OH group which hinders the delocalized π-electrons on the aromatic ring. On the other hand, the lower 
inhibition efficiency of the nitro derivative compound as compared to compound II may be due to its 
reduction in acid medium and the evolved heat of hydrogenation may aid the desorption of the 
molecules.  

Moreover, the results obtained from the relation between inhibition characteristics and quantum 
chemical data show that %IE mostly depends upon the energies of the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Table 5 includes HOMO and 
LUMO values for compounds II and III. From this table it is evident that the inhibition efficiency 
increases with the increase of the ionization potential. It is further evident that the inhibition efficiency 
increases with the ease of ionization of the molecule, which means that the molecule acts as an 
electron donar when blocking the corrosion reaction. 

 
Table 5. HUMO and LUMO values of compounds II and III. 
 

Inhibitor %IE in presence of 
5x10-3M 

HOMO 
eV 

LUMO 
eV 

II 93.30 -9.456 -0.256 
III 73.40 -9.661 -1.191 

 
 
4. CONCLUSIONS 

All the examined pyrimidine derivatives are effective corrosion inhibitors for C-steel in 2M 
HCl solution.  

The N-benzylidene-4,6-dimethylpyrimidine-2-amine gives the highest inhibition efficiency. 
The investigated compounds inhibit corrosion by adsorption mechanism. 
The adsorption of these compounds on the C-steel surface was found to obey Langmuir 

adsorption isotherm. 
The order of the inhibition efficiency of inhibitors as given by EIS measurements is in good 

agreement with that obtained from weight loss measurements.  
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