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Abstract 

The influence of substituted 2-(4-fluorophenyl)-9-R-imidazo[1,2-a]benzimidazole hydro-

chloride (where R = –CH3 (1), –C2H5 (2), –C2H4N(C2H5)2 (3), –C3H7 (4), –C4H9 (5)) on the 

corrosion of low carbon steel in 1 M hydrochloric acid solution was studied by gravimetric, 

temperature-kinetic, polarization, and impedance spectroscopy methods. It was found that the 

substances studied are effective inhibitors of acid corrosion of low carbon steel. It was shown 

that the protective effect of substituted imidazobenzimidazole hydrochlorides depends on the 

nature of the radical (R). Based the protective effect values, the radicals can be arranged in the 

series: methyl > ethyl  butyl > N,N-diethylethyleneamine  propyl. The protective effect of 

the compounds depends on the concentration and temperature. It was established that the 

protective effect of compounds 2–5 increases with increasing temperature. It was shown that 

the degree of coverage of the steel surface with inhibitors 2–5 increases with temperature. 

These additives reduce the effective activation energy of the corrosion process. The 

investigated imidazobenzimidazole derivatives affect the partial electrode reactions of the 

corrosion process. At the lowest concentration, additives 1–4 reduce the rate of the cathodic 

and anodic reactions. Additive 5 reduces the cathodic reaction rate and stimulates the 

dissolution of steel. Introduction of organic additives into the acid leads to a decrease in the 

corrosion potential of steel. 

Keywords: inhibitor, corrosion, low carbon steel, imidazobenzimidazole hydrochloride 

derivatives. 
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Introduction 

Derivatives of imidazobenzimidazole and benzimidazole are often investigated as acid 

corrosion inhibitors of steel [1–9]. However, data on the effect of imidazobenzimidazole 

derivatives on corrosion of low-carbon steel in hydrochloric acid solutions are limited. The 

purpose of this work is to study the effect of 2-(4-fluorophenyl)-9-R-imidazo[1,2-

a]benzimidazole hydrochloride on corrosion of low-carbon steel in 1 M hydrochloric acid 

as well as to determine the mechanism of their protective action. 
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Experimental 

Samples for polarization and corrosion measurements were cut from low carbon steel. 

Before measurements, the samples were cleaned with an abrasive paper, degreased with 

ethanol, washed with distilled water, and dried with filter paper. Studies were carried out in 

1 M hydrochloric acid solution. 

As inhibitors, substituted 2-(4-fluorophenyl-9-R-imidazo[1,2-a]benzimidazole 

hydrochlorides (where R = –CH3 (1), –C2H5 (2), –C2H4N(C2H5)2 (3), –C3H7 (4), –C4H9 

(5)) were studied in the concentration range of 0.01–0.1 mMol/l.  

Gravimetric and polarization measurements were carried out according to the 

traditional method [10]. Potentials in the work are given in relation to the silver chloride 

electrode.  

The effect of inhibitors was evaluated by the process inhibition coefficient  (1) and 

the degree of protection Z (2): 

  = X0/Xi  (1) 
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   (2) 

where X0 and Xi are the rate of corrosion or partial electrode reactions in hydrochloric acid 

without and in the presence of an inhibitor, respectively. 

Capacitive measurements were carried out in 2-electrode cell using a Z-Pack-2 

impedance meter (Elins LLC, Russia) at frequencies of 50 mHz–500 kHz at the corrosion 

potential. The auxiliary electrode was a cylindrical platinum electrode. 

The degree of coverage of the electrode surface () was calculated by the formula: 

  = (C0–Ci)/C0  (3), 

where C0, Ci are the capacities of the double electric layer (CDL) in the acid solution 

without and with the inhibitor, respectively. 

Results and Discussion 

The data of corrosion measurements obtained at a temperature of 25 ° C in a 1M solution 

of hydrochloric acid are presented in Table 1. 

As it can be seen from the table, the protective effect of the substituted 

imidazobenzimidazole hydrochlorides depends on the nature of the radical. By the 

magnitude of the protective effect, the radicals can be arranged in the series: methyl > 

ethyl  butyl > N,N-diethylethyleneamine  propyl. An increase in the length and degree of 

branching of the radical does not unambiguously affect the inhibition coefficient. The 

linear dependence of the logarithm of the coefficient of inhibition on the logarithm of the 

concentration of the additive indicates a significant contribution of blocking to the 

mechanism of action of inhibitors, Figure 1. 
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Table 1. Dependence of the inhibitor factor on the additive nature and concentration. 

Additive 

number 

 for C, mol/l 

0.10 0.075 0.05 0.02 0.01 

1 46.56 40.6 31.9 8.4 2.4 

2 6.0 4.9 4.8 1.4 1.1 

3 3.7 2.7 1.3 2.1 1.0 

4 2.4 1.9 1.0 1.2 1.0 

5 5.7 4.5 3.5 2.3 1.7 

 

Figure 1. Dependence of the inhibition coefficient of additives on their concentration. The 

numbers here and in the figures below are the numbers of inhibitors. 

The protective effect of the studied inhibitors is significantly dependent on 

temperature, Figure 2. 

With an increase in temperature from 313 to 363 K, the protective effect of the first 

additive remains almost unchanged, while other compounds have a protective effect. The 

values of the effective activation energy of the corrosion process (Ea) and the correlation 

coefficients of the Arrhenius dependence (R) are presented in Table 2. 
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Figure 2. Dependence of  on the temperature and additive nature, C = 0.1 mol/l. 

Table 2. Values of Ea and R depending on the nature of the additive 

Additive 

number 
0 1 2 3 4 5 

Ea, kJ/mol 37.4 60.3 23.9 17.9 10.5 10.8 

R, % 98.9 98.1 98.7 95.4 94.8 79.3 

The value of Ea in the presence of additives 2–5 decreases compared with the acid 

solution, which can be caused by an increase in the degree of surface coverage with an 

inhibitor with temperature. The data of impedance spectroscopy at a temperature of 293 K 

are presented in Figure 3. 

The obtained hodographs are satisfactorily described by an equivalent circuit 

consisting of a solution resistance (R1), a capacitor (double layer capacitance, C) and 

charge transfer resistance (polarization resistance, R2). The capacitance is connected in 

parallel with the charge transfer resistance. The calculated parameters of the circuit are 

shown in Table 3. 

With the introduction of additives, the resistance of the electrolyte practically does not 

change. The charge transfer resistance in the presence of additives increases in most cases, 

and the radius of the circle in the Nyquist diagram also increases. This indicates inhibition 

by the inhibitors of the corrosion process. Inhibitors reduce the capacity of the double 

electric layer, which allows us to calculate the degree of surface coverage. The degree of 

surface coverage actually increases with increasing temperature, Figure 4. 
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Figure 3. Nyquist diagrams of the electrode in hydrochloric acid without (0) and in the 

presence of additives (2–5), T = 293 K. 

Table 3. Equivalent circuit parameters. 

Parameter 
 Parameter value for additive 

0 2 3 4 5 

C10
5
, F  3.04 1.90 1.48 1.05 1.93 

R1, Ohm 1.58 1.62 2.11 2.93 1.75 

R2, Ohm 85.02 91.66 78.0 266.20 124.00 

 

Figure 4. Dependence of the degree of surface coverage  on the additive nature and the 

temperature. 
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To establish the effect of the studied additives on the partial electrode reactions of the 

corrosion process, polarization curves were taken, Figure 5. 

 
 

Figure 5. Cathodic (a) and anodic (b) polarization curves of the electrodes in pure 

hydrochloric acid (0) and in the presence of additives (1–5), C = 0.01 mol/l.  

All the compounds reduce the corrosion potential. Additives 1–4 have an inhibitory 

effect on the cathodic evolution of hydrogen and the dissolution of steel. Compound 5 

inhibits the evolution of hydrogen and, at a concentration of 0.01 mol/l, stimulates the 

dissolution of steel. 

Conclusions 

1. All additives reduce the corrosion rate of steel in hydrochloric acid, regardless of their 

concentration. The best inhibitory effect is manifested at a concentration of 0.1 mmol /l. 

2. The compounds are mixed-type inhibitors with a predominant effect on the rate of the 

cathodic reaction. 

3. The mechanism of action of additives is activation-blocking, with a predominance of 

blocking component. 
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