
  

Int. J. Electrochem. Sci., 12 (2017) 10369 – 10380, doi: 10.20964/2017.11.88 

 

International Journal of 

ELECTROCHEMICAL 
SCIENCE 

www.electrochemsci.org 

 

 

Electrochemical Investigations of the Inhibitive Activity of a 

Pyridazinium Ionic Liquid for the Acid Corrosion of Carbon 

Steel 
 

Sami BEN AOUN 

Department of Chemistry, Faculty of Science, Taibah University, PO. Box 30002 Al Madinah Al 

Munawarah, KSA. 

E-mail: sbenaoun@taibahu.edu.sa 

 

Received: 22 August 2017  /  Accepted: 23 September 2017  /  Published: 12 October 2017 

 

 

A1-benzylpyridazin-1-ium bromide inhibition of the corrosion of carbon steel in molar hydrochloric 

acid has been investigated by electrochemical methods. MS20 adsorbed onto both hydrogen reduction 

and carbon steel dissolution active sites and acted as mixed-type inhibitor. The increasing MS20 

concentrations induced increasing surface coverage and inhibition efficiency as concluded from both 

linear polarization and electrochemical impedance spectroscopy. In the former, a decreasing corrosion 

current and a positive corrosion potential shift were observed. While, in the latter, it led to an 

increasing charge transfer resistance and a decreasing double layer capacitance. The formation of a 

protective film was confirmed by SEM. 
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1. INTRODUCTION 

The electrochemical dissolution of reactive metals is raising increasing economical and health 

concerns [1, 2] especially with the excessive industrial use of acids viz. hydrochloric acid in particular 

[3, 4] which causes the corrosive damage of various metals, specifically carbon steel that is commonly 

regarded as one of the most widely used engineering materials [5].This explains the great deal of work 

focusing on the use of corrosion inhibitors, mostly organic compounds [6-12], aiming at controlling 

this unavoidable problem. The most effective reported corrosion inhibitors were those containing 

aromatic rings and heteroatoms [13-21] owing to their relatively strong adsorption onto metal surface 
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[22, 23]. At a later stage, tremendous efforts have been deployed to overcome the hazardous nature of 

most organic inhibitors affecting both the human being and the environment.  

Recently, a rising interest has been paid to ionic liquids as a new class of eco-friendly corrosion 

inhibitors [24-30]. These wonder compounds, mostly existing in liquid state at room temperature [31, 

32], are excellent solvents so much so that they were considered as solvents of the future [33].  

Ionic liquids typically comprises an organic cation and a complex anion holding together 

electrostatically [34]. They are endowed with a negligible vapor pressure, excellent ionic conductivity 

and high thermal stability [35-38]. Very promising results were reported for the corrosion inhibition 

activities of ionic liquids particularly for aluminum [39], copper [40, 41] and carbon steel [25, 42-44].    

The present paper presents the electrochemical assessment, using linear polarization and 

electrochemical impedance spectroscopy techniques, of the corrosion inhibition of carbon steel in 

hydrochloric acid media with a pyridazinium ionic liquid. The obtained results will be correlated with 

those obtained previously by chemical method [45] aiming at confirming the adsorptive characteristics 

of the investigated ionic liquid, elucidating the various reactions kinetics and characterizing the 

interfacial double layer during the corrosion inhibition process. Surface morphologies will be studied 

by scanning electron microscopy. 

 

 

 

2. MATERIALS AND METHODS  

2.1.Chemicals: 

Scheme 1 displays the chemical structure of the ionic liquid investigated in the present study 

that will be designated as (MS20) in the text. Hydrochloric acid (37%) and acetone (99.5%) were 

obtained from Panreac and ethanol (99.8%) was purchased from Sigma-Aldrich. The corrosive media 

was prepared by proper dilution of the acid stock solution using distilled water and when necessary, 

the appropriate amount of MS20 compound was dissolved in the corrosive media. 

 

 
 

Scheme 1. Chemical structure of 1-benzylpyridazin-1-ium bromide (MS20). 

 

2.2. Materials: 

The test samples were prepared by cutting cylinders of 1 cm
2
 cross-sectional area from a pre-

treated half-millimeter thick carbon steel sheet. The pre-treatment consisted of cleaning and degreasing 

then mechanical polishing to a mirror-like appearance. The samples were then cleaned thoroughly with 
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subsequent copious amounts of acetone, ethanol and distilled water then dried and kept in a desiccator 

for electrochemical experiments. 

 

2.3. Electrochemical measurements 

The as-prepared specimen was fitted into a Teflon sample holder and served as the working 

electrode, in connection with a saturated calomel electrode (SCE) reference electrode and two 

platinum-sheet counter electrodes. In order to minimize to ohmic drop, the reference electrode tip was 

brought very close to the working electrode surface by means of a Luggin capillary. The electrolytic 

solution volume was maintained constant at 500 mL in all experiments and the test samples were 

immersed for 30 min before measurements to attain a steady open circuit potential. A 

potentiostat/galvanostat (PGSTAT 128N, Metrohm Autolab B.V, The Netherlands) controlled by 

NOVA 2.1 software was used to carry out and analyze all the experiments. 

For polarization measurements, the potential was scanned at a rate of 1 mV.s
-1

 with a step 

potential of 1 mV and the potential range was ± 100 mV with respect to the corrosion potential. 

As for the electrochemical impedance spectroscopy experiments, the frequency response at the 

open circuit potential between 0.1 MHz and 0.5 Hz was analyzed using the built-in frequency response 

analyzer (FRA23M) following a single sine wave perturbation with 10 mV amplitude and an 

integration time of 125 ms. 

All experiments were carried out at room temperature (i.e 296 K). 

 

2.4. Surface characterization:    

Scanning electron microscopy was carried out by means of a JCM-6000 NeoScope (Jeol, 

Japan) operating at 15 kV under a high vacuum condition. This permits the monitoring of the 

corroding metal surface in the successive corrosive media 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Linear Polarization: 

Fig.1 displays the voltammograms obtained from linear polarization experiments related to the 

corrosion tests of carbon-steel samples in the presence of various concentrations (i.e. 0-10
−3

 M) of 

MS20 compound in 1M HCl solution. The general shape reveals that both anodic and cathodic 

reactions are activation-controlled [46, 47] rendering it possible to use the Tafel extrapolation method 

in order to extract relevant electrochemical parameters from both branches. For instance, the anodic 

and cathodic constants (βa and βc, respectively) as well as the respective corrosion current and potential 

(i.e. Icorr and Ecorr) are shown in Table 1. 

The quasi-identical shapes of Fig. 1 curves indicate the invariance of both red-ox processes 

upon addition of MS20 at various concentrations [48]. In addition, the decreasing cathodic and anodic 
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currents in the presence of the studied ionic liquid infer a dual control of both cathodic and anodic 

corrosion reactions [49] though this decrease is much clearly pronounced for the anodic branches of 

the voltammograms revealing a predominantly anodic reaction inhibition. The nearly-parallel Tafel 

lines for both processes confirmed by the slightly modified values of cathodic and anodic slopes as 

presented in Table 1 give an indication that the MS20 inhibition of the corrosion of carbon steel works 

through the simultaneous blocking of anodic and cathodic reactions active sites [50, 51].  

     
 

Figure 1. Carbon steel linear polarization curves in 1 M HCl with different concentrations of MS20. 

 

On the other hand, the corrosion potential was affected by the addition of MS20 and the 

maximal change observed at [MS20] = 10
-3

 M being inferior to 85 mV indicates the mixed-type 

inhibitive activity of this compound [52] with a slightly dominating anodic nature as the shift was 

towards more positive potential values in the investigated concentration range [49]. 

The inhibition efficiency of MS20 for carbon steel corrosion is directly related to the corrosion 

current density and can therefore be calculated by the equation [53]: 

     
     
           

     
                                                                                                                (1) 

(IE%) is the inhibition efficiency, I
0

corr is the corrosion current density in the absence of 

inhibitor and Icorr the one in its presence. 

In the present work, a steady increase of the (IE%) values with increasing [MS20] is observed 

which attained ca. 84% in the presence of 10
-3

 M MS20 (cf. Table 1) in a very good agreement with 

the similar trend reported using weight-loss method [45]. This observation favors again the adsorption 

of the ionic liquid molecules onto the interface of the corroding metal and the corrosive electrolyte 
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[54] leading to an increasing coverage (θ) of the carbon steel surface when the inhibitor’s 

concentration is increased, as can be calculated from the equation [51]: 

     
     

     
                                                                                                                               (2) 

And that confirms again the blocking effect of the corrosion active sites exerted by the 

adsorbed ionic liquid molecules [52].    

 

Table 1. Carbon steel linear polarization parameters in 1 M HCl with different concentrations of MS20 

 

[MS20] (mol.L
-1

) Ecorr (mV) Icorr (A.cm
-2

) βa (mV.dec
-1

) −βc (mV.dec
-1

) IE % θ 

Blank -523 1.14E-04 104 86 --- --- 

10
-6

 -517 8.59E-05 83 85 24.4 0.244 

10
-5

 -515 5.44E-05 63 80 52.1 0.521 

10
-4

 -505 4.16E-05 71 96 63.4 0.634 

10
-3

 -468 1.82E-05 110 97 84.0 0.840 

 

 In view of these results, the investigated MS20 compound shows an effective inhibition of the 

carbon steel corrosion through the simultaneous retardation of the cathodic reduction process of 

hydrogen and of the kinetic hindering of the anodic dissolution of the corroding metal. It is noteworthy 

that the obtained inhibition efficiency is far higher than several reported data in literature as shown in 

table 2.     

 

Table 2. Comparison of carbon steel corrosion inhibition efficiencies from reported results in literature 

against the current investigation based on polarization parameters. 

 

Corrosive media Inhibitor Concentration (M) IE % Reference 

1M HCl HMDTMPA 1E-3 70.6 [1] 

0.5 M HCl HMDTMP 1E-3 84.0 [48] 

5% HCl mimosa tannin 1E-3 66.2 [51] 

1M HCl DIT 1E-3 75.0 [55] 

1M HCl DNSO 1E-3 69.1 [56] 

1M HCl cloxacillin 1E-3 69.4 [57] 

 

1M HCl 

IL I 1E-3 64.3  

[58] IL II 1E-3 62.0 

IL III 1E-3 74.0 

IL IV 1E-3 63.8 

1M HCl BT39 1E-3 55.0 [59] 

BT40 1E-3 78.0 

1M HCl GP2 1E-3 83.9 [60] 

1M HCl MS20 1E-3 84.0 This work 
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3.2.Electrochemical Impedance Spectroscopy: 

The electrochemical impedance spectroscopy results are given as Nyquist and Bode plots in 

Fig. 2 and Fig. 3, respectively. The single capacitive loop shown in Fig. 2 confirmed by the single 

maximum phase angle in Fig. 3b implies the activation-controlled process of carbon steel corrosion 

[23] both in the absence and presence of inhibiting MS20 compound which supports the polarization 

results discussed in the previous section. The corrosion mechanism didn’t change in the presence of 

inhibitor since the semicircles of Fig. 2 have generally similar shapes [61].            

 

 
Figure 2. Carbon steel Nyquist plots in 1 M HCl with different concentrations of MS20. 

 

The electrical circuit used to fit the impedance data is shown in Fig. 4 where Rct and Rs 

represent respectively, the charge transfer resistance and solution resistance. CPE represents the double 

layer impedance and the introduction of a constant phase element comes in replacement for a pure 

double layer capacitance for accuracy of fitting results [62] since the capacitive loops of Fig. 2 have 

the shapes of depressed semicircles which is shown in Bode plots as slopes’ absolute values differing 

from unity (sloping lines of Fig. 3a) as a consequence of the frequency dispersion effects caused by 

surface irregularities which are generally attributed to surface roughness and inhomogeneity [63].               

The charge transfer resistance remarkable increase (cf. Table 3) is clearly noticeable from the 

increasing diameters of the capacitive loops in Fig. 2 and that is explainable by the formation of an 

insulating protective film onto the corroding metal surface [23, 61] which by consequence leads to 

increasing inhibition efficiency as shown in Table 3 reaching ca. 85.7% in the presence of 1mM MS20 

compound in a very good agreement with the polarization measurements. 
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Table 3. Carbon steel Electrochemical impedance spectroscopy parameters in 1 M HCl with different 

concentrations of MS20 

 

[MS20] 

(mol.L
-1

) 

R
0

ct
 

(Ω.cm
2
) 

Rct 

(Ω.cm
2
) 

IE% θ 
Y0 

(Mho.cm
-2

) 
n 

Cdl 

(F.cm
-2

) 

Blank 158.1 158.1 … … 5.29E-05 9.22E-01 3.54E-05 

10
-6

 158.1 184.4 14.3 0.143 6.06E-05 9.13E-01 3.96E-05 

10
-5

 158.1 306.5 48.4 0.484 5.25E-05 9.01E-01 3.34E-05 

10
-4

 158.1 382.0 58.6 0.586 5.94E-05 8.49E-01 3.03E-05 

10
-3

 158.1 1102.6 85.7 0.857 2.76E-05 8.49E-01 1.48E-05 

 

The inhibition efficiency in this case is calculated using the values of charge transfer resistance 

in the absence (R
0

ct) and presence (Rct) of inhibitor according to the following equation [64]: 

     
   

         

   
                                                                                                                    (3) 

Obviously, the growing protective film reduces the exposed carbon steel surface and increases 

its surface coverage (θ) which is given by the equation: 

   
   

         

   
                                                                                                                               (4) 

The impedance of the constant phase element with (Y0) value and (n) exponent used to fit the 

electrochemical impedance spectra presenting and angular frequency (w) obeys the equation [65]: 

      
 

       
                                                                                                                            (5) 

The exponent (n) gives an indication of the degree of surface irregularities, for instance n=1 for 

a perfectly homogeneous surface that will act as a perfect capacitor [51]. j is the square root of (−1).       

Fig. 3a reveals the impedance increase with increasing MS20 concentration as a consequence 

of decreasing corrosion rate, supporting again the inhibiting activity of the investigated compound.              

The double layer capacitance values can be calculated from the constant phase element 

parameters using the equation [48]: 

           
    

                                                                                                                          (6) 

The double layer capacitance follows the opposite trend of the charge transfer resistance with 

decreasing values as a consequence of increasing inhibitor concentration and that is attributable to the 

displacement of water molecules from the corroding metal surface and their replacement with adsorbed 

inhibitor molecules [47, 48, 61] which agrees well with the polarization results. Such adsorption 

reduces the double layer capacitance as per the equation [66]: 

     
     
 

                                                                                                                                  (7) 

(δ) is the thickness of the insulating film, (  ) and (  ) are the vacuum and the corrosive media 

permittivities, respectively. 

Another indication of the inhibitory effect of the investigated compound shown in Fig. 3b is the 

increasing maximum phase angle with increasing concentration of MS20 compound reaching ~ ca. 

−80° in the presence of [MS20] = 10
-3

 M which approaches the ideal capacitor’s phase shift (i.e. −90°) 

[61] confirming the formation of a protective layer the thickness of which increased with increasing 

MS20 concentration which is also evidenced by the broadening of the maximum phase angle [47]. 
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Figure 3. Carbon steel Bode plots in 1 M HCl with different concentrations of MS20. 
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Figure 4. Electrochemical impedance spectroscopy data analysis equivalent circuit. 

 

3.3.Scanning electron microscopy: 

Inspection of the SEM micrographs displayed in Fig. 5 shows that exposing carbon steel 

surface to 1M HCl led to its excessive damage (Fig. 5a).  

 

 
 

  
 

   
 

Figure 5. SEM micrographs after 5 hours exposure at 296 K of carbon steel specimens in 1 M HCl 

containing (a) 0 M (b) 10
−6 

M, (c) 10
−5 

M, (d) 10
−4

 M  and (e) 10
−3 

M MS20. 
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A clearly reduced damage is observed upon addition of 10
-6

 M MS20 as shown in Fig. 5b. The 

film defects decreased with increasing MS20 concentration (cf. Figs. 5b-5e) which supports the 

increasing surface coverage concluded from the electrochemical study results.  

Additionally, a noticeable increase in the protective film thickness is evidenced in the presence 

of 1 mM MS20 as can be seen in Fig. 5e which agrees very well with the pronounced decrease of the 

double layer capacitance (i.e. 14.8 μF.cm
-2

) reported in Table 3. 

 

 

4. CONCLUSION 

Carbon steel corrosion in 1M HCl has been investigated by electrochemical techniques in the 

presence of MS20 ionic liquid at room temperature.  The linear polarization measurements revealed 

that both hydrogen evolution and metal dissolution reactions are activation-controlled whether in the 

presence or absence of the investigated ionic liquid.  A dual control of both reactions was shown in the 

presence of MS20 with a predominant anodic effect and the inhibition proceeds through the blocking 

of both reactions’ active sites as a consequence of its strong adsorption onto the metal surface. The 

corrosion potential shift inferred that MS20 acted as a mixed-type inhibitor. The electrochemical 

impedance spectroscopy confirmed the single charge-transfer control of the metal corrosion process 

and its non-alteration in the presence of inhibitor. The variation of charge transfer resistance with 

MS20 concentration proved the formation of an insulating protective film with a growing thickness 

with rising inhibitor’s concentration as depicted from the calculated double layer capacitance values. 

The inhibition efficiencies reached a maximum in the presence of 10
-3

 M MS20 with very close values 

(i.e. ca. 84.0% and ca. 85.7%) for both techniques (i.e. polarization and electrochemical impedance 

spectroscopy, respectively). The scanning electron microscopy revealed the formation of a growing 

protecting film the thickness of which increased with increasing MS20 concentrations which 

corroborates very nicely with the electrochemical study results. 
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