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This study examines the use of new imidazolium-based ionic liquids derivatives, namely 3-(3-

phenylpropyl)-1-propyl-1H-imidazol-3-ium bromide (PPIB1) and 3-(4-phenoxybutyl)-1-propyl-1H-

imidazol-3-ium bromide (PPIB4) for corrosion and dissolution protection of C38 steel in normal 

hydrochloric acid solution. The inhibiting efficiency of the different additives was evaluated by means 

of weight loss and electrochemical techniques such as AC impedance measurements and polarization 

curves. The experimental results obtained reveal that PPIB4 was the most effective inhibitor. The 

variation in inhibitive efficiency mainly depends on the type and nature of the substituents present in 

the inhibitor molecule. Polarization curves showed that the new imidazolium ionic liquids were mixed-

type inhibitors in 1 M HCl. The inhibition efficiency increased with imidazolium ionic liquids 

concentration and attained the maximum value of 94.2% in the case of PPIB4 at 10
-2

 M. The results 

obtained from weight loss and electrochemical studies were in reasonable agreement. The adsorption 

of PPIB1 and PPIB4 on the steel surface obeyed to the Langmuir isotherm model. The thermodynamic 

data of activation were determined and discussed. 
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1. INTRODUCTION 

Acid solutions are, especially hydrochloric acid, widely used in various industrial processes 

such as oil well acidification, the petrochemical processes, acid pickling and acidic cleaning [1–3], 

which generally leads to serious metallic corrosion. As the most effective and economic method, 

inhibitors are applied in these acid solutions to control the metal dissolution [4, 5]. There is a 

considerable amount of effort devoted to develop novel and efficient corrosion inhibitors. Organic 

compounds usually serve as inhibitors, and generally protect the metal from corrosion by forming a 

protection film on the metal surface [6]. Most of the well-known organic inhibitors are the compounds 

containing nitrogen, sulfur, oxygen atoms and π-bonds [7-12]. 

Recently, Ionic liquids have been also widely investigated for a variety of applications [13–17]. 

In particular, the most extensively studied ILs is based upon the imidazolium cation. Imidazolium, 

pyridinium and pyridazinium-based ionic liquids are reported to show corrosion resistant behaviour on 

copper [18, 19] and mild steel [20-22]. It was found that the action of such inhibitors depends on the 

specific interaction between the functional groups and the metal surface, due to the presence of the –

C=N- group and electronegative nitrogen in the molecule. 

In this work, we have synthesized a variety of new N-alkylimidazolium ionic liquids  namely, 

3-(3-phenylpropyl)-1-propyl-1H-imidazol-3-ium bromide (PPIB1) and 3-(4-phenoxybutyl)-1-propyl-

1H-imidazol-3-ium bromide (PPIB4), with the aim to study their applicability as corrosion inhibitors 

for carbon steel in 1.0 M HCl by weight loss, AC impedance and polarization techniques were 

employed for this purpose. The effect of concentration and temperature on the inhibition efficiency has 

been examined. The thermodynamic parameters for dissolution processes were calculated and 

discussed. The chemical structures of the studied imidazolium ionic liquids are given in Fig 1. 

 

Abbreviation Structural formula Name 

 

PPIB1 
NN

Br  

3-(3-phenylpropyl)-1-

propyl-1H-imidazol-3-

ium bromide 

   

PPIB4 NN O

Br  

3-(4-phenoxybutyl)-1-

propyl-1H-imidazol-3-

ium bromide 

 

Figure 1. The chemical structure of the studied imidazolium ionic liquids. 
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2. EXPERIMENTAL METHODS 

2.1. Materials 

The steel used in this study is a carbon steel (Euronorm: C35E carbon steel and US 

specification: SAE 1035) with a chemical composition (in wt%) of 0.370 % C, 0.230 % Si, 0.680 % 

Mn, 0.016 % S, 0.077 % Cr, 0.011 % Ti, 0.059 % Ni, 0.009 % Co, 0.160 % Cu and the remainder iron 

(Fe). The carbon steel samples were pre-treated prior to the experiments by grinding with emery paper 

SiC (120, 600 and 1200); rinsed with distilled water, degreased in acetone in an ultrasonic bath 

immersion for 5 min, washed again with bidistilled water and then dried at room temperature before 

use. The acid solutions (1 M HCl) were prepared by dilution of an analytical reagent grade 37 % HCl 

with double-distilled water. The concentration range of PPIB1 and PPIB4 employed was 10
-5

 M to 10
-2

 

M. 

 

2.2. Synthesis 

2.2.1. Measurements and equipments 

All synthesized compounds were and characterized using 
1
H NMR (400 MHz)   and 

13
C NMR 

(100 MHz) spectroscopies. The spectra were obtained in DMSO at room temperature. Chemical shifts 

(δ) were reported in ppm to a scale calibrated for tetramethylsilane (TMS) as an internal standard. The 

LC-MS spectra were measured using a Micromass, LCT mass spectrometer. The microwave-assisted 

reactions were performed using a controllable single-mode microwave reactor, CEM Discovery, 

designed for synthetic use. The reactor is equipped with a magnetic stirrer as well as a pressure, 

temperature and power controls. The maximum operating pressure of the reactor is 20 bar. The power 

and temperature range are 15 - 300 W and 60 – 250 ºC, respectively. 

 

2.2.2. Microwave assisted synthesis of imidazolium-based ionic liquids 

Many procedures are recommended for the Green Chemistry [23] involving: solvent-free 

reactions, non-classical modes of activation such as ultrasounds or microwaves. The use of MW 

irradiation leads to large reductions in reaction times, enhancements in conversions, sometimes in 

selectivity, with several advantages of the eco-friendly approach [24-27]. 

In continuation of our previous works, new environmentally friendly imidazolium-based ionic 

liquids (PPIB1 and PPIB4) were prepared using microwave irradiation in short duration of time with 

quantitative yields [28, 29]. 

 

N
N R

Br

N
N

 MW / 20 min

RBr
R= Ph(CH2)3     PPIB1

R= PhO(CH2)4   PPIB4 

 

Scheme 1. Synthesis of new imidazolium-based ionic liquids under microwave irradiation (MW). 
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The nucleophilic alkylation of 1-propylimidazole with different functionalized alkyl halides 

afforded the corresponding imidazolium ionic liquids
 
in

 
85-88% yield. (Table1) 

 

Table 1. Different entries and reaction yields for the synthesis of imidazolium-based ionic liquids 

under microwave irradiation (MW). 

 
Entry RX Yield (%)   

PPIB1 Ph(CH2)3 85 

PPIB4 PhO(CH2)4Br 88 

 

2.2.2.1 synthesis of 3-(3-phenylpropyl)-1-propyl-1H-imidazol-3-ium bromide (PPIB1) 

1-propylimidazole (2g, 0.018 mol), (3-bromopropyl)benzene (3.98g, 0.02 mol) and 20 mL of 

toluene were placed in a microwave reactor vessel and irradiated for 20 minutes at 100ºC. The crude 

product was washed a few times with dry ethyl acetate and dried overnight in a vacuum at 70 ºC. The 

yield of PPIB1 was 85%. The product was analyzed using 
1
H NMR, 

13
C NMR and LCMS. 

1
H NMR 

(400MHz, DMSO) δ: 0.81 (t, J = 7.6, 3H), 1.76 (quint, J = 7.6, 2H),2.34 (quint, J = 7.2, 2H), 2.65 (t, J 

= 7.2, 2H), 4.02 (t, J = 7.6, 2H), 4.88 (t, J = 7.2, 2H), 7.28-7.34 (m, 5H), 7.93 (d, 1H),  7.96 (d, 1H), 

9.98 (s, 1H); 
13

C NMR (100MHz, DMSO) δ: 30.8 (CH2), 31.5 (CH2), 64.2 (CH2), 126.1 (CH), 128.2 

(CH), 128.4 (CH), 135.9(CH), 136.5(CH), 140.1(C), 149.7 (CH), 154.2 (CH);  LCMS: m/z 229 (M-Br) 

found for C15H21N2
+
. 

 

2.2.2.2 synthesis of 3-(4-phenoxybutyl)-1-propyl-1H-imidazol-3-ium bromide (PPIB4)  

1-propylimidazole (2g, 0.018 mol), (4-bromobutoxy)benzene (4.52g, 0.02 mol) and 20mL of 

toluene were placed in a microwave reactor vessel and irradiated for 20 minutes at 100 ºC. The crude 

product was washed a few times with dry ethyl acetate and dried overnight in a vacuum at 70 ºC. The 

yield of PPIB4 was 88%. The product was analyzed with 
1
H NMR, 

13
C NMR and LCMS.

1
H NMR 

(400MHz, DMSO) δ: 0.94 (t, J = 7.6, 3H),  1.82 (quint, J = 7.6, 2H), 1.97 (quint, J = 7.6, 2H), 2.14 

(quint, J = 7.6, 2H), 3.99 (t, J = 6.8, 2H), 4.27 (t, J = 7.6, 2H), 4.46 (t, J = 6.8, 2H), 6.85-6.93 (m, 3H), 

7.23-7.27 (m, 2H), 7.63 (d, 1H), 7.70 (d, 1H), 10.30 (s,1H); 
13

C NMR (100MHz, DMSO) δ: 10.17 

(CH3), 23.0 (CH2), 25.3 (CH2), 26.8 (CH2), 49.0 (CH2), 50.8 (CH2), 66.2 (CH2), 113.8 (CH), 120.2 

(CH), 121.9 (CH), 122.0(CH), 128.9(CH), 135.9(CH), 157.9(C); LCMS: m/z 259 (M-Br) found for 

C16H23N2O
+
;  

 

2.3. Measurements 

2.3.1. Weight loss measurements 

The gravimetric measurements were carried out at definite time interval of 6 h at room 

temperature using an analytical balance (precision ± 0.1 mg). The carbon steel specimens used have a 

rectangular form (length = 1.6 cm, width = 1.6 cm, thickness = 0.07 cm). Gravimetric experiments 
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were carried out in a double glass cell equipped with a thermostated cooling condenser containing 50 

mL of non-de-aerated test solution. After immersion period, the steel specimens were withdrawn, 

carefully rinsed with bidistilled water, ultrasonic cleaning in acetone, dried at room temperature and 

then weighted. Triplicate experiments were performed in each case and the mean value of the weight 

loss was calculated.  

 

2.3.2. Electrochemical measurements 

Electrochemical experiments were conducted using impedance equipment (Tacussel-

Radiometer PGZ 100) and controlled with Tacussel corrosion analysis software model Voltamaster 4. 

A conventional three-electrode cylindrical Pyrex glass cell was used. The temperature is 

thermostatically controlled. The working electrode was carbon steel with the surface area of 1 cm
2
. A 

saturated calomel electrode (SCE) was used as a reference. All potentials were given with reference to 

this electrode. The counter electrode was a platinum plate of surface area of 1 cm
2
. A saturated calomel 

electrode (SCE) was used as the reference; a platinum electrode was used as the counter-electrode. All 

potentials are reported vs. SCE. All electrochemical tests have been performed in aerated solutions at 

308 K. 

For polarization curves, the working electrode was immersed in a test solution during 30 min 

until a steady state open circuit potential (Eocp) was obtained. The polarization curve was recorded by 

polarization from -600 to -300 mV/SCE with a scan rate of 1 mV s
−1

). AC impedance measurements 

were carried-out in the frequency range of 100 kHz to 10 mHz, 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. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Gravimetric study 

3.1.1. Effect of inhibitors concentration 

The effect of addition of  3-(3-phenylpropyl)-1-propyl-1H-imidazol-3-ium bromide (PPIB1) 

and 3-(4-phenoxybutyl)-1-propyl-1H-imidazol-3-ium bromide (PPIB4) tested at different 

concentrations on the corrosion of C38 steel in 1.0 M HCl solution was studied by weight loss 

measurements at 308 K after 6 h of immersion period. The corrosion rate (CR) and inhibition 

efficiency WL(%) were calculated according to the equations. 1 and 2 [30,31], respectively: 

 

At

WW
C ab

R


          (1) 
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1001(%)
0

i
WL 















w

w
         (2) 

 

where Wb and Wa are the specimen weight before and after immersion in the tested solution, w0 

and wi are the values of corrosion weight losses of carbon steel in uninhibited and inhibited solutions, 

respectively, A the total area of the carbon steel specimen (cm
2
) and t is the exposure time (h). 

The values of percentage inhibition efficiency WL(%) and corrosion rate (CR) obtained from 

weight loss method at different concentrations of PPIB1 and PPIB4 at 308 K are summarized in Table 

2. It is very clear that the two compounds inhibits the corrosion of C38 steel in 1.0 M HCl solution, at 

all concentrations used in this study, and the corrosion rate (CR) decreases continuously with 

increasing additive concentration at 308 K. Indeed, corrosion rate values of C38 steel decrease when 

the inhibitor concentration increases while WL(%) values of PPIB1 and PPIB4 increase with the 

increase of the concentration. In other words, their inhibition efficiency increased to reach the higher 

value of 92.3% for PPIB1 and 94.2% for PPIB4 at  

10
-2 

M. The plausible mechanism for corrosion inhibition of C38 steel in 1 M HCl by PPIB1 and 

PPIB4 may be explained on the basis of adsorption behavior. The adsorption of the imidazolium 

derivatives molecules on the metal surface is through the already adsorbed chloride ion. In acidic 

solutions, the imidazolium derivatives molecules exist as cations and adsorb through electrostatic 

interactions between the positively charged PPIB1 and PPIB4 cations and adsorbed chloride ions [32]. 

Owing to the acidity of the medium, imidazolium derivatives molecules can exist as a neutral species 

or in the cationic form. Thus, the adsorption of the neutral imidazolium derivatives molecules could 

occur due to the formation of links between the d orbital of iron atoms, involving the displacement of 

water molecules from the metal surface, and the lone sp2 electron pairs present on the N and/or O 

atoms. The hydrophobic spacer (CH2-CH2) in two compounds may act as an effective barrier from the 

aggressive medium. Moreover, the presence of electron pairs on the oxygen atom may be attributed to 

an increase in the electron density leading to electron transfer mechanism from PPIB4 to metal surface. 

Also, the larger molecular size of PPIB4 can be considered which ensures greater coverage of the 

metallic surface [33–35]. 

 

Table 2. Corrosion parameters obtained from weight loss measurements for carbon steel in 1.0 M HCl 

containing various concentrations of inhibitors at 308 K. 

 
Inhibitors Conc (M) CR (mg/cm2 h) WL(%) θ 

Blank 1 1.070 ----- ----- 

 

 

PPIB1 

1×10-5 0.373 65.1 0.651 

1×10-4 0.231 78.4 0.784 

1×10-3 0.158 85.2 0.852 

5×10-3 0.119 88.9 0.889 

1×10-2 0.082 92.3 0.923 

 

 

PPIB4 

1×10-5 0.316 70.5 0.705 

1×10-4 0.213 80.1 0.801 

1×10-3 0.147 86.3 0.863 

5×10-3 0.090 91.6 0.916 

1×10-2 0.062 94.2 0.942 
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3.1.2. Effect of temperature 

The effect of temperature on the inhibited acid–metal reaction is very complex. Because many 

changes occur on the metal surface such as rapid etching desorption of inhibitor and the inhibitor itself 

may undergoes decomposition [36]. The change of the corrosion rate at selected concentrations of the 

PPIB1 and PPIB4 during 1 h of immersion with the temperature was studied in 1.0 M HCl both in 

absence and the presence of two compounds. For this purpose, gravimetric experiments were 

performed at different temperatures (308–343 K). The fractional surface coverage  can be easily 

determined from weight loss measurements by the ratio WL% / 100 if one assumes that the values of 

WL%  do no differ substantially from . It is clear from Table 3 that increasing the corrosion rate (CR) 

was more pronounced with the rise of temperature for blank solution. In the presence of the PPIB1 and 

PPIB4 molecules, the corrosion rate of steel decreased at any given temperature as inhibitor 

concentration increased due to the increasing of the degree of surface coverage.  

 

Table 3. Various corrosion parameters for carbon steel in 1.0 M HCl in the absence and the presence 

of optimum concentration of PPIB1 and PPIB4 at different temperatures after 1h. 

 

Temp (K) Inhibitors CR (mg/cm
2
 h) WL% θ 

 Blank 1.070 ----- ----- 

308 PPIB1 0.082 92.3 0.923 

 PPIB4 0.062 94.2 0.942 

 Blank 1.49 ----- ----- 

313 PPIB1 0.171 88.5 0.885 

 PPIB4 0.122 91.8 0.918 

 Blank 2.870 ----- ----- 

323 PPIB1 0.502 82.5 0.825 

 PPIB4 0.367 87.2 0.872 

 Blank 5.210 ----- ----- 

333 PPIB1 1.454 72.1 0.721 

 PPIB4 1.094 79.0 0.790 

 Blank 10.02 ----- ----- 

343 PPIB1 4.028 59.8 0.598 

 PPIB4 3.176 68.3 0.683 

 

In contrast, at constant inhibitor concentration, the corrosion rate increased with increasing the 

temperature. Hence we noted that the efficiency depends on the temperature and decreased with the 

rise of temperature from 308 to 343 K. This can be explained by the decrease of the strength of the 

adsorption process at elevated temperature and would suggest a physical adsorption mode. To 

calculate the activation thermodynamic parameters of the corrosion process, Arrhenius Eq. (3) and 

transition state Eq. (4) were used [37]:  
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









RT

E
kC a

R exp          (3) 

 













 













 


RT

H

R

S

Nh

RT
C aa expexpR        (4) 

 

Where Ea is the apparent activation corrosion energy; R is the universal gas constant; k is the 

Arrhenius pre-exponential factor. h is Plank’s constant. N is Avogrado’s number. Sa is the entropy of 

activation and Ha is the enthalpy of activation. 

Arrhenius plots for the corrosion rate of C38 steel are given in Fig. 2. Values of apparent 

activation energy of corrosion (Ea) for C38 steel in 1.0 M HCl with the absence and the presence of 

various concentrations of PPIB were determined from the slope of Ln(CR) versus 1/T plots  PPIB1 and 

PPIB4 and shown in Table 4. The value of 55.75 kJ mol
-1

 obtained for the activation energy Ea of the 

corrosion process in 1.0 M HCl lies in the range of the most frequently cited values, the majority of 

which are grouped around 60 kJ mol
-1

 [38]. It was clear from this study that the values of A and Ea in 

the presence of PPIB1 and PPIB4 are higher than those of in the uninhibited acid solution. The 

experimental fact that the activation energy is higher in the presence of inhibitor was explained in 

different ways in the literature.   

2.9 3.0 3.1 3.2 3.3

-3

-2

-1

0

1

2

 

 

L
n

 C
R
 (

m
g

 c
m

-2
 h

-1
)

1000/T (K
-1
)

 1M HCl

 PPIB1

 PPIB4

 
Figure 2. Arrhenius plots of Ln CR vs. 1/T for steel in 1.0 M HCl in the absence and the presence of 

PPIB1 and PPIB4 at optimum concentration. 

 

According to Riggs and Hurd [38], the decrease in apparent activation energy at higher levels 

of inhibition arises from a shift of the net corrosion reaction, from one on the uncovered surface to one 

directly involving the adsorbed sites. This also reveals that the entire process is surface-reaction 

controlled, since the energy of activation for the corrosion process, both in the absence and the 
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presence of inhibitor, was greater than 20 kJ mol
-1

 [39]. Szauer and Brand explained that the increase 

in activation energy can be attributed to an appreciable decrease in the adsorption of the inhibitor on 

the C38 steel surface with increasing the temperature [40]. The increase in the activation energy after 

the addition of the inhibitor to the 1.0 M (out) HCl solution can indicate that physical adsorption 

(electrostatic) occurs in the first stage [41]. 

 

Table 4. Activation parameters for the steel dissolution in 1.0 M HCl in the absence and the presence 

of PPIB1 and PPIB4 at optimum concentration. 

 

Inhibitors A  

(mg/cm
2
 h) 

Linear 

regression 

coefficient (r) 

 aE  

 (kJ/mol) 
aH   

(kJ/mol) 

aS   

 (J/mol K) 

Blank 3.0066×10
9
 0.99961 55.75 53.05 -72.49 

PPIB1 1.9038×10
15

 0.99954 96.34 93.64 38.57 

PPIB4 2.4696×10
15

 0.99983 97.82 95.12 40.73 

 

Fig. 3 showed a plot of Ln (CR/T) versus 1/T. The straight lines are obtained with a slope (
aH  

/R) and an intercept of (Ln R/Nh + aS /R) from which the values of the aH  and aS  are calculated 

and are (out) given in Table 4. Inspection of these data revealed that the thermodynamic parameters 

( aH  and aS ) for dissolution reaction of steel in 1.0 M HCl in the presence of inhibitors is higher 

(93.64 kJ mol
-1

 for PPIB1 and 95.12 kJ mol
-1

 for PPIB4) than that of in the absence of inhibitors 

(53.05 kJ mol
-1

). The positive sign of aH  reflected the endothermic nature of the steel dissolution 

process suggesting that the dissolution of steel is slow [42] in the presence of inhibitor.  

2.9 3.0 3.1 3.2 3.3

-9

-8

-7

-6

-5

-4

-3

 

 

L
n

 C
R
 (

m
g

 c
m

-2
 h

-1
 k

-1
)

1000/T (K
-1
)

 1M HCl

 PPIB1

 PPIB4

 
Figure 3. Arrhenius plots of Ln(CR/T) vs. 1/T for steel in 1.0 M HCl in the absence and the presence 

of PPIB1 and PPIB4 at optimum concentration. 
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The large negative value of 
aS  for C38 steel in 1.0 M HCl implies that the activated complex 

is the rate-determining step, rather than the dissociation step. In the presence of the inhibitors, the 

value of 
aS  increased and is generally interpreted as an increase in disorder as the reactants are 

converted to the activated complexes [43]. The positive values of  
aS  reflected the fact that the 

adsorption process is accompanied by an increase in entropy, which is the driving force for the 

adsorption of the inhibitor onto the steel surface. 

 

3.1.3. Adsorption isotherm 

In order to gain more information about the mode of adsorption of these compounds on the 

surface of carbon steel, the experimental data have been tested with several adsorption isotherms, 

including Langmuir, Frumkin, Freundlich and Temkin isotherms. However, the best fit was obtained 

from the Langmuir isotherm. Correlation between surface coverage (θ) defined by WL% / 100 and the 

concentration of inhibitor (C) can be represented by the Langmuir adsorption isotherm, the isotherm is 

given by [44]: 

 

inh

ads

inh 1
C

K

C



                      (5) 

 

Where Kads is the adsorption constant, Cinh is the concentration of the inhibitor and surface 

coverage values (θ) are obtained from the weight loss measurements for various concentrations. Kads is 

the equilibrium constant of the adsorption process and is related to the standard Gibbs energy of 

adsorption, ο

adsG , according to [45]:  

 













 


RT

G
K

ο

ads

ads exp
5.55

1
           (6) 

 

Where R is the universal gas constant and T is the absolute temperature. The value 55.5 in the 

above equation is the concentration of water in solution in mol/L. 

Thermodynamic parameters are important to study the inhibitive mechanism. The values of 

Kads, R
2 

and adsG  are calculated and are (out) given in Table 5. The relation between Cinh/θ and Cinh is 

shown in Fig. 4. These plots are linear with a slope equal to unity. This suggests that the adsorption of 

PPIB1 and PPIB4 on metal surface followed the Langmuir adsorption isotherm. This isotherm assumes 

that the adsorbed molecules occupy only one site and there are no interactions with other adsorbed 

species [46]. The correlation coefficient, R
2
, was used to choose the isotherm that best fits the 

experimental data. The strong correlation (R
2
 > 0.999) suggests that the adsorption of inhibitor on the 

carbon steel surface obeyed this isotherm. 
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Table 5. Thermodynamic parameters for the adsorption of PPIB1 and PPIB4 in 1.0 M HCl on the C38 

steel at 308K 

 

Inhibitor Slope Kads (M
-1

) R
2
 

adsG (kJ/mol) 

PPIB1 1.08 16615.2 0.99982 -35.17 

PPIB4 1.06 18249.8 0.99989 -35.41 

 

0.000 0.003 0.006 0.009 0.012

0.000

0.003

0.006

0.009

0.012

 

 

C
in

h/

C
inh

 (mol/L)

 PPIB1

 PPIB4

 

Figure 4. Langmuir adsorption of PPIB1 and PPIB4 on the steel surface in HCl solution 

 

The value Kads calculated from the reciprocal of intercept of isotherm line is indicating in Table 

4. The high value of the adsorption equilibrium constant reflects the high adsorption ability of this 

inhibitor on C38 steel surface. 

From Eq. (6), adsG was calculated as -35.17 kJ mol
−1

 for PPIB1 and -35.41 kJ mol
-1

 for 

PPIB4. The negative value of standard free energy of adsorption indicates spontaneous adsorption of 

our molecules on C38 steel surface and also the strong interaction between inhibitor molecules and the 

metal surface [47, 48]. Generally, the standard free energy values of - 20 kJ mol
−1

 or less negative are 

associated with an electrostatic interaction between charged molecules and charged metal surface 

(physical adsorption); those of - 40 kJ mol
−1

 or more negative involves charge sharing or transfer from 

the inhibitor molecules to the metal surface to form a co-ordinate covalent bond (chemical adsorption) 

[49, 50]. Based on the literature [51], the calculated ο

adsG  values in this work indicate that the 

adsorption mechanism of PPIB1 and PPIB4 on carbon steel in 1.0 M HCl solution at 308 K is both 

electrostatic-adsorption (ionic) and chemisorption (molecular) [52].   

 

3.2. Tafel polarization study 

Polarization measurements have been carried out in order to gain knowledge concerning the 

kinetics of the anodic and cathodic reactions. Typical potentiodynamic polarization curves of the 
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carbon steel in 1.0 M HCl solutions without and with addition of different concentrations of 

imidazolium ionic liquids are shown in Figs. 5 and 6. Electrochemical kinetic parameters (corrosion 

potential (Ecorr), corrosion current density (Icorr) and cathodic Tafel slope (c)), determined from these 

experiments by extrapolation method [53], are reported in Table 6. The Icorr was determined by Tafel 

extrapolation of only the cathodic polarization curve alone, which usually produces a longer and better 

defined Tafel region [54]. The Icorr values were used to calculate the inhibition efficiency, Tafel(%), 

(listed in Table 6), using the following equation [55]: 

 

Tafel(%) = 
corr

corr(i)corr

I

II 
  100       (7) 

 

Where Icorr and Icorr(i) are the corrosion current densities for steel electrode in the uninhibited 

and inhibited solutions, respectively. The parallel cathodic Tafel curves in Figs. 5 and 6 suggested that 

the hydrogen evolution was activation-controlled and the reduction mechanism was not affected by the 

presence of the inhibitor. The results in Table 6 showed that the inhibition efficiency increased, while 

the corrosion current density decreased with increasing imidazolium derivatives concentrations. This 

could be explained on the basis of adsorption of imidazolium derivatives on the carbon steel surface 

and the adsorption process enhanced with increasing inhibitor concentration.  
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Figure 5. Polarisation curves of carbon steel in 1.0 M HCl for various concentrations of PPIB1. 

 

The values of corrosion potential (Ecorr) were found to be almost identical at all imidazolium 

ionic liquids concentrations, indicating that it acts as mixed-type inhibitor [56]. From Table 5, it is 

clear that the values of cathodic Tafel slope constants were more or less constant suggesting that the 

presence of imidazolium derivatives molecules does not alter the mechanism of corrosion in HCl 

environment. 
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Figure 6. Polarisation curves of carbon steel in 1.0 M HCl for various concentrations of PPIB4. 

 

Table 6. Polarization data of C38 steel in 1.0 M HCl without and with addition of inhibitor at  

308 K. 

 
Inhibitors Concentration 

 (M) 

-Ecorr  

(mV/SCE) 

-βc   

(mV dec
-1

) 

Icorr 

 (μA cm
-2

) 
Tafel 

(%) 

HCl 1 475.9 175.6 1077.8 - 

PPIB1 10
-2

 472.1 167.7 130.5 87.9 

10
-3

 481.6 164.7 162.0 85.0 

10
-4

 476.9 170.4 283.8 73.7 

10
-5

 490.4 192.6 455.4 57.7 

 10
-2

 474.4 171.5 063.9 94.1 

 10
-3

 471.8 187.9 168.0 84.4 

PPIB4 10
-4

 472.0 167.7 215.9 79.9 

 10
-5

 504.2 196.4 353.0 67.2 

 

3.3. Electrochemical impedance spectroscopy (EIS) studies 

Nyquist representations of different inhibitors are shown in Figs 7 and 8. It is clear from all 

plots that impedance response of carbon steel in test solution was significantly changed after adding 

the inhibitors. The several theoretical circuits were applied for the study the impedance behavior. The 

standard Randle circuit (Fig 9) was mostly fit in the present studies that have impedance spectra 

containing single capacitive semicircle. The circuit composed of uncompensated solution resistance 

(Rs), charge transfer resistance (Rct), double layer capacitance (Cdl). Various parameters such as charge 

transfer resistance (Rct), double layer capacitance (Cdl) and percentage inhibition efficiency (Z(%)) 

have been calculated and listed in Table 7. The existence of single semi circle showed the single 

charge transfer process during dissolution which is unaffected by the presence of inhibitor molecule. 

Increasing of the charge transfer resistance and decreasing of the double layer capacitance with 
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increasing the inhibitor concentration indicated that these compounds inhibited the corrosion rate of 

carbon steel by an adsorption mechanism [57]. In fact, the presence of both compounds increased the 

value of the charge transfer resistance in the acidic solution. The effect being most pronounced with 

the PPIB4. The increment in charge transfer resistance value is attributed to the formation of protective 

film on the metal/solution interface [58, 59]. The values of Cdl of studied compounds decreased with 

increasing the concentrations. The decrease in Cdl is attributed to increase in the thickness of electronic 

double layer [60]. The decrease in the values of Cdl follows the order similar to that obtained for the 

Icorr studies. This can be explained on the basis of adsorption of imidazolium derivatives on the metal 

surface [61]. 

 

Rs Cdl

Rct

Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

Cdl Fixed(X) 0 N/A N/A

Rct Fixed(X) 0 N/A N/A

Data File:

Circuit Model File: D:\circuit-models\cpe.mdl

Mode: Run Fitting / Freq. Range (0.001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

 

Figure 9. Equivalent circuit model for the carbon steel/hydrochloric acid electrolyte. 
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Figure 7. Nyquist diagrams for carbon steel in 1.0 M HCl containing different concentrations of 

PPIB1 at 308 K. 

 

Cdl values were calculated from the frequency at which the imaginary component of impedance 

was maximum (Zim, max) using the following relation: 
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max

1

2
dl

ct

C
f R

                                                                                               (8) 

 

The percentage Z(%)  was calculated using the following equation: 

 

Z(%) = 
i)(c

ctct(i)

tR

RR 
  100         (9) 

 

Where Rct and Rct(i) are the charge-transfer resistance values without and with inhibitor 

respectively.  
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Figure 8. Nyquist diagrams for carbon steel in 1.0 M HCl containing different concentrations of 

PPIB4 at 308 K. 

 

Table 7. Electrochemical impedance parameters for carbon steel in 1.0 M HCl in absence and presence 

different concentrations of inhibitors 

 
Inhibitors Conc  

(M) 

Rct  

(Ω.cm
2
) 

fmax  

(Hz) 

Cdl   

(μF/cm
2
) 

Z 

(%) 

HCl 1 031.0 63.34 80.99 - 

PPIB1 10
-2

 242.5 15.78 41.46 87.2 

10
-3

 195.3 20.00 40.76 84.1 

10
-4

 129.5 25.00 49.18 76.0 

10
-5

 077.6 40.00 51.30 60.0 

 10
-2

 418.8 12.50 30.42 92.6 

 10
-3

 212.7 20.00 37.43 85.4 

PPIB4 10
-4

 146.0 40.00 43.63 78.7 

 10
-5

 095.5 40.00 41.68 67.5 
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The results obtained from the EIS technique in 1.0 M HCl solution were in good agreement 

with those obtained from weight loss method and potentiodynamic polarization method. 

 

 

 

4. CONCLUSION 

Eco-friendly ionic liquids PPIB1 and PPIB4 have been successfully synthesized utilizing MW 

method with chemical yields of 85% and 88%, respectively. These new ionic liquids have potential as 

corrosion inhibitor. Inhibition efficiency increases with increasing inhibitor concentration. Polarization 

curves proved that PPIB1 and PPIB4 are a mixed-type inhibitor, which can suppress anodic and 

cathodic reactions at the same time. EIS plots indicated that the inhibitor increases the charge-transfer 

resistances and showed that the inhibitive performance depends on adsorption of the molecules on the 

metal surface. The adsorption of PPIB1 and PPIB4 on carbon steel surface was found to obey the 

Langmuir adsorption isotherm. The negative values of 
adsG  indicated a spontaneous adsorption of the 

inhibitor on the surface of steel. The inhibition efficiencies were determined using the polarization and 

EIS plots, which were in good agreement with the weight loss measurements. 
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