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Abstract 
The corrosion inhibition mechanism of 5-(((1H-benzimidazol-2-yl) thio) methyl) 8-quinolinol (BTQ8) on mild 

steel in 1.0 M HCl solution was investigated by weight loss, Tafel polarization and electrochemical impedance 

spectroscopy (EIS) techniques. The experimental results were supported by molecular dynamic simulation and 

DFT calculations. It was found that BTQ8 acts by adsorption on mild steel via chemical interactions and a 

protective film formation. Tafel polarization method shows that BTQ8 act as a mixed type inhibitor. The effect of 

temperature on the corrosion behavior of mild steel was studied in the range of 303–333 K. The results from this 

corrosion test clearly reveal that the inhibition efficiency (% IE) of BTQ8 increased with increasing inhibitor 

concentration and decreased with increase in temperatures and the adsorption process of inhibitors obeyed the 

Langmuir isotherm. Theoretical calculations are in good agreement with the experiments results. 

 

Keywords: Corrosion inhibition, quinoline, DFT, Molecular dynamic, mild steel, SEM 

 

1. Introduction 
Carbon steel is used in mass amounts in marine applications, chemical processing, petroleum production and 

refining, construction and metal-processing equipment [1–3]. Corrosion inhibitors are substances that when are 

added to an aggressive environment due to acid pickling, chemical cleaning and oil well acidification processes 

have the ability to reduce remarkably the rate of attack on the metals and alloys by decreasing the corrosion 

processes[4,5]. These organic molecules can be adsorbed on the metal surface because they are able to establish 

coordinative interactions between molecule atoms and the mild steel surface: as a result, the corrosive attack is 

reduced in acidic media [6–9].  

The adsorption of organic molecules on metals surfaces depends mainly on the nature and the surface charge of 

metals, the chemical structure of organic molecule (functional groups, steric factors, electron density, etc.) and the 

type of solution[8–10]. The organic compounds having heteroatoms with high electron density such as sulfur, 

nitrogen, oxygen or those containing multiple bonds are effective inhibitors for the corrosion of metals[11–16]. 
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The presence of such atoms with high electron density and multiple bonds in molecular structure enhance the 

adsorption ability of organic compounds. 

In the recent times, the use of quantum chemical methods in the estimation of potential corrosion inhibitors has 

been extremely useful. Quantum chemical parameters which are based on the Density Functional Theory and 

molecular dynamic simulation have been the guide for investigating the agreement with experimental data of the 

results of computational chemistry works[17–19]. 

The quinolone derivatives are one of the important chemical compounds with variety applications[20–25]. 

Therefore, it is necessary to study the corrosion inhibition effect and inhibition mechanism of 5-(((1H-

benzimidazol-2-yl) thio) methyl) 8-quinolinol (BTQ8) as new corrosion inhibitor. 

In this investigation, electrochemical techniques, weight loss and scanning electron microscopy methods were 

employed to study the inhibition effect of 5-(((1H-benzimidazol-2-yl) thio) methyl) 8-quinolinol (BTQ8) for mild 

steel in 1.0 M HCl solution. And then, quantum chemical calculations by Molecular dynamic simulation and DFT 

method were performed to obtain more information about the interaction between the inhibitor molecules and 

mild steel surface.  

 

2. Materials and methods 
2.1. Synthesis of BTQ8 

 General Information 

All chemicals products were purchased from commercial suppliers Aldrich or Acros (France or Spain), and were 

used without further purification. 
1
H and 

13
C NMR spectra were recorded on a model Bruker Avance (300 MHz) 

for solutions in Me2SO-d6, and Chemical shifts are given as δ values with reference to tetramethylsilane (TMS) as 

internal standard. The progress of the reaction was followed by Thin-Layer Chromatography (TLC) using silica 

gel 60 F254 (E. Merck) plates with visualization by UV light (254 nm). Melting points were determined on an 

automatic electrothermal IA 9200 digital melting point apparatus in capillary tubes and are uncorrected. 

 Chemical synthesis 

Synthesis of 5-(((1H-benzimidazol-2-yl) thio) methyl) quinolin-8-ol  

The preparation of 5-(((1H-benzimidazol-2-yl) thio) methyl) 8-quinolinol require at first the preparation of 2-

mercaptobenzimidazole (1), which was prepared according to the literature method [24]. 

 

 
Scheme 1: Synthetic scheme for the synthesis of 2-mercaptobenzimidazole (1) 

 

 On the other hand, 5-chloromethyl-8-quinoline hydrochloride (2) was prepared according to the method reported 

in the literature [25]. 

 
Scheme 2: Synthetic scheme for the synthesis of 5-chloromethyl-8-quinoline hydrochloride (2) 

 

The preparation of 5-(((1H-benzimidazol-2-yl) thio) methyl)-8-quinolinol is outlined in scheme 3, 
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Scheme 3: Synthesis of 5-(((1H-benzimidazol-2-yl) thio) methyl) 8-quinolinol 

 

Synthesis of 5 -(((1H-benzimidazol-2-yl) thio) methyl)-8-quinolinol (3) 

A mixture of chloromethyl-8-hydroxyquinoline hydrochloride (1 g, 0.00435 mol), benzimi-dazole-2-thiol (0.652 

g, 0.00435 mol) and potassium carbonate (0.6 g, 0.00435 mol) in dimethylformamide (40 mL) was heated at 80 

°C for 20 h. After completing the reaction, the resulting mixture was poured into 50 mL of cold water. The 

precipitate formed was separated from the solution by filtration, washed with water for several times and purified 

by recrystallizing from DMF-EtOH mixture to afford (3) as a white solid (0.96 g, 72 % yield). The formation of 

the product was confirmed by TLC using hexane: acetone (60:40, v/v) mixture as the mobile phase. Mp = 230-

232 °C, 
1
H NMR (300 MHz, DMSO-d6), δppm = 9.82-9.88 (s, 1 H, quinoline (C-OH)), 6.99-8.86 (m, 9 H, 

quinoline and benzene), 5.87 (s, 2 H, quinoline -CH2-S), 12.98 (s, 1 H, NH of imidazol), 3.40 (s, H of trace H2O 
present in DMSO-d6), 

13
C NMR (300 MHz, DMSO-d6), δppm = 36.26 (quinoline -CH2 -S), 110.57, 110.88, 121.90, 

122.43, 122.78, 123.49, 127.06, 127.43, 132.93, 132.97, 139.15, 148.56, 153.60, (CH. C quinoline, benzene and 

N=C-N). 
1
H NMR spectra (300 MHz, Me2SO-d6) 

 

 
Figure 1: 

1
H NMR spectrum of 5 -(((1H-benzimidazol-2-yl) thio) methyl)-8-quinolinol 
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13
C NMR spectra (300 MHz, Me2SO-d6) 

 
Figure 2: 

13
C NMR spectrum of 5 -(((1H-benzimidazol-2-yl) thio) methyl)-8-quinolinol 

 

2.2. Gravimetric, Electrochemical measurements and Electrolytic solution 

The gravimetric measurements were carried out at definite time interval of 6 h using an analytical balance 

(precision ± 0.1 mg), The steel specimens of dimension 2x2x0.08 cm
3
 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 surface of the test electrode was mechanically abraded by different grades of emery 

papers with 220 up to 1500, washed with distilled water, cleaned with acetone after being weighed accurately 

with high sensitivity balance, the specimens were carried out in a double glass cell equipped with a thermostated 

cooling condenser containing 80 mL of non-de-aerated test solution with and without various concentrations of 

the studied quinoline derivative (BTQ8) at 303K, and at different temperatures (303 – 333K) for 10
-3

 M 

concentration. After immersion period, the specimens were taken out, rinsed thoroughly with bidistilled water, 

dried and weighed accurately again. Five tests were performed in each case and the mean value of the weight loss 

was calculated. The electrochemical experience have been performed using an equipment of impedance (Tacussel 

Radiometer PGZ 100), the data were analyzed using software VoltaMaster 4. A cell of Pyrex glass with three 

cylindrical electrodes has been used. To control temperature a thermostat has been used. A platinum auxiliary 

electrode and saturated calomel electrode (SCE) as reference electrode. The working electrode was carbon steel 

with the surface area of 1 cm 
(2)

. All potentials are reported vs. SCE. Prior to the electrochemical experiments, the 

mild steel was immersed into the test solution for 30min until a steady-state (open circuit) potential was obtained. 

EIS measurements were performed with a frequency range of 10 mHz to 100 kHz and amplitude of 5 mV with 10 

points per decade. The polarization curves were recorded by polarization from -800 to -200 mV/SCE with a scan 

rate of 60 mV s−1. ZView software version 2.8 was used to fit impedance data. Acid solutions (1.0 M HCl) were 

prepared by diluting a reagent of analytical grade HCl 37% with double-distilled water. The concentration range 

of the quinoline derivative was used was 10
-6

 to 10
-3

 M. 

 

2.3. Quantum chemical calculations 

It should be stated that DFT methods are widely used in computational chemistry studies because these methods 

have become very popular in recent times [26,27]. Quantum chemical calculations were performed using density 

functional theory (DFT) with the Beck’s three parameter exchange functional along with the Lee-Yang-Parr non 

local correlation functional (B3LYP) with 6-31G (d, p) basis set is implemented in Gaussian 03 program 
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package[28–33]. This approach is widely utilized in the analysis of the characteristics of corrosion process. The 

following quantum chemical parameters were evaluated from the optimized molecular structure: the dipole 

moment (µ), the energy of the highest occupied molecular orbital (EHOMO), the energy of the lowest unoccupied 

molecular orbital (ELUMO), the energy band gap (ΔEgap = EHOMO – ELUMO), the electron affinity (A), the ionization 

potential (I) and the number of transferred electrons (ΔN). 

 

2.4. Molecular dynamic simulation 

The Monte Carlo (MC) search was adopted to compute the low configuration adsorption energy of the 

interactions of the BTQ8 on a clean iron surface. The Monte Carlo (MC) simulation was carried out using 

Materials Studio 6.0 software (Accelrys, Inc.)[34]. The Fe crystal was cleaved along the (110) plane, it is the most 

stable surface as reported in the literature. Then, the Fe (110) plane was enlarged to (12×12) supercell to provide a 

large surface for the interaction of the inhibitor. The simulation of the interaction between BTQ8 and the Fe (110) 

surface was carried out in a simulation box (29.78 × 29.78 × 60.13 Å) with periodic boundary conditions, which 

modeled a representative part of the interface devoid of any arbitrary boundary effects. After that, a vacuum slab 

with 50 Å thickness was built above the Fe (110) plane. All simulations were implemented with the COMPASS 

force field to optimize the structures of all components of the system of interest. More simulation details on the 

methodology of Monte Carlo simulations can be found in previous publications[35,36] 

 

3. Results and discussion 
3.1. Weight loss measurements 

3.1.1 Effect of concentration 

Weight loss measurements were performed in the absence and presence of different concentrations of BTQ8 at 

303 K. The values of inhibition efficiency and corrosion rate (CR) are presented in Table 1 and Fig. 3. The 

inhibition efficiency (ηw (%)) is calculated by the following Eq. 1: 

                               

𝜂𝑤 % =  
𝐶𝑅− 𝐶𝑅(𝑖𝑛 ℎ)

𝐶𝑅
𝑥 100                                                                                                        (1) 

                                                                                                          

Where CR and CR(inh) represent the corrosion rates in the absence and presence of BTQ8. 

  

Table 1. Inhibition efficiencies of various concentrations of BTQ8 for corrosion of mild steel in 1.0 M HCl 

obtained by weight loss measurement at 303K. 

 

Inspection of the data in Table 1 and Fig. 3, reveals that the corrosion rates decreases significantly in the presence 

of the inhibitor and the inhibition efficiency of inhibitor increased with increasing concentration of inhibitor. The 

corrosion rates of mild steel in the blank solution was 1.135 mg/cm
2 

h and the addition of 10
-3 

M of BTQ8 seed 

husk reduced the dissolution to 0.056 mg/cm
2
h. Such behavior can be interpreted on the basis that the inhibitor 

exert their action by adsorbing themselves on the mild steel[37,38]. 

Inhibitors Concentration 

(M) 

CR 

(mg cm
−2

 h
-1

) 

ηw 

(%) 

ϴ 

        BLANK 1.0 1.135 - - 

    

 

 

BTQ8 

10
-3

 0.056 95.07 0.9507 

10
-4

 0.083 92.69 0.9269 

10
-5

 0.153 86.52 0.8652 

10
-6

 0.202 82.20 0.8220 
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Figure 3 : Relationship between the inhibition efficiency and corrosion rates vs. log(C) for carbon steel after 6 h immersion 

in 1 M HCl at 303 K. 

 

3.1.2. Effect of temperature  

Generally speaking, the impact of temperature on the corrosion process of metal in aggressive solution is 

complex, because many changes occur on the metal/solution interface, such as rapid etching, desorption of 

inhibitors and the decomposition or rearrangement of inhibitor itself[39,40]. In order to study the effect of 

temperature on the inhibition performance of BTQ8, weight loss measurements was performed in 1.0 M HCl in 

the absence and presence of 10
-3

 M of inhibitor from 303 to 333 K. Results obtained after 6 h exposure time are 

presented in Table 2.  

 

Table 2:  CR and ηw % obtained from weight loss measurements of mild steel in 1.0 M HCl containing 10
-3

 M of 

BTQ8 at different temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results obtained from Table 2, reveal that the corrosion rate increased with increase in temperature in both 

uninhibited and inhibited solution. Also the inhibition efficiency is observed to decrease with increase in 

temperature. The decrease in inhibition efficiency with temperature might be attributed to desorption of the 

inhibitor molecules from the metal surface at higher temperatures[41,42]. 

Inhibitors Temperature 

(K) 

CR 

(mg cm
−2

 h
-1

) 

ηw 

(%) 

ϴ 

 

   Blank 

303 1.135 - - 

313 2.466 - - 

323 5.032 - - 

333 10.029 - - 

     

 

    BTQ8 

303 0.056 95.07 0.950 

313 0.256 89.62 0.896 

323 1.023 79.67 0.796 

333 3.512 64.98 0.649 
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To calculate activation parameters of the corrosion process, Arrhenius Eq. (2) and transition state Eq. (3) were 

used[5,6] 

 

𝐶𝑅 =𝑘 𝑒𝑥𝑝  
−𝐸𝑎

𝑅𝑇
                                                                                                                                  (2) 

 

𝐶𝑅 =
𝑅𝑇

𝑁ℎ
 𝑒𝑥𝑝  

∆𝑆𝑎

𝑅
 𝑒𝑥𝑝  −

∆𝐻𝑎

𝑅𝑇
                                                                                                            (3) 

 

where, Ea is the activation energy, ΔSa is the entropy of activation, ΔHa is the enthalpy of activation, k is the 

Arrhenius pre-exponential factor, h is Planck's constant, N is Avogadro's number, T is the absolute temperature 

and R is the universal gas constant. 

Fig. 4 shows Arrhenius plots of logarithm of ln (CR) vs 1/T for mild steel in 1.0 M HCl without and with addition 

of 10
-3

 M of BTQ8. From the value of slope, the value of Ea were calculated for inhibitor and listed in Table 3.  

The value of Ea in the inhibited solution is higher than that for uninhibited solution, indicating that more energy 

barrier have been achieved in presence of BTQ8 [43,44].  
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Figure 4: Arrhenius plots for mild steel in 1.0 M HCl in the absence and presence of 10

-3
 M of inhibitor at different 

temperatures. 

 

Table 3: Activation parameters for mild steel corrosion in 1.0 M HCl in the absence and presence of 10
-3

 M of 

inhibitor at different temperatures. 

 

 

 

 

 

 

 

 

Using Eq. (3), another linear plot of ln CR/T versus 1/T was drawn (Fig. 5) with slope (−ΔHa/R) and intercept 

[ln(R/Nh) + ΔSa/R] which was used for the calculation of ΔHa and ΔSa. All the values are listed in Table 3. The 

positive value of ΔHa reflect that the dissolution process of metal is endothermic[39,45]. ΔSa value is more 

Inhibitor Ea 

(kJ/mol) 

∆Ha 

(kJ/mol) 

∆Sa 

(J mol-1 K-1) 

Ea - ∆Ha 

 

Blank 60.79 58.16 -51.84 2.63 

     

10
-3

 M BTQ8 115.80 113.16 104.89 2.64 
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positive in presence of the studied inhibitor compared to HCl solution. The increase of ΔSa in the presence of 

inhibitor implies that the activated BTQ8 in the rate determining step represent an association rather than a 

dissociation step[46,47]. 
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Figure 5: Transition state plots for the inhibition of corrosion of mild steel in 1.0 M HCl in the absence and presence of 10

-3
 

M of inhibitor at different temperatures. 

 

3.2. Adsorption Isotherm 

Adsorption study was performed to understand the inhibiting effect of organic molecules on metal corrosion. It is 

accepted that inhibitor covers the iron surface by replacing the pre-adsorbed water molecules which act as a 

corrosive medium by the following equilibrium (Eq. 4)[48,49]. 

 

Org(𝑠𝑜𝑙 )   +       xH2O(𝑎𝑑𝑠 )   →   Org(𝑎𝑑𝑠 )   +       xH2O(𝑠𝑜𝑙)                                                                              (4) 

 

where x is the number of H2O molecules replaced by one organic molecule.  

At present, adsorption isotherm can provide meaningful information about the interaction between additive and 

mild steel, based on the inference that the coverage of organic molecules is directly related to inhibition 

efficiency. 

The degree of surface coverage (θ) obtained from potentiodynamic polarisation technique was used to evaluate 

the best isotherm that fits into the data obtained. Langmuir isotherm was applied to investigate whether it best fits 

to the experimental data obtained by using Eq. (5)[50,51].  

 
𝐶

𝜃
=  

1

𝐾𝑎𝑑𝑠
 + 𝐶                                                                                                                                                           (5) 

 

where C is the inhibitor concentration, θ is the surface coverage and Kads is the adsorption equilibrium constant. 

The plot of C/θ versus C yields a straight line with a slope close to 1 (1.06) and the linear association coefficient 

(R
2
) is also nearly 1 (0.9999), as shown in Fig. 6, indicating that the adsorption of BTQ8 on the mild steel surface 

obeys Langmuir adsorption isotherm. 

The standard free energy of adsorption (ΔG°ads) was calculated by using the following expression (Eq. 6) [52,53] 

 

∆𝐺°𝑎𝑑𝑠 = −𝑅𝑇 ln(55.5 ×𝐾𝑎𝑑𝑠 )                                                                                                  (6) 
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where R is the universal gas constant, 55.5 is the concentration of water in solution and T (K) is the 

thermodynamic temperature. The calculated values of ΔG°ads and Kads for quinoline derivative listed in Table 4. 
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Figure 6: Langmuir adsorption of inhibitor on the carbon steel surface in 1.0 M HCl solution at 303K. 

 

Table 4: Adsorption parameters of inhibitor for mild steel corrosion in 1M HCl at 303K 

 

 

 

 

 

 

The negative value of ΔG°ads and the higher value of Kads reveal the spontaneity of adsorption process and they 

are characteristic of strong interaction and stability of the adsorbed layer with the mild steel surface[54].  

Generally, the energy values of −20 kJ mol
−1

 or less negative are associated with an electrostatic interaction 

between charged molecules and charged metal surface, physisorption; those of −40 kJ mol
−1

 or more negative 

involve charge sharing or transfer from the inhibitor molecules to the metal surface to form a coordinate covalent 

bond, chemisorption[55,56]. The value of ΔG°ads listed in Table 4 indicate the chemisorption of quinoline 

derivative on the mild steel surface[57,58]. 

 

3.3. Potentiodynamic Polarization Studies 

The potentiodynamic polarization curves for mild steel in 1 M HCl solution at 303 K containing various 

concentrations of BTQ8 was studied by potentiodynamic polarization. Fig. 7 shows the polarization curves in the 

absence and presence of various concentrations of quinoline derivative. The electrochemical polarization 

parameters such as corrosion potential (Ecorr), corrosion current density (icorr), slope of the cathodic branch (βc), 

and corresponding percentage inhibition efficiencies (ηPDP%) were calculated and listed in Table 5. The values of 

ηPDP (%) were calculated using the following Eq. 7. 

 

𝜂𝑃𝐷𝑃(%) =  
𝐼𝑐𝑜𝑟𝑟 − 𝐼𝑐𝑜𝑟𝑟 (𝑖)

𝐼𝑐𝑜𝑟𝑟
x 100                                                                                                                                 (7) 

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

solutions, respectively. 

Inhibitor 
Slope                        Kads(M

-1
)                       ads

G


 (kJ/mol) 

10
-3

 M BTQ8 1.06 975200.65 -44.84 
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Figure 7: Polarisation curves of carbon steel in 1.0 M HCl for various concentrations of BTQ8 at 303K. 

 

The addition of BTQ8 decreased the corrosion current, Icorr significantly for all the concentrations studied, 

correspondingly, 𝜂𝑃𝐷𝑃(%) values increase with increasing the inhibitor concentration reaching a maximum value 

at 10
-3

 M of inhibitor. A compound can be regarded as a cathodic or anodic inhibitor in case the shifting in 

corrosion potential is over 85 mV with respect to that of the blank solution. In our study the potential shifts in the 

presence of BTQ8 are less than 85 mV, showing that the inhibitor acts as a mixed-type inhibitor. Both the parallel 

Tafel curves in Fig. 7 and the almost unchanged values of slop in Table 5 indicate the corrosion reaction of 

metallic materials is kinetics-controlled and that the adsorbed inhibitor does not change the primary 

mechanism[17,59,60]. 

 

Table 5: Corrosion parameters for corrosion of mild steel with selected concentrations of the inhibitor in 1.0 M 

HCl by Potentiodynamic polarization method at 303K 

 

Inhibitor Concentration 

(M) 

-Ecorr 

(mV/SCE) 

-βc 

(mV dec
-1

) 

Icorr 

(μA cm
-2

) 

𝜂𝑃𝐷𝑃(%) 

 

Ɵ 

 

BLANK 1.0 496 162.0 564.0 - - 

 

BTQ8 

10
-3

 480 185.2 35.9 93.63 0.936 

10
-4

 491 185.1 46.8 91.70 0.917 

10
-5

 494 163.7 66.1 88.28 0.882 

10
-6

 498 165.2 127.8 77.34 0.773 

 

3.4. Impedance Spectroscopic Studies 

The inhibition performance of BTQ8 for the acid corrosion of mild steel was evaluated by EIS. Fig. 8 shows the 

Nyquist plots in 1.0 M hydrochloric acid solution containing different concentrations of BTQ8. The irregular 

semicircles derived from impedance data indicate a non-ideal electrochemical behavior on the electrode surface, 

which may be due to frequency dispersion, inhomegeneties, roughness of metal surface and substance 

transmission actions[61,62]. As can be seen from Fig. 8, the Nyquist diagrams in the presence of BTQ8 are 

similar to the blank one, this remark suggest that the inhibitor compound blocks the corrosion behavior of mild 

steel by controlling the activation of electrochemical reaction without changing its nature. In Fig. 8 we can only 

observe a capacitive loop which is related to the behavior of double layer capacitance as well as the charge 
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transfer process between metal surface and electrolyte[63,64]. The diameters of Nyquist plots increase as the 

concentration of BTQ8 rises, suggesting the enhanced protection effect of inhibitor on the damage of metal in the 

corrosive solution[65]. 
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Figure 8: Nyquist curves for mild steel in 1M HCl for selected concentrations of BTQ8 at 303K. 

 

The experimental EIS data obtained are simulated by the proposed equivalent circuit presented in Fig. 10[66,67]. 

It included (Rs), the solution resistance, Rct denotes the charge-transfer resistance and CPE is constant phase 

element. The introduction of CPE into the circuit was necessitated to explain the depression of the capacitance 

semicircle, which corresponds to surface heterogeneity resulting from surface roughness, impurities, and 

adsorption of inhibitor. The representative example of using the equivalent circuit to fit the experimental data for 

mild steel in 1.0 M HCl with 10
-3

 M of BTQ8 is shown in Fig. 9 and the electrochemical parameters are listed in 

Table 6. From results obtained, Rct increase with increase in inhibitor concentrations. Suggesting the formation of 

an isolating protective film at the metal/solution interface[68]. The impedance parameters obtained are reported in 

Table 6. The CPE impedance is calculated using the Eq. (8)    

                                                                                                                                                                                  

𝑍𝐶𝑃𝐸  =  
1

𝑄 (𝑗𝜔 )𝑛
                                                                                                                                         (8) 

 

Where Q is the CPE constant (in Ω
-1

 S
n
 cm

-2
), ω is the angular frequency (in rad s

-1
), j

2
 = -1 is the imaginary 

number and n is a CPE exponent which can be used as a gauge for the heterogeneity or roughness of the surface. 

In addition, the double layer capacitances, Cdl, for a circuit including a CPE were calculated by using the 

following Eq. 9 [68]: 

 

𝐶𝑑𝑙  = (𝑄. 𝑅𝑐𝑡
1−𝑛)1/𝑛                                                                                                                                       (9) 

 

The inhibition efficiency is calculated from the Rct values using the following Eq. 10: 

     

𝜂𝐸𝐼𝑆 =  
R𝑐𝑡− R𝑐𝑡

°

R𝑐𝑡
𝑥 100                                                                                                            (10)  

                                                  
Where R°ct and Rct are the charge transfer resistances without and with various concentrations of inhibitor 

respectively. 
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Table 6: AC-impedance parameters for corrosion of mild steel for selected concentrations of the inhibitor in 1 M 

HCl at 303K. 

 

The IE (%) values are high for the studied inhibitor indicating that they are good corrosion inhibition for mild 

steel in 1 M HCl. The calculated Cdl values in the presence of inhibitor are generally lower than that in solution 

without inhibitor. This implies that the inhibitor form protective film on the steel surface. The Cdl values also 

decrease with increasing concentration, this implies that the thickness of the protective film increases with 

increasing inhibitor concentration[69]. According to Helmholtz model (Eq. 11), the better inhibitive performance 

of the inhibitors is associated with lower Q value. 

𝑄 =  
𝜀°𝜀

𝑑
𝐴                                                                                                                                                       (11) 

Where ε is the local dielectric constant, ε
0
 is the permittivity of the air, d is the thickness of the protective layer 

and A is the surface area of the electrode. The decrease in Q suggests a fading in local dielectric constant or an 

increase in the thickness of the electrical double layer, due to the adsorption of quinoline derivative molecule on 

the mild steel surface by replacement of water molecules by quinoline derivative molecule[70,71]. 
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Figure 9: EIS Nyquist plots for carbon steel in 1 M HCl with 10

-3
M of BTQ8 interface: dotted lines experimental data; 

dashed line calculated. 

 
Figure 10: Equivalent electrical circuit corresponding to the corrosion process on the carbon steel in hydrochloric acid. 

Inhibitor Conc 

(M) 

Rct 

(Ω cm
2
) 

 

n 

Q×10
-4

 

(s
n
 Ω

-1
cm

-2
) 

Cdl 

(μF cm
-2

) 

𝜂𝐸𝐼𝑆  

(%) 

Ɵ 

 

Blank 1.0 29 .35 0.910 1.7610 91.6 - - 

        

 

BTQ8 

10
-3

 566.4 0.903 0.2065 12.8 94.82 0.948 

10
-4

 446.5 0.897 0.2934 17.8 93.42 0.934 

10
-5

 234.9 0.914 0. 3701 23.7 87.51 0.875 

10
-6

 184.3 0.908 0.5122 31.9 84.07 0.840 
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3.5. Quantum chemical calculation 

3.5.1. DFT calculations 

In our work, quantum chemical calculations were performed to obtain some details of molecular orbital which is a 

powerful theoretical tool to evaluate corrosion inhibitors. Two important frontier orbital parameters, the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) represent the outmost 

and innermost orbital, respectively [17,18]. Generally speaking, the HOMO with rich charge functions as an 

electron donor since it tends to lose electrons. Accordingly the LUMO acts as an electron acceptor since it has 

empty orbitals to accept electrons. Fig. 12 illustrates the molecular orbital distribution of BTQ8 molecule with 

optimized geometrical configuration. It can be seen from Fig. 11 that the distribution of HOMO and LUMO is 

localized on the entire molecule [19]. It is interesting to note that the LUMO distribution of BTQ8 is mainly 

concentrated in the 8-hydroxyquinoline. This information reveals that this function may perform well in accepting 

electrons from the mild steel. Table 7 present the parameters obtained by DFT calculation, in density functional 

theory the energy of HOMO (EHOMO) is regarded as the ionization potential and the higher magnitude indicates 

the better ability of molecules to provide metal electrons. On the other hand, the energy of LUMO (ELUMO) is 

closely correlative with the electron affinity and the lower value suggests the easier transfer of electrons from 

metal surface to inhibitor. The energy gap between HOMO and LUMO (ΔE) represents the stability of transition 

complex which determines the interaction between the adsorbed inhibitor and the metallic substrate [30,33,72]. 

 
 

Optimized 

Molecular 

Structure 

  
 

 

HOMO 

 
 

 

LUMO 

 
Figure 11: Quantum chemical results of BTQ8, calculated at DFT/B3LYB/6-31G (d, p) 

 

For the dipole moment (μ), inhibitor with high dipole moment tend to form strong dipole–dipole interactions with 

the metal, resulting in strong adsorption on the surface of the metal and therefore leading to greater inhibition 

efficiency[74,75]. According to the hard–soft acid base (HSAB) principle, a hard molecule is associated with low 

basicity and low electron donating ability and a soft molecule is associated with high basicity and high electron 

donating tendency[76,77]. This finding suggests that the inhibition efficiency increases with increasing softness 

and decreases on increasing the hardness of the inhibitor molecules. Absolute electronegativity (χ), global 

hardness (η) and global softness (ζ) are estimated using the equations (Eqs. 13-15)[65,78]  

2

I A



                                                  (12) 

2

I A



                                                    (13) 
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𝜎 =  
1

𝜂
                                                                                                                                         (14) 

The ionization potential (I) and the electron affinity (A) are defined as follows Eqs. 16-17: 
 

I = -EHOMO                                                  (15) 

A = -ELUMO                                                   (16) 
The number of transferred electrons (ΔN) gives information about the number of electrons a molecule can transfer 

to the acceptor molecule, and it is estimated using the Eq. 18 [18,27] 

 2

Fe inh

Fe inh

N
 

 


 


                                                                      (17) 

where χFe and χinh denote the absolute electronegativity of iron and the inhibitor molecule, respectively, and ηFe 

and ηinh denote the absolute hardness of iron and the inhibitor molecule, respectively. The values of χFe and ηFe are 

taken as 7 eV mol
−1

 and 0 eV mol
−1

, respectively. The results, as reported in Table 7, show the high number of 

electron transfer, which also confirms that BTQ8 has the highest inhibition performance.  

 

3.5.2. Molecular dynamic simulation 

Adsorption of BTQ8 molecules has been studied using molecular dynamics simulation techniques. Adsorption of 

BTQ8 on iron substrate, Fe (110) has been studied to find the lowest energy adsorption sites on BTQ8 molecules 

[36]. The best adsorption configuration for the compounds are presented in Fig. 12. From this figure, we can 

conclude that the studied compounds can be adsorbed on the Fe surface through the heteroatoms. A typical plot of 

energy distribution for inhibitor/Fe (110) system during energy optimization process consisting of the total 

energy, average total energy, van der Waals energy, electrostatic energy and intramolecular energy are presented 

in Fig. 13.  

 
Figure 12: Side and top views of the most stable low energy configuration for the adsorption of the inhibitor on 

Fe (1 1 0) surface obtained through the Monte Carlo simulation of BTQ8. 

 

The parameters presented in Table 8 include, the total energy, in kJ mol
−1

, of the substrate–adsorbate 

configuration. The total energy is defined as the sum of the energies of the adsorbate components, the rigid 

adsorption energy and the deformation energy, adsorption energy reports the energy released (or required) when 

the relaxed adsorbate component was adsorbed on the substrate. The adsorption energy is defined as the sum of 

the rigid adsorption energy and the deformation energy for the adsorbate component. The rigid adsorption energy 

reports the energy released (or required) when the unrelaxed adsorbate component (before the geometry 

optimization step) was adsorbed on the substrate. The deformation energy reports the energy released when the 

adsorbed adsorbate component was relaxed on the substrate surface. Finally, (dEad/dNi) reports the energy of 

substrate–adsorbate configurations where one of the adsorbate components has been removed [87-88]. Further, 

results show that the high negative value of adsorption energy for investigated compounds, suggesting the better 

inhibition performance. 
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Figure 13: A typical energy profile for the adsorption progress of BTQ8 on Fe (110) surface using the Monte 

Carlo sampling procedure. 

 

Table 8: Outputs and descriptors calculated by the Monte Carlo simulation for the lowest adsorption. 

Configurations of BTQ8/Fe (110) surface (in kcal/mol). 

 

System Total 

energy 

Adsorption 

energy 

Rigid adsorption 

energy 

Deformation 

energy 

dEad/dNi 

inhibitor 

Fe (1 1 0)/ BTQ8 23.02 -222.06 -246.26 24.2 -222.06 

 

Conclusion 
The study of BTQ8 as a new and effective corrosion inhibitor of mild steel in 1 M HCl solution was conducted 

using weight loss, EIS, PDP measurements and theoretical calculations. From the results obtained herein, the 

following points were concluded: 

 

- BTQ8 acted as efficient corrosion inhibitor for mild steel in 1 M HCl solution.  

- In the presence of inhibitor, charge transfer resistance (Rct) increases and double layer capacitance (Cdl) 

decreases due to adsorption of the inhibitor molecules on the surface of mild steel. 

- Polarization studies showed that the studied inhibitor act as mixed inhibitor. 

- SEM analyses clearly show that BTQ8 form a protective film on mild steel surface. 

- The adsorption of the inhibitor on mild steel surface obeys the Langmuir adsorption isotherm. The 

negative sign of ΔG
0
ads suggests that the inhibitor adsorbed spontaneously on the surface. 

- The Quantum chemical calculations by DFT calculations and Monte Carlo simulation are in good 

agreement with the experimental results. 
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