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Abstract- Two newly substituted quinoline derivatives, namely 5-(((2-hydroxyethyl) thio) 

methyl) quinolin-8-ol Q-OH and 5-(((2-aminoethyl) thio) methyl) quinolin-8-ol Q-NH2 were 

synthesized and characterized by elemental analysis data, 1H and 13C Nuclear Magnetic 

Resonance Spectroscopy. Their inhibitory performance was studied against the corrosion of 

mild steel in 1.0 M hydrochloric acid at 298 K. Data obtained from EIS measurements has been 

examined and characterized by weight loss, Tafel polarization and electrochemical impedance 

spectroscopy (EIS). The experimental results reveal that the studied compounds have good 

inhibiting effects on the corrosion for mild steel in 1.0 M HCl medium. The protection 

efficiency increases with increasing inhibitor concentration but decrease with temperature. 

Good agreement between the results obtained from weight loss and electrochemical 

measurements. It has been determined that the adsorption for the studied inhibitors on mild 

steel complies with the Langmuir adsorption isotherm at all studied temperatures. The kinetic 

and thermodynamic parameters for mild steel corrosion and inhibitor adsorption, respectively, 

were determined and discussed. On the bases of thermodynamic adsorption parameters, 

comprehensive adsorption (physisorption and chemisorption) for the studied inhibitors on mild 

steel surface was suggested. Results show that the order of inhibition efficiency is Q-OH > Q-
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NH2. Potentiodynamic polarization studies have shown that compounds studies acts as a mixed 

type of inhibitor’s. However, in order to get information on bonding mechanism of mild steel 

surface/ inhibitors/1.0 M HCl solution system, the corrosion protection was also investigated 

by UV-visible spectrophotometry. Scanning Electron Microscopy was also performed and 

discussed for surface morphology study of mild steel samples. 

Keywords- Synthesis, NMR, Elemental analysis, Quinoline, Mild steel, HCl, Corrosion, 

Electrochemical techniques, Weight loss, UV-visible spectrophotometry, SEM  

 

1. INTRODUCTION  

Steel are present with very high percentages in industrial sectors such as (technological 

industry, construction sectors) [1], despite a large amount of steel is destroyed by corrosion in 

harsh environments especially in acidic environments. Corrosion therefore affects most 

industries and can cost billions of dollars each year [2] at an economical level. So, stopping or 

at least slowing this damage became mandatory. 

The broad use of acid solutions in the industries (manufacturer fertilizer industries [3], 

metallurgical industry, particularly for descaling, pickling of metals and cleaning of industrial 

plants or metals) [4], is widely characterized by the synthesis of organic and inorganic 

chemicals, but despite the aggressiveness of these in acidic solutions [5], the only solution to 

overcome this undesirable problem presenting organic inhibitors became mandatory to stop the 

deterioration of the metal [6]. Their selection depends on the type of acid, its concentration, the 

temperature and the metal material exposed to the action of the [7,8] acid solution. 

These compounds inhibit corrosion by adsorbing on metallic surface using heteroatoms 

(e.g. N, O, S), polar functional groups (e.g. -OH, -NH2, -NO2, etc.), pi-electrons and aromatic 

rings as adsorption centers [9-11]. Inhibitors retard metal corrosion by adsorbing on metallic 

surface and the process is influenced by some factors, which include molecular size of 

inhibitor, nature of substituents, inhibitor concentration, solution temperature and nature of test 

solution. [8,9,11] 

These compounds can form either a strong coordination bond with metal atom or a passive 

film on the surface [12]. The corrosion inhibition of a metal may involve either physisorption 

or chemisorption of the inhibitor on the metal surface. Electrostatic attraction between the 

charged hydrophilic groups and the charged active centers on the metal surface leads to 

physisorption. Several authors showed that most inhibitors were adsorbed on the metal surface 

by displacing water molecules from the surface and forming a compact barrier film [13]. 

Perusal of literature reveals that many N-heterocyclic compounds such as pyrimidine 

derivatives [14], triazole derivatives [15], tetrazole derivatives [16], pyrazole derivative [17], 

bipyrazole derivatives [18], phenyltetrazole derivatives [7,19], pyridazine derivatives [20], 

benzimidazole derivatives, quinoline derivatives [21-23] to mention but a few, have been used 

for the corrosion inhibition of iron or steel in acidic media. The effectiveness of quinoxaline 
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derivatives (N-heterocyclic compounds) as effective corrosion inhibitors for mild steel in 

sulphuric acid media has been reported [24-26]. 

Quinolines and their derivatives are important constituents of pharmacologically active 

synthetic compounds [27], including biological activities such as DNA binding capabilities 

[28], antimicrobial [29] and DNA- intercalating carrier [30]. Several 8-aminoquinoline 

compounds, for instance Primaquine, have been applied as chemotherapeutics for treatment of 

malaria disease [31]. Recently, the first quinoline-based structure (GS-9137) with very strong 

antiretroviral activity for HIV treatment has been synthesized [32]. Although some quinoline 

derivatives has been reported as corrosion inhibitors for steel in sulphuric acid medium [33], 

no work to the best of our knowledge has been documented on the corrosion inhibition 

potentials of quinoline derivatives namely: 5-(((2-hydroxyethyl) thio) methyl) quinolin-8-ol 

and 5-(((2-aminoethyl) thio) methyl) quinolin-8-ol on hydrochloric acid solution. Recently a 

work was carried out in our laboratory on ordinary steel in 1.0 M HCl, with a new inhibitors 

entitled: : 5-((2-(4-dimethylamino)-phenyl-1H-benzo[d]imidazol-1-yl)-methyl)-quinolin-8-ol, 

5-((2-(4-nitrophenyl)-1H-benzo[d]imidazol-1-yl)-methyl)-quinolin-8-ol, 1,4-bis((8-hydroxy 

quinolin-5-yl)methyl)-6-methylquinoxalin-2,3-(1H,4H)-dione and 1,4-bis((8-hydroxy 

quinolin-5-yl)methyl) quinoxalin-2,3-(1H,4H)-dione [34,35]. 

The novelty of this paper is to synthesize and characterize new heterocyclic compound 

derivatives of 8-hydroxyquinoleine and also to investigate their behavior as new inhibitors for 

the corrosion of mild steel in 1.0 M HCl solution using weight loss, electrochemical impedance 

spectroscopic (EIS) and potentiodynamic polarization methods (Tafel). The adsorption and 

inhibition efficiency of these inhibitors were investigated and the thermodynamic adsorption 

parameters in absence and presence of substituted quinolines were calculated. The effect of 

temperature on the corrosion behavior was also studied in the range from 298 K to 328 K.  

 

2. EXPERIMENTAL DETAILS 

2.1. Description of materials and products 

All substances used in this study have been purchased from Sigma-Aldrich Chemical 

Company (Spain or France). Melting points were determined on Banc Kofler apparatus and are 

uncorrected. Infrared spectra were recorded in a FT-IR Nicolet 400D Spectrophotometer using 

KBr pellets. The recording of Nuclear Magnetic Resonance spectra was performed on a Bruker 

Advanced 300 WB at 300 MHz for solutions in Me2SO-d6 and chemical shifts are specified in 

δppm with reference to tetramethylsilane (TMS) as an internal standard. The elemental 

composition (Carbon, hydrogen and nitrogen) was determined on a Perkin-Elmer Model 240 

CHN Analyzer. The evolution of the reaction is followed by chromatography with thin layer 

of silica 60 F254 (E. Merck).  
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Table 1. Chemical composition of the used mild steel 

 

The steels specimens used have a rectangular form 2.5 cm×2.0 cm×0.05 cm. The 

immersion time for weight loss was 6 h at 298 K. After immersion period, the specimens were 

cleaned according to ASTM G-81 and reweighed to 10-4 g for determining corrosion rate 

[36,37]. 

The aggressive solution of 1.0 M HCl was prepared by dilution of analytical grade 37% 

HCl with distilled water. The molecular formula of the examined inhibitor is shown in Table 

2. 

 

Table 2. Names, Chemical Structures and Abbreviations of the synthesized compounds 

 

Products 

Abbreviation 

Chemical structure Name of the compounds 

 

Q-OH 

 

 

 

 

5-(((2-hydroxyethyl) thio) methyl) quinolin-8-ol 

 

Q-NH2 

 

 

 

 

 

5-(((2-aminoethyl)thio)methyl)quinolin-8-ol 

 

 

2.2. Organic synthesis 

We mix (0.01 Mol) of 5-(hydroxymethyl) quinolin-8-ol (CMHQ) with (0.01 Mol) of bi-

nucleophilic in 50 ml of tetrahydrofuran (THF) in the presence of NaHCO3. The reaction was 

monitored by CCM. After evaporation of the solvent, the residue obtained was hydrolyzed with 

a saturated NaCl solution (20 mL), extracted with chloroform (3×20 mL).  

Material Composition, % by wt. 

C Si Mn Cr Mo Ni Al Cu Co V W Fe 

Mild steel 0.11 0.24 0.47 0.12 0.02 0.1 0.03 0.14 <0.0012 <0.003 0.06 Balance 
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Scheme 1. Preparation of the inhibitors Q-OH and Q-NH2 

 

 

Table 3. Yields and physicochemical characteristics of the compounds Q-OH and Q-NH2 

 

products Mp 

(°C) 

Yield 

(%) 

Spectral data 

Q-OH 163 85 1H NMR (DMSO-d6): 

δppm=1.01 (s, 2 H, CH2-C) ,4.72 (s, 2 H, CH2-S), 6.99 (s, 1 H, OH-Ar), 

4.83 (s, 1 H, OH), 7.01-7.34-7.56-8.83-9.77 (m, 5 H, ArH). 

13C NMR(DMSO-d6): 

  δppm=153.21 (s, 1 H, OH), 34.28 (s, 2 H, CH2-S), 61.28 (s, 2 H, CH2-

OH), 32.80 (s, 2 H, C-C) 

110.62-121.92-124.73-128.94-148.29 (ArCH), 133.75-139.49 (ArC). 

Analysis Elemental: 

-Calculated (%): C, 61.25; H, 5.57; N, 5.95. 

-Obtained (%): C, 61.02; H, 5.70; N, 5.37. 

Q-NH2 150 80 1H NMR (DMSO-d6): 

δppm=1.33 (s, 2 H, CH2-C) ,4.00 (s, 2 H, CH2-S), 4.10 (s, 1 H, NH2), 4.73 

(s, 1 H, OH), 6.95-7.34-7.59-8.83-8.84 (m, 5 H, ArH). 

 

13C NMR(DMSO-d6): 

δppm=153.30 (s, 1 H, OH), 35.36 (s, 2 H, CH2-S), 37.7 (s, 2 H, CH2-NH2) 

,121.91-124.63-127.22-139.70-148.30 (ArCH), 128.89-139.54 (ArC). 

 

Analysis Elemental: 

-Calculated (%): C, 61.51; H, 6.02; N, 11.96. 

-Obtained (%): C, 61.87; H, 6.77; N, 11.66. 
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The combined organic layers were dried over anhydrous magnesium sulfate, filtered and 

evaporated in vacuum to give crudes products as solids. The purification of the product was 

realized by chromatography on a silica gel column using dichloromethane/hexane (85:15, v/v), 

and then recrystallized from absolute ethanol, (Scheme 1). The yields and physicochemical 

characteristics are summarized in Table 3. 

 

 

 

 

 

Fig. 1. 1H and 13C NMR spectra of Q-OH 
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Fig. 2. 1H and 13C NMR spectra of Q-NH2 

 

2.3. Weight loss measurements 

Mild steel specimens were accurately weighed and then immersed in 1.0 M HCl solutions 

without and with inhibitor for 6 h at 298 K. After that, the specimens were withdrawn and 

carefully cleaned by distilled water and acetone, and then dried and weighed. Triplicate 

experiments were performed in each case and the mean value of the weight loss was calculated.   
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2.4. Electrochemical tests   

Electrochemical tests were carried out in a conventional three electrode cell with platinum 

counter electrode, saturated calomel electrode as the reference electrode and the carbon steel 

with the surface area of 1 cm2 as the working electrode. Electrochemical experiments were 

conducted using impedance equipment (Tacussel Radiometer PGZ 100) and controlled with 

Tacussel corrosion analysis software model Volta Master 4. Before electrochemical tests, the 

working electrode was immersed in test solution at open circuit potential (OCP) for 30 min to 

attain a stable state. In order to minimize ohmic contribution, the tip of lugging capillary was 

kept close to working electrode. The potential of potentiodynamic polarization curves started 

from potential -900 mV to -100 mV vs. SCE with a scan rate of 1 mV s−1.The values of 

efficiency (%)PDP  are calculated using Eq. 1: 

'
(%) 100   (1)corr corr

PDP

corr

i i

i



   

where corri and 'corri   are the corrosion current densities in uninhibited and inhibited medium, 

respectively.  

 

Electrochemical impedance spectroscopic studies were carried out at OCP in the frequency 

range of 100 kHz-10 mHz, with 10 points per decade, at the rest potential, after 30 min of acid 

immersion, by applying 10 mV peak to peak voltage excitation. Nyquist plots were made from 

these experiments. The best fit of the experiments was done using ZView 2 software. The Eq. 

2 was used to calculate the 𝜂𝐸𝐼𝑆 (%): 

𝜂𝐸𝐼𝑆(%) =  
𝑅𝑝 −  𝑅𝑝

′

𝑅𝑝
𝑥100′                                                                                                            (2) 

where 𝑅𝑝 and 𝑅𝑝
′  are the polarization resistance values in with and without inhibitor, 

respectively. 

 

3. RESULTS AND DISCUSSION 

3.1. Gravimetric measurements 

The effect of different concentration of substituted quinoline compounds on the inhibition 

of mild steel corrosion in 1.0 M HCl was studied using gravimetric method due to its simplicity 

and good reliability. The observed weight-loss values of triplicate measurements are highly 

reproducible giving standard deviations. The inhibition efficiency (ηω%) and other parameters 

such as corrosion rate (ωcorr) and surface coverage (θ) at various concentration of the inhibitors 

are given in Table 4. Careful examination of the results showed that the inhibition efficiency 

(1) 
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increases with increasing the concentration. Maximum values of (inhibition efficiency) 95.06% 

for Q-OH and 91.94% for Q-NH2 were obtained at 10-3 M. It has been reported that at lower 

concentrations, inhibitors preferably adsorb by flat orientation such that as the concentration 

increases, surface coverage and consequently inhibition efficiency increases. However, if the 

concentration of the inhibitor is increased beyond certain (optimum) value, the inhibitor 

molecules adsorb perpendicularly onto the metallic surface due to electrostatic repulsion 

between the molecules at higher concentration. Therefore, after the optimum concentration of 

the inhibitor, the inhibition performance does not change significantly. 

The order of inhibition efficiencies in Table 4 is Q-OH > Q-NH2.  

 

Table 4. Weight loss data of mild steel in 1.0 M HCl without and with different concentrations 

of substituted quinoline derivatives at 298 K after 6 h of immersion 

 

Compounds Conc. (M) corr
 (mg cm-2 h-1) θ  (%) 

Blank solution 0 25.00 — — 

Q-OH 10-6 5.02 0.799 79.92 

10-5 4.32 0.827 82.72 

10-4 2.50 0.897 89.76 

10-3 1.10 0.956 95.06 

Q-NH2 10-6 6.01 0.759 75.96 

10-5 4.07 0.837 83.72 

10-4 4.54 0.818 81.84 

10-3 2.09 0.919 91.94 

 

3.2. Open circuit potential (OCP) 

Fig. 3 presents the open circuit potential (OCP) versus time at 10-3 M of the inhibitors  

Q-OH and Q-NH2. It is noted that the potential for blank solution stays stable with time. This 

phenomenon characterizes the corrosion of mild steel with a formation of corrosion products. 

So, in the presence of these compounds, the potential shift in the anodic direction and stays 

quickly stable with time in 1 M HCl medium. 

 



Anal. Bioanal. Electrochem., Vol. 11, No. 6, 2019, 787-811                                                796 

 

 

Fig. 3. Evolution of open circuit potential (OCP) versus time for mild steel in 1.0 M HCl at  

10-3 M of the inhibitors Q-OH and Q-NH2 

 

3.3. Potentiodynamic polarization curves  

Potentiodynamic polarization curves of mild steel in 1.0 M HCl without and with different 

concentrations of all substituted quinoline compounds are presented in Fig. 4. Their 

extrapolation parameters and inhibition efficiency values are given in Table 5. It can be shown 

that the quinoline addition hinders the acid attack on mild steel. In addition, an increase in their 

concentration gives a decrease in anodic and cathodic current densities indicating that the 

substituted quinoline compounds acts as mixed-type inhibitors. However, the inhibitor addition 

does not change the hydrogen evolution reaction mechanism such as indicated by the slight 

changes in the cathodic slopes (βc) values. This indicates that hydrogen evolution is activation 

controlled [38-40]. 
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Fig. 4. Potentiodynamic polarization curves for mild steel in 1.0 M HCl in the absence and 

presence of various concentrations of inhibitors 

 



Anal. Bioanal. Electrochem., Vol. 11, No. 6, 2019, 787-811                                                797 

 

Table 5. Electrochemical parameters for mild steel in 1.0 M HCl at various concentrations of 

inhibitors at 298 K 

 

Medium 

 

[C](M) -Ecorr 

(mV vs. SCE) 

icorr 

(µA cm-2) 

Tafel slopes (mV dec-1) ηpp 

(%) -βc βa 

Blank solution 0 456 665.9 83.7 74.9 — 

Q-OH 10-3 408 27.56 124 63 96 

10-4 418 85.6 107 70 87 

10-5 422 92.4 103 78 86 

10-6 449 112.9 74.6 78 83 

Q-NH2 10-3 435 81.76 111.2 107.5 88 

10-4 440 167.8 114.3 167.8 76 

10-5 444 170.8 76.4 79.5 75 

10-6 363 223.0 124.6 45.4 68 

The values of the slopes of the anodic Tafel lines, a, show a change with the addition of 

both inhibitors suggesting that the studied inhibitors was first adsorbed onto the metal surface 

and impeded by merely blocking the reaction sites of the metal surface without affecting the 

anodic reaction mechanism [41,42]. 

It is apparent also that the ηPP followed the order Q-OH>Q-NH2 such as found by the 

weight loss measurements. The results obtained by the potentiodynamic polarization curves 

confirm those obtained by weight loss measurements. 

 

3.4. Electrochemical Impedance Spectroscopy  

Fig. 5 show the Nyquist plots obtained for mild steel in 1.0 M HCl without and with 

different concentrations of substituted quinoline compounds at the open circuit potential.  

Their corresponding parameters which were extracted using the equivalent circuit 

presented in Fig. 6 are shown in Table 6. Thus circuit has been used previously to model the 

iron/acid solution interface [43]. It is apparent that the obtained spectra were composed of one 

capacitive loop which its diameter was significantly increased after inhibitors addition to reach 

a maximum at 10-3 M of all compounds. In addition, these diagrams are not perfect semicircles 

which has been attributed to frequency dispersion [44]. However, the inhibitors addition is 

found to enhance Rct values and bring down Cdl values. These finding can be explained by the 

fact that the mild steel corrosion in 1.0 M HCl was controlled by a charge transfer process and 

the corrosion inhibition occurs by the adsorption of the substituted Quinoline compounds on 

mild steel surface. 
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Fig. 5. Nyquist plots for mild steel in 1.0 M HCl at open circuit potential in the absence and 

presence of different concentrations of inhibitors: (scater) experimental; (red line) fitted data 

using structural model in Fig. 6 

 

However, the decrease in the Cdl values, with can result from a decrease in local dielectric 

constant and/or an increase in courant density, the thickness of the electrical double layer, 

suggested by adsorption of the Quinoline molecules at the metal/solution interface [45,46]. It 

is noted also that the inhibition efficiency follow the order: Q-OH>Q-NH2, which is in a good 

agreement with results obtained from weight loss and potentiodynamic polarization 

measurements. 

In the other hand, the effectiveness of organic compounds mainly depends on their size and 

their active centers [47]. The best performance of compound Q-OH as corrosion inhibitors 

over compound Q-NH2 may be attributed to the presence of –OH group in compound Q-OH. 

Indeed, the protection efficiency increases with increasing of inhibitor concentration; the 

maximum 𝜂𝐸𝐼𝑆(%) of 96% for Q-OH was achieved at 10-3 M.  
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Table 6. Electrochemical impedance parameters and the corresponding inhibition efficiencies 

for mild steel in 1.0 M HCl solution in the absence and presence of various concentrations of 

Q-OH and Q-NH2 at 298 K 

 

Compounds C (M) Rs 

(Ω cm2) 

Rct 

(Ω cm2) 

Cdl 

(µF cm-

2 ) 

ndl Q 

(µF.Sn-1) 

ηEIS 

% 

Blank 

solution 

00 1.22±0.24 33.97±0.43 179.8 0.89±0.55 315.1±8.23 --- 

Q-OH 10-3 0.439±0.21 852.3±0.47 24.89 0.79±0.50 55.91±0.31 96 

 10-4 0.257±0.21 233.0±0.47 30.84 0.82±0.50 75.00±1.01 85 

 10-5 1.538±6.79 210.6±0.46 47.14 0.88±0.50 82.03±0.67 84 

 10-6 1.163±0.20 149±0.418 51.50 0.89±0.51 88.00±1.12 77 

Q-NH2 10-3 0.639±0.21 287.3±0.496 27.60 0.89±0.50 047.3±0.8 88 

 10-4 0.194±0.22 155.7±0.504 32.32 0.88±0.49 61.4±0.43 78 

 10-5 0.998±0.20 128.9±0.123 96.92 0.88±0.51 164.3±0.9 73 

 10-6 0.099±0.20 151.6±0.371 123.3 0.89±0.51 191.0±0.6 76 

 

Values of the charge transfer resistance Rct were obtained from these plots by determining the     

difference    in the values of impedance at low and high frequencies [48]. The effective capacity 

Cdl  can be estimated using the following mathematical formulas from the CPE: 

𝐶 = 𝑄1/𝑛𝑐𝑡 ∗ 𝑅(1−𝑛𝑐𝑡)/𝑛𝑐𝑡                                                                                                   (3) 

with nct is the degree of heterogeneity. 

The equivalent circuit model employed for these systems is presented in Fig.6. 

 

 

 

Fig. 6. Equivalent circuit model for system mild steel/1.0 M HCl/Quinoline Substituted 

compounds.  

 

The results described below can be interpreted in terms of the equivalent circuit of the 

electrical double layer shown in Fig. 6, which has been used previously to model the iron-acid 

interface [49-52]. In this equivalent circuit, Rs is the solution resistance, Rct is the charge transfer 
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resistance and CPE is a constant phase element. Excellent fit with this model was obtained for 

all experimental data. 
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Fig. 7. Nyquist plots for mild steel for mild steel in 1.0 M HCl without inhibitors at different 

temperatures between 298 K and 328 K 

 

3.5. Effect of temperature 

Temperature can modify the interaction between the steel electrode and the substituted 

quinoline compounds. Polarization curves for mild steel in 1.0 M HCl in the absence and 

presence of 10-3 M of quinolines in the temperature range 298 K to 328 K are shown in Fig. 7, 

and their corresponding data are presented in Table 7.  

It is clear that all curves exhibit Tafel behaviour and show a little different effect in the 

anodic and cathodic branches. It is seen also that the inhibition efficiency decreased slightly 

with temperature [53,54]. 
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Table 7. The influence of temperature on the electrochemical parameters for mild steel in 1.0 

M HCl with 10-3 M of Q-OH and Q-NH2 

 

Inhibitor T(k) icorr 

(µA cm-2) 

Rs 

(ohm.cm²) 

Q 

(µF.Sn-1) 

n Rct 

(ohm.cm²) 

Cdl 

(µF 

cm-2 ) 

ηEIS 

 

Blank 298 691.64 1.22±0.24 315.1±58.23 0.89±0.55 33.97±0.43 179.8 -- 

308 832.21 1.91±0.26 382.1±81.51 0.89±0.55 29.18±0.46 219.1 -- 

318 1831.44 0.93±0.26 396.0±0.250 0.88±0.64 13.69±0.42 194.4 -- 

328 3429.82 1.30±0.28 505.3±0.070 0.78±0.73 07.54±0.44 236.2 -- 

Q-OH 298 27.56 0.439±0.21 55.91±0.31 0.79±0.50 852.3±0.47 24.38 96 

308 84.20 1.14±0.22 64.36±1.270 0.83±0.56 288.4±0.84 28.44 90 

318 191.67 1.81±0.24 94.63±3.640 0.82±0.51 130.8±0.43 36.08 89 

328 373.70 0.92±0.20 122.3±11.31 0.88±0.52 69.20±0.44 63.79 89 

Q-NH2 298 81.76 0.639±0.21 047.3±0.800 0.89±0.50 287.3±0.49 27.60 88 

308 153.59 1.74±0.23 072.1±0.120 0.87±0.45 158.1±0.45 36.90 81 

318 340.65 1.25±0.25 098.6±16.46 0.88±0.520 73.60±0.46 50.31 81 

328 753.96 1.02±0.25 212.2±06.13 0.88±0.54 34.33±0.45 108.3 78 

 

3.6. Kinetic/Thermodynamics Considerations 

The influence of temperature on the inhibition process of metal corrosion by an inhibitor is 

an important tool through which insight into the performance of inhibitor, activation processes, 

and the nature of adsorption of inhibitor on the corroding metal surface can be gained. Based 

on the effect of temperature, Rodovici [55] grouped inhibitors into three categories: (i) those 

whose inhibition efficiency decreases with increase in temperature. In this category, the 

apparent activation energy (Ea) in the inhibited solution is higher than that in the uninhibited 

solution; (ii) inhibitors whose inhibition efficiency is unaltered with variation in temperature. 

Here, the Ea in the inhibited and uninhibited solutions does not change with rise in temperature; 

(iii) those whose inhibition efficiency increases with increase in temperature. In this class, Ea 

for the inhibited system is lower than Ea of the uninhibited system. The apparent activation 

energy, Ea of the corrosion reaction was determined using Arrhenius plots. The Arrhenius 

equation could be written as: 

exp a

corr

E
i A

RT

 
  

 
                                                                                                            (4) 

Where icorr is the corrosion current density, Ea is the apparent activation energy of the 

corrosion reaction and A is the Arrhenius pre-exponential factor. 
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Fig. 8. Arrhenius plots for mild steel corrosion in 1.0 M HCl in the absence and presence of 

Q-NH2 and Q-OH at 10-3 M 

 

The apparent activation energy of the corrosion reaction in presence and absence of the 

inhibitor could be determined by plotting Ln (icorr) with 1000/T which gives a straight line Fig. 

8 with a slope permitting the determination of Ea. Fig. 8 shows the Arrhenius plots in absence 

and presence of 10-3 M of quinoline inhibitor’s. The corresponding values of Ea are given in 

Table 8 and indicate that values of Ea obtained in solutions containing Q-NH2 and Q-OH are 

higher than those in the inhibitor-free acid solutions. The higher values of the apparent 

activation energy obtained in the presence of these compounds compared with those obtained 

in its absence, coupled with the observed decrease in inhibition efficiency with rise in 

temperature suggest that some of Q-NH2 and Q-OH could be physisorbed on the steel surface 

[56]. 

 

Table 8. Activation parameters, Ea, ∆Ha and ∆Sa of the dissolution of mild steel in 1.0 M HCl 

in the absence and presence of Q-NH2 and Q-OH at 10-3 M 

 

Medium 

 

Ea 

(KJ mol-1) 

ΔHa 

(KJ mol-1) 

-ΔSa 

(J mol-1K-1) 

Blanc 45.22 42.58 49.05 

Q-OH 70.41 25.62 10.97 

Q-NH2 60.44 57.86 14.54 

 

An alternative formulation of Arrhenius equation (Eyring transition state equation) is [57]: 

exp expa a

corr

S HRT
i

Nh R RT

    
    

   
                                                                                            (5) 
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where h is Planck’s constant, N is Avogadro’s number, 
a

S is the entropy of activation and 

a
H  is the enthalpy of activation. Fig. 9 shows the variation of Ln (icorr/T) function (1/T) as a 

straight line with as lope of (-ΔHa/R) and the intersection with the y-axis is 

[Ln(R/Nh)+(ΔSa/R)].  
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Fig. 9. Transition state plot for mild steel corrosion in 1.0 M HCl in the absence and presence 

of Q-NH2 and Q-OH at 10-3 M 

 

From these relationships, values of ΔSa and ΔHa can be determined. The activation 

parameters (ΔHa and ΔSa) which determined from the slopes of Arrhenius lines without and 

with inhibitors are summarized in Table 8. It is seen that the ΔHa value for dissolution reaction 

of mild steel in 1.0 M HCl in the presence of Q-OH is higher than that in the presence Q-NH2 

and the free solution. In addition, the ΔHa values in the presence Q-NH2 and Q-OH are 

higherthan that in their absence. However, the positive signs of Ha values reveal the 

endothermic nature of the mild steel dissolution process suggesting that is difficult with 

inhibitors.  

Entropy of activation provides some further insight into the mild steel adsorption process. 

This parameter assists with information regarding the extent of disorder of the adsorption/ 

desorption process between mild steel and inhibitor compounds. On comparing the values of 

entropy of activation (ΔSa) listed in Table 8, it is clear that entropy of activation increases in 

presence of the studied inhibitors compared to free acid solution. Such variation is associated 

with the phenomenon of ordering and disordering of inhibitor molecules on the mild steel 

surface. The increased entropy of activation in the presence of inhibitor indicates that 

disorderness is increased on going from reactant to activated complex. The increase in values 

of entropy by the adsorption of inhibitor molecules on metal surface from the acid solution can 
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be regarded as quasi-substitution between the inhibitor molecules in the aqueous phase and 

H2O molecules on electrode surface. In such condition, the adsorption of inhibitor molecules 

is followed by desorption of H2O molecules from the electrode surface. Thus increase in 

entropy of activation is attributed to solvent (H2O) entropy. 

 

3.7. Adsorption isotherm 

Adsorption isotherm is very important in corrosion inhibition studies for the purpose of 

investigating the nature/mechanism and the rapidity/strength of the adsorption process. The 

adsorption isotherms provide structural as well as thermodynamic information of the adsorbed 

double layer. Several commonly used isotherms, namely Langmuir, Frumkin, and Temkin 

were tested among which the Langmuir isotherm showed the best fit with regression coefficient 

(R2) values close to unity for all studied compounds.  From this point of view, the current model 

has excellence in that it has only fitting parameter that quantifies the concentration dependence 

of adsorption. In our present investigation, attempts were made to fit to various isotherms 

which are expressed as [58-62]: 

Temkin isotherm:    exp
ads

f K C                                                              (6) 

Langmuir isotherm:   
ads

K C                                                               (7) 

Frumkin isotherm:   exp 2
1

ads
f K C





 


                                                       (8)    

0

0

corr corr

corr

 





                                                                                          (9) 

where Kads is the binding constant of adsorption, C the inhibitor concentration, f the factor of 

energetic inhomogeneity, and θ the degree of surface coverage, was calculated from weight 

loss measurements. The value of equilibrium constant, Kads was calculated from the intercept 

of the straight line of the Langmuir isotherm plots for all studied compounds. The standard free 

energy of adsorption ( ο

adsG ), is related to the Kads by the equation: 

 55.55
ads ads

G RTLn K                                                                                                   (10) 

where R is the universal gas constant, T the thermodynamic temperature and the value 55.55 

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

The calculated values of Kads and
adsG at each studied temperature in presence of optimum 

concentration of Q-NH2 and Q-OH are given in Table 9. The high values of Kads obtained for 

the studied compounds imply that the displacement of water molecules from the steel surface 

by the inhibitor molecules, and consequently the adsorption of the inhibitor molecules on the 

steel surface is a favorable process, and the compounds adsorb strongly on the steel surface. 
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Fig. 10. Langmuir adsorption isotherm plots for the adsorption of Q-NH2 and Q-OH On mild 

steel surface in 1.0 M HCl 

 

Table 9. The constant value Kads and the calculated free enthalpy for the inhibitors from the 

Langmuir isotherm for mild steel in 1.0 M HCl in the absence and presence of different 

concentrations of Q-OH and Q-NH2 at 298 K 

 

Inhibitors Kads 

(mol-1) 

R2 ∆Gads 

(kJ mol-1) 

Q-OH 202429 0.99 40.2 

Q-NH2 179856 0.99 39.9 

 

In general, the magnitude of 
adsG is approximately -20 kJ/mol or less negative is assumed 

for existing electrostatic interactions between inhibitor and the charged metal surface (i.e., 

physisorption). Those 
adsG around -40 kJ/mol or more negative are an indication of charge 

sharing or charge transferring from an organic species to the metal surface to form a coordinate 

type of metallic bond (i.e., chemisorption) [68]. 

In our case, the values of the free enthalpy of adsorption (
adsG ) are greater than 40 KJ/mol 

for the three inhibitors. So, we can consider that these inhibitors are chemically adsorbed on 

the mild steel surface in 1 M of hydrochloric acid solution.  

 

3.8. UV-Visible Spectroscopy 

The absorption of monochromatic light is a suitable method for identification of complex 

ions in solution; the absorption of light is proportional to the concentration of absorbing species 

in solution [69]. Because there is often a quantity of cationic metal in the solution that is first 
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dissolved from the metal surface, this procedure was conducted in the present work to confirm 

the possibility of the formation of [inhibitors−Fe] complexes.  
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Fig. 11. UV−visible spectra of 1.0 M HCl solution containing 10-3 M of inhibitors before 

(black) and after (red) After 6 h of mild steel immersion 

 

The electron absorption spectra of Q-OH and Q-NH2solutions (Fig.11), before immersion 

of mild steel in hydrochloric acid solution show visible absorption bands 258.81 nm, and 

256.37 nm respectively for Q-OH and Q-NH2. This band may be assigned to the π−π* 

transition involving the whole electronic structure system of the compound with a considerable 

charge transfer character. However, after 6 hours of immersion of specimen in aggressive 

solution (Fig. 11), the absorption bands (λmax) underwent a bathochromic shift from 258.81 nm 

to 254.42 nm and from 256.37 nm to 251.97 nm respectively for Q-OH and Q-NH2. A change 

in the position of the absorption maximum (λmax), indicate the formation of a complex between 

the two species in solution as reported in the literature [70,71]. These experimental findings 

are strong evidence for the possibility of the formation of a complex between Fe2+ and 

inhibitors in 1.0 M HCl. 

 

3.9. Surface morphology 

The SEM principle consists of an electron beam scanning the surface of the MS sample to 

be analyzed that, in response, re-emits certain particles. These particles are analyzed by 

different detectors, which make it possible to reconstruct a three-dimensional image of the 

surface [72]. SEM are used to evaluate the morphology of inhibited and non-inhibited surface 

to prove whether the inhibition is due to the formation of a film of organic molecules. The 

image of the MS surface after 6 hours of immersion at 298±2 K in molar hydrochloric acid 

alone (Fig. 12 c) shows clearly that the MS surface is been attacked and the surface of the MS 

has undergone corrosion in the absence of Q-OH and Q-NH2. On the other hand, in the 
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presence of the inhibitors Q-OH and Q-NH2 (Fig. 12 a, b), We observe on the images of the 

MS surface after 24 h immersion in 1.0 M hydrochloric acid medium at 298±2 K in addition 

of 10-3 M of Q-OH and Q-NH2. Basis of these figure, it is obvious, that the MS surface is 

covered with a product in the form of a plate indicating the presence of an organic product. 

This observation shows that the inhibition is due to the formation of an adherent, stable and 

insoluble deposit, which limits the access of the electrolyte to the surface of MS.  

 

 

 

Fig. 12. Surface morphology of mild steel before (c) and after immersion for 6 h in 1.0 M HCl 

with 10-3 M of (b) Q-NH2 and (a) Q-OH 

 

4. CONCLUSION 

In the present study, combined experimental and theoretical approaches are employed to 

investigate the inhibition performance of two quinoline derivatives on mild steel in 1 M HCl 

solution. The following conclusions were drawn from the results: 

 Quinoline derivatives acted as efficient corrosion inhibitor for mild steel in 1 M HCl solution. 

 Polarization studies have shown that the studied inhibitors acting as mixed inhibitors. 

 EIS study revealed that values of charge transfer resistance (Rct) increases in presence of 

inhibitors due to the adsorption of inhibitors at metal/electrolyte interfaces. 

 The adsorption of the inhibitors on the mild steel surface obeys the Langmuir adsorption 

isotherm.  
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 The UV−visible studies clearly reveal the formation of a complex that may also be 

responsible for the observed inhibition. 

 The SEM analysis showed that the mild steel surface was protected in the presence of two 

quinoline derivatives. 
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