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Abstract-Novel substituted quinazolinone derivatives based on 8-hydroxyquinoline were 

synthesized and identified by hydrogen-1 nuclear magnetic resonance, carbon-13 nuclear 

magnetic resonance, and elemental analysis. The corrosion inhibition of these compounds in 

1 M HCl Solution for mild steel was evaluated using potentiodynamic polarization 

measurements, electrochemical impedance spectroscopy, weight loss measurements. It is 

showed that these compounds are good inhibitors for mild steel corrosion in 1.0 M HCl 

solution which act as mixed type inhibitors. So, the inhibition efficiency was increased with 

inhibitor concentration in the order of QZn>QZ which depended on their molecular 

structures. Maximum values of inhibition efficiency 96% and 79% were obtained at low 

concentration (10
-3

 M) for QZn and QZ respectively. It is found also that the inhibition 

efficiency of these compounds slight decrease with temperature. In addition, the 

thermodynamic adsorption parameters at different concentrations were investigated and 
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discussed. The both inhibitors as good acid corrosion inhibitors and were found to obey 

Langmuir adsorption isotherm. Additionally, the corrosion properties were also investigated 

by UV-visible spectrophotometry to obtain information on bonding mechanism between the 

metallic surface and the inhibitor. Scanning Electron Microscopy (SEM) was performed and 

discussed for surface study of uninhibited and inhibited mild steel samples. 

Keywords- Organic synthesis, Quinazolinone, Mild Steel, Inhibitor, EIS, Adsorption 

isotherm  

 

1. INTRODUCTION  

Iron and its alloys used in industrial sectors have become a big challenge for corrosion 

engineers or scientists [1,2]. Corrosion damage not only generates high costs of inspection, 

repair and replacement, but also poses a risk to the public and the environment, hence the 

need to develop new corrosion inhibiting substances. In general, organic compounds and in 

particular heterocyclic compounds have been shown to be very effective in inhibiting the 

aqueous corrosion of many metals and alloys [3,4]. 

At present, these heterocyclic compounds are the frequently used inhibitors because of 

their good corrosion inhibitory efficiency. The effect of adsorbed inhibitors on metal surfaces 

in acid solutions is to slow down the cathodic reaction as well as the anodic metal dissolution 

process. This effect is obtained by forming a diffusion barrier or blocking the reaction sites 

[5]. The molecules that simultaneously contain nitrogen and sulfur atoms in their structures 

are particularly important because they offer excellent corrosion inhibition compared to 

compounds that contain only sulfur or nitrogen [6]. The property of corrosion inhibition of 

these heterocyclic compounds is attributed to their molecular structure. The planarity and the 

isolated electron pairs in heteroatoms are important features that determine the adsorption of 

these molecules on the metal surface [7]. Heterocyclic compounds containing sulfur and 

nitrogen atoms, and particularly thiadiazole compounds, are good corrosion inhibitors in 

aggressive acidic media. [8–12]. 

According to literature, the heterocyclic compounds possess excellent inhibition 

properties against the mild steel corrosion in acidic medium [13-21]. Recently a work was 

carried out in our laboratory on mild steel in 1.0 M HCl, with a new series of heterocyclic 

compounds such as: benzimidazole and quinoxaline derivatives of 8-hydroxyquinoline, 

which have excellent corrosion inhibiting properties for mild steel in acidic medium [22,23].  

The novelty of this work consists in the synthesis of new polyfunctional heterocyclic 

compounds derivatives of 8-hydroxyquinoline, and to evaluate the corrosion inhibitory 

properties of mild steel in 1 M HCl medium, by using gravimetric and electrochemical 

methods. In addition, the synthesized compounds have been characterized by hydrogen-1 

nuclear magnetic resonance, carbon-13 nuclear magnetic resonance, and elemental analysis. 

The surface of the steel after the addition of the inhibitor solution at 10
-3

 M was characterized 
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by Scanning Electron Microscopy and the gravimetric solution was characterized by UV-

visible spectroscopy to confirm the formation of complexes between the ligand and iron ion. 

 

2. MATERIALS AND METHODS 

2.1. General Information 

All the reagents and solvents used in this study were achieved from Sigma-Aldrich 

Chemical Company (Spain or France). Melting points were determined on Banc 

Kofler apparatus and are uncorrected.  

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 

(TLC) of silica 60 F254 (E. Merck). The chemical composition of the mild steel 

is shown in Table 1. The specimens used have a rectangular form 2.5 cm×2.0 cm×0.05 cm
3
. 

The metal surface was prepared by polishing with emery paper from 180 to 1200, cleaning 

with bi-distilled water, degreasing in ethanol, and dehydrating by hot air.  

The chemical composition of steels sample is shown in Table 1. The specimen’s surface 

was prepared by polishing with emery paper at different grit sizes (from 180 to 1200), rinsing 

with distilled water, degreasing in ethanol, and drying at hot air.  

Corrosion tests were performed on mild steel which had the following chemical 

composition wt % balanced with Fe. 

 

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 25±2 °C. After immersion period, the specimens 

were cleaned according to ASTM G-81 and reweighed to 10
-4

 g for determining corrosion 

rate [29]. 

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

HCl with distilled water. 

 

 

Material Composition and wt % 

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

Mild steel 0.03 0.11 < 0.0012 0.12 0.14 0.02 0.47 0.1 0.24 < 0.003 0.06 Balance 
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2.2. Synthesis methods 

2.2.1. Synthesis of 2-(4-bromophenyl) quinazolin-4(3H)-one (QZ) 

The synthesis of the 2-(4-bromophenyl) quinazolin-4(3H)-one (QZ) is carried out by the 

condensation of anthranilamide with p-bromobenzaldehyde in pure dimethylformamide at 

reflux, according to the method described by NY Kim [24] (scheme 1). 

 

 

 

Scheme 1. Synthetic route of 2-(4-bromophenyl) quinazolin-4(3H)-one (QZ) 

 

2.2.2. Synthesis of 5-chloromethyl-8-hydroxyquinoline hydrochloride (CMHQ) 

This product was obtained by adopting the Feng method [25]. The mixture of 8-

hydroxyquinoline (HQ), formaldehyde (40%) and HCl (37%) was treated with dry hydrogen 

for 24 h, according to scheme 2. 

 

 

 

Scheme 2. Synthetic route of 5-chloromethyl-8-hydroxyquinoline hydrochloride (CMHQ) 

 

2.2.3. Synthesis of 2-(4-bromophenyl)-3-((8-hydroxyquinolin-5-yl)methyl)quinazolin-4(3H)-

one (QZn) 

A mixture of 2-(4-bromophenyl) quinazolin-4(3H)-one (QZ) (0.01 mol) and 5-

chloromethyl-8-hydroxyquinoline hydrochloride (CMHQ) (0.02 mol) in 50 mL of pure 

tetrahydrofuran in the presence of triethylamine (0.02 mol) was refluxed for 24 h under 

magnetic stirring (scheme 3). 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) and washed twice with water. The combined organic 

layers were dried over anhydrous magnesium sulfate, filtered and evaporated in vacuum to 
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give crudes products as solids. The purification product was realized by recrystallization from 

absolute ethanol (scheme 3). 

The physicochemical properties of the synthesized compounds are given in Table 2. 

 

 

 

Scheme 3. Synthetic route of 2-(4-bromophenyl)-3-((8-hydroxyquinolin-5-yl)methyl) 

quinazolin-4(3H)-one (QZn) 

 

Table 2. Physicochemical properties of the synthesized compounds 

 

Compound  Yield (%) Aspect Mp (°C) Rf (CH2Cl2/hexane) M.W. (g/mol) 

CMHQ 98 Green solid > 260 0.65 230.09 

QZ 80 White solid > 260 0.55 301.14 

QZn 80 Brown solid 156-158 0.33 458.31 

 

2.3. Weight loss measurements 

Weight loss experiments were done according to ASTM methods described previously. 

Tests were conducted in 1.0 M HCl for 6 h at 25±2 °C. Gravimetric measurements were 

carried out in an electrolysis cell equipped with a thermostat-cooling condenser. The mild 

steel specimens used have a rectangular form 2.5 cm×2.0 cm×0.05 cm. After immersion 

period, the specimens were cleaned according to ASTM G-81 and reweighed to 10
-4 

g for 

determining corrosion rate [33,51]. Duplicate experiments are performed in each case, and 

the mean value of the weight loss is reported. Weight loss allows us to calculate the mean 

corrosion rate as expressed in (mg.cm
-2

.h
-1

). The resulting quantity, corrosion rate (ωcorr) is 

thereby the fundamental measurement in corrosion. ωcorr can be determined either by 

chemical analysis of dissolved metal in solution or by gravimetric method measuring weight 

of specimen before and after exposure in the aggressive solution using the following equation 

1: 

   
                                                                                                                         (1) 
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Where mi, mf, S and t denote initial weight, final weight, surface of specimen and 

immersion time, respectively. 

The inhibition efficiency, ηω %, is determined as follows: 

 

                                                                                   (2) 

The surface coverage values (θ) have been obtained from weight loss measurement for 

various concentrations of inhibitor using the following equation [34]: 

— ρ                                                                                                                            (3) 

Where ω
0

corr and ωcorr are the corrosion rates in the absence and presence of inhibitors, 

respectively. 

 

2.4. Electrochemical cell 

2.4.1. Potentiodynamic polarization measurements 

For electrochemical measurements, the electrolysis cell was a borosilicate glass (Pyrex
®
) 

cylinder closed by a cap with five apertures. Three of them were used for the electrode 

insertions. The working electrode was pressure-fitted into a polytetrafluoroethylene holder 

(PTFE) exposing only 1 cm
2
 of area to the solution. Platinum and saturated calomel were 

used as counter and reference electrode (SCE), respectively. All potentials were measured 

against the last electrode. 

The potentiodynamic polarization curves were recorded by changing the electrode 

potential automatically from negative values to positive values versus Ecorr using a 

Potentiostat/Galvanostat type PGZ 100, at a scan rate of 1 mV/s after 1 h of immersion time 

until reaching steady state. The test solution was thermostatically controlled at 298±2 K in air 

atmosphere without bubbling. To evaluate corrosion kinetic parameters, a fitting by Stern-

Geary equation was used. To do so, the overall current density values, i, were considered as 

the sum of two contributions, anodic and cathodic current ia and ic, respectively. For the 

potential domain not too far from the open circuit potential, it may be considered that both 

processes followed the Tafel law [28]. Thus, it can be derived from equation (4): 

( ) ( ){ }a c corr a corr c correxp expi i i i b E E b E E= + = ³ - - ³ -è ø è øê ú ê ú                                           
(4) 

Where icorr is the corrosion current density (A.cm
-2

), ba and bc are the Tafel constants of 

anodic and cathodic reactions (V
-1

), respectively. These constants are linked to the Tafel 

slopes β (V/dec) in usual logarithmic scale given by the following equation (5):  

100%
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303.210ln
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The corrosion parameters were then evaluated by means of nonlinear least square method 

by applying equation (4) using Origin Software. However, for this calculation, the potential 

range applied was limited to ±0.100V around Ecorr, else a significant systematic divergence 

was sometimes observed for both anodic and cathodic branches. 

The corrosion inhibition efficiency was evaluated from the corrosion current densities 

values using the following relationship (6): 

0

corr corr
PP 0

corr

100
i i

i
h

-
= ³

                                                                                                               

(6) 

The surface coverage values (θ) have been obtained from polarization curves for various 

concentrations of inhibitor using the following equation (7) [34]: 

                                                                                           (7) 

 

Where Ὥ  and Ὥ  are the corrosion current densities values without and with 

inhibitor, respectively. 

 

2.4.2. Electrochemical impedance spectroscopy measurements (EIS) 

The electrochemical impedance spectroscopy measurements were carried out using a 

transfer function analyzer (VoltaLab PGZ 100), with a small amplitude a.c. signal (10 mV 

rms), over a frequency domain from 100 kHz to 100 MHz with five points per decade. The 

EIS diagrams were done in the Nyquist representation. The results were then analyzed in 

terms of an equivalent electrical circuit using Bouckamp program [35]. 

The inhibiting efficiency derived from EIS, ηEIS is also added in Table 5 and calculated 

using the following equation (8): 

0

ct ct
EIS

ct

100
R R

R
h

-
= ³

                                                                                                               

(8) 

Where Ὑ  and Rct are the charge transfer resistance values in the absence and in the 

presence of inhibitor, respectively. 

In order to ensure reproducibility, all experiments were repeated three times. The 

evaluated inaccuracy did not exceed 10%. 

 

 

0
1

corr

corr

i

i
-=q



Anal. Bioanal. Electrochem., Vol. 10, No. 10, 2018, 1328-1354                                         1335 

 

3. RESULTS AND DISCUSSION 

3.1. Spectroscopic characterization data of the synthesized compounds  

3.1.1. 2-(4-Bromophenyl) quinazolin-4(3H)-one (QZ) 

1
H NMR (300 MHz, DMSO-d6), δppm: 12.58 (S, 1 H, NH), 7.51-7.52-7.59-7.60-7.83-8.17-

8.20 (m, 8 H, of quinazolinone). 
13

C NMR (300 MHz, DMSO-d6), δppm: 149.13 (ArC-Br), 162.79 (C=O) 152.86 ((N=C(ph)N), 

126.32-127.08-127.27-129.09 (ArCH of quinazolinone), 121.40-131.88-135.10 (ArC of 

quinazolinone). 

Analysis Elemental: - Calculated:  C, 55.84%; H, 3.01%; N, 9.30% 

                                    - Obtained:   C, 55. 80%; H, 3.13%; N, 9.43% 

 

3.1.2. 5-Chloromethyl-8-hydroxyquinoline hydrochloride (CMHQ) 

1
H NMR (300 MHz, DMSO-d6), δppm: 3.48 (S, 2 H, CH2), 7.64-7.67-8.03-8.06-8.39 (m, 5 

H, ArH). 
13

C NMR
 
(300 MHz, DMSO-d6), δppm: 53.88 (CH2), 162.63 (C-OH), 111.72-122.29-127.95-

132.92-148.59 (Ar-CH), 129.95-130.60-136.50 (Ar-C). 

 

3.1.3. 2-(4-Bromophenyl)-3-((8-hydroxyquinolin-5-yl) methyl) quinazolin-4(3H)-one (QZn) 

1
H NMR (300 MHz, DMSO-d6), δppm: 6.17 (S, 2 H, CH2), 6.18 (S, 2H, OH), 7.12-7.31-

7.43-7.94-7.95 (m, 5 H, of quinoline), 7.41-7.46-7.48-7.78-7.93 (m, 8 H, of quinazolinone). 
13

C NMR
 
(300 MHz, DMSO-d6), δppm: 65.36 (CH2), 153.54 (ArC-OH quinoline), 169.15 

(C=O) 166.98 ((N=C(ph)N), 122.27 (C-Br) 128.25-129.43-138.98-139.10 (Ar-CH of 

quinazolinone), 119.29-132.99-148.39 (Ar-C of quinazolinone), 111.06-121.17-122.59-

133.84-153.39 (Ar-CH of quinoline), 127.56-133.84-133.84 (Ar-C of quinoline). 

Analysis Elemental: - Calculated: C, 62.90%; H, 3.52%; N, 9.17%                               

                                   - Obtained:    C, 62.99%; H, 3.35%; N, 9.53% 

 

3.2. Gravimetric measurements 

The effect of different concentrations of the quinazolinone compounds on the inhibition 

corrosion of mild steel 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 η% and other 

parameters such as corrosion rate ω0 and surface coverage θ at various concentrations of the 

inhibitors are given in Table 3. 
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Table 3. Weight loss data of mild steel in 1.0 M HCl without and with different 

concentrations of QZ and QZn after 6 h of immersion at 298 K 

 

Compound 

 

Conc. (M) 

QZ QZn 

ⱷ╬▫►►Ⱦ╠╩ 

(mg.cm
-2

.h
-1

) 

ⱢⱷȢ╠╩ 

(%) 

θQZ ⱷ╬▫►►Ⱦ╠╩▪ 

(mg.cm
-2

.h
-1

) 

ⱢⱷȢ╠╩▪ 

(%) 

θQZn 

0 31.1 - - 31.1 - - 

10
-6

 26.3 15,4 0.154 4.3 86,2 0.862 

10
-5

 19.0 38,8 0.388 2.1 93,3 0.932 

10
-4

 17.2 44,7 0.447 1.3 95,8 0.958 

10
-3

 13.4 56,9 0.569 0.9 97,1 0.971 

 

It is observed that QZn is the most corrosion inhibiting compound. Careful examination 

of the obtained results has shown that the protection efficiencies increased with increasing 

inhibitor concentration. The maximum inhibition efficiency values for QZn and QZ are 

97.1% and 56.9% at 10
-3 

M respectively. The best performance of QZn compound as a 

corrosion inhibitor over than QZ can be attributed to nitrogen and oxygen heteroatoms, and 

also to aromatic rings. The compound QZn contains three nitrogen atoms and two oxygen 

atoms compared to QZ, which contains only two nitrogen atoms and one oxygen atom. For 

this purpose, we can conclude that the number of heteroatoms and substituents plays a major 

role in the adsorption phenomenon on the corrosion inhibition properties of these new 

quinazolinone derivatives. 
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Fig. 1. Evolution of Open Circuit Potential (OCP) versus time for mild steel in acidic solution 

at different concentrations of QZn 
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3.3. Open circuit potential (OCP) measurements 

Fig. 1 and 2 present the Open-Circuit Potential (OCP) in function of time at different 

concentration of QZn and Qz. 
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Fig. 2. Evolution of Open Circuit Potential (OCP) versus time for mild steel in acidic solution 

at different concentrations of QZ 

 

It is noted that the potential for blank solution decreases with time and then stabilizes at 

value of -498 mV/ECS after 0.5 h of immersion in acidic solution. This phenomenon 

characterizes the corrosion of mild steel with a formation of corrosion products. So, in the 

presence of QZn, the potential shift in the anodic direction and stays quickly stable with time 

but in the presence of QZ, the potential shift in the cathodic direction. 

 

3.4. Potentiodynamic polarization curves 

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

different concentrations of QZ and QZn. Their extrapolation parameters and their inhibition 

efficiency are shown in Table 4. It can be shown that the addition of quinazolinone prevents 

acid attack on mild steel. In addition, an increase in their concentration results in a decrease 

in anodic and cathodic current densities indicating that these compounds act 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 [36,37]. It is apparent also that the 

ηPP followed the order: QZn>QZ such as found by the weight loss measurements. The results 

obtained by the potentiodynamic polarization curves confirm those obtained by weight loss 

measurements. 
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Fig. 3. Potentiodynamic polarization curves for mild steel in 1.0 M HCl in the absence and 

presence of various concentrations of QZn 
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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 QZ 
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Table 4. Electrochemical parameters for mild steel in 1.0 M HCl at various concentrations of 

QZ and QZn at 298 K 

 

Conc. 

(M) 

-Ecorr 

(mV vs. SCE) 

icorr 

(mA.cm
-2

) 

-βc 

(mV.dec
-1

) 

βa 

(mV.dec
-1

) 
q ηpp 

(%) 

Blank solution/1.0 M HCl/mild steel 

----- 498 983 92 104 - - 

QZ/1.0 M HCl/mild steel 

10
-6

 642 850 138 101 0.135 13.5 

10
-5

 630 740 201 120 0.247 24.7 

10
-4

 623 454 194 94 0.538 53.8 

10
-3

 616 201 156 93 0.796 79.6 

QZn/1.0 M HCl/mild steel 

10
-6

 394 89 114 100 0.909 90.9 

10
-5

 475 68 134 50 0.931 93.1 

10
-4

 448 61 108 160 0.938 93.8 

10
-3

 451 37 94 80 0.962 96.2 

 

3.5. Electrochemical Impedance Spectroscopy (EIS) 

Figures 5, 6 and 7 show the Nyquist plots obtained for mild steel in 1.0 M HCl without 

and with different concentrations of QZ and QZn at the open circuit potential. Their 

corresponding parameters which were extracted using the equivalent circuit presented in 

Figure 8, are shown in Table 5. Thus circuit has been used previously to model the iron/acid 

solution interface [38]. 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 have been attributed to frequency dispersion [39]. 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 

quinazolinone compounds on the mild steel surface. However, the decrease of the Cdl values 

may result from a decrease in the local dielectric constant and / or an increase in the current 

density, and / or an increase in the thickness of the electrical double layer, suggested that the 

quinazolinone molecules function by adsorption at the metal/solution interface [40,41]. It is 

noted also that the inhibition efficiency follow the order: QZn > QZ, which is in a good 

agreement with results obtained from weight loss and potentiodynamic polarization 

measurements. 
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Fig. 5. Nyquist plots for mild steel in 1.0 M HCl solution without inhibitors at 298 K: 

(Scatter) experimental: (Red line) fitted data using structural model in Figure 8 
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Fig. 6. Nyquist plots for mild steel in 1.0 M HCl solution in the absence and presence of 

various concentrations of QZn at 298 K: (Scatter) experimental; (Red line) fitted data using 

structural model in Figure 8 
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Fig. 7. Nyquist plots for mild steel in 1.0 M HCl solution in the absence and presence of 

various concentrations of QZ at 298 K: (Scatter) experimental; (Red line) fitted data using 

structural model in Figure 8 

 

Table 5. Electrochemical impedance parameters and inhibition efficiency for mild steel in 1.0 

M HCl solution without and with different concentrations of QZ and QZn at 298 K 

 

Conc. [M] Rct (Ω cm
2
) Cct (µF cm

-2
) nct ηEIS (%) 

Blank solution/1.0 M HCl/mild steel 

0 35.01 298 0.79 - 

QZ/1.0 M HCl /mild steel 

10
-6

 40 607 0.94 12.5 

10
-5

 49 409 0.88 28.6 

10
-4

 75 267 0.94 53.3 

10
-3

 166 120 0.92 78.9 

QZn/1.0 M HCl /mild steel 

10
-6

 404 197 0.84 91.3 

10
-5

 520 133 0.90 93.3 

10
-4

 556 143 0.88 93.7 

10
-3

 993 80 0.89 96.5 

 

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

and their active centers [34]. The best performance of compound QZn as corrosion inhibitor 

over compound QZ may be attributed to the presence of –OH group in compound QZn. 

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

maximum – (%) of 96.5% for QZn was achieved at 10
-3 

M.  
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The best performance of the newly synthesized compound QZn as a corrosion inhibitor 

over than QZ may be attributed to nitrogen and oxygen heteroatoms and also to aromatic 

rings. The compound QZn contains three atoms of nitrogen and two atoms of oxygen 

compared to QZ which contains only two atoms of nitrogen and one atom of oxygen. For this 

purpose we can conclude that the number of heteroatoms and substituents plays the major 

role in the adsorption phenomenon on the corrosion inhibition properties of these new 

quinazolinone compounds. Increasing the size of the semicircle with the inhibitor 

concentration means that the inhibitory effect also increases. 

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 [42]. The effective 

capacity Cdl can be estimated using the following mathematical formulas from the CPE (9): 

ὅ ὗȾ Ὑz Ⱦ                                                                                                            (9) 

with nct is the degree of heterogeneity. 

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

 

 

 

Fig. 8. Equivalent circuit model for system mild steel/1.0 M HCl/QZ and QZn 

 

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

electrical double layer shown in Figure 8, which has been used previously to model the iron-

acid interface [43]. In this equivalent circuit, Rs is the solution resistance, Rct is the charge 

transfer resistance and CPE is a constant phase element. 

 

3.6. Effect of temperature 

Temperature can modify the interaction between the steel electrode and the acidic media 

without and with the used inhibitors. Polarization curves for mild steel in 1.0 M HCl in the 

absence and presence of 10
-3

 M of quinazolinone inhibitor’s in the temperature range 298 K 

to 328 K are shown in Figures 9 to 11, presented the obtained potentiodynamic polarization 

curves and their corresponding data are presented in Table 6.  
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Fig. 9. Potentiodynamic polarization curves for mild steel in 1.0 M HCl in the absence of 

inhibitors at different temperatures between 298 and 328 K 
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Fig. 10. Potentiodynamic polarization curves for mild steel in 1.0 M HCl in the presence of 

10
-3

 M of QZ at different temperatures between 298 and 328 K 
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Fig. 11. Potentiodynamic polarization curves for mild steel in 1.0 M HCl in the presence of 

10
-3

 M of QZn at different temperatures between 298 and 328 K 
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Table 6. The influence of temperature on the electrochemical parameters for mild steel in 1.0 

M HCl with10
-3

 M of QZ and QZn 

 

T (K) 
Ecorr  

(mV/SCE) 
icorr (mA/cm²) bc (mV) ba (mV) ηct (%) 

Blank solution/1.0 M HCl/mild steel 

298 ± 2 -498 983 -92 104 - 

308 ± 2 -491 1200 -184 112 - 

318 ± 2 -475 1450 -171 124 - 

328 ± 2 -465 2200 -161 118 - 

QZ/1.0 M HCl/mild steel 

298 ± 2 -623 201 -156 93 79.6 

308 ± 2  -624 424 -160 100 64.7 

318 ± 2 -621 539 -172 98 62.8 

328 ± 2 -627 865 -180 140 60.7 

QZn/1.0 M HCl/mild steel 

298 ± 2 -451 37 -94 80 96.2 

308 ± 2 -567 111 -105 101 90.1 

318 ± 2 -526 178 -111 89 87.7 

328 ± 2 -550 321 -132 79 85.4 

 

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. 

 

3.7. Thermodynamic parameters 

Thermodynamic parameters are important to study the inhibitive mechanism. The 

thermodynamic functions for dissolution of mild steel in the absence and in the presence of 

various concentrations of quinazolinone compounds were obtained by applying the Arrhenius 

equation and the transition state equation [44–47]. 

However, the logarithm of corrosion rates (Ln icorr) versus reciprocal of absolute 

temperature (1/T) for 1.0 M HCl without and with substituted quinazolinone (Figure 12) was 

examined using the Arrhenius equation (10):  

 

                                                                                          (10) 

 

Where A is the Arrhenius pre-exponential constant, R is the universal gas constant, Ea is 

the apparent activation energy and T is the absolute temperature. The values obtained from 

the slope of the linear plots are shown in Table 7.  

 

LnA
RT

E
Lni a

corr +-=
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Fig. 12. Arrhenius plots of mild steel in 1.0 M HCl without and with 10
-3

 M of QZ and QZn 

 

It is found that all the linear regression coefficients are close to 1, indicated that the 

corrosion of mild steel in hydrochloric acid can be explained using the kinetic model. As 

observed from the Table 7, the Ea increased with quinazolinone derivatives addition 

compared to the uninhibited solution (Blank solution). 

 

Table 7. Activation parameters of the dissolution of mild steel in 1.0 M HCl in the absence 

and presence of QZ and QZn at 10
-3

 M 

 

Compound  

 

Ea 

(KJ.mol
-1

) 

ΔHa 

(KJ.mol
-1

) 

-ΔSa 

(J.mol
-1

K
-1

) 

Blank 

solution  

21 18.4 126 

QZn 56.7 35.0 82.5 

QZ 37.5 54.1 32.1 

 

Analysis of these data reveals that the thermodynamic parameters ΔHads and ΔSads of the 

dissolution reaction of mild steel in 1.0 M HCl in the presence of quinazolinone derivatives 

are higher than in the absence of inhibitor. The positive sign of enthalpies reflect the 

endothermic nature of steel dissolution process meaning that dissolution of steel is difficult 

[40]. The increase in Ea in the presence of Quinazolinone derivatives may be interpreted as 

physical adsorption. Indeed, a higher energy barrier for the corrosion process in the presence 

of inhibitor’s was associated with physical adsorption or weak chemical bonding between the 

inhibitors species and the mild steel surface [35,36]. Szauer et al. have explained that the 

increase in Ea can be attributed to decrease in the inhibitor adsorption at metallic surface with 

the rise of temperature [37]. In this context, Singh et al. [46] have considered that the increase 
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in temperature caused an increase in the electron density at the adsorption centers, which 

improved the inhibition efficiency. 

The other kinetic parameters such as enthalpy (∆Ha) and entropy (∆Sa) of corrosion 

process were obtained from transition state equation (11): 

                                                                            (11)

   

Where icorr is the corrosion rate, h the Plank's constant and N is Avogadro’s number, a
HD

the enthalpy of activation and a
SD the entropy of activation. 
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Fig. 13. Transition-state plots for mild steel corrosion rates ÌÎÉ  versus 1/T  in 1.0 M HCl 

without and with 10
-3

 M of QZ and QZn 

 

Figure 13 shows the variation of Ln (icorr/T) function (1/T) as a straight line with a slope 

of (-ΔHa/R) and the intersection with the y-axis is [Ln (R/Nh)+(ΔSa/R)]. From these 

relationships, we can determine the values of ΔSa and ΔHa. The activation parameters (ΔHa 

and ΔSa) determined from the slopes of the Arrhenius lines with and without inhibitors are 

summarized in Table 7. It can be seen that the value of ΔHa for the dissolution reaction of the 

mild steel in 1, 0 M HCl in the presence of QZ is greater than that in the presence of QZn and 

the free solution. In addition, the values of ΔHa in the presence of QZn and QZ are lower 

than those in their absence. 

However, the positive signs of the DHa value reflect the endothermic nature of the mild 

steel dissolution process, suggesting that in the presence of inhibitors, the dissolution of mild 

steel becomes slow [48]. The Ea values are larger than their analogous DHa values, indicating 

that the corrosion process must involve a gaseous reaction; simply the hydrogen evolution 

reaction is associated with a decrease in the total reaction volume [48]. 
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Additionally, Table 7 shows that the ΔSa values increase with the presence of QZ 

compared to the blank solution, which means an increase in the disorder during the transition 

from reactant to the activated complex during the corrosion process. Also the ∆Sa values tend 

to have more negative values when adding QZn, which shows more orderly behavior leading 

to an increased efficiency of inhibition. 

 

3.8. Adsorption isotherm 

It is generally assumed that the inhibitor adsorption onto the metal/solution interface is 

the first step in the mechanism of inhibition in aggressive media. Four types of adsorption 

may take place by heterocyclic molecules at the metal/solution interface: (1) electrostatic 

attraction between the charged metal and the charged molecules, (2) interaction of uncharged 

electrons pair in the molecule with the metal, (3) interaction of π electrons with the metal and 

(4) combination of (1) and (3) [46]. Chemical adsorption involves charge sharing or charge 

transfer from inhibitor molecules to the metal surface to form coordinate types of bond. 

Electron transfer is typical for transition metals having vacant low energy electron orbital. A 

correlation between θ and inhibitor concentration C in the aqueous solution can be 

represented by the Langmuir adsorption isotherm (12) [47,48]: 

—                                                                                                                                   (12) 

Rearranging this equation, it becomes (13): 

 #                                                                                                                                (13) 

where K represents the constant of adsorption reaction. 

Figure 14 illustrates the relationship between C/θ and C at 298±2 K. It produces a straight 

line with a slope close to unity. The strong correlation (r
2
=0.999) for the Langmuir adsorption 

isotherm plot confirms the validity of this approach. Thus, we obtained the Kads values for 

the used inhibitors, which are 3.3×10
-4

 M
-1

 and 1.0×10
-6

 M
-1

, respectively for QZn and QZ. 

The adsorption equilibrium constant K is in relation with the standard free energy of the 

adsorption equation (14) [47-49]. 

ὑ  
Ȣ
ÅØÐ 

Ў                                                                                                          (14) 

Where R is the universal gas constant, T is the thermodynamic temperature and value of 

55.55 is the water concentration in the solution (mol.L
−1

). 



Anal. Bioanal. Electrochem., Vol. 10, No. 10, 2018, 1328-1354                                         1348 

 

-0,0002 0,0000 0,0002 0,0004 0,0006 0,0008 0,0010 0,0012

-0,0002

0,0000

0,0002

0,0004

0,0006

0,0008

0,0010

0,0012

0,0014

0,0016

 

 

C
in

h
/q

C(M)

 QZn

 QZ

 

 

Fig. 14. Plot of the Langmuir adsorption isotherm of QZ and QZn on the mild steel surface 

at 298 K 

 

Table 8. 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 QZ and QZn at 298 K 

 

Inhibitor Kads (M
-1

) R
2
 Ў╖╪▀▼

Ј  (KJ mol
-1

) 

QZ 3.3 10
-4

 0.9991 -35.7 

QZn 10
-6

 1 -44.3 

 

We found that all these quinazolinones compounds show a good linear fit proving that 

their adsorption on the mild steel surface in a solution of 1.0 M HCl, obeys the Langmuir 

adsorption isotherm. It is well known that ΔGads values of the order of 20 kJ/mol or less 

indicate a physisorption and those of the order of 40 kJ / mol or higher are associated with 

chemisorptions resulting from the sharing or transfer of electrons from organic molecules to 

the metal surface to form a coordinate [37-51]. Negative values of ΔGads indicate 

spontaneous adsorption of the inhibitor on mild steel surface. 

 

3.9. 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 [52]. Since there is often a quantity of the cationic metal in the solution 

which is first dissolved from the metal surface, this procedure was carried out in the present 

work to confirm the possibility of complex formation [Fe-inhibitors]. The electron absorption 

spectra of the QZn and QZ solutions (Figures 15a,b), before immersion of the mild steel in 1 
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M hydrochloric acid solution, shows visible absorption bands 258.81 nm and 256.37 nm for 

QZn and QZ respectively. These bands can be assigned to the transition π-π * involving the 

entire electronic structure system of the compound with a considerable character of charge 

transfer. However, after 6 hours of immersion of the specimen in the aggressive solution (Fig. 

15 a, b), 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 QZn and QZ. A change in the 

position of the absorption maximum (λmax) indicates the formation of a complex between the 

two species in solution, as reported in the literature [53, 54]. These experimental results are 

strong evidence for the possibility of complex formation between Fe
2+

 and the used inhibitors 

in 1 M HCl solution. 
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Fig. 15. a) UV−visible spectra of 1 M HCl solution containing 10
-3 

M of QZn before (Black 

line) and after (Red line) 6 hours of mild steel immersion; b) UV−visible spectra of 1 M HCl 

solution containing 10
-3 

M of QZ before (Black line) and after (Red line) 6 hours of mild 

steel immersion 
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3.10. Characterization of the surface area by scanning electron microscopy 

Scanning Electron Microscopy (SEM) is based on the principle of electron-matter 

interactions, capable of producing high resolution images of the surface of a sample. The 

SEM principle consists of an electron beam scanning the surface of the 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 [55-

62].  

To evaluate the morphology of the steel surface to determine whether the corrosion 

inhibition is due to the formation of a film of organic molecules on its surface, we used 

Scanning Electron Microscopy (SEM). The image of the mild steel surface after 24 hours of 

immersion at 298 K in 1 M HCl alone (Figure 16) shows clearly that the surface of the steel 

has been attacked and corroded in the absence of the inhibitors.  

 

 

 

Fig. 16. Surface morphology of mild steel after immersion for 6 h in 1.0 M HCl 

 

 

 

Fig. 17. Surface morphology of mild steel after immersion for 6 h in 1.0 M HCl with 10
-3

 M 

of QZ 

 

On the other hand, in the presence of 10
-3

 M of QZ (Figure 17) and QZn (Figure 18), we 

observe on the images of the steel surface after 24 h of immersion in 1 M HCl medium at 298 
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K the formation of an adherent, stable and insoluble deposit due to the adsorption of organic 

inhibitors on the steel surface, which limits the access of the electrolyte to the latter. 

 

 

 

Fig. 18. Surface morphology of mild steel after immersion for 6 h in 1.0 M HCl with 10
-3

 M 

of QZn 

 

4. CONCLUSION 

The compounds tested exhibit good corrosion inhibiting properties of mild steel in 1 M 

HCl medium. The grafting of the quinazoline moiety on 8-hydroxyquinoline, increases the 

corrosion inhibitory efficiency by 17%. These compounds react as a mixed type inhibitors. 

From EIS results, Cdl tend to decrease and both Rp and η% tends to increase with increasing 

inhibitor concentration in solution. This result can be recognized to an increase of the 

thickness of the protective film formed on the metal surface. These quinazolinone derivatives 

as good acid corrosion inhibitors and were found to obey Langmuir adsorption isotherm. 

Also, the adsorption process is a spontaneous and exothermic process accompanied by an 

increase of entropy. All the techniques used in our studies are in good agreement. The SEM 

analysis showed that the mild steel surface is protected in the presence of of both compounds 

QZ and QZn. The UV-visible studies reveal the formation of a complex that may also be 

responsible for the observed inhibition. 
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