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ABSTRACT 
 
 The inhibiting action of 2-oxo-1,2-dihydroquinoline-4-carboxylic acid (Q1) on the corrosion of carbon steel in 
hydrochloric acid has been studied using weight loss, potentiodynamic polarization and electrochemical impedance 
spectroscopy (EIS) techniques. The inhibition efficiency increases with increase in inhibitor concentration. 
Impedance measurements showed that the double-layer capacitance decreased and charge-transfer resistance 
increased with increase in the inhibitor concentration and hence increasing in inhibition efficiency. Polarization 
curves show that Q1 is a mixed-type inhibitor. The adsorption of Q1 onto the carbon steel surface was found to 
follow the Langmuir adsorption isotherm. Quantum chemical parameters such as highest occupied molecular 
orbital energy (EHOMO), lowest unoccupied molecular orbital energy (ELUMO), energy gap (∆E) and dipole moment 
(µ) were calculated. Quantum chemical calculations also supported experimental data and the adsorption of 
inhibitor molecules onto the metal surface. 
 
Keywords: Carbon steel, HCl, Corrosion inhibition, Weight loss, Electrochemical studies, DFT.  
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INTRODUCTION 
 

The corrosion of materials is one of the main problems facing industrial processes, generating huge financial losses. 
Metallic industrial structures are often exposed to conditions that facilitate corrosive processes. For example, acidic 
solutions, which are widely used in acid pickling, industrial acid cleaning and oil refinery equipment cleaning, 
promote the acceleration of metallic corrosion, affecting the performance and durability of the treated equipment 
[1,2]. 
 
The use of organic inhibitors for preventing corrosion is a promising alternative solution. These inhibitors are 
usually adsorbed on the metal surface by the formation of a coordinate covalent bond (chemical adsorption) or the 
electrostatic interaction between the metal and inhibitor (physical adsorption) [3]. This adsorption produces a 
uniform film on the metal surface, which reduces or prevents contact with the corrosive medium [4]. 
 
Most of the effective organic inhibitors used contain heteroatoms such as O, N, S and multiple bonds in their 
molecules through which they are adsorbed on the metal surface [5-31]. It has been observed that adsorption 
depends mainly on certain physico-chemical properties of the inhibitor group, such as functional groups, electron 
density at the donor atom, π-orbital character, and the electronic structure of the molecule [32]. One technique that 
has been used to evaluate organic corrosion inhibitors is molecular modeling. Through quantum chemical 
calculations, it is possible to obtain structural parameters, such as the energies of the frontier molecular orbitals, the 
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HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital), and the dipole 
moment. These parameters influence the potential inhibition and are generally strongly correlated with the 
experimentally obtained inhibition efficiency [33-36]. Thus, this technique is an important tool for pre-selecting 
possible corrosion inhibitors and studying the correlation between molecular structure and corrosion inhibition 
efficiency [37]. 
 
The present work was established to study the corrosion inhibition of carbon steel in 1 M HCl solution by new 
quinoline derivatives as corrosion inhibitor using different techniques: weight loss, potentiodynamic polarization 
and electrochemical impedance spectroscopy (EIS). Quantum chemical study using density functional theory (DFT) 
was further employed in an attempt to correlate the inhibitive effect with the molecular structure of 2-oxo-1,2-
dihydroquinoline-4-carboxylic acid (Q1). 
 

MATERIALS AND METHODS 
 

Materials 
The steel used in this study is a carbon steel (CS) (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).  
 
Synthesis 
To a solution of isatin (10 mmole) and malonic acid (10 mmole) in acetic acid 30 ml, was added sodium acetate (1 
mmole). The mixture was refluxed for 24 hours. After cooling ice-water (100ml) was added. The obtained precipate 
washed several time with ethanol, to lead compound Q1. 

 
 
Rdt = 87 %.F > 250 °C (EtOH). Spectre de RMN 1H (DMSOd6):  7.14(s, 1H, CH); 7.68-8.63(m, 4H, CHAr). 
Spectre de RMN 13C (DMSOd6) :  120.6  (=CH);  117.1,  117.6,  126.7,  133.7  (CHAr);  118.3,  137.0, 142.7 (Cq); 
163.5 (C=O); 169.5 (CO2H). Spectre IR (cm-1)  3210 νΝ−Η ; 2900-3100 νO-H ; 1705 νC=O.  Spectre de masse 
(IE)  M (m/z) = 189. 
 
Solutions 
The aggressive solutions of 1 M HCl were prepared by dilution of analytical grade 37% HCl with distilled water. 
The concentration range of 2-oxo-1,2-dihydroquinoline-4-carboxylic acid (Q1) used was 10-6 M to 10-3 M. 
 
Gravimetric study 
Gravimetric experiments were performed according to the standard methods [38], the carbon steel sheets of 1 × 1 × 
0.1 cm were abraded with a series of emery papers SiC (120, 600 and 1200) and then washed with distilled water 
and acetone. After weighing accurately, the specimens were immersed in a 100 mL beaker containing 250 mL of 1 
M HCl solution with and without addition of different concentrations inhibitor. All the aggressive acid solutions 
were open to air. After 6 h of acid immersion, the specimens were taken out, washed, dried, and weighed accurately. 
In order to get good reproducibility, all measurements were performed few times and average values were reported 
to obtain good reproducibility. The inhibition efficiency (ηWL%) and surface coverage (θ) were calculated as 
follows: 
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where Wb and Wa are the specimen weight before and after immersion in the tested solution, w0 and wi are the values 
of corrosion weight losses of carbon steel in uninhibited and inhibited solutions, respectively, A the total area of the 
carbon steel specimen (cm2) and t is the exposure time (h). 
 
Electrochemical measurements 
Electrochemical impedance spectroscopy 
The electrochemical measurements were carried out using Volta lab (Tacussel- Radiometer PGZ 100) potentiostate 
and controlled by Tacussel corrosion analysis software model (Voltamaster 4) at under static condition. The 
corrosion cell used had three electrodes. The reference electrode was a saturated calomel electrode (SCE). A 
platinum electrode was used as auxiliary electrode of surface area of 1 cm2. The working electrode was carbon steel. 
All potentials given in this study were referred to this reference electrode. The working electrode was immersed in 
test solution for 30 minutes to a establish steady state open circuit potential (Eocp). After measuring the Eocp, the 
electrochemical measurements were performed. All electrochemical tests have been performed in aerated solutions 
at 308 K. The EIS experiments were conducted in the frequency range with high limit of 100 kHz and different low 
limit  
 
0.1 Hz at open circuit potential, with 10 points per decade, at the rest potential, after 30 min of acid immersion, by 
applying 10 mV ac voltage peak-to-peak. Nyquist plots were made from these experiments. The best semicircle can 
be fit through the data points in the Nyquist plot using a non-linear least square fit so as to give the intersections 
with the x-axis. 
 
The inhibition efficiency of the inhibitor was calculated from the charge transfer resistance values using the 
following equation: 
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where, ctR° and i

ctR are the charge transfer resistance in absence and in presence of inhibitor, respectively.  

 
Potentiodynamic polarization  
The electrochemical behaviour of carbon steel sample in inhibited and uninhibited solution was studied by recording 
anodic and cathodic potentiodynamic polarization curves. Measurements were performed in the 1 M HCl solution 
containing different concentrations of the tested inhibitor by changing the electrode potential automatically from -
600 to -300 mV versus corrosion potential at a scan rate of 1 mV s-1. The linear Tafel segments of anodic and 
cathodic curves were extrapolated to corrosion potential to obtain corrosion current densities (Icorr). From the 
polarization curves obtained, the corrosion current (Icorr) was calculated by extrapolation of the linear segments of 
cathodic and anodic Tafel curves.  
 
The inhibition efficiency was evaluated from the measured Icorr values using the relationship: 
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where, corrI °  and i

corrI  are the corrosion current density in absence and presence of inhibitor, respectively. 

 
Quantum chemical calculations 
Complete geometrical optimizations of the investigated molecules are performed using DFT (density functional 
theory) with the Beck’s three parameter exchange functional along with the Lee-Yang-Parr nonlocal correlation 
functional (B3LYP) [39-41] with 6-31G* basis set is implemented in Gaussian 03 program package [42]. This 
approach is shown to yield favorable geometries for a wide variety of systems. This basis set gives good geometry 
optimizations. The geometry structure was optimized under no constraint. The following quantum chemical 
parameters were calculated from the obtained optimized structure: The highest occupied molecular orbital (EHOMO) 
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and the lowest unoccupied molecular orbital (ELUMO), the energy difference (∆E) between EHOMO and ELUMO and 
dipole moment (µ). 
 

RESULTS AND DISCUSSION 
 
Potentiodynamic polarization study 
The potentiodynamic polarization measurements were undertaken in order to study the effect of investigated 
inhibitor (Q1) on the anodic carbon steel dissolution and cathodic hydrogen evolution reactions. The polarization 
curves for carbon steel dissolution in the absence and presence of different concentrations of the studied inhibitor are 
shown in Fig. 1. Extrapolation of the linear segments of cathodic and anodic Tafel curves furnished essential 
corrosion parameters such as corrosion potential (Ecorr), corrosion current density (Icorr) and cathodic Tafel slopes 
(βc). These polarization parameters along with calculated inhibition efficiency (ηTafel%) are presented in Table 1. 
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Figure  1: Potentiodynamic polarization curves for carbon steel in 1 M HCl containing different concentrations of Q1 
 
It can be seen from Fig. 1 that the addition of Q1 causes a remarkable decrease in the current densities, indicating 
that both anodic metal dissolution and cathodic hydrogen evolution reactions are drastically suppressed. Meanwhile, 
this suppression effect of the process is more pronounced with the increasing concentration of Q1. Moreover, the 
cathodic Tafel curves give rise to almost parallel lines, which means that addition of Q1 doesn’t modify the 
hydrogen evolution mechanism and the adsorbed Q1 molecules on the carbon steel surface only block the active 
sites of hydrogen evolution. On the other hand, it is apparent that the anodic reaction is evidently inhibited in the 
presence of Q1 and the shape of anodic Tafel curves in the inhibited solution slightly changes with contrast to that in 
the blank solution. 

 
Table 1: Potentiodynamic polarizations parameters of carbon steel in 1 M HCl for various concentrations of Q1 

 

Medium 
Conc  
(M) 

-Ecorr  
(mVSCE) 

-βc  
(mV/dec) 

Icorr  

(µA cm-2) 
ηTafel  
(%) 

Blank 1.0 453   143.0 1559.0 — 

Q1 

10-3 446 145.3 150.0 90 
10-4 455 153.3 203.5 87 
10-5 445 178.2 316.0 80 
10-6 452 161.9 457.0 71 

 

From the results shown in Table, it is observed that the presence of Q1 in acid solution affects the anodic rate of 
carbon steel dissolution as well as rate of cathodic hydrogen evolution without causing any substantial decrease in 
the value of Ecorr suggesting that Q1 is a mixed type inhibitor [43,44]. Further, results showed that the presence of 
Q1 decreases the values of corrosion current density (Icorr) suggesting that rate of carbon steel dissolution decreased 
in the presence of Q1 at various concentrations [45]. Further, decrease in Icorr values is more pronounced at higher 
Q1 concentration. 
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Electrochemical impedance spectroscopy 
In order to study the effectiveness of the present inhibitor, EIS was recorded for carbon steel in the presence and 
absence of inhibitor with constant time. The effect of the inhibitor concentration on the impedance behavior of 
carbon steel in 1 M HCl solution is presented in Fig. 2. The impedance spectra show that as the inhibitor 
concentration increases, the diameter of the semicircle increases. The results clearly indicate that quinoline 
derivative inhibits the corrosion of carbon steel in 1 M HCl at any concentration used, and the inhibition efficiency 
(η) increases continuously with increasing concentration. The maximum η (%) is observed to be 91 at 10-3 M for 1 
M HCl, as shown in Table 2.  
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Figure 2: Electrochemical impedance response of carbon steel in 1 M HCl solution in the presence of different concentrations of Q1 

 
Table 2: Electrochemical impedance parameters of carbon steel in 1 M HCl solution in the absence and in the presence of various 

concentrations of the inhibitor at 308 K 
 

Medium 
Conc  
(M) 

Rct 
(Ω cm2) 

Cdl 
(µF cm-2) 

fmax  

(Hz) 
ηZ 
(%) 

Blank 1.0 16.6  200 48.0 — 

Q1 

10-3 183 54.9 15.8 91 
10-4 103 61.5 25.1 84 
10-5 71.0 70.8 31.6 77 
10-6 50.5 78.7 40.0 67 

 
Data in Table 2 reveal that Rct value increase with increasing inhibitor concentration and Cdl values decrease in the 
presence of the inhibitor. This is due to the adsorption of inhibitor molecules on the metal/solution interface. A 
decrease in local dielectric constant and/or an increase in the thickness of the electrical double layer can cause 
decrease in Cdl values, which suggests the replacement of adsorbed water molecules with high dielectric constant by 
inhibitor molecules with low dielectric constant. According to Helmholtz model, this phenomen on can be discussed 
in which the double layer capacitanceis inversely proportional to the surface changes as shown in the following 
equation [46]:  
 

0
dl

A
C

d

ε ε=            (6) 

 
where, ɛo: the permittivity of air (8.854×10-14F/cm), ɛ: the local dielectric constant of the medium, d: the thickness 
of the film and A: the surface area of the electrode. The impedance results showed smaller Cdl values for the 
inhibited solution compared to those obtained in case of uninhibited solution (without inhibitor). The decrease in Cdl 
values is resulted from the decrease in the local dielectric constant and/or an increase in the thickness of the 
electrical double layer. This describes the role of inhibitor molecules, and shows that their function is performed by 
adsorption on the metal/solution interface [47]. Inhibition efficiencies obtained from potentiodynamic polarization 
curves and EIS are in good reasonably agreement which indicates the reproducility of the two methods. 
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Weight loss measurements 
The corrosion parameters like corrosion rate (CR), surface coverage (θ) and inhibition efficiency(ηWL%) of the 
corrosion inhibitor (Q1) in the concentration range of 10-6 to 10-3 M at 308 K are shown in Table 3. It is clear that 
the corrosion rate decreases and inhibition efficiency (ηWL%) increases with increasing concentration of the inhibitor 
and reaches maximum at the concentration of 10-3 M. It may be due to blocking of the active sites on the carbon 
steel surface with the inhibitor molecules that reduces the attack of corrosive solution on the carbon steel surface. 

 
Table 3: Gravimetric results of steel corrosion in 1 M HCl (6 h immersion) without and with various concentrations of Q1 at 308 K 

 

Medium 
Conc 
(M) 

CR 
(mg cm-2 h-1) 

ηWL 
(%) 

θ 

Blank 1.0 0.910 — — 
 10-3 0.082 91.0 0.910 
 10-4 0.127 86.0 0.860 

Q1 10-5 0.173 81.2 0.812 
 10-6 0.235 74.2 0.742 

 
Adsorption isotherm 
Adsorption strength can be deduced from the adsorption isotherm, which shows the equilibrium relation ship 
between concentrations of inhibitors on the surface and in the bulk of the solution [48-50]. Important information 
about the interaction of the synthesized quinoline derivative and metal surface were given using adsorption 
isotherm. Two main types of interaction (mechanism) can describe the adsorption behaviour of the inhibitors: 
physisorption and chemisorption [51]. The type of interaction depends on: the chemical structure of the inhibitors, 
the temperature during the experiments, the electrochemical potential, the charge, and nature of the metal. The 
adsorption of organic inhibitor molecules on the metal surface can be considered as a quasisubstitution process 
between the organic compounds in the aqueous phase [Org(sol)] and water molecules associated with the metallic 
surface [H2O(ads)] as represented by the following equilibrium [50,51]: 
 

( ) ( ) ( ) ( )2 2sol ads ads sol
Org xH O Org xH O+ ↔ +        (7) 

 
Where x: the number of water molecules replaced by one organic molecule. In this respect, the adsorption of the 
studied inhibitor was accompanied by desorption of water molecules from the carbon steel surface. In order to find 
the most suitable adsorption isotherm of inhibitor adsorption on carbon steel surface, data obtained from weight loss 
measurements has been used to fit different adsorption isotherms including: Langmuir, Temkin, and Frumkin 
isotherms. The best fit one was obtained with Langmuir’s adsorption isotherm. This isotherm is given by the 
following equation [50]: 
 

1inh
inh

ads

C
C

Kθ
= +                                                  (8) 

 
where Cinh is the equilibrium inhibitor concentration, Kads adsorptive equilibrium constant, θ representing the degree 
of adsorption (ηWL%/100).  
 
The plot of Cinh/ θ vs.  Cinh (Fig.  3)  yields  a  straight  line with  correlation  coefficient  of  0.999 providing  that  
the  adsorption of  Q1 from  1 M HCl solution  on  the  carbon steel  surface  obeys  Langmiur adsorption  isotherm. 
The value of Kads can be determined from the intercept of the straight line. Kads is also related to the standard free 

energy of adsorption ( adsG°∆ ) as [52]: 

 

1
exp

55.5
ads

ads

G
K

RT

° ∆ = −  
   

                                                     (9) 

 

where R is gas constant and T is absolute temperature of experiment and the constant value of 55.5 is the 
concentration of water in solution in mol L-1. 
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Figure 3: Langmuir adsorption of Q1on the carbon steel surface in 1 M HCl solution 
 
The value of Kads was found to be 383363.55 L mol-1.  The  relatively  high value  of  adsorption  equilibrium  
constant  reflects  the  high  adsorption  ability  of  Q1 on  carbon steel  surface  [53].  It  is  well known  that  the  

values  of  adsG°∆  of  the  order  of  -20  kJ  mol-1 or  lower indicate  a  physisorption;  those  of  order  of  -40  kJ  

mol-1 or  higher involve  charge  sharing  or  transfer  from  the  inhibitor  molecules  to the  metal  surface  to  form  
a  coordinate  type  of  bond  (chemisorption)  [54-56].  On  the  other  hand,  the  adsorption  phenomenon  of an  
organic  molecule  is  not  considered  only  as  a  purely  physical or  chemical  adsorption  phenomenon  [57,58].  
A  wide  spectrum  of conditions,  ranging  from  the  dominance  of  chemisorption  or  electrostatic  effects,  arises  
from  other  adsorptions  experimental  data [59].  The value of -43.21 kJ mol-1 may suggest chemisorption mode. 
 
Computational studies 
To do research on the effect of geometric and electronic structural parameters on the inhibition efficiency of 
inhibitors, quantum chemical calculations were conducted. These studies are considered as powerful tools for 
studying their adsorption mechanisms about the metal surface [60]. In Figure 4, the improved molecular structures 
with minimum energies from the calculations are available.  
 
 
                       
 
 
 
 
 

 
 

Figure 4: The optimized molecular structure, HOMO and LUMO (right) of the neutral inhibitor molecule by means of DFT/B3LYP/6-
31G (d,p) 

 
In Table 4, there are quantum chemical parameters from the calculations by means of DFT/B3LYP/6-31G (d,p) 
which are responsible for the inhibition efficiency of inhibitor, such as the energies of highest occupied molecular 
orbital (EHOMO), energy of lowest unoccupied molecular orbital (ELUMO), the separation energy (ELUMO-EHOMO), ∆E 
an ipole moment, µ, for the neutral inhibitor. 

 
Table 4: calculated quantum chemical parameters for the neutral inhibitor 

 
Paramters EHOMO 

(eV) 
ELUMO 
(eV) 

∆E 
(eV) 

µ 
(D) 

Q1 -9.2472 -1.8733 7.3739 4.6908 

 
Recently, theoretical studies has been used to analyze the characteristics of the inhibitor/ surface mechanism and to 
describe the structural nature of the inhibitor in the corrosion process as well as analyze the experimental data. It has 
been found to be successful in providing insights into the chemical reactivity and selectivity in terms of global 
parameters the choosing of the quinoline derivative for use as a corrosion inhibitor due to contains oxygen and 
nitrogen atoms as active centers. It is well established in the literature that the higher the HOMO energy of the 
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inhibitor, the greater the trend of offering electrons to unoccupied d orbital of the metal, and the higher the corrosion 
inhibition efficiency. In addition, the lower the LUMO energy, as the LUMO-HOMO energy gap decreased and the 
efficiency of inhibitor improved. EHOMO is often associated with the electron donating ability of a Q1. Therefore, 
increasing values of EHOMO indicate a higher tendency for the donation of electron(s) to the appropriate acceptor 
molecule with low energy and an empty molecular orbital. Increasing values of EHOMO thus facilitate the adsorption 
of the inhibitor. Consequently, improving the transport process through the adsorbed layer would enhance the 
inhibition efficiency of the inhibitor. This finding can be explained as follows. ELUMO indicates the ability of the 
molecule to accept electrons; therefore, a lower value of ELUMO more clearly indicates that the molecule would 
accept electrons [61]. 
 
The corresponding calculated quantum chemical data was given, including the energy of MOMO (EHOMO=-9.2472 
eV), energy of LUMO (ELUMO=-1.8733 eV), the energy band gap (△E=7.3739 eV), and dipole moment (µ=4.6908 
Debye). These results show that Q1 has a relatively higher energy of HOMO and lower energy of LUMO, which can 
be in favor of bonding with metal surface [62]. As a result of high values of HOMO, Q1 has a tendency to donate 
electrons to those acceptor molecules with empty molecular orbital. The ground-state electronic configuration of Fe 
atom is 1s2 2s2 2p6 3s2 3p6 4s2 3d6. The incompletely occupied 3P orbital of Fe could bond with HOMO of Q1, while 
the filled 3S orbital of it could interact with LUMO of Q1.  
 
Furthermore, another important factor is worth noting that the influence of the dipole moment on corrosion 
inhibition was caused considerable concerns in a lot of literatures [63,64]. The dipole moment that is one of 
important electronic parameters arises from non-uniform distribution of charges on the various atoms in a molecule. 
The adsorption of Q1 can be regarded as a quasi-substitution process between the Q1 molecules and water 
molecules on the carbon steel surface [65].  
 

CONCLUSION 
 

The quinoline derivative was investigated as a new and effective corrosion inhibitor for carbonsteel in 1 M 
hydrochloric acid solution by a series of techniques. The following conclusions can be made from the experimental 
results: 
 
� With an increase of the inhibitor concentration in acidic media inhibition is protected strongly. 
� The quinoline derivative for carbon steel in 1 M HCl solution is a significant inhibitor and acts as the mixed type 
inhibitor. 
� The adsorption behavior of Q1 on the carbon steel surface conforms to the Langmuir adsorption isotherm and the 
value of the free Gibbs energy of adsorption suggest a chemical adsorption. 
� The quantum chemical calculations indicate that N and O atoms of Q1 molecule donate electrons to the 
incompletely occupied 3P orbital of Fe, and act as most probable nucleophilic centers to bond with metal iron 
surface. 
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