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Abstract  
Corrosion inhibition by 2-phenyl-1, 4-dihydroquinoxaline (PHQ) on carbon steel in 1.0 M HCl is investigated using 

electrochemical techniques (EIS and Potentiodynamic polarization), SEM and quantum chemical calculation. Inhibition 

efficiency of 89% is reached with 5×10
-3

 M of PHQ at 303 K. Potentiodynamic polarization showed that the PHQ behaves 

as mixed-type inhibitor. The Nyquist plots showed that increasing PHQ concentration, charge-transfer resistance increased 

and double-layer capacitance decreased, involving increased inhibition efficiency. Adsorption of the inhibitor molecules 

corresponds to Langmuir adsorption isotherm. Also, the activation thermodynamic parameters of dissolution were 

calculated and discussed. Theoretical calculations have been used to make the correlation between the effectiveness of 

inhibition of our studied inhibitor and their molecular structure. 

 

Keywords: Carbon steel, HCl, Corrosion inhibition, Electrochemical techniques, Theoretical studies. 

 

1. Introduction 
Iron and its alloys play crucial roles in our daily lives due to their excellent properties, such as high structural and 

mechanical strengths [1,2]. These materials are used in various industrial and engineering applications. Acid-pickling, 

acid-cleaning, aciddescaling and oil-well acidizing are well-known industrial processes for cleaning the surfaces of 

metals. Acid solutions are used for these applications. It is necessary to use acid solutions to remove undesirable scale 

and corrosion products from metals. Hydrochloric acid and sulphuric acid are commonly used for this purpose; 

however, these acids attack the metal and initiate corrosion. This corrosion can cause serious damage to the metal and 

degrade its properties, thereby limiting its applications [3-6]. The use of inhibitors is the most important method for 

protecting metals from corrosion, and many scientists are conducting research on this topic. New inhibitors are 

discovered every day. In principle, inhibitors prevent the corrosion of metal by interacting with the metal surface via 

adsorption through the donor atoms, π-orbitals, electron density and the electronic structure of the molecule  

[7-25]. Inhibitor molecules are adsorbed onto the metal surface, thus resulting in film formation. The adsorbed film 

acts as a barrier, which separates the metal surface from the corrosive medium and consequently decreases the extent 

of corrosion. In general, the adsorption of inhibitor molecules on the metal surface depends on the nature and the 

surface charge of the metal, the adsorption mode, chemical structure and type of electrolyte solution. 

The quinoxalines are the heterocycles that frequently found in compounds propertied diverse biological activities [26-

29]. In addition, several studies have already carried on the corrosion inhibition of steel in acid medium with organic 

compounds of type of «quinoxalines» [30-37], have given very good results, which pushed us to seek other new 

derivatives for testing their inhibitory effects on carbon steel in 1.0 HCl medium. 
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Quantum chemical calculations are very effective methods for determining a correlation between molecular structure 

and inhibition efficiency. They can also be utilized to support the accuracy of experimental results [38-40]. Thus, it is 

important to compute the quantum chemical parameters, such as the energy of the highest occupied molecular orbital 

(EHOMO), the energy of the lowest unoccupied molecular orbital (ELUMO), the fraction of electrons transferred (∆N) 

and the energies of the frontier molecular orbitals. In the present study, density functional theory (DFT) was used to 

determine the molecular structure of 2-phenyl-1, 4-dihydroquinoxaline (PHQ) as a corrosion inhibitor for CS.The 

corrosion inhibition behaviour of PHQ on the CS in acidic solution was investigated using electrochemical techniques 

and SEM. The chemical structure of the studied (PHQ) is given in Fig 1. 

 
Figure1. The chemical structure of the studied 2-phenyl-1, 4-dihydroquinoxaline compound 

 

2. Materials and methods 
2.1. Materials 

The steel used in this study is a carbon steel (CS) (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). 

 

2.2. Solutions 

The aggressive solutions of 1.0 M HCl were prepared by dilution of analytical grade 37% HCl with distilled water. 

The concentration range of 2-phenyl-1, 4-dihydroquinoxaline (PHQ) used was 1×10
-5

 M to 5×10
-3

 M. 

 

3. Polarization measurements 
3.1. Electrochemical impedance spectroscopy 

The electrochemical measurements were carried out using a Volta lab (PGZ 100) potentiostate and controlled by 

(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 cm
2
. The 

working electrode was carbon steel with the surface area of 1 cm
2
. 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 303 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 [41]: 

% 100
i

ct ct

i

ct

z

R R

R
η

°−
= ×                                                                                                              (1) 

Where, 
ct

R
°

and 
i

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

 
3.2. 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 1.0 M HCl solution 

containing different concentrations of the tested inhibitor by changing the electrode potential automatically from -800 

to 0 mV versus corrosion potential at a scan rate of 1 mV 
s-1

. The linear Tafel segments of anodic and cathodic curves 
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were extrapolated to corrosion potential to obtain corrosion current densities (Icorr). From the polarization curves 

obtained, the corrosion current (Icorr) was calculated by curve fitting using the equation: 

2.3 2.3
corr

a c

E E
I I exp exp

β β

    ∆ ∆
= −    

    
                                                                            (2) 

The inhibition efficiency was evaluated from the measured Icorr values using the relationship: 
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= ×                                                                                                         (3)      

Where, 
corr

I
°

 and 
i

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

 

3.3. Scanning electron microscopy (SEM) 

The morphology of state surface was performed using a JEOL JSM-5800 Scanning Electron Microscopy. The energy 

of the acceleration beam employed was 20 kV. The analysis by SEM was carried out on the surface of carbon steel 

samples before and after immersion in the acidic solutions with and without the optimal concentration of PHQ 

inhibitor. 

 

4. Quantum chemical calculations 
Density Functional theory (DFT) has been recently used [42-45], to describe the interaction between the inhibitor 

molecule and the surface as well as the properties of these inhibitors concerning their reactivity. The molecular band 

gap was computed as the first vertical electronic excitation energy from the ground state using the time-dependent 

density functional theory (TD-DFT) approach as implemented in Gaussian 03[46]. For these seek, some molecular 

descriptors, such as HOMO and LUMO energy values, frontier orbital energy gap, molecular dipole moment, 

electronegativity (χ), global hardness (η), softness (σ), the fraction of electron transferred (∆N), were calculated using 

the DFT method and have been used to understand the properties and activity of the newly prepared compounds and 

to help in the explanation of the experimental data obtained for the corrosion process.  

According to Koopman’s theorem [47], the ionization potential (IE) and electron affinity (EA) of the inhibitors are 

calculated using the following equations. 

IE = -EHOMO           (4) 

EA = -ELUMO           (5) 

Thus, the values of the electronegativity (χ) and the chemical hardness (η) according to Pearson, operational and 

approximate definitions can be evaluated using the following relations [48]: 

2

IE EA
χ

+
=            (6) 

2

IE EA
η

−
=             (7) 

Global chemical softness (σ), which describes the capacity of an atom or group of atoms to receive electrons 

[43], was estimated by using the equation: 

1 2

HOMO LUMO
E E

σ
η

= = −
−

        (8) 

The number of transferred electrons (∆N) was also calculated depending on the quantum chemical method [49, 50], 

by according the equation: 

( )2

Fe inh

Fe inh

N
χ χ

η η

−
∆ =

+
          (9) 

Where χFe and χinh denote the absolute electronegativity of iron and inhibitor molecule ηFe and ηinh denote the absolute 

hardness of iron and the inhibitor molecule respectively. In this study, we use the theoretical value of χFe =7.0 eV and 

ηFe = 0, for calculating the number of electron transferred. 

 

5. RESULTS AND DISCUSSION 
5. 1.Effect of  PHQ concentration 

5.1.1. Electrochemical impedance spectroscopy 

The corrosion behaviour of carbon steel in acidic solution in the presence of PHQ was investigated by 

electrochemical impedance spectroscopy (EIS) at 303 K after 30 min of immersion at corrosion potential. Nyquist 
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plots of steel in inhibited and uninhibited acidic solutions containing various concentrations of PHQ are shown in Fig. 

2. The impedance parameters derived from these plots are given in Table 1. Double layer capacitance values (Cdl) and 

charge-transfer resistance values (Rct) were obtained from impedance measurements.  

The double layer capacitance (Cdl) and the frequency at which the imaginary component of the impedance is maximal 

(-Zmax) are found as represented in equation 10: 

1
dl

t

C
Rω

 
=  
 

             Where        max2 fω π=                                                                     (10) 

The Nyquist plots for all PHQ concentrations are characterized by one semicircular capacitive loop. The presence of 

inhibitor introduces the diffusion step in corrosion process and the reaction becomes diffusion-controlled. Hence, the 

corrosion process can have two steps as in any electrochemical process at the electrochemical interface, first, the 

oxidation of the metal (charge transfer process) and second, the diffusion of the metallic ions from the metal surface 

to the solution (mass transport process). Inhibitor gets adsorbed on the electrode surface and thereby produces a 

barrier for the metal to diffuse out to the bulk and this barrier increases with increasing the inhibitor concentration 

[51]. The diameter of the semicircular capacitive loop (Fig. 2), the impedance of the double layer increased with 

increasing concentration of the PHQ. The general overview of the electrochemical impedance results meets the 

expectations from the theory of the technique, but it must be noted that the capacitive loops are depressed ones with 

centers under the real axis even though they have a semicircle appearance. Deviations of this kind are mostly referred 

to as frequency dispersion and they are attributed to irregularities and heterogeneities of the solid surfaces [52, 53]. In 

addition in the real corrosion systems, the double layer on the interface of metal/solution does not behave as a real 

capacitor. On the metal side of the double layer, the charge distribution is controlled by electron, whereas on the 

solution side it is controlled by ions [54]. 
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Figure 2: Nyquist diagrams for carbon steel in 1.0 M HCl containing different concentrations of  PHQ at 303 K. 

 

It is found (Table 1) that, as the PHQ concentration increases, the Rct values increase, but the Cdl values tend to 

decrease. The decrease in Cdl values is interpreted by the adsorption of PHQ on the metal surface [55]. It is apparent 

from Nyquist diagrams that the charge-transfer resistance value of carbon steel in uninhibited 1.0 M HCl solution 

changes significantly after the addition of the inhibitor. Furthermore, Cdl decreases with increase of the concentration 

of inhibitor. This phenomenon is generally related to the adsorption of organic molecules on the metal surface and 

then leads to a decrease in the local dielectric constant and/or an increase in the thickness of the electrical double 

layer [56]. 

dl

oε εC = S
δ

                                                                                                                        (11)           

Where δ  is the thickness of the protective layer, S is the electrode area, oε  the vacuum permittivity of vide and ε  is 

dielectric constant of the medium. 

A low capacitance may result if water molecules at the electrode interface are largely replaced by organic inhibitor 

molecules through adsorption [57]. The larger inhibitor molecules also reduce the capacitance through the increase in 
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the double layer thickness [58]. The inhibiting effectiveness increases with the concentration of the inhibitor to reach 

a maximum value from 86.1% to 5.10
-3

 M.  

 

Table 1: Electrochemical impedance parameters and the corresponding inhibition efficiencies for carbon steel in 1.0 

M HCl solution in the absence and presence of four different concentrations of PHQ 

Inhibitor Conc (M) 
Rct  

(Ω cm
2
) 

fmax  

(Hz) 

Cdl  

(µF/cm
2
) 

ηz 

(%) 

Blank 1.0 44.1 36.85 98 ----- 

 5×10
-3

 300.1 12.34 43 86.1 

PHQ 1×10
-3

 163.5 20.29 48 73.0 

 1×10
-4

 114.1 29.69 47 63.3 

 1×10
-5

   79 .7 29.69 68 44.7 

 

5.1.2. Tafel polarisation study 

The potentiodynamic polarization curves for carbon steel in 1.0 M HCl solution after immersion time of 30 min in the 

absence and presence of various concentrations of PHQ are shown in Figure 3.  

Polarization curves indicate that used inhibitor has inhibition effect on both cathodic and anodic reactions of the 

corrosion process. Therefore, this compound can be classified as mixed type inhibitor. 
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Figure 3: Typical polarization curves for carbon steel in 1.0 M HCl for various concentrations of PHQ at 303 K. 

Electrochemical corrosion parameters such as corrosion potential (Ecorr), cathodic Tafel slops (βc) and corrosion 

current density (Icorr), obtained by extrapolation of Tafel lines, are collected in Table 2.  

 
Table 2: Potentiodynamic electrochemical parameters for the corrosion of carbon steel in 1.0 M HCl solution in the 

absence and presence of PHQ at 303 K. 

Inhibitor Conc 

(M) 

–Ecorr  

(mVSCE) 
–βc 

(mV dec
-1

) 

Icorr  

(µA cm
-2

) 
ηTafel 

(%) 

Blank 1.0 459 102 455.5 ----- 

 

PHQ 

5×10
-3

 514 84    48.8 89.0 

1×10
-3

 531 89 108.5 76.1 

1×10
-4

 524 94 171.5 62.3 

1×10
-5

 528 82 260.1 43.4 

 
The obtained results show that the inhibition efficiency increased, while the corrosion current density decreased when 

the concentration of the inhibitor is increased. This could be explained on the basis of adsorption of PHQ on the 

carbon steel surface and the adsorption process enhanced with increasing inhibitor concentration. The data in Table 2 

show that increasing PHQ concentration slightly shifts the values of corrosion potential (Ecorr) in cathodic direction 

indicating that it acts as mixed-type inhibitor. The cathodic Tafel slope (βc) show slight changes with the addition of 
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PHQ, which suggests that the inhibiting action occurred by simple blocking of the available cathodic sites on the 

metal surface, which lead to a decrease in the exposed area necessary for hydrogen evolution and lowered the 

dissolution rate with increasing PHQ concentration. The parallel cathodic Tafel plots obtained in Fig. 3 indicate that 

the hydrogen evolution is activation-controlled and the reduction mechanism is not affected by the presence of 

inhibitor [59].The inhibitory effectiveness of PHQ increases with concentration and reached a maximum value of 

about 89% to 5×10
-3

M.  

5.2. Effect of temperature 

The effect of temperature on the inhibition performance of PHQ for carbon steel in 1.0 M HCl solution in the absence 

and presence of 5×10
-3

 M concentration at temperature ranging from 303 to 333 K  was obtained by potentiodynamic 

polarization measurements (Figs 4 and 5). Corresponding data are given in Table 3. Inhibitory efficiency decreases 

with increasing temperature of 303-333 K in the presence and absence of PHQ, this behavior leads to the rise of the 

current density, this increase in temperature affects the bonds linking between inhibitor and the carbon steel surface. 

This result led to the dissolution or to the organic molecule or to the carbon steel.  
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Figure 4: Potentiodynamic polarisation curves of carbon steel in 1.0 M HCl at different temperature 
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Figure 5: Potentiodynamic polarisation curves of carbon steel in 1.0 M HCl in the presence of the optimum concentration 

of PHQ at different temperatures. 
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Table 3: Electrochemical characteristics of carbon steel in 1.0 M HCl without and with 5×10
-3

M of the studied inhibitor at 

different temperatures derived from current-voltage I-E characteristics. 

Inhibitor Temp 

  (K) 

–Ecorr  

(mVSCE) 
–βc 

(mV dec
-1

) 

Icorr  

(µA cm
-2

) 
ηTafel 

  (%) 

 303 459.4 102.0 455.5 ---- 

 313 535.6 123.8 1020 ---- 

Blank 323 545.6 143.3 1150 ---- 

 333 507.0 149.3 1460 ---- 

 303 514.4    83.8   48.8 89.0 

PHQ 313 503.9 141.3 164.7 83.9 

 323 568.3 161.0 390.4 66.0 

 333 558.7 133.1 622.1 57.3 

 
We were interested in the activation energy of the corrosion process and the kinetic parameters of the quinoxaline 

derivative adsorption. This was accomplished by investigating the temperature dependence of the corrosion current, 

obtained using Tafel extrapolation method. The corrosion reaction can be regarded as an Arrhenius-type process, the 

rate is given by: 

exp
a

corr

E
I k

RT

= −
 
 
 

                                                                                   (12) 

Where Ea is the apparent activation corrosion energy, T is the absolute temperature, A is the Arrhenius pre-

exponential constant and R is the universal gas constant. This equation can be used to calculate the Ea values of the 

corrosion reaction without and with PHQ. The logarithm of the corrosion current density versus 1000/T and the 

activation energy (Ea) values can be calculated from the Arrhenius slope (Fig. 6). The calculated values of the 

apparent activation corrosion energy in the absence and presence of PHQ are listed in Table 4. 
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Figure 6: Arrhenius plots of carbon steel in 1.0 M HCl with and without 5×10
-3

 M of PHQ. 

 
In 1.0 M HCl, the addition of quinoxaline derivative to an increase in the apparent activation energy to values greater 

than that of the uninhibited solution. Addition of PHQ in 1.0 M HCl increases the activation energy from 30.60 to 

71.65 kJ/mol. It is clear that the activation energy increases with the addition of PHQ. Consequently, the rate of 

corrosion decreases due to the formation of the metal complex layer [60]. Szauer and Brand explained that the 
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increase in activation energy can be attributed to an appreciable decrease in the adsorption of the inhibitor on the 

carbon steel surface with the increase in temperature. When there is reduction in the adsorption, a greater desorption 

of the inhibitory molecules occurs because these two opposite processes are in equilibrium. Because of this most 

important desorption of the inhibitor molecules at higher temperatures, a greater carbon steel surface is in contact 

with aggressive environment, involving higher corrosion rates with increasing temperature [61]. 

An alternative formulation of Arrhenius equation is [62]: 

exp exp
a a

corr

S HRT
I

Nh R RT

∆ ∆
=

   
   
   

                                                                           (13)                                                                                

Where T the absolute temperature, h the Planck’s constant, N the Avogadro’s number, ∆Sa the entropy of activation, 

∆Ha the enthalpy of activation and Icorr is the corrosion rate. 

The plots of Ln (Icorr/T) versus 1000/T (Fig. 7) show almost straight lines and all the regression coefficients are close 

to 1. From the slopes and intercepts of the straight lines, the values of ∆Ha and ∆Sa were calculated and listed in 

Table 4. 
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Figure 7: Transition state plots for carbon steel in 1.0 M HCl and 1.0 M HCl + 5 mM PHQ. 

 

Table 4: The values of activation parameters for carbon steel in 1.0 M HCl in the absence and presence of 5 mM of PHQ 

Conc 

(M) 
Ea 

(kJ mol
-1

) 

 ∆Ha 

(kJ mol
-1

) 

∆Sa 

(J mol
-1

 K
-1

) 

Blank 30.60 27.96 -23.89 

PHQ 71.65 60.01  92.88 

 
 

Examination of these data reveals that the ∆Ha value for dissolution reaction of carbon steel in  

1.0 M HCl in the presence of PHQ are higher than that in the absence of PHQ, The positive sign of ∆Ha show the 

endothermic nature of the solution process suggesting that the dissolution of carbon steel is slow [61]. 

In the absence of HQP for carbon steel the large negative value of  a ∆Sa implies that the activated complex is the rate 

determining step, rather than the dissociation step. In the presence of the inhibitor, the values of a ∆Sa increases and is 

generally interpreted as an increase in disorder as the reactants are converted to the activated complexes, simply the 

disorder increases with PHQ [62-67]. 

 

5.3. Adsorption isotherm 

Organic inhibitors exhibit inhibition ability via adsorption on the solution/metal interface, while the adsorption 

isotherm can provide the basic information about the interaction between the inhibitor and the metal surface 

[68,69].We tested various adsorption isotherms to fit the experimental data, such as Langmuir, Temkin, Flory-

Huggins and Frumkin adsorption isotherms. For PHQ, the plot of C versus C/θ yield sastraight line with slope nearly 
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1 and the linear association coefficient (R
2
) is  also nearly 1 (Fig.8), showing that the adsorption of PHQ on the 

carbon steel surface can be well described by Langmuir adsorption isotherm: Eq.(14). This kind of isotherm involves 

the single layer adsorption characteristic and no interaction between the adsorbed inhibitor molecules on the carbon 

steel surface [70, 71]. 

ads

1C
C

Kθ
= +                    (14) 

Where Kads is the adsorption constant, C is the concentration of the inhibitor and surface coverage values (θ) are 

obtained according to the following equation: 

( )% /100
Tafel

θ η=                    (15) 

The constant of adsorption, Kads, is related to the standard free energy of adsorption,
ο

ads
G∆ , with the following 

equation: 

( )ο

ads ads
55.5G RTLn K∆ = −                   (16) 

Where R is the universal gas constant, T is the thermodynamic temperature and the value of 55.5 is the concentration 

of water in the solution in mol/L. 
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Figure 8: Langmuir adsorption of PHQ on the carbon steel surface in 1.0 M HCl solution. 

 

The thermodynamic parameters for the adsorption process were obtained from this figure are shown in Table 5. 

 

Table 5: Thermodynamic parameters for the adsorption of PHQ in 1.0 M HCl on the carbon steel at 303K. 

 Slope R
2
 Kads  

(L mol
-1

) 

ο

ads
G∆  

(KJ/mol) 

PHQ 1.1 0.99949 12539.9 -33.90 

 

The value of adsG
°∆ is negative which indicate that these investigated compound is strongly adsorbed on the carbon 

steel surface and show the spontaneity of the adsorption process and stability of the adsorbed layer on the carbon steel 

surface. Generally, values of adsG
°∆  up to -20 kJ mol-1 are consistent with the electrostatic interaction between the 

charged molecules and the charged metal (physical adsorption) while those more negative than -40 kJ mol-1 involve 

sharing or transfer of electrons from the inhibitor molecules to the metal surface to form a coordinate type of bond 

(chemisorption) [72]. It can be assumed that the adsorption of PHQ on mild steel surface occurs first due to 

electrostatic interaction, and then the desorption of water molecules is accompanied by chemical interaction between 

the adsorbate and metal surface [73]. 



J. Mater. Environ. Sci. 6 (8) (2015) 2301-2314                                                                               Benhiba et al. 

ISSN : 2028-2508 

CODEN: JMESCN 

 

2310 

 

5.4. SEM analysis 

Scanning electron micrographs (Fig. 9) of the carbon steel surface before and after of the immersion in 1.0 M HCl 

with and without addition of PHQ were taken in order to establish whether inhibition is due to the formation of an 

organic film on the metal surface. Considering the result of the SEM studies on carbon steel before its immersion in 

the solution, except the presence of polishing scratches, the surface shows the absence of noticeable defects such as 

pits and cracks Fig 9a. Figs. 9b and 9c show the steel surface after 6 h of immersion in 1.0 M HCl without and with 

5×10
-3

 M of PHQ. The resulting of the high resolution SEM micrograph (Fig. 9b) shows that the steel surface was 

strongly damaged in the absence of the PHQ with the increased number and depth of the pits. However, there are less 

pits and cracks observed in the micrographs in the presence of PHQ (Fig. 9c) which suggests a formation of 

protective film on steel surface which was responsible for the corrosion inhibition. Indeed, PHQ has a strong 

tendency to adhere to the steel surface and can be regarded as good inhibitor for steel corrosion in normal 

hydrochloric medium. The high inhibitive performance of this quinoxaline derivative suggests a strong bonding of 

the PHQ on the metal surface due to presence of lone pairs from heteroatom (nitrogen) and π-orbitals, blocking the 

active sites and therefore decreasing the corrosion rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9: SEM micrographs of carbon steel samples at 303 K (a) only surface polishing, (b) after immersion in 1.0 M HCl 

without inhibitor, (c) after immersion in 1.0 M HCl in presence of 5×10
-3

 M PHQ. 

 

6. Quantum chemical calculations 
The experimental results provide evidence of the inhibition efficiency of the PHQ molecules, which may act through 

a chemical adsorption mechanism. To enhance the investigation of the electronic interaction between PHQ molecules 

and the carbon steel surface, several theoretical parameters, such as the molecular orbital energies (EHOMO, ELUMO),..., 

were determined by optimization. The quantum chemical parameters were the calculated ∆E, dipole moment, 

electronegativity (χ), global hardness (η), softness (σ) and the fraction of electron transferred (∆N) [74,75]. To 

present detailed information, all of the results of the theoretical computations are reported (Table 6), and the 

optimized molecule structure (PHQ) is depicted in Fig.9. 

The HOMO and LUMO diagrams (Fig. 9) of the inhibitor PHQ have reflected that the orbital electron densities were 

distributed homogeneously throughout the molecule. EHOMO often is associated with the electron donating ability of 

the molecule. Higher values of EHOMO are likely to indicate a tendency of the molecule to donate electrons to 

appropriate acceptor molecules to the unoccupied d orbital of a metal. It is well known that the electronic 

configuration of Fe atom is [Ar] 4s
2
3d

6
, and 3d orbital is not fully filled with electrons. The unfilled 3d orbital could 

bind with the HOMO of the inhibitors [76], whereas the filled 4s orbital could donate the electron to LUMO of the 
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inhibitors. So, it could be predicted that the adsorption of inhibitors on the carbon steel surface might be ascribed to 

the interaction between 3d, 4s orbitals of Fe atom and the front molecular orbitals of the inhibitor [77]. The energy of 

the lowest unoccupied molecular orbitals indicates the ability of the molecule to accept electrons. 

a 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

                       b                                                           c 
 

 

Figure 9: Optimized molecular structures of PHQ (a), HOMO (b) and LUMO (c) orbitals. 

 
Table 6: Molecular properties of PHQ obtained from the optimized structure using DFT at the B3LYP/6-31G*. 

Paramaters PHQ 

HOMOE  (eV) -0.1588 

LUMOE  (eV) -0.0318 

E∆ gap (eV) 0.1269 

µ (debye) 1.4951 

HOMOI E= −  (eV) 0.1588 

 LUMOA E= −  (eV) 0.0318 

2

AI +
=χ  (eV) 

0.0953 

2

AI −
=η  (eV) 

0.0635 

η
σ

1
=  15.748 

( )2

Fe inh

Fe inh

N
χ χ

η η

−
∆ =

+
 

0.5473 

TE (eV) -17689.29 

 

The value of ELUMO (-0.0318 eV) indicates its ability of the molecule to accept electrons. Therefore, the value of ∆E 

provides a measure for the stability of the formed complex on the metal surface. The high inhibition efficiency of a 
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molecule can be attributed to the high value of dipole moment and low value of ∆E. The results of the high dipole 

moment and the low energy gap indicate that electron transfer from PHQ to the surface takes place during adsorption 

to the carbon steel surface [78]. The total energy calculated by quantum chemical methods is equal to -17689.29 eV. 

Hohenberg and Kohn [79] proved that the total energy of a system including that of the many body effects of 

electrons (exchange and correlation) in the presence of static external potential (for example, the atomic nuclei) is a 

unique functional of the charge density. The minimum value of the total energy functional is the ground state energy 

of the system. The electronic charge density which yields this minimum is then the exact single particle ground state 

energy. 

The values of χ, η, σ and ∆N are also listed in Table 6. According to some studies [80], the parameter of χ is related to 

the chemical potential, and higher value of χ means better inhibitive performance. On the other hand, η is equal to 

∆E/2, and the lower c implies more polarizability and higher inhibition efficiency. The parameter of σ is reciprocal to 

η, thus high value of σ is related to more efficiency. Values of ∆N exhibit inhibitive performance resulted from 

electrons donations. If ∆N < 3.6, the inhibition efficiency increases with the increase in electron-donation ability to 

the metal surface [80]. 

 

Conclusion  

The PHQ is an efficient inhibitor for carbon steel in1.0 M HCl. The inhibition efficiency increases with the addition 

of inhibitor and reached a maximum of 89% in the presence of 5×10
-3

 M of inhibitor. The inhibition efficiency 

decreases with the increase in temperature. The adsorption of PHQ on carbon steel obeys Langmuir adsorption 

isotherm. The inhibitor retards both anodic and cathodic reactions on the surface of the metal. Thus, polarisation 

measurement suggests that the PHQ acts as a mixed type of inhibitor. The electrochemical impedance spectroscopy 

and SEM confirms the formation of protective film on the carbon steel surface. 

Quantum chemical studies also support the experimental studies. 
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