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This study investigates the effect of a quinoxaline namely ethyl 2-(4-(2-ethoxy-2-oxoethyl)-2-p-
tolylquinoxalin-1(4H)-yl) acetate (Q3), on corrosion inhibition of carbon steel in 1.0 M HCI.
Electrochemical impedance measurement, potentiodynamic polarization and weight loss methods were
applied to study adsorption of Q3 at metal/solution interface. Some quantum chemical parameters and
the optimized structure of Q3 were calculated using the B3LYP/6-31G (d,p) basis. Results revealed
that Q3 is an excellent inhibitor for carbon steel corrosion in 1.0 M HCI; showing a maximum
efficiency 97.4% at concentration of 10>M. Values of inhibition efficiency obtained from weight loss,
potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS) are in good
agreement. Polarization curves show that Q3 behaves as a mixed-type inhibitor in hydrochloric acid.
EIS shows that charge-transfer resistance increase and the capacitance of double layer decreases with
the inhibitor concentration, confirming the adsorption process mechanism. Its was shown that
adsorption is consistent with the Langmuir isotherm for 308K. The negative free energy of adsorption
in the presence of Q3 suggests chemisorption of quinoxaline molecules on the steel surface. Results
obtained from theoretical study were found to confirm experimental findings.
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1. INTRODUCTION

The use of inhibitors to control the destructive attack of acid environment has found
widespread applications in many industrial processes such as acid cleaning, acid pickling, acid
descaling, and oil well acidizing [1]. The applicability of organic compounds as corrosion inhibitors
for metals in acidic media has been recognized for a long time [2-4]. 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 [5-23]. 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, m-orbital character, and the electronic structure of the molecule
[24].

Hydrochloric acid (HCI) is widely used in the acid pickling of steel and ferrous alloys, acid
cleaning, acid rescaling, oil well cleaning, petrochemical industry and various electrochemical
systems. Hence, much attention is needed on corrosion inhibitors to reduce the corrosion rates of
metallic materials.

In the present work, a systematic study has been undertaken to understand the corrosion
behaviour of carbon steel and the inhibitive action of ethyl 2-(4-(2-ethoxy-2-oxoethyl)-2-p-
tolylquinoxalin-1(4H)-yl) acetate (Q3) in 1.0 M HCI environment, using weight loss, Tafel
polarization, and impedance techniques; the effect of the molecular structure on the chemical reactivity
has been object of great interest in several disciplines of chemistry. In this respect, quantum chemical
calculations have been widely used to investigate the molecule in its electronic structure level and to
interpret the experimental results. The inhibition property of a compound has been often correlated
with molecular properties. The chemical structure of the studied quinoxaline derivative is given in
Figure 1.

Figure 1. The chemical structure of the studied quinoxaline compound.
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2. EXPERIMENTAL METHODS

2.1. Materials

The steel used in this study is a carbon steel (Euronorm: C35E carbon steel and US
specification: SAE 1035) with a chemical composition (in wt%) of 0.370 % C, 0.230 % Si, 0.680 %
Mn, 0.016 % S, 0.077 % Cr, 0.011 % Ti, 0.059 % Ni, 0.009 % Co, 0.160 % Cu and the remainder iron
(Fe). The carbon steel samples were pre-treated prior to the experiments by grinding with emery paper
SiC (120, 600 and 1200); rinsed with distilled water, degreased in acetone in an ultrasonic bath
immersion for 5 min, washed again with bidistilled water and then dried at room temperature before
use. The acid solutions (1.0 M HCI) were prepared by dilution of an analytical reagent grade 37 % HCI
with double-distilled water. The concentration range of Q3 employed was 10° M to 107 M.

2.2. Measurements

2.2.1. Weight loss measurements

The steel sheets of 1.6 x 1.6 x 0.07 cm dimensions were abraded with different grades of emery
papers, washed with distilled water, degreased with acetone, dried and kept in a desiccator. After
weighing accurately by a digital balance with high sensitivity the specimens were immersed in solution
containing 1.0 M HCI solution with and without various concentrations of the investigated inhibitor.
At the end of the tests, the specimens were taken out, washed carefully in ethanol under ultrasound
until the corrosion products on the surface of carbon steel specimens were removed thoroughly, and
then dried, weighed accurately. Duplicate experiments were performed in each case and the mean
value of the weight loss is reported. Weight loss allowed calculation of the mean corrosion rate in
mg cm™ h™. The corrosion rate (v) and the inhibition efficiency (nw.) were calculated by the following
equations:

V:\;—Vtxloo 1)
7 (%) =22 —Y %100 )

0
where W is the three-experiment average weight loss of the carbon steel, S is the total surface
area of the specimen, t is the immersion time and vy and v are values of the corrosion rate without and
with addition of the inhibitor, respectively.

2.2.2. Electrochemical measurements

X 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 (VVoltamaster 4)
at under static condition. The corrosion cell used had three electrodes. The reference electrode was a
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saturated calomel electrode (SCE). A platinum electrode was used as auxiliary electrode of surface
area of 0.094 cm?. 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 [25]:

R, —R
3, % =—20m e 100 (1)

ct(inh)
where Rt and Reyinny Were the values of polarization resistance in the absence and presence of
inhibitor, respectively.

X 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 HCI solution containing different concentrations of the tested inhibitor by
changing the electrode potential automatically from -800 to O mV versus corrosion potential at a scan
rate of 1 mV s™. The linear Tafel segments of anodic and cathodic curves were extrapolated to
corrosion potential to obtain corrosion current densities (lcorr). From the polarization curves obtained,
the corrosion current (lcorr) Was calculated by curve fitting using the equation:

=1, {exp(z';?E j - exp[z':;?E ﬂ (2

The inhibition efficiency was evaluated from the measured I, Values using the relationship:

[
0% = == 5100 3)

corr

where, I° and ' are the corrosion current density in absence and presence of inhibitor,

corr corr

respectively.
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2.2.3. Quantum chemical calculations

All theoretical calculations were performed using DFT (density functional theory) with the
Beck’s three parameter exchange functional along with the Lee-Yang-Parr nonlocal correlation
functional (B3LYP) [26-28] with 6- 31G* basis set is implemented in Gaussian 03 program package
[29]. This approach is shown to yield favorable geometries for a wide variety of systems. The
following quantum chemical parameters were calculated from the obtained optimized molecular
structure: the energy of the highest occupied molecular orbital (Enomo), the energy of the lowest
unoccupied molecular orbital (ELumo), the energy band gap (AEgp = Enomo -ELumo), the dipole
moment (), the electron affinity (A), the ionization potential (1), the fraction of electrons transferred
(AN) and softness were calculated and discussed.

3. RESULTS AND DISCUSSION

3.1. Polarization curves

Polarization curves were obtained for carbon steel in 1.0 M HCI solution with and without
inhibitor. The polarization exhibits Tafel behavior. Tafel lines which obtained in various
concentrations of Q3 in 1.0 M HCI solutions were shown in Fig. 2, at 308K respectively. The
corresponding electrochemical parameters, i.e., corrosion potential (Ecor versus SCE), corrosion
current density (lcorr), cathodic and aTafel slopes (Bc) values were calculated from these curves and are
given in Table 1.
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Figure 2. Polarisation curves of carbon steel in 1.0 M HCI for various concentrations of Q3.

The presence of Q3 both anodic and cathodic branches to the lower values of current densities
and thus causes a remarkable decrease in the corrosion rate. It can be clearly seen from Fig. 2 that both
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anodic metal dissolution of iron and cathodic hydrogen and oxygen evolution reactions were inhibited
after the addition of quinoxaline derivative to the aggressive solution. This result is indicative of the
adsorption of inhibitor molecules on the active sites of carbon steel surface [30]. The inhibition of both
anodic and cathodic reactions is more pronounced with the increasing inhibitor concentration.
However, the influence is more pronounced in the cathodic polarization plots compared to that of the
anodic polarization plots. The cathodic current-potential curves (Fig. 2) giving rise to parallel lines
indicates that the addition of Q3 to the 1.0 M HCI solution does not modify the reduction mechanism
and the reduction at carbon steel surface takes place mainly through a charge transfer mechanism
[31-33] The slopes do not display an order with the inhibitor concentration; this feature indicates that
inhibition occurred by a blocking mechanism on the available metal spaces [34-36]. The corrosion
potential displayed small change and curves changed slightly towards the negative direction (Fig. 2).
These results indicated that the presence of Q3 compound inhibited iron oxidation and in a lower
extent hydrogen and oxygen evolution, consequently these compounds can be classified as mixed
corrosion inhibitor, as electrode potential displacement is lower than 85 mV in any direction [37].

Table 1. Polarization data of carbon steel in 1.0 M HCI without and with addition of inhibitor at

308 K.
Inhibitor Conc -Ecorr -Be leorr et
(M) (mV/SCE) (mV dec™) (LA cm™) (%)
Blank 1.0 475.9 176.0 1077.8 -
10° 547.4 155.7 54.5 94.9
Q3 10 508.0 165.8 109.5 89.8
10° 503.1 164.3 230.3 78.6
10° 500.0 164.4 362.1 66.4

3.2. Electrochemical impedance spectroscopy

The inhibition efficiencies of Q3 on carbon steel were examined by electrochemical impedance
spectroscopy. The impedance spectra of carbon steel in 1.0 M HCI solution in the absence and
presence of five different concentrations of quinoxaline derivative were recorded. Fig. 3 shows the
impedance spectra in Nyquist format.

The impedance diagrams display one single capacitive loop represented by slightly depressed
semi-circle for this compound. This capacitive loop indicates that the corrosion of carbon steel in 1.0
M HCI solution is mainly controlled by charge transfer process and formation of a protective layer on
the metal surface. Deviations from the ideal semi-circle are generally attributed to the frequency
dispersion as well as inhomogeneities, roughness of metal surface and mass transport process [38-40].
The impedance response of carbon steel in HCI changes with the addition of Q3 into the test solutions
and this change more pronounced with increasing inhibitor concentration. The diameter of the
capacitive loop increases as the concentration of inhibitor rises, this increase indicates adsorption of
inhibitor molecules on the metal surface [41]. On the other hand, the similar nature of impedance
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diagrams obtained in the absence and presence of quinoxalines reveal that the addition of inhibitors
does not change the mechanism for the dissolution of iron in HCI [42-45].
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Figure 3. Nyquist plots of carbon steel in 1.0 M HCI solution containing different concentrations of

Q3.
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Figure 4. EIS Nyquist (a) and Bode (b) plots for carbon steel/1.0 M HCI + 10°M Q3 interface: dotted
lines experimental data; dashed line calculated.
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All experimental spectra were fitted with an appropriate equivalent circuit to find the
parameters, which describe and being consistent with the experimental data. Simulation of bode plot
with above model shows excellent agreement with experimental data (Fig. 4, representative example).

Fig. 5 depicts the proposed equivalent circuit, which consists of a solution resistance Rg in
series to the constant phase element CPE (Q) and the charge transfer resistance R while CPE is
parallel to R¢:. Same equivalent circuit was proposed in the literature for acidic corrosion of carbon
steel in presence of quinoxaline [46]. The use of CPE-type impedance has been extensively stated by
previous reports [47,48]. The impedance of CPE is described as [48,49]:

Zcpe = At (CE)" (4)

where A is the CPE constant (in Q™ S" cm™), E is the sine wave modulation angular frequency
(rad), i? = -1 is the imaginary number, and o is an empirical exponent (0 < n < 1), which measures the
deviation from ideal capacitive behavior [50, 51].

The impedance parameters obtained by fitting the EIS data to the equivalent circuit are listed in
Table 2. The inhibition efficiencies at different inhibitor concentrations were calculated by use of the
equation (1).

=z

i »
R.E. W.E.
Figure 5. Electrical equivalent circuit used for modelling metal/solution interface in the absence and
presence of inhibitor.

The results also show that R values increased with increase in additive concentration. The
percentage inhibition efficiencies calculated from the R values indicate that Q3 acts as a good
corrosion inhibitor for corrosion reaction of carbon steel in 1.0 HCI solution. The Cq values found to
decrease with increase the inhibitor concentration in the solutions. This behaviour is generally seen for
system where inhibition occurred due to the formation of a surface film by the adsorption of inhibitor
on the metal surface [40,52,53]. Decrease in Cq, which can result from a decrease in local dielectric
constant and/or an increase in the thickness of the electrical double layer, suggests that the inhibitor
molecules act by adsorption at the metal/solution interface [54].
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Table 2. Impedance parameters for corrosion of steel in 1.0 M HCI in the absence and presence of
different concentrations of Q3 at 308 K.

Conc Rs Rt AX 10_4 Cal Nz

(M) @Qcm?)  (Qcmd) n " Q'em?) (WFem?) (%)
Blank 1.67 29.66 0.91 0.146120 8531 -
107 2.83 514.2 0.89 0.037286 2287 94.2
10™ 3.54 257.3 0.89 0.044422 25 56 88.5
107 4.55 161.9 0.89 0.066920 38.25 81.7
10° 3.10 125.8 0.90 0.099004 60.82 76.4

3.3. Gravimetric study

3.3.1. Effect of concentration inhibitor

Figure 6 shows the plot of corrosion rate against inhibitor concentration for carbon steel
corrosion in 1.0 M HCI at 308K from weight loss measurements. The figure reveals that the rate of
corrosion of carbon steel in 1.0 M HCI decreases with increase in inhibitor concentrations at this
temperature. The increase in inhibition efficiency with increase in concentration of the compound
studied can be explained on the basis of increased adsorption of the compound on the metal surface.
The plot of inhibition efficiency against concentration for Q3 at 308K is shown in this figure.
Inspection of the figure revealed that inhibition efficiency increases with increase in the concentration
of the inhibitor (Q3). Decrease in inhibition efficiency with increase in temperature may be attributed to
increase in the solubility of the protective films and of any reaction products precipitated on the
surface of the metal that may otherwise inhibit the reaction.

As far as the inhibition process is concerned, it is generally assumed that the adsorption of the
inhibitors at the metal/aggressive solution interface is the first step in the inhibition mechanism [55].
Considering the dependence of inhibition efficiency on the concentration as represented in Figure 6, it
seems to be possible that the inhibitor acts by adsorbing and blocking the available active centre for
steel dissolution. In other words, the inhibitor decreases the active centre for steel dissolution. The
adsorption process is made possible due to the presence of heteroatoms such as N and O which are
regarded as active adsorption centres.

Q3 molecule contains nitrogen, oxygen, one phenyl ring with r electrons and quinoxaline ring.
The compound could be adsorbed by the interaction between the lone pair of electrons of the oxygen
and nitrogen atoms or the electron rich 7 systems of the aromatic rings and the quinoxaline ring and
the carbon steel surface. This process as earlier reported by Umoren and Ebenso [56] may be
facilitated by the presence of vacant d-orbital of iron making the steel, as observed in d-group metals
or transition element. In addition to the molecular form, Q3 can be present in protonated species in an
acidic solution. The formation of positively charged protonated species facilitates adsorption of the
compound on the metal surface through electrostatic interaction between the organic molecules and the
metal surface [57].
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Figure 6. Variation of the corrosion rate and inhibitive efficiency against the Q3 concentrations.

3.3.2. Adsorption considerations

The interaction between the inhibitors and the steel surface can be described by the adsorption
isotherm. During corrosion inhibition of metals, the nature of the inhibitor on the corroding surface has
been deduced in terms of adsorption characteristics of the inhibitor. Futhermore, the solvent (H,0O)
molecules could also be adsorbed at metal/solution interface. So the adsorption of organic inhibitor
molecules from aqueous solution can be regarded as a quasi-substitution process between the organic
compounds in the aqueous phase [Orgo)] and water molecules at the electrode surface [H2Oaqs)] [58]:

Org,, +XH,0., <>XH, O, +0rg (5)

2 (ads) 2(sol)

where X is the size ratio, that is, the number of water molecules replaced by one organic
inhibitor. Basic information on the interaction between the inhibitor and the carbon steel surface can be
provided by the adsorption isotherm. In order to obtain the isotherm, the linear relation between the
degree of surface coverage (6 = M. %/100) and inhibitor concentration (Cin,) must be found. Attempts
were made to fit the 0 values to various isotherms including Langmuir, Temkin, Frumkin and Flory-
Huggins. By far the best fit was obtained with the Langmuir isotherm. The Langmuir isotherm is based
on the assumption that all adsorption sites are equivalent and that particle binding occurs
independently from nearby sites, whether occupied or not [59]. According to this isotherm, 0 is related
to Cinn by

o
g = I<adscinh (6)
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By rearranging this equation:

Con _ 1 +Ci., (7)
7 K

where Kggs is the adsorption constant, Ci,, is the concentration of the inhibitor and surface
coverage values (0) are obtained from the weight loss measurements for various concentrations.

Fig. 7 shows the plots of Ci,/ 0 against inhibitor concentration Ci,, at 308K and the expected
linear relationship is obtained for this compound with excellent correlation coefficent (R?) (Table 3),
confirming the validity of this approach. The slope of the straight line is unity, suggesting that
adsorbed inhibitor molecules form monolayer on the carbon steel surface and there is no interaction
among the adsorbed inhibitor molecules.

ads

Table 4. Some parameters from Langmuir model for carbon steel in 1.0 M HCI at 308K.

Inhibitor Slope Kags (M™) R® AG., (kJ/mol)
Q3 1.02 515910.68 0.99999 -43.97

On the other hand, it was found that the kinetic thermodynamic model [60] is valid to operate
the present adsorption data. The following equation represents the model [61]:

%
Ln(m] =LnK +yLn(C,,) (8)

The equilibrium constant of adsorption Kygs = K where 1/y is the number of the surface
active sites occupied by one inhibitor molecule and Ci, is the bulk concentration of the inhibitor.
Values of 1/y less than unity imply the formation of multilayers of the inhibitor on the surface of the
metal.

However, values of 1/y greater than unity indicate that a given inhibitor will occupy more than

one active site. The plot of Ln (%) versus Ln Cin, at 308 K (Fig. 3), gives straight lines with good

correlation coefficients (R?) suggesting the validity of this model for the present study. It is worth
nothing that the value of 1/y is more than unity which means that the inhibitor molecule will occupy
more than one active site displacing about three water molecules in the case of Q3 (Table 5).

Table 5. Some parameters from kinetic thermodynamic model for carbon steel in 1.0 M HCI at 308K.

Inhibitor ~ 1/y Kadgs (M) R? AG_,, (kJ/mol)
Q3 2.84 18773555.05  0.99999 -53.17
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The value of K,gs obtained from the Langmuir and the kinetic thermodynamic models are listed
in Tables 4 and 5 respectively, together with the values of the Gibbs free energy of adsorption (AG,,, )

calculated from the equation [62]:

AG., =—RTLn(55.5K., ) (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™

The high value of K, for studied quinoxaline derivative indicate stronger adsorption on the
carbon steel surface in 1.0 M HCI solution. This can be explained by the presence of heteroatoms and
7 electrons in the inhibitor molecules. Large value of Kags imply more efficient adsorption hence better
inhibition efficiency [63]. The large value of K,y obtained for the quinoxaline derivative agree with the

high inhibition efficiency obtained.

The negative values of AG_ calculated from Eqg. (9), are consistent with the spontaneity of the

adsorption process and the stability of the adsorbed layer on the carbon steel surface. Generally, values
of AG_, up to -20 kJ mol™ are consistent with physisorption, while those around -40 kJ mol™ or higher

ads
are associated with chemisorption as a result of the sharing or transfer of electrons from organic
molecules to the metal surface to form a coordinate bond [64]. In the present study, the calculated
standard free energy of adsorption value is closer to -40 kJ mol™ (Tables 4 and 5). Therefore it can be
concluded that the adsorption of the Q3 on the carbon steel surface is more chemical than physical one.
[65].
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Figure 7. Langmuir adsorption of Q3 on the carbon steel surface in 1.0 HCI solution.

3.4. Quantum chemical calculations

Recently, quantum chemical calculations have proved to be a very powerful tool for studying
corrosion inhibition mechanisms [66].



Int. J. Electrochem. Sci., Vol. 8, 2013 11486

HOMO

Figure 8. Schematic representation of HOMO and LUMO molecular orbital of studied molecules.

Theoretical prediction of the efficiency of corrosion inhibitors has become very popular in
parallel with the progress in computational hardware and the development of efficient algorithms
which assisted the routine development of molecular quantum mechanical calculations [67]. All
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quantum chemical properties were obtained after geometric optimization with respect to the all nuclear
coordinates using Kohn-Sham approach at DFT level. The optimized structure of the studied
compound as shown in Fig. 7. In Fig. 8, we have presented the frontier molecule orbital density
distributions of the studied compound. Analysis of Fig. 3 shows that the distribution of two energies
HOMO and LUMO, we can see that the electron density of the HOMO and LUMO location was
distributed almost of the entire molecule.

Table 6. Calculated quantum chemical parameters of the studied compound.

Quantum parameters Q3
Eono (&V) -4.8066
E.uvo (eV) -0.695
AE gap (eV) 41716
H (debye) 3.0849
I =—E om0 (eV) 4.8066
A= —E wo (eV) 0.695
1+ A 2.7508
2 (eV)
1 =A 2.0558
2 (eV)
0.48643
o= —
n
AN = _Lee = X 1.0334663
2(77Fe + ninh)
TE (eV) -1263.220327

The total energy for our studied molecule calculated by DFT quantum chemical methods is
equal t0-1263.220327 eV. Hohenberg and Kohn [68] 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. On the other
hand, the transition of electron, according to the frontier molecular orbital theory of chemical
reactivity, is due to interaction between highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of reacting species. Eqomo IS @ quantum chemical parameter
which is often associated with the electron donating ability of the molecule. High value of Ejomo iS
likely to a tendency of the molecule to donate electrons to appropriate acceptor molecule of low empty
molecular orbital energy [69]. The inhibitor does not only donate electron to the unoccupied d orbital



Int. J. Electrochem. Sci., Vol. 8, 2013 11488

of the metal ion but can also accept electron from the d-orbital of the metal leading to the formation of
a feed back bond. The highest value of Egomo -4.8066 eV of the studied compound indicates the better
inhibition efficiency. On the other hand, It has also been found that an inhibitor does not only donate
an electron to the unoccupied d orbital of the metal ion but can also accept electrons from the d orbital
of the metal leading to the formation of a feedback bond. Therefore, the tendency for the formation of
a feedback bond would depend on the value of E_ymo. The obtained value of the E; ymo = -0.695 eV
indicates the easier of the acceptance of electrons from the d orbital of the metal [70,71]. The band
gap energy, AE = E_umo - Enomo IS an important parameter as a function of reactivity of the inhibitor
molecule towards the adsorption on metallic surface. As AE decreases, the reactivity of the molecule
increases leading to increase the inhibition efficiency of the molecule. The calculations indicate that
our studied molecule has a small value of gap energy (4.171 eV) which means the highest reactivity
and accordingly the highest inhibition efficiency which agrees well with the experimental
observations. Absolute hardness and softness are important properties to measure the molecular
stability and reactivity. It is apparent that the chemical hardness fundamentally signifies the resistance
towards the deformation or polarization of the electron cloud of the atoms, ions or molecules under
small perturbation of chemical reaction. A hard molecule has a large energy gap and a soft molecule
has a small energy gap [72]. In our present work the studied molecule has low hardness value 2.055 eV
and a highest value of softness of 0.486. Finally and in order to describe the global polarity of a polar
covalent bond the studied compound, we have determined from the optimization structure the total
dipole moment. For a complete molecule the total molecular dipole moment may be approximated as
the vector sum of individual bond dipole moments. The dipole moment (u in Debye) is another
important electronic parameter that results from non uniform distribution of charges on the various
atoms in the molecule. The high value of dipole moment probably increases the adsorption between
chemical compound and metal surface [73, 74]. In our study, the value of the dipole moment is 3.084
debye.

4. CONCLUSION

In this study, it was shown that ethyl 2-(4-(2-ethoxy-2-oxoethyl)-2-p-tolylquinoxalin-1(4H)-yl)
acetate (Q3), is effective inhibitor of corrosion of carbon steel exposed to 1.0 M HCI. In determining
the corrosion rate, electrochemical studies and weight loss measurements give comparable results.
Polarisation studies showed that inhibitor was mixed-type inhibitor in 1.0 M HCI and its inhibition
efficiency increased with the inhibitor concentration. Data obtained from ac impedance technique
show a frequency distribution and therefore a modelling element with frequency dispersion behaviour,
a constant phase element (CPE) has been used. The analysis of degree of surface coverage of this
compound showed the linearity of Langmuir isotherm adsorptions, which represent the monolayer
formation of this compound on carbon steel surface. The free Gibbs adsorption energy values, AG,

ads !
of synthesized compound is negative, which indicated the spontaneity of adsorption process of this
compound on carbon steel surface. The correlation between the quantum chemical parameters and
inhibition efficiency was investigated using DFT/B3LYP calculations. The inhibition efficiency of the
inhibitor are closely related to the quantum chemical parameters, the highest occupied molecular
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orbital (Enomo), energy of lowest unoccupied molecular orbital (ELumo), HOMO-LUMO energy gap
(AEy.L), the hardness (o), the softness (1), the dipole moment (u) and the total energy (TE).
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