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Abstract

The corrosion inhibitive effects of 2-(4-methylphenyl)-1,4-dihydroquinoxaline (Q1) on
carbon steel surface in hydrochloric acid solution was studied using weight loss
measurements, electrochemical impedance spectroscopy (EIS), Tafel polarization
techniques and quantum chemical approach, using the density functional theory (DFT).
Inhibition efficiency increased with increase in concentration of the inhibitor. The
degree of surface coverage of the adsorbed inhibitor was determined by weight loss
technique, and it was found that the results obeyed Langmuir adsorption isotherm. Tafel
polarization data indicated that this inhibitor is of mixed type. EIS shows that charge-
transfer resistance increases and the capacitance of double layer decreases with the
inhibitor concentration, confirming the adsorption process mechanism. Trends in the
calculated molecular properties (e.g., dipole moment, HOMO and LUMO energies)
were compared with trends in the experimentally determined inhibition efficiency. The
results show that trends in the quantum chemical descriptors are in agreement with the
experimentally determined inhibition efficiencies.
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Introduction

Hydrochloric acid is generally used in industry as chemical cleaning, oil well
cleaning, descaling, and pickling for the removal of undesirable scale and rust
from the metallic surfaces. The corrosion of steel is an important concern that has
received a considerable amount of attention [1-4]. Using inhibitors is an
important method of protecting materials against acid attack, reducing the metal
dissolution and the consumption of acid. The efficiency of an organic compound
as an inhibitor is mainly dependent on its ability to get adsorbed on metal. These
inhibitors contain oxygen, nitrogen, sulfur heteroatoms, and multiple bonds. This
phenomenon is influenced by the nature and surface charge of the metallic
surface, testing media, and chemical structure of inhibitors [5-22]. Investigating
and exploring new corrosion inhibitor for steel corrosion in acid solutions are
important for its practical application.

Quinoxaline derivatives as important N-heterocyclic compounds are easy to
synthesize and readily available. Their ring moiety constitutes part of the
chemical structures of various antibiotics such as echinomycin, levomycin and
actinoleucin [23,24]. Abboud et al. [25] have studied the inhibition effect of 2,3-
quinoxalinedione on the corrosion of mild steel in 1.0 M HCI solution. More
recently [18], we have reported on the effectiveness of 2-(4-methylphenyl)-1,4-
dihydroquinoxaline as inhibitor of copper corrosion in 2.0 M HNOj;. The results
obtained for the two studies showed that quinoxaline derivatives are excellent
inhibitors for copper and steel in acidic media. In continuation of our study on
quinoxaline derivatives as inhibitors of carbon steel corrosion in acidic media,
we report the inhibitive properties of 2-(4-methylphenyl)-1,4-dihydroquinoxaline
as carbon steel corrosion inhibitor in 1.0 M HCI using weight loss technique,
potentiokinetic polarization methods, electrochemical impedance spectroscopy
(EIS) and quantum chemical calculations. The choice of this compound was
based on the consideration that it contains many m-electrons and two N atoms
which induce greater adsorption of the inhibitor compared with compounds
containing only one N atom. The chemical structure of the studied quinoxaline
derivative is given in Fig. 1.
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Figure 1. Chemical structure of the studied quinoxaline compound.
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Experimental method

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 rest being iron (Fe).

Solutions

The aggressive solutions of 1.0 M HCI were prepared by dilution of analytical
grade 37% HCl with distilled water. The concentration range of 2-(4-
methylphenyl)-1,4-dihydroquinoxaline (Q1) used was 10° M to 10™ M.

Weight loss measurements

The carbon steel (CS) sheets of 1.6 x 1.6 x 0.07 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 an 80 mL
beaker containing 50 mL 1.0 M HCI solution with and without addition of
different concentrations of Q1. All the aggressive acid solutions were open to air.
After 6 h the specimens were taken out, washed, dried, and weighed accurately.
In order to get good reproducibility experiments were carried out in triplicate.
The average weight loss of three parallel CS sheets was obtained. The tests were
repeated at 308 K. The corrosion rate (v) and the inhibition efficiency (nwy) were
calculated by the following equations [26]:

V=K><100 (1)
St

7, (%) =22

x100 )

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 v, and v are values
of the corrosion rate without and with addition of the inhibitor, respectively.

Electrochemical impedance spectroscopy

The electrochemical measurements were carried out using a 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 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
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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 [27]:

7%= _RC,I; Ri 100 3)

ct

where, R’ and R’ 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 1.0 M
HCI solution containing different concentrations of the tested inhibitor by
changing the electrode potential automatically from -800 to -100 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 (I.,,). From the polarization curves obtained, the corrosion
current (I..;) was calculated by curve fitting using the equation:

I=1,, {exp { Z'ZAEJ —exp [Zzﬁﬂ 4)

The inhibition efficiency was evaluated from the measured /.., values using the
relationship:

T
nT”fe[ % —_ corrI° corr. X 100 (5)

corr

where, I

T

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

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) [28-30] with 6- 31G* basis
set is implemented in Gaussian 03 program package [31]. 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
(Egomo), the energy of the lowest unoccupied molecular orbital (Epyyo), the
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energy band gap (AEy, = Enomo — Erumo), the dipole moment (#) and total
energy (TE).

Results and discussion

Electrochemical impedance spectroscopy

Nyquist plots for carbon steel in 1.0 M HCI solution in the absence and presence
of the inhibitor at various concentrations (at 308 K) are shown in Fig. 2. The
semicircle Nyquist plots can be modeled by a simple “Randles” circuit, including
the “charge-transfer resistance” (R parallel with the double layer capacitance
(Cq) in series with the solution resistance (R;). As shown in Fig. 2, the Nyquist
plots for carbon steel in 1.0 M HCI for the inhibitor were not perfect semicircles.
This difference can be explained by the non-ideal behavior of the double layer as
a capacitor. Therefore, it is necessary to use a constant phase element (CPE)
instead of the double layer capacity to account for non-ideal behavior.
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Figure 2. Nyquist diagrams for carbon steel in 1.0 M HCI containing different
concentrations of Q1 at 308 K.

The appearance of the CPE element is often related to the electrode roughness or
to the inhomogeneity in the conductance or dielectric constant [32,33]. The CPE
can be modeled as follows [34]:

Zere=A" ()" (6)

here A is the CPE constant (in Q' S" cm™?), ® is the sine wave modulation
angular frequency (in rad s™), i*=-11is an imaginary number, and n is an
empirical exponent (0 < n < 1) which measures the deviation from the ideal
capacitive bahaviour [35]. The quantitative results of impedance measurements
(calculated by Zview program) for the Q1 are given in Table 1.

For the appraisal of the experimental Nyquist plots, equivalent circuit models,
which physically correctly represent the systems under investigation, must be
applied. The simplest model consists of the solution resistance (R;) in series with
the parallel combination of the constant phase element (CPE) in place of the
double-layer capacitance (Cg), and charge-transfer resistance (R.) was used.
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Such equivalent circuit (Fig. 3) has been used previously to model the carbon
steel/acid interface [36].

Table 1. Impedance parameters for corrosion of steel in 1.0 M HCI in the absence and
presence of different concentrations of Q1 at 308 K.

Conc R, Ry Ax10* Ca .
(M) Qem?)  (Qcemd) n s"Q'em?®  @Fem?® (%)
Blank 1.67 29.66 0.91 0.146120 8531 -
102 1.76 328.00 0.85 0.078687 27.49 91.0
10 2.18 250.50 0.87 0.080232 31.73 88.2
107 3.44 129.90 0.89 0.095215 41.62 77.2
10°¢ 5.53 086.00 0.91 0.105190 52.60 65.5
Rs CPE
WE VAYA 3> RE
Ret

Figure 3. The electrochemical equivalent circuit used to fit the impedance
measurements.

Inspection of the data in Fig. 2 and Table 1 reveals that the corrosion of carbon
steel was decreased in the presence of the inhibitor because the charge-transfer
resistance of carbon steel was significantly increased. Table 1 shows that the
addition of the quinoxaline into the corrosive solution caused an increase in the
inhibition efficiency and in the charge-transfer resistance, and a decrease in the
double-layer capacitance (Cg) given as [37]

A
C, y (7)

where g, is the vacuum dielectric constant, € is the local dielectric constant, d is
the thickness of the double layer, and A is the surface area of the electrode.
According to Eq. 3, a decrease in Cgy can happen if the inhibitor molecules (low
dielectric constant) replace the adsorbed water molecules (high dielectric
constant) on the carbon steel surface. The capacitance is inversely proportional to
the thickness of the double layer. Thus, decrease in the Cg values could be
attributed to the adsorption of Q1 on the metal surface. Decrease in the
capacitance, which can result from a decrease in the local dielectric constant
and/or an increase in the thickness of the electrical double layer, strongly
suggests that the inhibitor molecules adsorbed at the metal / solution interface. In
the absence and in the presence of inhibitor, phase-shift value remains more or
less identical; this indicates that the charge-transfer process controls the
dissolution mechanism [38] of carbon steel in 1.0 M HCI solution.

In acidic solutions, it is known that inhibitor molecules can be protonated. Thus,
in solution, both neutral molecule and cationic forms of inhibitor exist [39]. It is
assumed that CI 1on is first adsorbed onto the positively charged metal surface
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by coulombic attraction and then inhibitor molecules can be absorbed through
electrostatic interactions between the positively charged molecules and the
negatively charged metal surface [39]. These adsorbed molecules interact with
(FeCl'),qs species to form monomolecular layers (by forming a complex) on the
steel surface. These layers protect the carbon steel surface from attack by
chloride ions. Thus, the oxidation of (FeCl'),y, into Fe*" can be prevented. On the
other hand, the protonated inhibitor molecules are also adsorbed at cathodic sites
in competition with hydrogen ions reducing hydrogen evolution. Inhibition
performance of QI for carbon steel/ 1.0 M HCI interface depends on several
factors such as the number of adsorption sites, molecular size, mode of
interaction with the metal surface, and extent of formation of metallic complexes
[40]. The adsorption of Q1 at the carbon steel surface can take place through its
two nitrogen polar atoms in addition to m-electron interaction of the benzene
rings with unshared d electrons of iron atoms.

Potentiodynamic polarization study

Fig. 4 shows the influence of Q1 concentration on the cathodic and anodic
potentiodynamic polarization curves of steel in 1.0 M HCI. Electrochemical
corrosion parameters such as corrosion potential (E.,), cathodic Tafel slops (B.),
corrosion current density (I..;) and the inhibition efficiency values are collected
in Table 2. Figure 4 and Table 2 show that the I, values decrease considerably
with the increase of Q1 concentration. No definite trend was observed in the shift
of E., values, in the presence of various concentrations of this inhibitor, in
acidic media. The presence of the inhibitor lowers the cathodic Tafel slope values
probably by blocking the metal surface. For potentials higher than -420 mV vs.
SCE, the presence of QI did not change the current vs. the potential. This
potential can be defined as the desorption potential. For the inhibited system, if
the displacement in E., value is greater than 85 mV relative to the uninhibited
system, then the inhibitor is classified as cathodic or anodic type
[41, 42]. In our case, the maximum displacement of E,, value is 37.4 mV, hence
the 2-(4-methylphenyl)-1,4-dihydroquinoxaline is classified as a mixed-type
inhibitor.

T T T T T T
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1
E(mv_ )

SCE

Figure 4. Polarisation curves of carbon steel in 1.0 M HCI for various concentrations of

Ql.
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Table 2. Polarization data of carbon steel in 1.0 M HCI without and with addition of
inhibitor at 308 K.

e COHC 'Ecorr 'l;c Icorr nTafel
Inhibitor 0\ (mV/SCE) (mVdec) (Aem? (%)
HCI 1 475.9 176.0 1077.8 -

10° 4852 102.0 95.3 91.1
Q1 0% 506.3 168.5 124.0 88.5
10° 4745 169.5 243.9 77.4
10°  513.3 153.9 350.1 67.5

Weight loss measurements

Table 3 gives the values of inhibition efficiency obtained from the weight loss
measurements for different concentrations of Q1 in 1.0 M HCI at 308 K after 6 h
immersion. The inhibition efficiency increases with increasing the inhibitor
concentration. The optimum concentration required to achieve an efficiency of
94.2% was found to be 10 M. The inhibition by Q1 can be explained in terms of
adsorption on the metal surface. The compound can be adsorbed by the
interaction between the lone pair of electrons of the nitrogen atom of the
quinoxaline and the metal surface. This process is facilitated by the presence of ©
vacant orbitals of low energy in the iron atom, as observed in transition group
metals. Moreover, the formation of positively charged protonated Q1 species in
acidic solutions facilitates the adsorption of the compound on the metal surface
through electrostatic interactions between the organic molecules and the metal
surface.

Table 3. Corrosion parameters obtained from weight loss measurements for carbon
steel in 1.0 M HCI containing various concentration of inhibitor at 308 K.

Conc v nwL

Inhibitor M) (m g/cm2 h) (%) 0

Blank 1 1.070 e e
1x10°  0.062 94.2 0.942
1x10*  0.106 90.1 0.901

Ql 1x10°  0.211 80.3 0.803
1x10°  0.340 68.2 0.682

Adsorption isotherm and thermodynamic parameters

It is well established that the first step in corrosion inhibition of metals and alloys
is the adsorption of organic inhibitor molecules at the metal/solution interface
and that the adsorption depends on the molecule’s chemical composition, the
temperature and the electrochemical potential at the metal/solution interface. In
fact, the solvent water molecules could also adsorb at metal/solution interface. So
the adsorption of organic inhibitor molecules from the aqueous solution can be
regarded as a quasi-substitution process between the organic compounds in the
aqueous phase [Org] and water molecules at the electrode surface [HyO(,qs)]
[43]

Orgaq +xH,0,, < xH20aq +0rg,,. (8)
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where x, the size ratio, is the number of water molecules displaced by one
molecule of organic inhibitor. x is assumed to be independent of coverage or
charge on the electrode [44].

Basic information on the interaction between the inhibitor and the alloy surface
can be provided by the adsorption isotherm. In order to obtain the isotherm, the
fractional coverage values 0 as a function of inhibitor concentration (C;,,) must
be obtained. It is well known that 6 can be obtained from the nw %/100 ratio.
Attempts were made to fit the 6 values to various isotherms, including Langmuir,
Temkin, Frumkin and Flory-Huggins. Many adsorption isotherms were plotted
and the Langmuir adsorption isotherm was found to be the best description of the
adsorption behavior of the studied inhibitors. According to this isotherm, 0 is
related to equilibrium adsorption constant (K,4) and C;,;, by the relation

S - 1 o ©)
9 Kad>

Fig. 5 shows the plot of C;;,/0 vs. C;;, and the expected linear relationship is
obtained. The value of the regression coefficient (R?) confirmed the validity of
this approach. The slope of this straight line is 1.06, suggesting that adsorbed
inhibitor molecules form monolayer on the carbon steel surface and that there is
no interaction among the adsorbed inhibitor molecules. On the other hand, the
equilibrium constant of adsorption is related to the standard energy of adsorption
(AG,,,) by the relation [45]
Koy = ()exp(-=) (10)

where R is the gas constant, T is the absolute temperature of experiment, and the
constant value of 55.5 is the concentration of water in solution in mol L™ [46].
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o 000064
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Figure 5. Langmuir adsorption of Q1 on the carbon steel surface in 1.0 HCI solution.

The values of thermodynamic parameters are listed in Table 4. The values of K,
and AG,, increase with increasing the inhibitor concentration, suggesting
stronger interaction between the inhibitor molecules and the iron surface atoms.
The high value of these parameters indicates that stronger and more stable
adsorbed layer is formed at carbon steel/acid solution interface, which results in
the higher inhibition efficiency [47]. Furthermore, the values of AG,, for the
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quinoxaline compound is negative (Table 4) and this value is consistent with the
spontaneity of the adsorption process and the stability of the adsorbed layer on
the carbon steel surface [48]. Generally, AG., values of -20 kJ mol or higher
are associated with an electrostatic interaction between charged molecules and
charged metal surface (physisorption); those of -40 kJ mol' or lower involve
charge sharing or transfer from the inhibitor molecules to the metal surface to
form a coordinate covalent bond, (chemisorption) [49]. AG,, is equal to -43.02
kJ mol''; this high value shows that in the presence of 1.0 M HCI chemisorption
of Q1 may occur.

Table 4. Thermodynamic parameters for the adsorption of Q1 in 1.0 M HCI on the
carbon steel at 308 K.

Inhibitor ~ Slope K, (M™) R*  AG., (kJ/mol)
Ql 1.06  426012.31 _ 0.99999 -43.48

Theoretical calculations

The major thrust of quantum chemical research is to understand and explain the
functions of these heterocyclic compounds in molecular terms. In order to
support experimental data, theoretical calculations were conducted in order to
provide molecular-level understanding of the observed experimental behaviour.
Among quantum chemical methods for evaluation of corrosion inhibitors, DFT
has shown significant promise [50] and appears to be adequate for pointing out
the changes in the electronic structure responsible for the inhibitory action. In
recent years, a hybrid version of DFT/HF methods, i.e., B3BLYP has been applied
successfully to model systems containing transition metal atoms [51]. Briefly,
this method uses a Becke’s three parameter functional (B3) and includes a
mixture of HF with DFT exchange terms associated with the gradient corrected
correlation functional of Lee, Yang and Parr (LYP) [30]. The molecular structure
in the most stable conformation found was optimized and the HOMO and the
LUMO energies calculated employing B3LYP functional with the 6-31g(d) basis
set. The optimized structures are shown in Fig. 6. From Fig. 7, it can be observed
that both HOMO and LUMO are mainly distributed on the area of the
quinoxaline and phenol ring in the studied compound, indicating that these rings
are main adsorption centers of the quinoxaline derivative.

J

Figure 6. Optimized molecular structure of Q1 by B3LYP-6-31 G(d) method.

*
o ﬂ* Qe
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Figure 7. The frontier molecule orbital density distributions of Ql: HOMO (left);
LUMO (right).

Table S. The calculated quantum chemical parameters of Q1.

Compound TE (eV) Enomo (V)  Erymo (V)  AE,,;,(eV)  up (Debye)
Q1 -689.5219132 -4.0708 -0.5269 3.543 0.9198

Table 5 shows some of the key quantum chemical parameters computed using
DFT method. These are mainly the energies of the highest occupied (Eyonmo) and
lowest unoccupied (E;ymo) molecular orbitals, energy of the gap, AE (ELymo -
Exomo) and dipole moment (u). These quantum chemical parameters were
obtained after geometric optimization with respect to all nuclear coordinates. It
has been reported that Eyopo 1S often associated with the electron donating
ability of a molecule, whereas E; yyo indicates its ability to accept electrons. The
high values of Eyomo (-4.0708 eV) are likely to indicate a tendency of the
molecule to donate electrons to appropriate acceptor molecules with low energy
and empty molecular orbital, whereas the value of E; ypmo (-0.5269 eV) indicates
its ability of the molecule to accept electrons. Consequently, the value of AE,,,
provides a measure for the stability of the formed complex on the metal surface.
The total energy of the quinoxaline is equal to -689.5219132 eV. This result
indicated that quinoxaline is favourably adsorbed through the active centers of
adsorption. Lower values of dipole moment (p) will favour accumulation of the
inhibitor in the surface layer and therefore higher inhibition efficiency [52].

Conclusions

2-(4-methylphenyl)-1,4-dihydroquinoxaline is a good inhibitor (94.2% inhibition
efficiency observed at 10~ M) for carbon steel in 1.0 M HCI.

Polarization curves indicated that Q1 is a mixed-type inhibitor. The inhibition
efficiencies obtained from polarization and EIS were in good agreement.

The adsorption of inhibitor molecules on the carbon steel surface in 1.0 M HCI
solution followed Langmuir adsorption isotherm.

The values obtained for AG,, showed chemisorption.

The calculated quantum chemical parameters such as HOMO-LUMO gap (AE..
1> Enomo, ELumo, dipole moment (p) and total energy (TE) were found to give
reasonably good correlation with the efficiency of the corrosion inhibition.
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