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ABSTRACT

This paper describes the inhibitory effect of lidydro-6-methyl-quinoxaline-2,3-dione(P2)on corasiof mild
steel in aqueous 1 M HCI .The inhibition behaviéiP@ was investigated using different techniquesigt loss
method, potentiodynamic polarisation technique afettrochemical impedance spectroscopy (EIS)). Htera of
adsorption of compound P2 on mild steel surfadeusid to obey Langmuir adsorption isotherm. EIS sneament
result is also correlated with the result of polation. EIS plots exhibit individual capacitive ppdorhe presence of
P2 in 1 M HCI solution increases charge transfesistance, while it reduces double layer capacitavadees. DFT
study confirmed the adsorption of inhibitor molexsubn mild steel surface.

Keywords: Mild steel; Acid corrosion; EIS; Corrosion inhilwiti; DFT.

INTRODUCTION

Quinoxalines are a versatile class of nitrogen a@oiig heterocyclic compounds and they constituseful
intermediates in organic synthesis and medicinaigbtry. Quinoxaline derivatives possess a broattspm of
biological activities including anti-bacterial, [Hnti-inflammatory, [2] anticancer, [3] and kinaisdibitors.[4] In

addition, quinoxaline derivatives have been evaldias anthelmintic agents, semiconductors, dyesbamides
[5,6]. (Figure 1).
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Figure 1: 1,4-dihydro-6-methyl-quinoxaline-2,3-diore (P2)
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MATERIALS AND METHODS

2.1. Synthesis of inhibitor

1,4-dihydro-6-methyl-quinoxaline-2,3-dione was thgsized by the condensation of 18 mmol of 4-methyl
phenylenediamine with 20 mmol of oxalic acid by tivega under reflux for 8 hours in 25 ml of hydroatit acid
solution (4N) (Scheme 1)
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Scheme 1: Synthesis of 1,4-dihydro-6-methyl-quinokae-2,3-dione (P2)

2.2. Materials:

The mild steel strips having a composition (wt.%P®9% P, 0.01 % Al, 0.38 % Si, 0.05 % Mn, 0.21C%0.05 %

S and Fe balance were mechanically cut into 1.5x<10.05 cril dimensions for the electrochemical experiments.
The surface of the specimens was abraded with emapgr grade 600 and 1200, which was then washed in
deionized water, degreased ultrasonically in ethand acetone. The acid solutions (1.0 M HCI) warepared by
dilution gf analytical reagent-grade 98 % HCI withuble-distilled water. The range of concentratbf®2 was 16

M to 10° M.

2.2.1. Electrochemical measurements

The electrochemical study was carried out usingotemiostat PGZ100 piloted by Voltamaster soft-warhis
potentiostat is connected to a cell with threetebele thermostats with double wall. A saturatescw! electrode
(SCE) and platinum electrode were used as referendeuxiliary electrodes, respectively. Beforeeaberiments,
the potential was stabilized at free potential nigirf80 min. The solution test is there after detaerdy bubbling
nitrogen. The electrochemical impedance spectros(®B[s) measurements are carried out with the lebemical
system, which included a digital potentiostat modeltalab PGZ100 computer at Ecorr after immersiosolution
without bubbling. After the determination of steagtgte current at a corrosion potential, sine waltage (10 mV)
peak to peak, at frequencies between 100 kHz ancthHi@ are superimposed on the rest potential. Coanput
programs automatically controlled the measurempet®rmed at rest potentials after 0.5 hour of axpe at 308
K. The impedance diagrams are given in the Nyqeistesentation. Experiments are repeated thres tiomensure
the reproducibility.

RESULTS AND DISCUSSION

3.1. Corrosion performance

Electrochemical impedance spectroscopy (EIS) isnsonty used technique in corrosion researches ttaexthe

mechanisms and adsorption phenomena [7, 8]. Edlyedia inhibition studies, a single semi-circulahape is
observed for mild steel in acidic media [9-11].iAgrevious studies [12], the parallel results weegected in EIS
data. The EIS results and equivalent circuit wenes@nted in Figures 1 and 2, respectively. In #taivalent
circuit, Rs is the solution resistance; Rct presehiarge transfer resistance. It is the diametdtyofuist plot shows
the difference in real impedance at lower and hidgrejuencies. The CPE is the constant phase etewtgaoh is

used in place of double layer capacitance (Cdijite non-ideal capacitive behavior [13].

In Figure 1, Nyquist plots for mild steel in 1 M H€blution with, and without different concentrat®of the P2

were seen. The Nyquist plots were detected as aneop a semicircle. The Rct increased with inciregpdP2
concentration. The maximum value was 1B in Table 1.
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Figure 1. Nyquist plots of mild steel electrode olined in 1 M HCI solution containing various concetrations of P1

Table 1. Electrochemical parameters for mild steetlectrode corresponding to the EIS data in 1 M HCsolution in the absence and
presence of various concentrations containing P2

Inhibitor Concentration Rt CPE n E
(M) (Q cnf) | [(uFlend) (%)

HCl 1 12 891 0.84 --
10° 65 216 0.89 89

P2 10° 87 130 0.90 90
10* 92 78 0.90 90

10° 100 67 0.91 91

In Table 1, the inhibition efficiency was symbolizas E and calculated by using the following equnafi4]:
E%= (Rnn) - Rqoy/ Rinny)*100 (1)

Where R0) and Rt(inh) are the charge transfer resistaralees in the absence and presence of inhibitor,
respectively.

As seen from Table 1, E values increased and CREa®sed with increasing P2 concentration. The dsersn CPE
depends on a decrease in local dielectric constaahfor an increase in the thickness of electricabde layer [15].
The displacement occurs between P2 with water mt@sauring adsorption of P2 on mild steel surfakerefore

electrical capacity decreases. As expected, tlekribss of electrical double layer increases witheaasing inhibitor
molecule concentration [16].

Due to ensure and prove the Rct and E values. Exénmim E was 91% for mild in 10M P2 containing medium.
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Figure 3. Electrical equivalent circuit model usedor the modeling metal/solution

3.2. Adsorption isotherm

The interaction between the metal surface and ttganic molecules is expressed by adsorption isotber
Adsorption of organic molecules on a metal surfica substitution process between the water madscat the
metal surface and P2 molecules in the electrolgtetisn [17]. The adsorption of the inhibitors dmetmild steel
depends on the degree of surface coverdgelbe degree of surface covera@gdt different concentrations of the
inhibitors on the corrosion of mild steel was ctdded from EIS results. The best fit among theegkstarious
isotherms was obtained with the use of the Langmdgorption isotherms (Figure 4), which may be esged by
the following equation:

+ C (2)

c 1
] k

Where G, is inhibitor concentration, and.kis equilibrium constant of adsorption.
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Figure 4. Langmuir adsorption plot for the mild steel electrode in 1 M HCI containing different concetrations of P2

The plots of G/0 versus Gy show the expected linear relationship for P2 iguFé 4. The ks obtained from
linear equation of the straight line is 2.44 X fild P2. The Langmuir isotherm indicates that onenatayer of P2
molecule is formed on the metal surface [18]. Basadthe Langmuir isotherm, the standard free en&fyy
adsorption AG°,49 can be estimated by the following equation:

AG,4s= -RTIN(55,5K) (3)
Where R is the universal gas constant and T islbiselute temperature.

According to Eq. (3)AG°,4sWas calculated as —53.82 kJ iladt 308 K, which suggested that the adsorption of
inhibitor molecules is not merely physisorption aidmnay include a comprehensive adsorption (physical
chemical adsorption). However, the adsorption bfliitor molecules on the metal surfaces cannotdee@ed as
completely physical or chemical phenomenon. In, fiéaetre is no clear boundary between the physitdicaemical
adsorption. In general, physisorption is recogniasdhe first step of chemical adsorption [19]. Mmbesides
physical adsorption, chemical adsorption can atspdssible for adsorption of P2 molecules on ntibglssurface.
AG°,¢s value obtained in this study indicates that thahitor adsorbs on the metal surface both physicafid
chemically, but physisorption is the predominantdmof adsorption [20-27].

3.3. Quantum chemical calculations

Quantum chemical calculations are used to corredeqeerimental data for inhibitors obtained fromfeliént
techniques (viz., electrochemical and weight l@s®) their structural and electronic properties.dkding to Koop
man's theorem [28], lomo and Eywmo Of the inhibitor molecule are related to the i@tian potential (1) and the
electron affinity (A), respectively. The absoluteeaitonegativity ) and global hardness))( of the inhibitor
molecule are approximated as follows [29]:

I+4 1
=, X= _E[EHGMG +ELUMG] (4)

-4 1
n= - n=-3 (Exomo — Ervmo) 5)

Where | = -Eomo and A= -Eyyo are the ionization potential and electron affiniggspectively.
The fraction of transferred electroAdl was calculated according to Pearson theory [BRils parameter evaluates

the electronic flow in a reaction of two systemghwdlifferent electro negativities, in particularsea a metallic
surface (Fe) and an inhibitor molecul\ is given as follows:

AN = XFe— Xinh (6)

Z(npetnimnl
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Where yFe andyinh denote the absolute electronegativity of am istom (Fe) and the inhibitor molecule,
respectively; nFe andninh denote the absolute hardness of Fe atom anthhifgtor molecule, respectively. In
order to apply the eq. 6 in the present studjearetical value for the electronegativity of birbn was usedyFe
=7 eV and a global hardnessrfe = 0, by assuming that for a metallic bulk | bécause they are softer than the
neutral metallic atoms [31].

The electrophilicity introduced by Sastri et al [29% a descriptor of reactivity that allows a qtitative

classification of the global electrophilic natufeaocompound within a relative scale. They havepsed they, as

a measure of energy lowering owing to maximal etectflow between donor and acceptor, which defiasd
follows.

X:
=2(7
w=2-(7)

The Softness is defined as the inverse of th¢32, 33]:
]

3.4. Theoretical study

3.4.1. Quantum chemical calculations

In the last few years, the FMOs (HOMO and LUM@k widely used for describing chemicalctwéty. The
HOMO containing electrons, represents theitgbilEqomo) to donate an electron, whereas, LUMO haven'
not electrons, as an electron acceptor reptesthe ability (Ewo) to obtain an electron. The energy gap
between HOMO and LUMO determines the kinesimbility, chemical reactivity, optical polarkaity and
chemical hardness—softness of a compound [34].

In this paper, we calculated the HOMO and LUMO tabénergies by using B3LYP method with 6-31G(dAd).
other calculations were performed using the results some assumptions. The higher values \@f/& indicate an
increase for the electron donor and this rmembetter inhibitory activity with increasingsadption of the
inhibitor on a metal surface, whereag\g indicates the ability to accept electron of thdeuuole. The adsorption
ability of the inhibitor to the metal surface inases with increasing ofsyo and decreasing of Byo-

High ionization energy (I= 6.67 eV, |1= 3.46 eV iagjand aqueous phases respectively) indicatesstaphity [35-
37], the number of electrons transferradNj was also calculated and tabulated in Table 2. imber of electrons
transferred AN) was also calculated and tabulated in Table ® AM(gas) < 3.6 andN(aqueous) < 3.6 indicates
the tendency of a molecule to donate electronseartetal surface [38, 39].

Table 2. Quantum chemical descriptors of the studinhibitor at B3LYP/6-31G(d,p) in gas, G and aqueas, A phases.

Prameters Phase

Gas Aqueous
Total EnergyTE (eV) -16537.6] -16538,2
Eromo (€V) -6.7535 | -6.7979
Eiumo (eV) -0.1924 -0.1023
GapAE (eV) 6.5611 6.6956
Dipole momentp (Debye) 6.6818 9.1042
lonisation potentiall (eV) 6.7535 6.7979
Electron affinity A 0.1924 0.1023
Electronegativityy 3.4729 3.4501
Hardnessn 3.2806 3.3478
Electrophilicity index @ 1.8383 1.7778
Softnesso 0.3048 0.2987
Fractions of electron transferretN | 0.5376 0.5302

The geometry of P2 in gas and aqueous phase (Fiunere fully optimized using DFT based on Beckiee
parameter exchange functional and Lee—Yang—Patlpcancorrelation functional (B3LYP) [31] and the®BLG.
The optimized molecular and selected angles, détemiigles and bond lengths of P2 are given in éidur The
optimized structure shows that the molecule P2teme: a non-planar structure. The HOMO and LUMOtaebes
density distributions oP2 are given in Table 3.
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Figure 5. Optimized molecular structures and seleedd dihedral angles (red), angles (blue) and bordngths (black) of the studied
inhibitors calculated in gas and aqueous phase witthe DFT at the B3LYP/6-31G level

After the analysis of the theoretical results aledi we can say that the molecBRhave a non-planar structure.

Table 3 : The HOMO and the LUMO electrons desity distributions of the studied inhibitorscomputed at B3LYP/6-31G (d,p)
level in gas and aqueous phases

P2 Gas phase P2 Agueous phase

HOM

LUMO

The inhibition efficiency afforded by the quinoloierivative P2 may be attributed to the presencaedtron rich O.
CONCLUSION

The inhibition behavior of P2 on mild steel in 1HCI was investigated using different techniquese Tdilowing
points can be highlighted;

» The obtained results indicate that,P2 performs|eaeanhibition activity against the corrosion wild steel in 1
M HCI solution. The determined high inhibition efincy is attributed to the adherent adsorptiooonfipound P2.

» EIS plots exhibit individual capacitive loop. Theepence of P2 in 1 M HCI solution increases charagesfer
resistance, while it reduces double layer capacitaralues.

» The adsorption of P2 molecules on the metal surddeys Langmuir adsorption isotherm in 1 M HCI &olo.

The high adsorption equilibrium constant suggestsmgly adsorbed P2 molecules on the mild stedhsar
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» The theoretical calculations show that there israetation between quantum and experimental paennet
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