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ABSTRACT

6-bromo-2-oxo-1,2-dihydroquinoline-4-carboxylic @qiP2) as a new corrosion inhibitor was synthesiredhe
present work. The corrosion inhibition of P2 in hychloric acid for mild steel was evaluated by puiedynamic
polarization measurements, electrochemical impedasmectroscopy, weight loss measurements, and DRd.
results indicate that the P2 is mixed type inhibisind the adsorption of P2 on mild steel surfabeys Langmuir
isotherm. In addition, the inhibition efficiencycheases with increasing the concentration of intieibiCorrelation

between quantum chemical calculations and inhibitifficiency of the investigated compound is dsedaising
the Density Functional Theory method (DFT).

Keywords: corrosion inhibition, 6-bromo-2-oxo-1,2-dihydroguline-4-carboxylic acid, Corrosion, Weight loss,
Electrochemical, DFT.

INTRODUCTION

The Construction and synthesis of new heterocyimpounds with multiple uses, has led us to a newoalpne

class which has a broad spectrum of bactericidatligc[1-6]. Quinolone derivatives has become mfas popular
class of antibiotics for use in a variety of infeas [7]. Newer class of these synthesized molechles been
developed with a various spectrum of activity sashantifungal [8], antitumor [9]. Several classésomanic

compounds like quinolones are widely used as cmmdshibitors for metals in acid environments [18} (Scheme
1).
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Scheme 1: 6-bromo-2-ox0-1,2-dihydroquinoline-4-caxxylic acid (P2)
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MATERIALS AND METHODS

2.1. Synthesis of inhibitor

To a solution of 10 mmol of 5- bromo-isatin (P1par® mmol of malonic acid in 30 ml of acetic acidsiadded 1
mmol of sodium acetate. The reaction mixture wdkixed for 24 hours. After cooling 100 ml of watee was
added. The precipitate obtained was washed setirmed with ethanol.§cheme %

O O OH
O FD)UJ\
Br OH Br N
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P1 P2

Scheme 2: Synthesis of 6- bromo-2-oxo-1,2-dihydromwline-4-carboxylic acid (P2)
The analytical and spectroscopic data are confayrdrstructure of compound formed.

(P2): Yield= 85 % ;Mp: 555K; 'H NMR (300 MHz, DMSO-d6) : 6.98 (s, 1H,@) ; 7.30 (d,1H.J_ = 9 Hz,
(CHarom); 7.7 (dd, 1HJ =9 Hz,J_ = 1.8 HZ (Muon); 8.42 (d, 1H], = 1.8HZ, (Haom); 12.22(s, 1H, M) ;

14.05 (s, 1 H, @). *C NMR (75 MHz, DMSO-d6) : 166.7 COOH), 161.2 C=0), 139.6-139 €q,Cq), 133.8
(CHaom), 128.7 CH4om), 125.9 CH), 118.3 CHaom), 117.9 Cq). 114.5 CH,om). Mass Spectrometry (DIC /
NH3) :[MH]+ (m/z = 268)

2.2. Solutions

The aggressive solutions of 1.0 M HCI were preparedlilution of an analytical grade 37% HCI with uixde
distilled water. Inhibitor solutions with conceations of 10 to 10° mol dm® were employed for inhibition
studies and were prepared by dissolving the reduraount of P2) in 100 mL of 1 M HCI by stirring at room
temperature. 100 mL of 1 M HCI without inhibitor svased as blank test solution.

2.3. Experimental techniques

2.3.1. Weight loss measurements

Coupons were cut into 1.5x 1.5 x 0.05°aiimensions having composition (0.09%P, 0.01 %08 % Si, 0.05 %
Mn, 0.21 % C, 0.05 % S and Fe balance) used faghwdédss measurements. Prior to all measuremédmgxposed
area was mechanically abraded with 180, 400, 8000,11200 grades of emery papers. The specimensaateed
thoroughly with bidistilled water degreased andedrivith ethanol. Gravimetric measurements are edmut in a
double walled glass cell equipped with a thermestatooling condenser. The solution volume is 50. cRne
immersion time for the weight loss is 6 h at (30BKL In order to get good reproducibility, experime were
carried out in duplicate. The average weight loss wbtained. The corrosion rat@ {s calculated using the
following equation:

v=W/St (1)

Where: W is the average weight loss, S the totéd,aand t is immersion time. With the corrosiore redilculated,
the inhibition efficiency (E) is determined as follows:

Ew %=(Vo-V/ V)*100  (2)

Where: Vo andV are, respectively, the values of corrosion raté and without inhibitor.

2.3.2. Electrochemical tests

The electrochemical study was carried out usingtemiostat PGZ100 piloted by Voltamaster soft-warhis

potentiostat is connected to a cell with threetebele thermostats with double wall. A saturatesdow! electrode
(SCE) and platinum electrode were used as referandeauxiliary electrodes, respectively. Anodic aathodic
potentiodynamic polarization curves were plotted ablarization scan rate of 0.5mV/s. Before aflerikments, the
potential was stabilized at free potential duri®gn3in. The polarisation curves are obtained fror@G-81Vv to —200
mV at 308 K. The solution test is there after deatil by bubbling nitrogen. Inhibition efficiencl,$o) is defined
as Equation (3), whergyig) and iornn represent corrosion current density values withand with inhibitor,
respectively.
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Ep%: (icorr(o)' icorr(inh)/ icorr(O))*:l-OO (3)

The electrochemical impedance spectroscopy (ElS)sorements are carried out with the electrochersigstem,
which included a digital potentiostat model VoltalRGZ100 computer at.& after immersion in solution without
bubbling. After the determination of steady-staterent at a corrosion potential, sine wave voltéidemV) peak to
peak, at frequencies between 100 kHz and 10 mH=@perimposed on the rest potential. Computer progr
automatically controlled the measurements perforaerkst potentials after 0.5 hour of exposure(& B. The
impedance diagrams are given in the Nyquist reptaten. Inhibition efficiency (%) is estimated using the
relation(4), where R, and R are the charge transfer resistance values in tsenak and presence of inhibitor,
respectively:

Er%= (Ryinn) - Ryo)/ Riinn))*100  (4)

2.4. Quantum chemical calculations

All the quantum chemical calculations have beeni@adout with Gaussian 09 programmed package [4B,Id our
calculation we have used B3LYP, a hybrid functiooflthe DFT method, which consists of the Beckdise¢
parameters; exact exchange functional B3 combiniéd tive nonlocal gradient corrected correlationctional of
Lee-Yang-Par (LYP) has been used along with 6-3pi5iedsis set. In the process of geometry optinonafdr the
fully relaxed method, convergence of all the caltiohs has been confirmed by the absence of imagina
frequencies. The aim of our calculation is to cltthe following quantum chemical indices: thergy of highest
occupied molecular orbital (o), the energy of lowest unoccupied molecular ott{a vo), energy gapAE),
hardness 1), sotness o), electrophilicity index ¢), the fraction of electrons transferredN) from inhibitor
molecule to the metal surface, and energy changmloth processes occur, namely, and correlate thigs the
experimental observations.

The electronic populations as well as the Fukuiciesl and local nucleophilicities are computed u$ifRA (natural
population analysis) [15-17]. Our objective, instlgtudy, is to investigate computationally inhibjtaction of
quinoline derivativeP2 with chloridric acid in gas and in aqueous gghausing B3LYP method with 6-
31G(d,p) basis set.

» Theory and computational details

Theoretical study of benzothiazine derivative wéthoridric acid as corrosion inhibitors was done using the
Density Functional Theory (DFT) with the B3LYP [1&}-31G(d,p) method implemented in Gaussian 09 rairag
package.

In this study, some molecular properties wesdculated such as the frontier molecular tatfHOMO and
LUMO) energies, energy gap &), charge distribution, electron affinity (A), riization

Popular qualitative chemical concepts such as releegativity [19, 20] ) and hardness [21Jn) have been
provided with rigorous definitions within the purwief conceptual density functional theory(DFT) [22}

Using a finite difference method, working equatiforsthe calculation of andn may be given as [22]:

I+4 1

X= 7> = _E[EHGMG +ELUMG] (5)
I=4 1

n= - n=-3 (Exomo — Ervmo) (6)

Where | = -Eomo and A= -Eywo are the ionization potential and electron affindggpectively.

Local quantities such as Fukui function definedrdaetivity/selectivity of a specific site in a malée.

Using left and right derivatives with respect tee thumber of electrons, electrophilic and nucleaphfukui
functions for a site k in a molecule can be defij2&].

fi = P(N+1)— P(N) fornucleophilicattack (7)
fo = B.(N)— P (N—1) forelectrphilic attack  (8)
fiF = [P.(N+ 1) — P,(N—1)1/2 Fforradical attack (9)

where,P(N), B(N+1) andP(N-1) are the natural populations for the atom kthe neutral, anionic and cationic

species respectively.
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The fraction of transferred electroA$l was calculated according to Pearson theory [BBis parameter evaluates
the electronic flow in a reaction of two systemshwdifferent electronegativity, in particular casemetallic surface
(Fe) and an inhibitor molecul&N is given as follows:

dN — ﬂ-}'ﬁe‘.‘.’[nh (10)
2(mpetmnl

Where yee and ynn denote the absolute electronegativity of an iadem (Fe) and the inhibitor molecule,
respectively; nFe andninh denote the absolute hardness of Fe atom anihhiitdtor molecule, respectively. In
order to apply the eq. 10 in the present stualytheoretical value for the electronegatiat bulk iron was
used yee = 7 €V and a global hardnessigf = 0, by assuming that for a metallic bulk |1 = Achase they are softer
than the neutral metallic atoms [26].

The electrophilicity has been introduced by Parale{22], is a descriptor of reactivity that allsva quantitative
classification of the global electrophilic natufeaccompound within a relative scale. They haveppeed thes as a
measure of energy lowering owing to maximal elattflow between donor and acceptor ands defined as
follows.

X:
=—- (11
w=%

The Softness is defined as the inverse of th¢26]
i
a== (12)
7

RESULTS AND DISCUSSION

3.1. Weight loss measurements

The weight loss method is beneficial for monitoringibition efficiency due to its simple usage aetability. The
effect of P2 addition at different concentrationraitd steel in 1M HCI was studied by weight lossasarement at
308 K for 6 h immersion period.

Table 1. Corrosion parameters for mild steel in 1 MHCI in the presence and absence of different conuiations of P2 obtained from
weight loss measurements at 308K

Inhibitors | Concentration v Ew 0
(M) (mg.cn®h™) | (%)
1M HCI 0.82
10° 0.35 57 | 057
P2 10° 0.23 72| 072
10* 0.12 85| 0.85
10° 0.09 89 | 0.89

At a given temperature, the inhibition efficiendw{ %) of P2 increases with increasing inhibitor @amtration to
reach a maximum (89%) at a certain critical conegion (10°).

Beyond the critical concentration, the inhibitioffi@ency tends to decrease slightly and finalljhiewes steady
state values. From the values of inhibition effic, it is evident that the corrosion inhibition ynee due to
adsorption of the P2 on the metal surface. Therptlea of the P2 on the metal surface makes adrafor mass
and charge transfers thus protecting the metahsefrom corrosion.

3.2. Adsorption isotherm

The interaction between the metal surface and tfganic 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 in the electrolyte solutiof].[Zhe adsorption of the inhibitor on the mildedtdepends on the
degree of surface coveradd.(The degree of surface coveraggedt different concentrations of the inhibitorstbe
corrosion of mild steel was calculated from grawiiceresults (Table 2). The best fit among theddstarious
isotherms was obtained with the use of the Langmadgorption isotherms (Figure 1), which may be esped by
the following equation:

C— i+ C (13)
U k
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Where G, is inhibitor concentration, and.is equilibrium constant of adsorption.

The plots of G/0 versus Gy show the expected linear relationship for P2 iguFé 1. The ks obtained from
linear equation of the straight line is 3.49 X i@ P2. The Langmuir isotherm indicates that orenatayer of P2
molecule is formed on the metal surface [28]. Basadthe Langmuir isotherm, the standard free enerigy
adsorption AG°,49 can be estimated by the following equation:

AGags= -RTIN(55,5K)  (14)

Where R is the universal gas constant and T ialtiselute temperature.

According to Eq.(14)AG°,4s was calculated as —42.94 kJ mol-1 at 308 K, whkisfjgested that the adsorption of
inhibitor molecules is merely physisorption andniay include a comprehensive adsorption (physicabaadion).
However, the adsorption of inhibitor molecules be tetal surfaces accepted as completely physgaigmenon.
In fact, there is no clear boundary between thesighy and chemical adsorption.

Generally, theAG°ads values of -20 kJ/mol or less negative arecés®d with an electrostatic interaction between
charged molecules and charged metal surface (mngsisn); those of -40 kJ/moL or more negative ifres charge
sharing or transfer from the inhibitor molecules ttee metal surface to form a coordinate covalentdbo
(chemisorption) [29]. In the present study, theadted values oAG® ads surrounded -40 kJ/moL indicating that the
adsorption mechanism of the P2 tested on mild ste@¢iCl solution (1M) was typical of physical adption
(Figure 1).
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Figure 1. Langmuir adsorption isotherm for P2 on tre mild steel surface

3.3. Tafel extrapolation

Polarization measurements have been carried outdier to gain knowledge concerning the kineticshef anodic
and cathodic reactions. Potentiodynamic curve®btained in the presence and absence of the stirdidaitor P2,
after pre-polarizing the electrode at Hg,, for 30 min, thereafter pre-polarized at -800 mV 1@ min. After this
scan, the potential was swept stepwise from thet watbodic potential to the anodic direction. Tlifeat of rise
concentration of P®n the anodic and cathodic polarisation curvesteélsn 1 M HCI at 308 K is presented in
Figure 2. Various corrosion parameters such asosmm current densities (), corrosion potentials (&),
cathodic Tafel slopesp€), degree of surfaces coverag® @nd inhibition efficiencies Ep%, obtained from
polarization measurements are listed in Table 2.

132
Scholar Research Library



H. Elmsellemet al Der Pharmacia Lettre, 2016, 8 (10):128-137

«
IS
O
<
£ .
2
= 154 |
4 ;¢
-2.0 o
1 ¥
2.5 '
]
-700 -600 -500 -400 -300 -200
E[mV]

Figure 2. Polarisation curves of mild steel in 1M Kl at different concentrations of P2

Table 2. Values of electrochemical parameters evaited from the cathodic current-voltage characterists for the system electrode/1 M
HCI with and without added inhibitor at 308 K

Concentration Ecorr Icorr pc E

Inhibitor M) (mVISCE) | (uwAlen?) | (Videc) | (%)
HCI 1M - -459 1381 -0.294] -
10° -457 671 -0.294] 51
P2 10° -459 378 -0.297| 73
107 -444 179 -0.299| 87
10° -451 135 -0.295] 90

From the recorded results, we can conclude thatlinases, addition of the studied compound indwucedarked
decrease in the cathodic and a slight decreadeeianodic current densities. Accordingly, this lnitor P2 affects
greatly the hydrogen reaction discharge and slghffects the mild steel dissolution processes. Mjpdrogen
evolution reaction is under activation control irtbe cathodic portions rise to Tafel lines. Thet that cathodic
process slow down can be due to the covering ofstivéace with monolayer of the tested molecule tu¢he
adsorbed inhibitor on the mild steel surface thetucing the electrolyte infiltration to the intezéa

3.4. Electrochemical impedance spectroscopy measuonents

The corrosion behaviour of mild steel, in acididution in the presence of P2 at different conceitns was
investigated by EIS measurements at 308K. As oksethe Nyquist plots contain a depressed seniecivith the
centre below the real X-axis, which is size incegbby increasing the inhibitor concentrations, ¢atihg that the
corrosion is mainly a charge transfer process ] the formed inhibitive film was strengthenedtivy addition of
P2. The depressed semi-circle is the charactenétamlid electrodes and often refers to the fregyedispersion
which arises due to the roughness and other in enwities of the surface. It is worth noting tHa thange in
concentration of P2 did not alter the style ofithpedance curves, suggesting a similar mechanigimeafhibition
is involved.

The equivalent circuit model employed for this systis as previously reported by fitting with Zvig@nogram [31]
is showed in the in Figure 3. Nyquist plots of sieeinhibited and uninhibited acidic solutions t¢aiming various
concentrations of P2 are shown in Figure 3. Thegehtransfer resistance JRvalues are calculated from the
difference in impedance at lower and higher fregie=s To obtain the double layer capacitancg) (Be frequency
at which the imaginary component of the impedasaraximal (-%.,) is found as represented in equation 15 [32].

o1 Where  W=2MIf,a, (15)
dal
@R,
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Figure 3. Bode and phase plots of mild steel in 1M HCI and in the presence different concentration®f P2 at 308 K

Table 3. Electrochemical parameters for mild steeh 1 M HCI without and with different concentration s of (P2) at 308K

Concentration

) 1M HCI 10° 10° 10* 10°
Prameters
Real Center 9.25 32.254 37.748 61.778 67.88P
Imag. Center 1.62 11.454 14.269 21.216 25.948
Diameter 15.13 64.569 76.649 125,95 141.54
Deviation 0.15 0.3781 0.65741 1.0033 0.52517
Low Intercept R (Q.cn?) 1.86 2.0696 2.1789 2.4851 2.0406
High Intercept R, (Q.cn?) | 16.64 62.439 73.317 121.01 133.72
Depression Angle 12.42 20.78 21.859 19.684 21.509
Omax ( rad 8 929.60 265.55 251.02 139.142 138.19
Estimated R(Q.cmz) 14.78 60.369 71.138 118.064 131.68
Estimated Cy(F.crmi?) 7111C | 5831F | 51910 | 51110 | 5.09 1¢°
Er(%) -- 76 79 86 89

Table 3 shows the impedance parameters obtainduhdoyitting to the semicircle. The charge transfesistance
(R increases with the inhibitor concentration. Alg® double layer capacitance;fj@ecreases with increase in the
concentration of the inhibitor. This decrease is tluthe adsorption of the inhibitor at the metaface causing a
change of the double layer structure [33-35].

CPE

Rs
—

Rct

Figure 4. Equivalent circuit model used to fit theimpedance spectra

3.5. Theoretical study

3.5.1. Quantum chemical calculations

In the last few years, the FMOs (HOMO and LUM@e widely used for describing chemicalctiwity. The
HOMO containing electrons, represents theitgbilE omo) to donate an electron, whereas, LUMO haven'
not electrons, as an electron acceptor reptesthe ability (Emo) to obtain an electron. The energy gap
between HOMO and LUMO determines the kinesiability, chemical reactivity, optical polaalzlity and
chemical hardness—softness of a compound [36]hit paper, we calculated the HOMO and LUMO orbital
energies by using B3LYP method with 6-31G(d,p). éther calculations were performed using the reswith
some assumptions. The higher values @f\fs indicate an increase for the electron donod ahis means a
better inhibitory activity with increasing adstigm of the inhibitor on a metal surface, whesd; o indicates
the ability to accept electron of the molecule. Hasorption ability of the inhibitor to the metairface increases
with increasing of komo and decreasing of, Bvo.

High ionization energy (I= 6.67 eV, |1= 3.46 eV iaggand aqueous phases respectively) indicatesstaphity [37-
39], the number of electrons transferradNj was also calculated and tabulated in Table 4. Mimber of electrons
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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 electronsdartetal surface [40, 41].

Table 4. Quantum chemical descriptors of the studiinhibitor at B3LYP/6-31G(d,p) in gas, G and aqueus, A phases

Prameters Phase

Gas Aqueous
Total EnergyTE (eV) -88074.8| -88075.4
Eromo (€V) -6.6735 | -3.4576
ELuvo (eV) -0.4286 -1.3676
GapAE (eV) 6.2450 2.0900
Dipole momentp (Debye) 0.7808 1.2186
lonisation potentiall (eV) 6.6735 3.4576
Electron affinity A 0.4286 1.3676
Electronegativityy 3.5510 2.4126
Hardnessn 3.1225 1.0450
Electrophilicity index @ 2.0192 2.7849
Softnessa 0.3203 0.9569
Fractions of electron transferretN | 0.5523 2.1949

The calculated values of th¢ for all inhibitors are mostly localized on the gaiine ring. Namely g C,,, O, and
017, indicating that the quinoline ring will probalbe the favorite site for nucleophilic attacks.

The results also show thatatom is suitable site to undergo both nucleoplaitid electrophilic attacks, probably
allowing them to adsorb easily and strongly onrttilel steel surface.

Table 5. Pertinent natural populations and Fukii functions of the studied inhibitors calculéed at B3LYP/6-31G(d,p) in gas, G and
aqueous, A phases

Atomk | Phase | P(N) | P(N+1) | PIN-D) [ f¢ fic 0
c G | 6,10804| 6,09713 6,22560 0,0109 0,1177 0,0643
8 A | 6,10525| 6,09129 62279 0,014 0,227 0,0683
c G | 6,24256| 6,19127 6,3830L 0,0513 0,1405 0,0059
12 A | 6,24337| 6,38632 85549 0,057 0,143 0,0978
o G | 8,60369| 843104 869760 0,177 0,094 0,1833
14 A | 8,64631| 8,4908 8,73376 0,154 0,0875 0,1214
5 G | 85910 | 856706 8,6903 0,0248 0,094 0,0616
v A | 861253 850695 8,7155p 0,01%6 0,103  0,0593

The final optimized geometries of P2 in gas andeags, selected valence bond angle and dihedraésuagd bond
lengths are given in Figure 5.

P2 Gas phase ) P2 Aqueous phase

Figure 5. Optimized molecular structures, selecteddihedral angles (red), valence bond angle (bluegnd bond lengths (black) of the
studied inhibitors calculated in gas and agueous @ses at B3LYP/6-31G(d,p) level of P2

After the analysis of the theoretical results aledi we can say that the molecBRhave a non-planar structure.
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Table 6 : The HOMO and the LUMO electrons desity distributions of the studied inhibitorscomputed at B3LYP/6-31G (d,p)
level in gas and agueous phases

P2 Gas phase P2 Aqueous phase

HOMO

LUMO

The inhibition efficiency afforded by the quinolimerivative P2 may be attributed to the presencelaxtron rich
0.

CONCLUSION

The following results can be plotted from this work

1) The corrosion rate of mild steel in 1M HCI, degses upon the addition of the minimal concentradifoP2 and
inhibition efficiency increases with increasing &hcentration.

2) The P2 acts as a mixed type inhibitor; it suppes both anodic and cathodic reactions.

3) Inhibition is because of adsorption of the irttib molecules on the steel surface, thus blockisgctive sites.
Adsorption of the inhibitor P2 fits a modified Langir isotherm model.

4) Theoretical calculations (quantum chemical) iargood agreement with results obtained from etettemical
study and structure—corrosion protection relatigmshwhich also confirm that the adsorption cergrid atom.
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