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ABSTRACT

The inhibition performance of quercetin for C38estm1.0MHCI was evaluated by electrochemical mesasents:
impedance spectroscopy and polarization curves.t&sults obtained reveal that the quercetin axtellently as a
corrosion inhibitor for C38 steel in 1.0 M HCI. Thehibition efficiency increases with the concetitna of the inhibitor
to reach 98.2 % at 2.1 of the quercetin. Polarization curves showed thet quercetin behaves as a mixed-type
inhibitor. The adsorption of the inhibitor on tharbon steel surface obeyed the Langmuir adsorpsiotherm. The effect
of temperature on the corrosion behavior of carlbteel in 1M HCI was also studied. EIS spectra éixbile capacitive
loop and confirm the inhibitive ability. Data obtad from EIS technique, were analyzed to modeldtresion inhibition
process through appropriate equivalent circuit mpdeconstant phase element (CPE) has been usex agtivation
energy as well as other thermodynamic parametershioinhibition process was calculated and disedsQuantum
chemical parameters were calculated using ab iratidl DFT methods to find a good correlation with thhibition
efficiency. A good agreement was found betweethwgetical calculations and experimental obsermwasi.
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INTRODUCTION

Acid solutions are generally used for the removlalindesirable scale and rust in several induspiakcesses.
Hydrochloric and sulphuric acids are widely usedha pickling processes of metals. The use of itdmib is the
most practical methods of protection against cammsespecially in acidic solutions. Inhibitors aréstances which,
when added in small concentrations to corrosiveiaeécrease or prevent the reaction of the métalthe media. The
previous researchers show that most organic iohibtontaining hetero atoms such as N, O, P, atdp®, bonds or
aromatic rings act as effective inhibitors. Sevemitks have studied the influence of organic comgsion the corrosion
of steel in acidic media such as azole [1], py&dj&] sulfuric [3] and amino acid [4] compounds.tBmost of the
conventional inhibitors that were developed to canthis endemic problem are highly toxic to humaimgys and has the
potential to degrade the environment. The knowrattis effects of most synthetic organic inhibitamnsl restrictive
environmental regulations have compelled and misiiveesearchers to focus on the need to devel@pchen-toxic and
environmentally benign natural products as corrosibibitors.

Several works have studied the influence of natingdnic compounds on the corrosion of steel idi@ohedia such as:
Argan oils and extracts [5], antibacterial drugk [Biseed oil [7], garlic essential oil [8], amthers [9]. The inhibitor
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adsorption mode was strictly dependent on the ibahistructure [10].Thus, the predominant mechani$rmaction of an
inhibitor may vary with factors such as its concation, pH, the nature of the anion, the preseificgter species in
the solution, the extent of reactions to form seemy inhibitors and the nature of the metals [B3sically, the
adsorption process is constituted of two depenstemis; inhibitor molecules transfer from the buji@ous media
to the double-layer and then adsorb onto the cargosurface; resulting in construction of a protextayer [12].
Therefore, hydrodynamic flow can be a vital enviremtal factor which influences on inhibitor perf@amece by
facilitating the molecular transport process froalkbsolution to surface (positive effect), induciagsurface shear
stress and promoting inhibitor desorption (negat¥fect). Thus, the adsorption of inhibitors mapdils either
cathodic, anodic, or both reactions. Flavonoidsaadely occurring polyphenols that are found ineftadples, fruits, wine,
and tea. They are recognized for their diverse iploggcal activity, including antioxidation, anticeer, anti-
inflammatory, anticarcinogenesis, antidiabetic,iadletgic, acrylamide reduction and anti-vasculanosth muscle
contractions [13,]. Flavonoids based on differamtictures have been identified as flavones, flamasp flavanols,
flavonols, anthocyanidins, and isoflavonoids [14].

Quercetin is a flavonoid found in vegetables, futits and onion. This compound possesses physialogctivity,
including the ability to induce glucose uptake Byotubes under oxidative stress [15]. The aifrthie paper are to
investigate the inhibition effect of quercetin (8ate 1) on corrosion of C38 steel in 1 M HCI, usitertrochemical
techniques (potentiodynamic polarisation and impedaneasurements) .

MATERIALSAND METHODS

Synthesis of the quercetin

The organic compound 3,3'4',5,7-pentahydroxy-2aglehiromen-4-one ou 2-(3,4-dihydroxyphenyl)-3,5,7-
trihydroxy-4H-chromen-4-one obtained from from Samcompany —Aldrich (Germany). Fig. 1 shows the
molecular structure of quercetin.

OH
OH

HO O

OH
OH O

Fig. 1 showsthe molecular formula of the investigated inhibitor

Electrochemical tests

The electrochemical study was carried out usingtemgiostat PGZ100 piloted by Voltamaster softwalrkis
potentiostat is connected to a cell with three tetete thermostats with double wall (Tacussel Stesh@EC/TH).

A saturated calomel electrode (SCE) and platinuettedde were used as reference and auxiliary eldes;
respectively. The material used for constructing thorking electrode was the same used for gravimetr
measurements. The surface area exposed to theolfezis 0.56 crh Potentiodynamic polarization curves were
plotted at a polarization scan rate of 0.5 mV/sfdBe all experiments, the potential was stabilizdfree
potential during 30 min. The polarisation curveg abtained from -700 mV to —-300 mV at 298 K. The
solution test is there after de-aerated by bubblingpgen. Gas bubbling is maintained prior andtigh the
experiments. In order to investigate the effect$eofiperature and immersion time on the inhibitorfgrenance,
some test were carried out in a temperature raB§e38 K. The electrochemical impedance spectros(Bs)
measurements are carried out with the electroctamsigstem (Tacussel), which included a digital pttestat
model Voltalab PGZ100 computer aj,Eafter immersion in solution without bubbling. Aftthe determination
of steady-state current at a corrosion potentiak svave voltage (10 mV) peak to peak, at frequentietween
100 kHz and 10 mHz are superimposed on the regnfiat. Computer programs automatically controlted
measurements performed at rest potentials aftehOus of exposure at 298 K. The impedance diagrars
given in the Nyquist representation. Experimentsrapeated three times to ensure the reprodugibilit

Weight loss measurements

Coupons were cut into 2 x 2 x 0.08 tdimensions having composition (0.179% C, 0.165%03139% Mn,
0.203% Cu, 0.034% S and Fe balance) are used fghivdss measurements. Prior to all measuremeims,
exposed area was mechanically abraded with 180, 82D grades of emery papers. The specimens areedas
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thoroughly with bidistilled water, degreased angdiwith ethanol. Gravimetric measurements arei@iout in a
double walled glass cell equipped with a thermestatooling condenser. The solution volume is 8C.chne
immersion time for the weight loss is 8 h at 298 K.

Solutions preparation

The aggressive solution (1M HCI) was prepared bltdin of analytical grade 37% HCI with double
distilled water. The solution tests are freshlygae=d before each experiment. Triplicate experisngere
made to ensure the reproducibility.

Computational method

The molecular structure of the investigated Quencebmpound was fully and geometrically optimizeg b
using B3LYP Density Functional Theory formalism (DFand the 6-31G (d,p) basis set with Gaussian 03
program [16]. The discussion of the theoretical patational studies will be done.

RESULTSAND DISCUSSION

1. Effect of concentration

1.1. Polarization curves

Fig. 2 collects the potentiodynamic polarisatiomves of steel in molar HCl in the presence andratesef different
concentrations of the quercetin. The correspondiagtrochemical parameters values of corrosionesurdensities
(Ieorr), corrosion potential (&), cathodic Tafel slopeff) and inhibition efficiency (E %) for different
concentrations of quercetin are summarised in Thble

In this case, the inhibition efficiency is definasl follows:
IV
E%=(1- Icﬂ)xloo
corr (1)

Where |, and I’y are current density in absence and presence afuitreetin respectively. We noted that, Bnd
I’ .o Were calculated from the intersection of cathadid anodic Tafel lines.
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Fig.2 Polarisation curvesfor steel at various concentrations of quercetin in molar HCI

As it can be seen in Fig. 2, that the presenceuefagtin has an inhibitive effect in the both awoaind cathodic
parts of the polarization curves. Thus, additiothid inhibitor reduces the carbon steel dissotutie well as retards
the hydrogen evolution reaction indicating that ¢aéfeine could be classified as mixed-type inloilsit However, it
seems that in both inhibited systems, the anodientidensities decreases by increasing in inhilgsibmcentration.
It is reported that by increasing the inhibitor centration, more anodic and cathodic sites wilbbstructed [17].
We also remark that the polarization curves aréieshitoward more negative potentials and less otrdensity
upon addition of the inhibitor. Generally, if thesplacement in E,, is >85 mV with respect to .k, in uninhibited
solution, the inhibitor can be seen as a cathod&nadic type [18]. In our study the maximum disglaent is 36
mV, which indicates that quercetin acts as a mityge-inhibitor. In addition, the cathodic currenbtgntial curves
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give rise to parallel Tafel lines, which indicateat hydrogen evolution reaction is activation coléd and that the
addition of the quercetin does not modify the maedtra of this process [19]. The cathodic Tafel skofie) are
approximately constant suggesting that the inlmbitiction occurred by simple blocking of the aua#acathodic
and anodic sites on the metal surface. This shiwas the effect of inhibitor on the cathodic reaetis more
observable than on the anodic reaction. This resutifirms the inhibitive action of the caffeine tand acid
corrosion of steel. To conclude, it can be stalted the present inhibitors molecules slow downdbreosion rate by
considerably decreasing the active surface aredtedsrom their adsorption onto the mild steelface.

Table 1 Electrochemical parametersof C38 stedl at various concentrations of quercetin quer cetin in 1M HCI and corresponding
inhibition efficiency

H ECO[I’ Cc
Concentration (M) (MVISCE) lcorr (LA/CIIT) (m\?/ dec) E| (%)
Blank -467 114,0 -123
107 -475 36,5 -107 68,0
2.107 -A477 10,0 -98 91,2
3.107 -502 8,0 -104 93,0
10° -502 43 -99 96,2
2.10° -503 2,1 -101 98,2

Regardless the inhibition mechanism of the abovstimeed inhibitor, it can be inferred from Tablahht even at
low concentrations (2.10), the compound shows significant efficiency (¥5)2 For instance, at 3.TM
concentration reveals 93.0 % efficiency. From tben®mical point of view, this can be considerechasspecial
merit for this type of inhibitors. In addition, #ite optimum concentration, the highest efficienEapproximately
98% is achieved which is an indication of his sigoeability in reduction of mild steel corrosionteain HCI acidic
media.

1.2. Adsorption isotherm

As known, the adsorption isotherms provide impdriaformation on interaction between the inhibitond the

metal surface. In this way, Langmuir adsorptiorttisom is generally applied because the inhibitoostig obey

this isotherm. Here, an attempt was made to testiingmuir, Temkin and Frumkin isotherms. The Langm
adsorption isotherm was found to fit well with te&perimental data (Fig. 3), which can be expredsedhe

equation [20]:

g=l+C

6 K (2)
1 AG

K= expE—2% 3
55.5 P( RT ) )

Where C is the inhibitor concentratidhthe fraction of the surface covered determineddyO0, k the equilibrium
constant,AG,ys is the standard free energy of adsorption reacti®nis the universal gas constant, T is the
thermodynamic temperature and the value of 55thdsconcentration of water in the solution in molfig. 3
shows the dependence of the ratid@s function of C.

To calculate the surface coverdgét was assumed that the inhibition efficiencgliee mainly to the blocking effect
of the adsorbed species and hetheelE (%)/100.

The plot of Ch versus C for the quercetin (Fig. 3) yields straitjne with correlation coefficient close to 1.0,
confirming that the adsorption of this inhibitonigll described by the Langmuir adsorption isotheFins isotherm
based on the assumptions that all the adsorpties are equivalent and the ability of a moleculadsorb at a given
site is independent of the occupation of neartssit
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Fig. 3 Plots of Langmuir adsor ption isotherm of quercetin on the steel surface at 298K

The AG,s value calculatedis -36, 56 kJ mél. In general, the values around-40 kJ ot more negative are
considered as an indication of charge sharing argghtransferring from an organic specie to theahmirface to
form a coordinate type of metallic bond (chemisiomy while those values of approximately -20 kJ ™ot less
negative are assumed for existing electrostateraations between inhibitor (physisorption) [21drSideringAGaqs
value, the adsorption mechanism of quercetin on 6@®l| surface in HCI solution probably involvesttbo
physisorption and chemisorption however some pantsmandatory to be considered. As known, in thetisn
which includes anions like Cla competitive adsorption is established betweagaroc inhibitors and anions. In
chemisorption type, the protonated inhibitor loses associated proton when entering the doubler laye
chemisorbs by donating electrons onto the metag. ihibitory action may be attributed to the prese® atoms
(fig.4) in the linear chain which humbly reinforcé®e adsorption of the quercetin ring.

Fig. 4 showsthe dimensional and three-dimensional structur e of the investigated inhibitor

1.3. Electrochemical impedance spectroscopy measimes
The EIS measurements of the C38 steel were obtangdv HCI solution in the absence and presenceaobus

concentrations of quercetin at 298K and Nyquistspleere presented in Fig. 5.

The EIS results are simulated by the equivalentitishown in Fig. 6 to pure electric models thaild verify or rule out
mechanistic models and enable the calculation ofenical values corresponding to the physical andf@mical
properties of the electrochemical system understigation [45]. In the electrical equivalent citguRs is the solution
resistance, Rthe charge transfer resistance apdsGhe double layer capacitance.
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Fig. 6 The electrochemical equivalent circuit used to fit the impedance spectra.

The electrochemical impedance parameters deriwed this investigation are mentioned in Table 2.
The values of the polarization resistance wereutatled by subtracting the high frequency intersectrom the low
frequency intersection [22].

Double layer capacitance values were obtained atmmen frequency ), at which the imaginary component of
the Nyquist plot is maximum, and calculated usimg following equation:

1

cC =—"
i 27x.f R
m (4)

With Cy: Double layer capacitance (UF.@Mfn. maximum frequency (Hz) and:RCharge transfer resistance

(Q.cnf).
The inhibition efficiency can be calculated by fbbowing formula:

R —R°
ERt%:MxIOO

R ©)
Were Rand R, are the charge transfer resistances in inhibiteduainhibited solutions respectively.

The impedance spectra for carbon steel in 1M HE98t(Fig. 5) showed one single depressed capagiip. The same
trend (one capacitive loop) was also noticed foB G&el immersed in 1M HCI containing quercetine Hhape is
maintained throughout the whole concentrationdc#tithg that almost no change in the corrosion meisim occurred
due to the inhibitor addition [23]. The obtainedduist impedance diagrams in most cases does net phdect
semicircle, generally referred to the frequencyelision of interfacial impedance. This anomalowenpimenon may be
attributed to the inhomogeneity of the electroddase arising from surface roughness or interfgaf@nomend24].
When a non-ideal frequency response is preseistcitmmonly accepted to employ distributed cirel@ments in
an equivalent circuit. The most widely used is thastant phase element (CPE), which has a nonentiegwer
dependence on the frequency [25]. Often a CPEead usa model in place of a capacitor to compengataon-
homogeneity in the system. The impedance of a GRIEscribed by the expression:
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Zcpe= ' (jo)" (6)

Where CPE is a constant phase element, Y is thenitndg of CPEw is the angular frequency &y, and the
deviation parameter n is a valuable criterion @f tlature of the metal surface and reflects micraiscituctuations
of the surface. For n = OcZ:zrepresents resistance with R Z+h = -1 an inductance with L = ¥, n = 1 an ideal
capacitor with C =Y.

The idealized capacitance {Cvalues can be described by CPE parameter valuasdYn using the following
expression:

Cia =Yo"Ysin (ri*?) (7)

Fig. 4 shows the electrical equivalent circuit eoyeld to analyze the impedance spectra with oneciaygaloop.
As an example, the Nyquist plots in 1M HCI solutiorihe absence and presence of 2MIf quercetin are presented
in Fig. 5 and 6 respectively.
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Fig. 5. EISNyquist plotsfor mild steel in 1M HCI
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Fig. 6. EISNyquist plotsfor mild steel in 1M HCI +2.107 M of quer cetin interface
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Excellent fit with this model was obtained with @xperimental data (Figs. 3). It is observed thatfitted data match
the experimental, with an average error of abddi%. R values were simultaneously determined by anabfsthe
complex-plane impedance plots and the equivalentiitimodel and the result are very similar witlsignificant
changes.

Table 2 Electrochemical Impedance parametersfor corrosion of steel in acid medium at various contents of quer cetin

Concentration (M) R (Q.cm2) 10°A (Q 'S cnd) n fma(HZ)  Ca(UF/cm2)  Egrr (%)
79

Blank 74 12,82 0,8984 75,72 -

107 247 5,97 0,8869 51 34,87 70,0
2.10° 720 5,24 0,8724 29 32,45 89,7
3.10° 839 4,38 0,8698 19 26,71 91,2
10° 890 2,76 0,8475 14 14,17 91,7
2.10° 935 2,23 0,8259 11 9,86 92,1

As seen from the impedance data given in Tablba,ibtroduction of the quercetin into the acidu§oh caused the
charge transfer resistance to increase, while regube double-layer capacitance and consequemdyirthibition
efficiency increases to reach 92.1% at 2NIGas concentration. An increase ipréfers to more impediment of the
active area at the metal surface as a result ohtinease in inhibitor concentration . Mainly, thecrease in &value is
attributed to the replacement of the adsorbed watdecules at the metal surface by the inhibitotemudes having
lower dielectric constant. Also, the decrease iriase area which acts as a site for charging magosidered as
another reason for theyGlecrease [26]. These points suggest that theofdlehibitor molecules is preceded by the
adsorption at the metal-solution interface. We aksmark the decrease m values of the inhibited system in
comparison with 1 M HCI blank solution. Generaliiye deviation oh from the values of 1 can be considered as a
measure of the surface inhomogeneity [27]. Theltesabtained from the electrochemical techniquesadidic
solution were in good agreement with an insigniftozariation.

2. Effect of temperature

1.2 Polarization curves

Temperature can modify the interaction betweenctmbon steel electrode and the acidic medium inatisence
and the presence of inhibitors. For this purposemade potentiostatic polarization in the rangeeofperature 298
to 328 K, in the absence and presence of queraefi®M. The corresponding data are shown in fig 8, 9 Rakle
4,

T
-0.8 -0.7 -0.6 -0.5 -0.4
E (V/ECS)

Fig. 8. Polarisation curves of C38 steel in 1M HCI
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Fig. 9. Polarisation curves of C38 steel in 1M HCI in the presence of 10° M of quercetin at different temperatures

Table4. Effect of temperature on the steel corrosion in the absence and presence of quer cetin at different concentrations

-Corr ICOI’I’

L E
Inhibitor Temperature(mV/SCE) (WA/cn?) -be (mV/dec) (0/)

298 -567 114,0 123
Blank 308 -544 157 126
318 -545 305 129
328 -5637 399 136 -
298 -477 10,0 98 96,2
quercetin 308 -496 3 101 98,1
10°M 318 -496 4 102 98,7
328 -513 6 102 98,5

As seen from Fig.8, 9 and Table 3 the value ofamion current density increases in uninhibited tsotuand
decrease slightly in inhibited medium. The valuantfibition efficiency increases slightly with tlecrease in the
temperature. Thus, quercetin acts as a temperammependent inhibitor. The nearly constant efficierof the
inhibitor in the temperature range studied can desitlered as the slight change in the nature ofats®rption
mode: physisorption of the inhibitor is dominantle temperature range studied, while chemisorgmmmpanied
by physisorption can occur slightly with increasthg temperature.

2.2 Kinetic parameters
In order to obtain more details on the corrosioocpss, activation kinetic parameters such as dictivanergies in
free and inhibited acid were calculated using Anibie equation:

lcorr = Aexp( ) "

Where A is Arrhenius factor, s the apparent activation corrosion energy, fResperfect gas constant and T the
absolute temperature.

Plotting (log Lory) Versus 1/T gives straight lines as revealed frognl0.

The activation energy values obtained are 13.543&m@R kJ/mol forl0°M of quercetin and free acid, respectively.
Notably, the energy barrier of the corrosion reacin the inhibited medium is lower than that obédi in the free
solution. The lower value of the activation eneafyhe corrosion process in the presence of inhilibmpared to
that in its absence is attributed to the existesfcehemical process in the adsorption of inhibitorsteel surface .
The decrease of Fvalue can be interpreted as slow rate of inhitéidgorption with a resultant closer approach to
equilibrium during the experiments at high tempeamat Behpour et al. [28] explained the change efabtivation
energy from energetic heterogeneity of the surfaedollows. Assuming that energetic surface is rogneous,
active centers of the surface have different enefgyo possibilities may exist: in the first caske tinhibitor is
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adsorbed on the most active adsorption sites (bathe lowest energy) and the corrosion processstgkace
predominantly on the active sites of higher enevglyich results in the higher activation energytia second case,
a smaller number of more active sites remain uneavevhich take part in the corrosion process, teguin the
lower activation energy. However, Vrac ar and Di@f?9] argued that the criteria, adsorption tyfetained from
the change of activation energy, cannot be takedeassive due to competitive adsorption with watdrose
removal from the surface requires also some aaivagnergy. On the other words, the so-called cherption
process may contain physical process simultane@mlyice versa.

8
= Blank
® Q
6 | __
— m
— B
—u
4 4
Y
g
£ 24
I —®
- — @
O_
-2 T T T
3,0 31 3,2 3,3 3,4
1000/T

Fig .10 Arrhenius plots of steel in 1 M HCI with and without 10°M of quer cetin

Kinetic parameters, such as enthalpy and entropgoofosion process, may be evaluated from the tefiéc
temperature. An alternative formulation of Arrheniquation is (9):

_RT
~ Nh’

Where N is the Avogadro’s number, h the Plank'sstamt, R is the perfect gas consta&x@ andAH*the entropy
and enthalpy of activation, respectively.

corr ©)

explS).exp- L)

Fig. 11 shows a plot of In(W/T) against 1/T for cuedin. Straight lines are obtained with a slop€-4H*/R) and
an intercept of (In R/Nh AS*/R) from which the values dfH*and AS* are calculated respectively (Table 5).

The value of free energyG* is deduced from the formula (10):

AG* = AH * -TAS*

(10)
Table. 5 The values of activation parameters AH*, AS*and AG* for mild steel in 1M HCI in the absence and the presence of 10°M of
quercetin
o AH* AS* N s .
Inhibitor (ka/mole) | (I/mole®k™) AG*(kJ/mole & T=298K)| EaH
Blank 33,33 -184,98 55,16 2.60
Quercetin )
(10°M) 16,15 288,14 102,01 2,60

The values of FandAH* are close to each other as expected from theegutrof transition state theory and vary in
the same manner on the addition of inhibitor. Tositive sign ofAH* has been attributed to the endothermic nature
of the C38 steel dissolution process. The highdues of AS* for inhibited solutions can be attributed to the
increase in solvent entropy. However, C38 steelosion in the free acid was characterized by theenmegative
AS* value which implies that the activation compiexthe rate determining step required associataher than
dissociation [30].TheAG* value for inhibited systems were more positikart that for the uninhibited systems
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revealing that in presence of inhibitor, the adtdacorrosion complex becomes less stable as ceadhgar its
absence.

B Blank
°* Q

3,0 3,1 3,2 3.3 3.4
1000/T

Fig.11. Relation between In(Wo/T) and 1000/T in acid at different temperatures

3. Quantum chemical study
The following quantum chemical indices were consédeto research the relationship of molecular strue

and inhibition effect: the energy of the highestwgied molecular orbital (mo), the energy of the lowest
unoccupied molecular orbital (gwo), energy band gap\E = Ejomo - E.umo, the dipole momentf,
chemical hardness)), electronic chemical potential (pi), softnes3, (susceptibility ¢) and the number of
electrons transferred\(\).

The concepts of these parameters are related toataer as follows:

pi =-x (11)
. EHowmo + ELumo
pr= (12)
2
_ Enomo — ELumo
n= 5 (13)
AE = Biowmo - ELumo (14)
1
og== (15)
n
— /YFe - Xinh
AN =2+ 21 (16)
2 (”Fe + ”inh)

According to frontier molecular orbital theory, thieemical reactivity is a function of interactioatveen HOMO
and LUMO levels of reacting species. Theoreticdtuations were conducted in order to provide molaclevel
understanding of the corrosion inhibition behavérquercetin inhibitor. Fig. 12 and Fig 13 show thgtimized
structure, HOMO and LUMO orbitals of quercetin caupd. The quantum chemical parameters were cadzllat
and listed in Table 6. These parameters were faonbde extremely important properties for interprgtithe
chemical reactivity of inhibitors with metal surésc[31].
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Fig. 12 Optimized structure of quercetin

Fig.13 Frontier molecule orbital density distributions of the synthesized inhibitor

Table 6.Quantum chemical parametersfor quercetin

E(Hec{y)o E(ev) (Q\E) nev) TE@EV) m@eV) o(eVl) xeV) AN IE (%)

Quercetin -5.6736 -1.6917 3.9813 7.9103 -30046 9dr9 0.5023 3.6827 0.833 92.1

Molecule

Analysis of Fig. 13 shows that the distributiontab energies HOMO and LUMO, we can see that thetrar
density of the HOMO and LUMO location was distribdtalmost of the entire moleculeydso indicates a
tendency of the molecule to donate electrons t@aeptor molecule while Byo represents the ability of the
molecule to accept electrons. High values @éie = -5.6736eV show a higher propensity of a molet¢aldonate
electrons whereas low value of o = -1.6917eV suggests the ease to which the maeman accept electrons. In
other words, the inhibition efficiency increaseshé compound can donate electrons from its HOM@é¢oLUMO
of the metal, whereby chelation on the metal serfaccurs. The energy gapk, is an important parameter which
indicates the reactivity tendency of a molecule amvthe metal surface. ASE decreases, the reactivity of the
molecule increases leading to an increase in atisnrpnto a metal surface. A molecule with low gyegap is
more polarizable and is generally associated witih lchemical reactivity and low kinetic stabilitithe AE
explained that, the greater inhibition effect coublel related to the lower energy difference, i.eth® quercetin
molecules that could be more readily excited andeuyo a charge transfer interaction with the meteface. As
can be seen in Table 6, thedmo, E.umo and AE show that, quercetin good corrosion inhibitor éarbon steel
corrosion in 1.0 M HCI. The dipole momentif Debye) is another important electronic paramtitat results from
non uniform distribution of charges on the variamtems in the molecule. The high value of dipole raom
probably increases the adsorption between chemdrapound and metal surface [32]. In our study tlees4.8131
(Debye) of quercetin enumerates its better intdhigfficiency. The number of electrons transferféN) was also
calculated and tabulated in Table 6. ValuesAdf show that the inhibition efficiency resulting froetectron
donation agrees with Lukovits’'s study. AN < 3.6, the inhibition efficiency increases by iresing electron-
donating ability of these inhibitors to donate &lecs to the metal surface. The results indicase AN values
correlates strongly with experimental inhibitiofigiéncies. Molecular electrostatic potential (ME®Yelated to the
electronic density and a very useful descriptordetermining active sites for electrophilic attaekal nucleophilic
attack. The MEP of non-protonated inhibitors weneeg in Fig. 14. To investigate reactive sites dtectrophilic
and nucleophilic attack, the regions of the MEP tloe quercetin, is composed by DFT calculation gigime
optimized geometry at the B3LYP/6-3G (d,p). As aikin Fig. 14, red and yellow colors indicated foe negative
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regions of the MEP are related to electrophilicctiwéty, while blue colors indicated for positiveegions to
nucleophilic reactivity . As can be seen from Fig, quercetin has two possible sites (015 and Qdams) for
electrophilic attack. According to these calculatesults, the regions of MEP show that the negagintential sites
are on electronegative atoms (oxygen atoms) asasdhe positive potential sites are around thedgeh atoms.

Apsuagq uopary

Fig.14 Electrostatic properties of (quercetin) sidews of the dipole and the Mullikan charge pofialess are
displayed on the left while the middle and righhels show the isosurface representation of eldetiogotential
(the electron rich region is red and the electroorpegion is blue).

CONCLUSION

It was found that quercetin behaves as a mixed itypiitor, retarding both anodic metal dissolutimd cathodic
hydrogen evolution reactions. Thus, quercetin asta temperature-independent inhibitor. The inioibiefficiency
of the quercetin increases with the increase obitdr concentration to reach 98.2 % at 2°D Data obtained
from EIS studies were analyzed to determinate thdahinhibition process through appropriate eq@malkircuit
models. The adsorption process of the studied itnibbeys the Langmuir adsorption isotherm andatisorption
behavior of quercetin includes both physisorption &hemisorption. Quantum chemical calculationswsb a
good correlation between quantum chemical parasébderthe investigated compound and its inhibitesficiency
for the corrosion process in agreement with expentad results.
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