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ABSTRACT

The inhibition performances of 6-methylquinoxal#)8(1H,4H)-dione (MQD) on carbon steel corrosion in
hydrochloric acid solution was studied the usingcéiochemical impedance spectroscopy (EIS) andl Tafe
polarization techniques. The effects of inhibitmncentration on the inhibition efficiency have besndied.
Inhibition efficiency increased with increase imeentration of this compound within the concentratiange 10-

102 M. Changes in impedance parameters (charge tramsfistance, R and double layer capacitancegyOvere
indicative of adsorption of quinoxaline derivatioe the carbon steel surface, leading to the fororatf protective
films. The adsorption of this inhibitor takes plaamecording to Langmuir's adsorption isotherm. Pditestynamic
studies revealed that the inhibitor is of cathotljpe. The results obtained from the EIS studiesvetdogood
agreement with the results from potentiodynamiapoation techniques.

Keywords: Quinoxaline derivative, Carbon steel, HCI, EIQ)|&tization.

INTRODUCTION

The corrosion of steel is a fundamental academnidkiagustrial concern that has received a consideramount of
attention [1]. Acid solutions are widely used irdistry. Some of the important fields of applicatiosing acid
pickling of iron and steel, chemical cleaning andgessing, ore production and oil well acidificatidn acidic
media, the use of hydrochloric acid in picklingroétals, acidization of oil wells and in cleaningschles is more
economical, efficient and trouble-free compareatioer mineral acids [2]. Thus the use of corrosignbitors is
one of the most practical methods for corrosiontgmiion of steel especially in acidic media [3-&Jrganic
compounds containing electronegative functionalugsoandr-electrons in triple or conjugated double bonds are
usually good corrosion inhibitors. Heteroatoms sashsulphur, phosphorus, nitrogen and oxygen a$ agel
aromatic rings in their structure are the majoroapison centers. The compounds used as corroshuhiiors act
through a process of surface adsorption. The effey of inhibitors depends on the characteristitsthe
environment in which it acts the nature of the rhetaface and electrochemical potential at theriate. The
structure of the inhibitor itself, which includdsetnumber of adsorption active centers in the nubdectheir charge
density, the molecule size, the mode of adsorptlmnformation of metallic complexes and the prigdarea of the
inhibitor on the metallic surface also have effatthe efficiency of inhibitors [6-30].
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The aim of this paper therefore is to further erplthe use of quinoxaline derivative as an acidasion inhibitor
for carbon steel surface in hydrochloric acid soluusing electrochemical measurements. The effitetmperature
and molecular structure on the inhibition efficigngas also discussed. Figure 1 shows the molestiacture of
the quinoxaline derivative utilised in this invegttion.

Figure 1. Structure of 6-methylquinoxaline-2,3(1H,4H)-dione (M QD).
MATERIALSAND METHODS

Materials

The steel used in this study is a carbon steel (E8)onorm: C35E carbon steel and US specificat®xE 1035)
with a chemical composition (in wt%) of 0.370 %2230 % Si, 0.680 % Mn, 0.016 % S, 0.077 % Cr, DT,
0.059 % Ni, 0.009 % Co, 0.160 % Cu and the remaiimda (Fe).

Solutions
The aggressive solutions of 1.0 M HCI were prepédmedilution of analytical grade 37% HCI with disd water.
The concentration range of 6-methylquinoxaline-P:8@H)-dione (MQD) used was PM to 10° M.

Polarization measurements

Electrochemical impedance spectroscopy

The electrochemical measurements were carried gingW/olta lab (Tacussel-Radiometer PGZ 100) patstate
and controlled by Tacussel corrosion analysis sofwmodel (Voltamaster 4) at under static conditibhe
corrosion cell used had three electrodes. The enfer electrode was a saturated calomel electro@&)(SA
platinum electrode was used as auxiliary electafdirface area of 1 émThe working electrode was carbon steel.
All potentials given in this study were referredthis reference electrode. The working electrods im@mersed in
test solution for 30 minutes to a establish stestdye open circuit potentiaEgcp). After measuring thEocp, the
electrochemical measurements were performed. Adtedchemical tests have been performed in aesatiedions
at 303 K. The EIS experiments were conducted irfrdgguency range with high limit of 100 kHz andfeient low
limit

0.1 Hz at open circuit potential, with 10 points decade, at the rest potential, after 30 min af aomersion, by
applying 10 mV ac voltage peak-to-peak. Nyquistploere made from these experiments. The best selmican

be fit through the data points in the Nyquist plsing a non-linear least square fit so as to dieeibtersections
with thex-axis.

The inhibition efficiency of the inhibitor was calated from the charge transfer resistance valissguthe
following equation [31]:

n,%= R-R _ R x100 (1)

t
where, R and R, are the charge transfer resistance in absencengrésence of inhibitor, respectively.

Potentiodynamic polarization

The electrochemical behaviour of carbon steel sanmpinhibited and uninhibited solution was studisdrecording
anodic and cathodic potentiodynamic polarizatiorves. Measurements were performed in the 1.0 M $dQltion
containing different concentrations of the testelihitor by changing the electrode potential auttcadly from -

111
www.scholarsresearchlibrary.com



S. Bahri et al Der Pharma Chemica, 2014, 6 (3):110-118

900 to -100 mV versus corrosion potential at a seae of 1 mV 3. The linear Tafel segments of anodic and
cathodic curves were extrapolated to corrosion ni@leto obtain corrosion current densitids,f). From the
polarization curves obtained, the corrosion curept) was calculated by curve fitting using the equatio

- {exp(zsan_ ex;{ 2.3’3Eﬂ o
. ﬁa ﬂc

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

| =1
0/ — __corr
,7Tafel /0 - °

corr X 100 (3)

corr
where, | and . are the corrosion current density in absence agsepce of inhibitor, respectively.

RESULTSAND DISCUSSION

Tafel polarization

Effect of inhibitor concentration

Fig. 2 shows the Tafel polarization curves for caristeel in 1.0 M HCI with the addition of varioesncentrations
of quinoxaline derivative. The important corrosiparameters derived from these curves are preséanfédble 1.
From Table 1 it is clear that the corrosion curr@ensity (k) value decreases from 1070 to 38 cm? with the
addition of optimum concentration of MQD. Howevargshift of corrosion potential (k) towards cathodic side
i.e.-496 to -586 mV was established. Furthermore, ddpgnmh the concentration of MQD, a shifting in thg,,
(vs. SCE) values to the negative direction and @edese in cathodic of Tafel slopes has been ohddmable 1).
This observation is an indication to that the MQihibitor acts as cathodic inhibitor. The classifiica of a
compound as an anodic or cathodic inhibitor isildasvhen the corrosion potential displacementt ieast 85mV
in relation to that one measured for the blank tsmiu[32]. The cathodic polarization curves giveerito parallel
Tafel lines, which indicate that hydrogen evolutiogaction is activation controlled and the additioh 6-
methylquinoxaline-2,3(1H,4H)-dione does not modifg mechanism of this process [33-36].

100+
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(mA/cnT)

corr

0.1

0.01+

1E-34

T T T T
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Figure 2. Typical polarization curvesfor carbon steel in 1.0 M HCI for various concentrations of MQD at 303 K.
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Table 1. Potentiodynamic electrochemical parametersfor the corrosion of carbon steel in 1.0 M HCI solution in the absence and presence
of theinvestigated inhibitor at 303 K.

o Conc -Ecor ‘ﬂc leorr MNTafel
nNIBIOT (M)~ (mVscd) (mVidec) (wAcm? (%)
Blank 1.0 475 175 1070 -

10° 626 135 30 97.2
10 586 141 50 95.3
MQD 10° 554 138 55 94.9
10° 570 139 85 92.0

EI'S measurements

Electrochemical impedance measurements were carrieder the frequency range  from
100 kHz to 0.01 Hz at open circuit potential. Tiree equivalent Randle circuit for these studegeshown in Fig.

4, where Rrepresents the solution resistance; the parall@abination of resister, Rind capacitor grepresents the
protective film/ metal interface. The impedance &&br of carbon steel in 1.0 HCI with and withowd#ion of
various concentrations of this inhibitor is presehtas complex impedance plot (Nyquist plot) in
Fig. 3. The existence of single semi circle shole single charge transfer process during dissolutibich is
unaffected by the presence of inhibitor molecul@sviation from perfect circular shape is often redd to the
frequency dispersion of interfacial impedance. Hrismalous behavior is generally attributed toith@mogeneity
of the metal surface arising from surface roughrasmterfacial phenomena [37-39]. It is seen thddition of
inhibitor increases the values of charge trangeistance (B and reduces the double layer capacitangg. (Che
decrease in &is attributed to increase in thickness of eledtratouble layer [40]. The increase in Rct value is
ascribed to the formation of protective film on thmetal/solution interface [41]. These observatisnggest that
qguinoxaline molecules function by adsorption at aheturface thereby causing the decrease gnv&lues and
increase in R values.

The charge transfer resistance)(Rnd the interfacial double layer capacitancg) (@rived from these curves are
given in Table 2.
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Figure 3. Nyquist plotsof carbon steel in 1.0 M HCI with different concentrations of MQD.
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Figure4. Electrical equivalent circuit (Rs, solution resistance; R, charge transfer resistance; Cqy, double layer capacitance).
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Table 2. Electrochemical impedance parametersand inhibition efficiency for carbon steel in 1.0 M HCI solution with MQD at 303K.

Conc Ry fmax Cal Nz

(M) (Qcnf) (Hz) (uFlenf) (%)
Blank 1.0  40.03 40.0099.38  -----
10° 5413 4.00 7354 92.6
10* 3509 5.00 90.75 88.6
10° 2929 6.33 85.88 86.3
10° 220.2 6.33 114.24 81.8

MQD

The thickness of the protective layer is relate@dy the following equation [42]:

£E
Gy = CO: xS @)

dl

whereg, is the vacuum dielectric constastjs the local dielectric constant,lis the thickness of the double layer,
andS is the surface area of the electrotibis decrease ithe G, may result from a reduction in local dielectric
constant and/or an increment in the thickness ef d@lectrical double layer. The phenomenon propdbat
guinoxaline molecules function by adsorption atiietal/solution interface. Thus, the change jnv@lues was due
to the gradual replacement of water molecules leyatisorption of the organic molecules on the matdiace,
decreasing the magnitude of metal dissolution [43].

Adsorption considerations
The adsorption process of inhibitor is a displacatmeaction where the adsorbed water moleculeirgghemoved
from the surface of metal [44]:

Org(so)+ nH,q ad) - Org adgst nH O sx (5)

Org(sol)andOrg(ads)are the organic molecules in the aqueous solutiahddsorbed to the metal surface. While
H,O(ads)is the water molecule on the metal surface in wimidh the coefficient that represent water molecules
replaced by a unit of quinoxaline derivative. Tdadb an effective adsorption of an inhibitor on aleturface, the
interaction force between metal and inhibitor maesigreater than the interaction force of metalaater molecule
[45]. The corrosion adsorption processes can berstmbd using adsorption isotherms. In order taiobthe
isotherm, coverag® as a function of MQD concentration must be obthin€overage can be obtained from
polarization measurement by the following equation:

6= F{t_ F{t
R,

Langmuir adsorption isotherm is attributing to phgsption or chemisorption phenomenon while Temkin
adsorption isotherm gives an explanation abouthéterogeneity formed on the metal surface. Cheipiigor is
attributed to Temkin isotherm [46]. Here, Langm&irumkin and Temkin adsorption isotherm were apipiieorder

to explain the adsorption process of MQD on théearsteel surface:

(6)

Lan muir'E =i+C @)
I T K
Frumkin: Ln L =LnK+ g (8)
Hca-g)
Temkin: Lnk+ LnK= ¢f 9)

0 is the surface coveragé,is the adsorption-desorption equilibrium constéhis the concentration of inhibitor and
g is the adsorbate parameter. Again, the weight toeasurements were employed in this experiment thi¢h
concentration range £010° 10* and 16° M at 303 K. The corresponding plots are showniin &, where the R
value for Langmuir isotherm (Fig. 5A) was 0.999B8ymkin isotherm (Fig. 5B) was 0.99119 and Temkutherm
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(Fig. 5C) was 0.99323. From this observation, itémcluded that Langmuir isotherm shows the bestlaiion
with the experimental data. In addition, this atsglains the monolayer formation of the inhibitort@ the mild

steel surface [44, 47]. The free energy of adsompﬂG;ds, also can be calculated using the following equmti

AG,,, =-RTLN55.5K ) (10)
where 55.5 is the molar concentration of wakeis the universal gas constant ahé the temperature in K. The
calculated value of free energy of adsorption wasnél to beAG‘,:1dS = -43.31 kJ mot, where adsorption-

desorption equilibrium constant Walue was obtained from the linear regression afgbauir isotherm (528008.19
M.

The negative value oﬂG;ds indicates that the inhibitor, in this case quini@lderivative is spontaneously

adsorbed onto the carbon steel surface. It is kelwn that values oﬂG;dS around -20 kJ mdl or lower are

associated with the physiosorption phenomenon whiereelectrostatic interaction assemble betweerchizeged
molecule and the charged metal, while those areafickJ mot* or higher are associated with the chemiosorption
phenomenon where the sharing or transfer of orgawiecules charge with the metal surface occurs4498 The
value of the inhibitor was found 43.31 kJ mdl This value suggests that quinoxaline derivativéetules adsorbed
on the metal surface by chemical process.
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Figure5. (A) Langmuir, (B) Frumkin and (C) Temkin isotherm for the adsor ption of MQD on the surface of carbon steel in 1.0 M HCI.

Explanation for adsorption and inhibition
From the experimental results obtained, the inioibieffect of quinoxaline derivative herein refféri® as (MQD)

in 1.0 M HCI solution can be explained as follows:
MQD+ xH" « [ MQDH,]” (11)

Thus, in aqueous acidic solutions, the MQD molex@gist either as neutral molecules or in the fofnecations
(protonated MQD). Generally, two modes of adsorptiould be considered. The neutral MQD moleculey b
adsorbed on the metal surface via the chemisorptiechanism involving the displacement of water males from

the metal surface and the sharing of electronsdsstwitrogen, oxygen atom and iron. The MQD moksghn be
adsorbed also on the metal surface on the basisrafr-acceptor interactions betweerlectrons of the heterocycle
and vacant d-orbitals of iron. On the other hahds vell known that the steel surface carries fpasicharges in
acid solution [50], so it is difficult for the pratated MQD molecules to approach the positivelyrgdnh steel
surface (HO'/metal interface) due to the electrostatic repulsiBince chloride ions have a smaller degree of
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hydration, being specifically adsorbed, they createexcess negative charge towards the solutiorfaaadir more
adsorption of the cations [41]. The protonated M@Dlecules may adsorb through electrostatic intemast
between the positively charged molecules and tlyathesly charged metal surface, i.e. there may ymergism
between Cland protonated MQD molecules. Thus, the metal cergs of F& and MQD molecules or protonated
MQD molecules might be formed as follows:

MQD + F&* « [ MQDH- F¢”' (12)

[MQDH, ] + F&" [ MQD,- F§“™" (13)

CONCLUSION

6-methylquinoxaline-2,3(1H,4H)-dione acts as a gowubitor for the corrosion of carbon steel in MOHCI. The
inhibition efficiency of quinoxaline derivative irgase with inhibitor concentration. The adsorptdémuinoxaline
derivative follows Langmuir's adsorption isotherRotentiodynamic polarization curves reveals thatMi@ a
cathodic inhibitor. The results obtained from difet experimental studies are in good agreement.

REFERENCES

[1] H. Ashassi-Sorkhabi, B. Masoumi, P. EjbariAsghari,J. Appl. Electrochem2009, 39, 1497.

[2] D.D.N. Singh, T.B. Singh, B. Gautorros Sci, 1995, 37, 1005.

[3] F. Bentiss, M. Traisnel, M. Lagrendeorros. Sci.2000, 42, 127.

[4] M. Lebrini, M. Lagrenee, H. Vezin, M. Traisnél, BentissCorros. Sci.2007, 49, 2254.

[5] K.C. Emregul, E. Duzgun, O. AtakdLorros. Sci.2006, 48, 3243.

[6] N. Soltani, M. Behpour, S.M. Ghoreishi, H. Nawj Corros. Sci, 2010, 52, 1351.

[7] A. Zarrouk, H. Zarrok, R. Salghi, B. Hammouf, Bentiss, R. Touir, M. Bouachrind, Mater. Environ. Sci.,
2013, 4, 177.

[8] M. Yadav, S. Kumar, U. Sharma, P.N. YadavMater. Environ Sci.,2013 4 (5), 691.

[9] A. K. Singh, M. A. QuraishiJ. Mater. Environ. Sci2010, 1, 101.

[10] U.J. Naik, V.A. Panchal, A.S. Patel, N.K. ShahMater. Environ. Sci2012, 3, 935.

[11] D. Ben Hmamou, R. Salghi, A. Zarrouk, H. Z&yro S.S. Al-Deyab, O. Benali, B. Hammoutint. J.
Electrochem. Sci2012, 7, 8988.

[12] B. Hammouti, A. Zarrouk, S.S. Al-Deyab andVarad Orient. J. Chem., 2{2011) 23.

[13] A. Zarrouk, M. Messali, H. Zarrok, R. Salghi,A. Ali, B. Hammouti, S.S. Al-Deyab, F. Bentissint. J.
Electrochem. Sci2012, 7, 6998.

[14] H. Zarrok, A. Zarrouk, R. Salghi, Y. Ramli, Blammouti, S. S. Al-Deyab, E. M. Essassi, H. Ouddt,J.
Electrochem. Sci2012, 7, 8958.

[15] A. Zarrouk, B. Hammouti, S.S. Al-Deyab, R. @l H. Zarrok, C. Jama, F. Bentid¢st. J. Electrochem. Sgi
2012, 7, 5997.

[16] D. Ben Hmamou, M. R. Aouad, R. Salghi, A. Zark, M. Assouag, O. Benali, M. Messali, H. Zarrak,
Hammouti,J. Chem. Pharm. Re2012, 4, 3489.

[17] A. Zarrouk, H. Zarrok, R. Salghi, B. Hammou#,S. Al-Deyab, R. Touzani, M. Bouachrine, |. WaradB.
Hadda,Int. J. Electrochem. S¢i2012, 7, 6353.

[18] H. Zarrok, R. Saddik, H. Oudda, B. Hammouti,EA Midaoui, A. Zarrouk, N. Benchat, M. Ebn Touhaier
Pharm. Chem 2011, 3, 272.

[19] A. Zarrouk, B. Hammouti, A. Dafali, H. Zarroker Pharm. Chem?2011, 3, 266.

[20] A. Ghazoui, R. Saddik, N. Benchat, B. Hammpwti Guenbour, A. Zarrouk, M. Ramdafier Pharm. Chem
2012, 4, 352.

[21] A. Zarrouk, B. Hammouti, H. Zarrok, M. Bouadhe, K.F. Khaled, S.S. Al-Deyab,
Int. J. Electrochem. S¢i2012, 6, 89.

[22] A. Zarrouk B. Hammoulti, H. Zarrok, |I. Warad, M. Bouachrifi@gr Pharm. Chem2011, 3, 263.

[23] A. H. Al Hamazi, H. Zarrok, A. Zarrouk, R. Sdlg B. Hammouti, S. S. Al-Deyab, M. Bouachrine, Amnine,
F. Guenounint. J. Electrochem. S¢i2013, 8, 2586.

[24] A. Ghazoui, N. Bencaht, S. S. Al-Deyab, A. @k, B. Hammouti, M. Ramdani, M. Guenboun;. J.
Electrochem. Sci2013 8, 2272.

[25] A. Zarrouk, H. Zarrok, R. Salghi, N. BourounganB. Hammouti, S. S. Al-Deyab, R. Touzait. J.
Electrochem. Sci2012, 7, 10215.

117
www.scholarsresearchlibrary.com



S. Bahri et al Der Pharma Chemica, 2014, 6 (3):110-118

[26] H. Bendaha, A. Zarrouk, A. Aouniti, B. Hammgus. El Kadiri, R. Salghi, R. Touzaribhys. Chem. News
2012, 64, 95.

[27] D. Ben Hmamou, R. Salghi, A. Zarrouk, B. HammipS.S. Al-Deyab, Lh. Bazzi, H. Zarrok, A. Chakir.
Bammou, Int. J. Electrochem. S¢i2012, 7, 2361.

[28] M. ELbakri, R. Touir, M. Ebn Touhami, A. Srhit M. Benmessaoud;orros. Sci.,2008, 50, 1538.

[29] M. Cenoui, N. Dkhireche, O. Kassou, M. Ebn fiami, R. Touir, A. Dermaj, N. HajjajiJ. Mater. Environ.
Sci.,2010, 1, 84.

[30] J. Hmimou, A. Rochdi, R.Touir, M. Ebn Touhar&iH. Rifi, A. El Hallaoui, A. Anouar, , D. Chebald, Mater.
Environ. Sci.2012, 3, 543.

[31] H. Zarrok, A. Zarrouk, B. Hammouti, R. Salghl, Jama, F. Bentis§orros. Sci, 2012, 64, 243.

[32] Z.H. Tao, S.T. Zhang, W.H. Li, B.R. HoGprros. Sci, 2009, 51, 2588.

[33] B.E. Mehdi, B. Mernari, M. Traisnel, F. BergjsM. LagreneeMater. Chem. Phys2002, 77, 489.

[34] G. Avci, Colloids Surf. A2008, 317, 730.

[35] V.R. Saliyan, A.V. AdhikariCorros. Sci, 2008, 50, 55.

[36] M.A. Hegazy, M.F. ZakyCorros. Sci, 2010, 52, 1333.

[37] H. Shih, H. MansfeldCorros. Sci.1989, 29, 1235.

[38] M. Mansfeld, S. Martinegzl. Appl. Electrochem2003, 33, 1137.

[39] M. Elayyachy, A. El Idrissi, B. HammoutGorros. Sci.2006, 48, 2470 .

[40] M G. Hosseini, M. Ehteshamzadeh, T. Shahtalgctrochim. Actg 2007, 52, 3680.

[41] F. Bentiss, M. Traisnel, M. Lagrene@orros. Sci, 2000, 42, 127.

[42] F. Bentiss, B. Mehdi, B. Mernari, M. Traisnkl, Vezin,Corrosion,2002, 58, 399.

[43] E. McCafferty, N. Hackermad, Electrochem. Socl972, 119, 146.

[44] S. Cheng, S. Chen, T. Liu, X. Chang, Y. Y\ater. Lett, 2007, 61, 3279.

[45] V.S. Sastri, E. Ghali, M. Elboujdaini, Corrosi Prevention and Protection: Practical Solutidadn Wiley &
Sons Ltd., New Jerseg007.

[46] M.S. Morad, A.M. Kamal El-DearGorros. Sci, 2006, 48, 3409.

[47] D. Wahyuningrum, S. Achmad, Y.M. Syah, Buch&i Bundjali, B. Ariwahjoedi/nt. J. Electrochem. Sg¢i
2008, 3, 164.

[48] F.M. Donahue, K. Nobel,. Electrochem. Socl965, 112, 886.

[49] E. Kamis, F. Bellucci, R.M. Latanision, E.S.H-r, Corrosion,1991, 47, 677.

[50] L.B. Tang, X.M. Li, L. Li, G.N. Mu, G.H. LiuSurf. Coat. Techngl2006, 201, 384.

118
www.scholarsresearchlibrary.com



