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ABSTRACT

The influence of oil of citrus leavé®CL) concentration and the effect of medium temperabur¢he carbon steel
corrosion in aqueous 1.0 M hydrochloric acid waslized experimentally using electrochemical impegan
spectroscopy, potentiodynamic polarization curved gravimetric technique. Results showed thatQlit is the
excellent inhibitor for steel corrosion and the @atation curves data revealed that the tested aamp acts as a
mixed type inhibitor with predominant anodic. Thedy of temperature effect was investigated anddda the
determination of thermodynamic activation paramet&lectrochemical impedance spectroscopy restibéxone
capacitive loop indicating that, the corrosion réiaa is controlled by charge transfer process ahé presence of
this compound decreases the double layer capa@tand increases the charge transfer resistance.olitad citrus
leaves act by adsorption on the carbon steel serfazording to a Langmuir isotherm adsorption model
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INTRODUCTION

Iron and its alloys, especially, steel is the mogiortant engineering material particularly in autibile industries
[1-3]. In many industries applications the use @iz solutions leads to destruction of structuf¢hese alloys [4-
5]. The employ of different organics inhibitors dam classed as an excellent technique to minirhiegelangers that
may be caused by dissolution phenomenon [6-7]. @ hdsbitors act usually by adsorption on the metaface by
the formation of the bonds between the reactivaecenof organic inhibitor and steel [8-9].For ecomo and
environmental reason, the researchers seek the alteenative using extracts and oils of naturddssances [10-
11].Many natural compounds such as plant extraadsoils were used as effective corrosion inhibitafrgon alloys
in aggressive solution [12-13].

The objectives realized in present work (a) to gtigate the effect of temperature and concentrati@ddCL ( oil of

citrus leaves) on the corrosion inhibition of carbsteel in acidic medium, (b) to deduct the acibrat
thermodynamic parameters and (c) determine of madsbrption type. Potentiodynamic polarization est\VEIS
and gravimetric methods have been used to evatmatesion rate of carbon steel and its inhibitignditrus oil

leaves of inhibitor in molar hydrochloric acid stdun.
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MATERIALS AND METHODS

1.1. Preparation of working electrode and test solutions

The alloy employed in this investigation has bearbon steel with a chemical composition: 0.370 %9.230 % Si,
0.680 % Mn, 0.016 % S, 0.077 % Cr, 0.011 % Ti, 8.96Ni, 0.009 % Co, 0.160 % Cu, and the remainaer.The
working electrode was prepared prior each testhaueically abraded by different grades of emery paf@00, 800
and 1200), washed with double distilled water, dage with acetone, dried with soft paper and inizednto the
glass cell containing test solution. The aggressameelium used, molar hydrochloric acid, was fregirigpared by
dilution of an analytical reagent grade 37% HClhaBidistilled water. The experimental tests werecesed in 1.0
M HCI solution in the absence and presence of iiffeconcentrations of oil of citrus leavé&3GL).

1.2. Weight loss experiment

The gravimetric tests were performed on the carkteel samples with size (length = 2.5 cm, width.2 dm,
thickness = 0.2 cm). After and before 6h immersibrlectrode specimens in 1.0 M HCI medium with anthout
various concentrations of citrus oil leaves (1to/lf) , the sample weighed accurately by a digiedahce with high
sensitivity. The corrosion rate valueg)®f carbon steel was evaluated by the followirgtien:

oW .
R™ g (1)

Wherew are the difference mass loss before and after insiore S are the surface of specimen andre the
immersion time.

The inhibition efficiency {,,%) of carbon steel have been determined from thishate using the following
equations:

n,,% = ( —E—R) .100 @)

R

WhereCg andCy, is the corrosion rates of carbon steel without &itd the citrus oil leaves, respectively.

1.3. Electrochemical measurements

The potentiodynamic polarization curves and EIS suemments were performed with a potentiostat/galstat
PGZ 100 piloted with VoltaMaster4 software. Electremical tests were realized in a conventionaleti@lectrode
electrochemical cell with the carbon steel as akimgr electrode, a platinum counter electrode artdrated
electrode as reference electrode. Before eachredbetmical measurements, the working electrode weneersed
in the test solution during 30 min for establish #tabilization potential. The polarization curvesre plotted in the
range of -800 to -200 mV/SCE atscan rate of 1 ThVs

The inhibition efficiency €, (%) ) can be evaluated from this technique using theviing equation:

|
0p)= (1 — —COIm 3
Np (%)= (L-~F%) 100 (3
corr
Wherd,; andl?,,represent corrosion current density values withwaitidout oil of citrus leaves, respectively.

Electrochemical impedance spectroscopy experiment nwealized at corrosion potential upon a frequeange of
10 mHz-100 kHz and the sinusoidal potential pegtiom was 5 mV in amplitude. The impedance dateeViiged
to most appropriate equivalent circuit by using eév2 software. The value double layer capacitancg (€
evaluated from CPE (Q) and a resistor (Rct), utiegfollowing relatiofil4-15:

Ca = (QRM™M (4)

Where Q is the constant phase element (CPE) ansl a ¢oefficient can be used as a measure of surface
inhomogeneity. For n = 0, CPE represents a resistdor the ideal electrodes, the CPE are an idaphcitance
when n =1 and for n = 0.5 a Warburg element.

The inhibition efficiencyn, (%) is determined from the value of the charge trangsistance for uninhibitedg,)
and inhibited solution (8, using the following equation:
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R:
R

ct

n, (%)= @-

)x 100 ()

RESULTS AND DISCUSSION

1.4. Polarization results

The potentiodynamic polarization curves, given ig. B, presents the corrosion behavior of carberlsh 1.0 M
HCI without and with addition of different conceations of oil of citrus leaveOCL ) at 303K.We can see from I-
E curves that the anodic and cathodic current teaslecrease with rise of concentratiofO&@L . The intersection
of lines of anodic and cathodic Tafel obtained hgirt extrapolation up to intersection at a pointevehcorrosion
current density ¢b,) and corrosion potential (k) are obtained. The corresponding electrochemiaedmeters to
fig. 1 andn, (%) calculated by equation (3) are listed in Table 1.
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Figure 1.Polarization curves of carbon steel in 1.M HCI for various concentrations of OCL at 303K

Table 1. Polarization data of carbon steel in 1.0 NHCI without and with various concentrations of OCL at 303 K

e Conc ‘Ecorr -pC Icorr | Tafel O
Inhibitor 1y (mviscE) (mVEiec’l) WA (06
Blank - 496.0 162.00 564.0 - -
6 452.1 175.41 633 8895 0.889
4 454.8 164.87 99.7 8232 0823
Citrus oil 2 4573 156.21 156.7 7221 0.722
1 456.9 147.77 1805 67.99 0.679

It's clear that the tested compound can be claskdis mixed inhibitor with anodic predominant beseawe see the
small displacement of corrosion potential with exdpto corrosion potential of the blank test towpoditive value
and not exceed 85 mV [16].

The result in Table 2 and Fig.2 shows that wherctreentration of oil of citrus leaves increaseddidic medium,
the inhibition efficiency increases and the comascurrent density decreased considerably. Thesegels can be
due to the adsorption layer of the inhibitor moleswon the steel surface.

1.5. Electrochemical impedance spectroscopy measurements

Fig.3 presents the Nyquist diagrams of carbon @teebrrosive medium without and with OCL inhibitat various
concentrations. The general shape of all Nyquistsptorresponds to a single depressed semi-cirdieating that
the corrosion process is related to charge transfaterface steel/solution. This behavior mayclaified with the
help of a simple equivalent circuit, used to motthe iron/acid interface (Fig. 3), and composed adilide layer
capacitance (§ that is in parallel with the impedance due to terge transfer reaction gRand solution
resistance (R [17].The equivalent circuits parameters usingi&iw?2 software and the example of fitted curve are
submit in Table 2 and Fig. 4, respectively.
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Figure 2. Nyquist diagrams for carbon steel in 1.01 HCI containing different concentrations of OCL at 303 K

Table 2. Impedance parameters for corrosion of cann steel in 1.0 M HCI in the absence and presencedifferent concentrations of

OCL at 303 K
. Conc Ret Qx10* Cu N2 o
Inhibitor QL) (@cmd) n  (Qm?d) (@Fcm?) (%)

Blank - 2035 091 17610 91.63 - -
6 2749 090  0.3444 20.52 8932 0.893
Ol of cirus leaves 41576 089 04873 26.69 81.38 0.813
2 1093 092  0.6966 4558 7315 0.731
1 8848 088  1.0485 5538 66.83 0.668
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Figure 3.Equivalent electrical circuit correspondirg to the corrosion process on the carbon steel iryirochloric acid
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Figure 4.EIS Nyquist plots for carbon steel in 1.0/ HCI with 6 g/L OCL: dotted lines experimental data; dashed line calculated

Charge transfer resistance presented by diameteya@dist plots increases on increasing @EL concentration.
This suggested that the formed inhibitive layer stasngthened by addition of citrus oil compounds.

155



A. Salmanet al Der Pharma Chemica, 2016,8 (3): 152-160

The G values decreased and resistance of charge transfeased with the addition of tieCL and this variation
is more pronounced with increasing concentratiotesfed inhibitor. The decrease in the double laggacitance
caused by a decrease in local dielectric constadtoa an increase in the thickness of double ldgat can be
attributed to the gradual replacement of adsorbeléenles on the surface generally water molecweadsorption
of citrus oil molecules on the metal surface [18-19

1.6. Weight loss tests

Table 3 show the variation of corrosion rate, itfoln efficiency and surface coverage for carbaekin acidic
solution containing different concentrations ofdséa oil of citrus leaves. These results prove thataddition of
OCL in aggressive medium decreases the corrosi@nafacarbon steel, whereas inhibition efficieney,)( and
surface coveragd) increase with increasing inhibitor concentrat{ig. 5). The gravimetric results confirm those
obtained by potentiodynamic polarization methods electrochemical impedance spectroscopy.

Table 3. Corrosion parameters obtained from weightoss measurements for carbon steel in 1.0 M HCI ctaining various concentration
of OCL at 303 K

Concentration

L Cr Mw
Inhibitor (g/L) (mg cm? Y (%) (S}
Blank - 1.135 - -
6 0.101 91.10 0.911
Oil of citrus leaves 4 0.143 87.40 0874
2 0.244 78.50 0.785
1 0.339 70.13 0.701
0.95 T T T T T T T T T T T
l-0.35
e L ]
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I-0.30
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Figure 5.Relationship between the corrosion rate he inhibition efficiency and OCL concentrations forcarbon steel after 6 h immersion
in 1.0 M HCl at 303 K

1.7. Effect of temperature

To estimate the activation energies of the disgmluprocess of carbon steel and to study the mesimaof
corrosion and its inhibition, polarization measuesits were conducted at different temperaturesdratisence and
presence of oil of citrus leaves at 6g/L (Figsid &.). The effect of temperature in the range 228K on the
electrochemical parameters of carbon steel aré, avitl without of OCL at 6g/L, listed in Table 4idtclear from
Table 3 that the increase of corrosion rate is npooaounced with the rise of temperature for urbited solution.
The presence of the OCL leads to a decrease idhresion rate. The inhibitory action of inhibit@ slightly
increased at elevated temperature from 298 to 3&8Hing to the increase of inhibition efficiendyis decrease
can be due to the desorption phenomena of someculete from the carbon steel surface by increasimg t
temperature.
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Figure 6. Potentiodynamic polarization curves of cdon steel in 1.0 M HCI at different temperatures
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Figure 7. Potentiodynamic polarization curves of cdon steel in 1.0 M HCI in the presence of 6 g/L OCat different temperatures

Table 4. The influence of temperature on the eleatichemical parameters for carbon steel electrode imensed in 1.0 M HCl and 1.0 M
HCI + 6 g/L OCL

- Tem, -E -pc |

Inhibitor (K) P (MV/SCE) (mvlzjecl) WA )

303 496 1625 564 -

Blank 313 498 1545 773 -
323 492 176.0 1244 -

333 497 192.0 1650 -

303 4521 175.41 633 88.95

Ol of cirus leaves 313 4837 152.07 1617 79.08
323 4848 163.36 367.8 70.43

333 4952 170.52 6325 61.67
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The activation parameters such as apparent activatiergy (B, the change of activation enthalgyH, ) and the
change of activation entropp$,) for the corrosion process were calculated fromh@nius type plot (Eq. (6)) and
transition-state (Eq. (7)) [20], respectively:

E
— __a
ICorr = A.exp( _R.T) (6)
AS AH
RT A a
=—.ex .expE 7
corr = - PR expe—2) (7)

Where |, is the corrosion current density, A is the Arrhentonstant, and R is the universal gas constaig, N
Avogadro’s constant, h is Planck’s constant.

Figs. 8 and 9 represent the data plots of.Ji(versus 18T and In(L./T) versus 18T, respectively, without and
with optimum concentration of citrus oil. The cdlted values of activation parameters are giveFainle 5.

From this table, the obtained values &ifl, and Ea for inhibited solutions are higher than thhtained for
uninhibited solutions, showing that the energy iearof the corrosion reaction increased in the gmes of the
tested inhibitor without changing the mechanism digsolution [21]. The positive sign ofH, reflects the
endothermic nature of the carbon steel corrosioggss indicating that the dissolution of steelasved by addition
of the tested compound [22].

The entropy of activationAS, ) increases more positively with the inhibited sioln than the uninhibited solution
suggesting the formation of an ordered stable filirthe tested compound on the electrode surfacg [@3he
presence of inhibitor, one can notice the Ea/idg values vary in the same way (Table 5). These egaitmit to
verify the known thermodynamic relation betweenfBaeandAH, [24-25]:

AH, = Ea-RT (8)

J ®  Blank
404 | ® 69g/LFleurdorange
] 0.995
35 [——0.996
T T T T T T T T T T T T T
3.00 3.05 3.10 3.15 3.20 3.25 3.30
1000/T (K™Y

Figure 8. Arrhenius plots for carbon steel in 1.0 MHCI and 1.0 M HCI + 6 g/L OCL
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Figure 9. Transition state plots for carbon steeli 1.0 M HCl and 1.0 M HCI + 6 g/L OCL

Table 5. Corrosion kinetic parameters for carbon stel in 1.0 M HCl in the presence and absence of .gOCL

— E. AH, AS. E. - AH,
Inhibitor . yymoly  (ka/mol) (3 molt KY)

Blank 31.00 2835 -98.8 265

6 g/ oil cittus 6496 62.32 416 2.64

(0]
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Figure 10.Langmuir adsorption of OCL on the carbonsteel surface in 1.0 M HCI solution at 303K

1.8. Adsorption considerations

The mechanism of corrosion inhibition for carbosestcan be introduced on the basis of adsorptitaier of the
oil citrus inhibitor on the electrode surface. Tdegree of surface coverag® éstimated for different concentrations
of the study inhibitor in 1M HCI has been evaluatesithg electrochemical measurements, wifieigethe rationtase
(%)/100.The tests were made to fit thevalues to the adsorption isotherms frequently ubed are Langmuir
adsorption isotherms, Temkin, Frumkin and Flory-ging. Many adsorption isotherms were plotted. Thstb
description of the adsorption behavior of the stddinhibitor can be accorded to Langmuir isotherheng the
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regression coefficient related to;({B) versus G, plot is almost equal to 1(Fig. 10). And which nimyrepresented
by the following equation:

C,_ 1
inh — + C_ 9
6 k inh ( )

ads
Where G, is the concentration @CL and kgsis the adsorption equilibrium constant of the agson process.
CONCLUSION

The oil of citrus leaves may act as an eco-frienttlyrosion inhibitor for carbon steel in molar hydhnloric
solution. The potentiostatic polarization data @adé that oil of citrus leaves acted as a mixe@ tyhibitor with
predominant anodic effectiveness.

The inhibition efficiencies of tested oil obtainbg EIS, by polarization and by gravimetric methedse in good
reasonably agreement. He increases with the idhikibncentration, and decreases with temperatumeafium.
The adsorption of citrus oil on the steel surfabeys to the Langmuir isotherm model.

From result of EIS, values of the obtained doubiet capacitance ( have shown a tendency to decrease, which
can result from a decrease in local dielectric tamtsand/or an increase in thickness of the etsdtdouble layer.
Consequently, the inhibition function of the testempound is through adsorption at the steel/swiutiterface.

Acknowledgment

The authors would like to thank MENA NWC for théimancial support for grant no: WIF 04. Also, we wa like
to extend our thanks to Palestine Water Authority® and MEDRIC for their support.The support giviemough
an “INCRECYT" research contract to M. Zougagh soahcknowledged.

REFERENCES

[1] G. TrabanelliCorrosion1991, 47, 410-419.

[2] H Wang, H Fan, J Zhengjater. Chem. Phy2003 77, 655-661.

[3] I Ahamad, R Prasad, MA QuraishGorros. Sci201Q 52, 3033-3041.

[4] M Lagrenée, B Mernari, M Bouanis, M TraisneBeéntiss, Corros. Sci2002 44, 573-581.

[5] M Abdallah,Corros. Scik003 45, 2705-2713.

[6] M Outirite, MLagrenée, M Lebrini, M Traisnel, Tama, H Vezin, F Bentisglectrochim.Act®201Q 55, 1670—
1681

[7] E A Noor, A H Al-MoubarakiMater. Chem. Phy2008 110, 145-154.

[8] G Quartarone, L Ronchin, AVavasori, C TortdtdBonaldo,Corrosi. Sci, 2012 64, 82—89

[9] M AHegazy,Corrosi. Sci,2009 51, 2610-2618.

[10] M Znini, L Majidi, ABouyanzer, J Paolini, JM é3jobert, J Costa, BHammo#tiabian J. of Chem2012 5,
467-474

[11] A Lecante, F Robert, PA Blandiniéres, CRdosrrent Appl. Phy2011, 11, 714-724

[12] N | Kairi, JKassim,Int. J. Electrochem. S¢013 8, 7138 — 7155.

[13] M Belkhaouda, L Bammou, R Salghi, O Benali,gkiuk, E Ebenso, B Hammouli, Mater. Environ. Sci.
2013 5 (6), 1042-1051.

[14] S Martinez, MMetikos-Hukovic]. Appl. Electrochen?00333, 1137.

[15] H Ma, X Cheng, G Li, S Chen, Z Quan, S ZhaNju, Corros. Sc200042, 1669

[16] ES Ferreira, C Giancomelli, FC Giacomelli, pigelli, Mater. Chem. Phy2004 83, 129-134.

[17] H B Ouici, M Belkhouda, O Benali, R Salghi, Bammou, A Zarrouk , BHammoutiRes Chemintermed
201541,4617-4634

[18] JAljourani et al.Corros. Sci2009 51, 1836-1843.

[19] AK Singh, MAQuraishiCorros. Sci2009 51, 2752—-2760.

[20] JOM. Bockris, AKN ReddyModern Electrochemistryol. 2, Plenum Press, New Yord9Q77. p. 1267.

[21] ST Arab, KMEmraninter. J. App. Chem2007, 3, 69-84.

[22] N.M. Guan, L. Xueming, L. Fei, Mater. Chem.yBh86 2004 59-68.

[23] A Yurt, ABalaban, SU Kandemir, G Bereket, BEkkater. Chem. Phy2004 85, 420.

[24] K JLaidler, Reaction kinetics vol. 1, first.ePergamon Press, New YodQ63 p. 1.

[25] F Bentiss, M Bouanis, B Mernari, M TraisnelMézin, MLagreneeAppl. Surf.Sci2007, 253, 3696.

160



