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Abstract

The inhibitive effect of four quinoxaline derivagis named 1-ethyl-3-methylquinoxalin-2(1H)-one (EQNO), 1-benzyl-3-
methylquinoxalin-2(1H)-one (Bz-N-Q=0), 3-methyl-tep-2-ynylquinoxalin-2(1H)-one (Pr-N-Q=0) and 3-tmgt1-prop-
2-ynylquinoxaline-2(1H)-thione (Pr-N-Q=S), on thermsion of mild steel in hydrochloric acid 1 Mshbeen investigated
at 308 K. The study was carried out using weiglss lmmeasurements, potentiodynamic polarisation éeatrechemical
impedance spectroscopy (EIS) methods. The obtae®dts showed that Pr-N-Q=S and Pr-N-Q=0 werebtst inhibitors
and their inhibition efficiencies increased witke timcrease of inhibitor concentration and reachetbwd2 % for Pr-N-Q=0
and 93 % for Pr-N-Q=S at TOM. Potentiodynamic polarisation studies clearlyeaed that the presence of these inhibitors
did not change the mechanism of hydrogen evolutiod that they acted as mixed-type inhibitors witbdeminance at
cathodic range. EIS measurements showed that Hrgelransfer resistance increases whereas théedaybr capacitance
decreases with the inhibitor concentration. Theafof temperature is studied and determinationhef activation and
adsorption parameters is discussed separatelyrin2pand part 3 for Pr-N-Q=0 and Pr-N-Q=S, respetyi In part 4,
quantum chemical calculations were undertaken toetade the structure electronic properties withir@sion inhibition
efficiency for all studied quinoxaline molecules.

Keywords:Quinoxaline derivatives; Corrosion inhibition; Misteel; Hydrochloric acid; Adsorption.

1. Introduction

Mild steel is widely employed in industry becauddtse low cost and availability. As a result of isdustrial
concern, attention has been paid to study andewept this metal against corrosion in different ragd-26].
Acid solutions are generally used for the removalralesirable scale and rust in several indugtratesses. The
most important areas of application are acid pngklioil well acidizing, acid cleaning and acid dgs, etc.
Because of the general aggressiveness of acidbitork are often used to control attack of acidiemment and

to reduce the overall corrosion current densitye thibition of corrosion in acid solutions candmezured by the
addition of a variety of organic compounds and theen wildly investigated in our laboratory [7-2B]ost of the
well-known acid inhibitors are organic compoundsitaming P, S, O and/or N atoms. However, the Udse o
organic inhibitors in acid solutions can, in sonaseas, lead to enhancement of the metal corrosith §&d
stimulation of corrosion is related not only to tiype and structure of the organic molecule but dispends on
the type of acid and its concentration [28]. Thechamism of organic corrosion inhibitors is usudihked to
adsorption phenomenon because of the presencetefoatoms, aromatic rings... called active centres of
adsorption. Two possible modes of adsorption artkmewn: physical adsorption and/or chemical agson.
The corrosion inhibition, normally considered by rrosion scientists, is the relation between the
molecular/electronic structures and corrosion iitisib efficiency. Quinoxaline and its derivativeeegaamong
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compounds, which present corrosion inhibition penfance of iron and aluminium in HCI agqueous sohutis
reported in references [22, 26, 29-32].

The objective of this study is to test four quinkmx@ derivatives newly synthesized as corrosion
inhibitors of mild steel in 1 M HCI. Measurement&ne carried out with potentiodynamic polarizatiord a
electrochemical impedance spectroscopy measuremedtgravimetric method.

2. Experimental details

2.1. Materials and reagents

Mild steel strips containing (in wt%) 0.09 P, 0.3, 0.01 Al, 0.05 Mn, 0.21 C, 0.05 S and bedainon were used for
electrochemical and gravimetric studies. Mild sig®cimens were mechanically polished on wet Sgengg400, 600,
1000 and 1200), washed with double-distilled wadead dried at room temperature before being imnaeirse¢he acid
solution. The aggressive solution (1 M HCI), usedlank, was made from Riedel-de Haén and predayetilution of
analytical grade 37%. The molecular structurediefstudied quinoxaline, names and the corresporabbgeviations
are shown in Table 1. Appropriate concentrationsioibitors were prepared with double-distilled araaddition. The
concentration range of inhibitors employed was®£010° M in 1 M HCI. The temperature was controlled a830
without bubbling in a double walled glass cell.

2.2. Electrochemical measurements

For electrochemical measurements, a conventiomee{blectrode glass cell with a platinum countectebde (CE)
and a saturated calomel electrode (SCE) as refer@f€) was used. All potentials were measured ag&€6E. Mild
steel cylindrical rod of the same composition asrkivy electrode (WE) was pressure fitted into a
polytetrafluoroethylene holder (PTFE) to avoid amfiitration of electrolyte then exposing only 1 Esurface to the
aggressive solution. The test solution was theratiosily controlled at 35 °C in air atmosphere wiithbubbling.

Table 1. Molecular structures, names and abbreviatione@fihdertaken quinoxaline molecules
Quinoxaline Formula ~Name Abbreviation
CHs 1-ethyl-3-methylquinoxalin-2(1H)-one Et-N-Q=0

X, f
LL,

/C H 3-methyl-1-prop-2-ynylquinoxalin-2(1H)-one Pr-N-Q=0

@g%
o

The polarlzatlon curves were recorded by changihg electrode potential automatically with a
Potentiostat/Galvanostat type PGZ 100, at a sdanofal mV § and controlled with analysis software (Voltamaster
4). Before each experiment, the working electrods imnmersed in the test cell for an hour until herag steady state.

256

1-benzyl-3-methylquinoxalin-2(1H)-one Bz-N-Q=0

3-methyl-1-prop-2-ynylquinoxaline-2(1H)-thione PrQES




J. Mater. Environ. Sci. 5 (1) (2014) xxx-XxX El-Hajjaji et al.
ISSN: 2028-2508
CODEN: JMESCN

The data in Tafel region have been processed fduation of corrosion kinetic parameters by plgjtihe polarization
curves. The linear Tafel segments, in a large domdipotential, of the cathodic curves were exttajga to the
corresponding corrosion potentials to obtain theasion current values. The inhibition efficiencasvevaluated using
the relationship 1:
i0 -
|Ei_E — COI’I‘IO corr xloo (1)
ICOFI’

wherei2 andi_,, are the corrosion current densities values witlaodtwith inhibitors, respectively.

The electrochemical impedance spectroscopy measutsiwere carried out using a transfer functioryaea
(Radiometer-analytical PGZ 100), with a small atoplé ac. signal (10 mV rms), over a frequency darfr@m 100
KHz to 10 mHz at 303 K and in air atmosphere. Teine the impedance parameters of the mild sfgstimens in
acidic solution, the measured impedance data weatyzed using Bouckamp program based upon an ielectr
equivalent circuit [33]. The charge transfer resiseR, is obtained from the diameter of the semiciroléhie Nyquist
representation. The inhibition efficiency of thdnilsitors got from EIS measurements has been detedrirom the
relationship 2:

_ po
|Eimp%:uxloo (2)
R

WhereR[O andR are the charge transfer resistance values in thenab and in the presence of inhibitor, respegtivel

2.3. Weight loss measurements
Gravimetric experiments were carried out in a deulélled glass cell equipped with a thermostaticgaiondenser.
The solution volume was 100 &rand the temperature of 308 K was controlled thetatizally. The mild steel
specimens were squarer in the form (2cmx2cmx0.05¢img weight loss of mild steel in 1 M HCI with amgthout
addition of inhibitors was determined after an imsi@n period in acid of 6 h. After the corrosiorstiethe
specimens were carefully washed in double distilleater, dried and then weighted. Duplicate expemihevere
performed in each case, and the mean value of ¢ightMoss is reported. Weight loss allowed usaicdate the mean
corrosion rate as expressed in mg“chit. The resulting quantity, corrosion raW., is thereby the fundamental
measurement in corrosiok.,; can be determined either by chemical analysisigfotived metal in solution or by
gravimetric method measuring weight of specimeroteefind after exposure in the aggressive solufimtyig the
following equation 3:
-m
Wcorr = L (3)
St

wherem, my, S andt denote initial weight, final weight, surface ofesgmen and immersion time, respectively. The
inhibition efficiencyEy, % derived from this method was estimated by thewailhg relation 4:
IEWL% - VVcorr _Wcorr/inh xloo (4)
corr
whereW,or andWeorminn are the corrosion rate of steel without and witbreinhibitor, respectively.

3. Results and discussion

3.1. Polarisation curves

Figure 1 presents the potentiodynamic polarizatimves of mild steel in 1 M HCI without and withetistudied
inhibitors at 1G M and 303 K. As it can be seen, only cathodictieads affected by the presence of Et-N-Q=0
and Bz-N-Q=0, whereas both cathodic and anodidioeecof mild steel electrode corrosion are int@tiin the
presence of Pr-N-Q=0 and Pr-N-Q=S. The corrosiaeri@l remains, for all inhibitors, circa constamnhese
finding stipulate that Et-N-Q=0 and Bz-N-Q=0 actcahodic-type inhibitors while Pr-N-Q=0 and Pr-N®
perform as mixed-type inhibitors.

Figures 2 and 3 show more details in terms of catnadon effect of Pr-N-Q=0 and Pr-N-Q=S. Pr-N-Q=0
appears to slow down the cathodic reaction to gresttents than the anodic one especially at laveeotrations
whereas at TOM and more the anodic branch is affected and B¥=XD depends upon electrode potential. It is
also observed that for potentials higher than -80@sce, the Pr-N-Q=0 starts to be desorbed. In ¢hise
desorption of Pr-N-Q=0 is raised more than its gatgan. However, in the presence of Pr-N-Q=S andlkt
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studied concentrations, among the decrease of diathoanch, the anodic one shows similar behawigthrout
being dependant on potential. These results sudgaestthe addition of quinoxaline derivatives undéudy
reduce anodic dissolution of mild steel for Pr-N®)and also retard the hydrogen evolution reactanttie
studied inhibitors. Cathodic current potential @s\give rise to parallel Tafel lines indicatingttttze hydrogen
discharge is activation-controlled and the additainquinoxaline derivatives does not affect the hasism
process of hydrogen reduction.
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Figure 1. Polarisation curves for Mild steel in 1 M HCI &M of all the quinoxaline molecules
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Figure 2. Potentiodynamic polarization curves obtained fddrmteel in 1 M HCI at various concentrations ofNRQ=0.
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Figure 3. Potentiodynamic polarization curves obtained fddreteel in 1 M HCI at various concentrations ofNRQ=S
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The electrochemical parameterg:{ Ecom b andIE; %) derived fromi-E characteristics for the four
studied inhibitors are given in Table 2. The resdiawn on Table 2 clearly exemplify a decreagberncorrosion
rate in the presence of all products. This effedtugely marked at higher concentration of quiniagahhibitors.
For the inhibitors, Et-N-Q=0 and Bz-N-Q=0 espegialiudied at 18 M gave only 44 and 48 %, respectively as
IEi.% at the limit of their solubility. The authors haseggested uninteresting to expand more studieseneit
lower concentrations nor with other techniquesh@dic Tafel slopesk), are approximately constant, meaning
that the inhibiting action of these molecules ooedrby simple blocking of the available surfaceaaliee. the
inhibitors decreased the surface area for hydreyetution without affecting the reaction mechani@#]. The
decrease ot indicates that the addition of quinoxaline intshilhe corrosion process by decreasing the surface
area for corrosion. The efficiency obtained showa the inhibitory effect of quinoxaline testedrieases in the
following sequence: Pr-N-Q=S > Pr-N-Q=0 > Bz-N-Q=&t-N-Q=0.

Table 2. Polarization parameters and corresponding inkibiéfficiency for the mild steel corrosion in 1 MCHwithout and
with addition of various concentrations of quindralmolecules

Inhibitor Concentration
C/M

Blank 00 -460 160 350 -

Et-N-Q=0 1x 10 -450 165 196 44.0

Bz-N-Q=0 1x10 -470 169 182 48.0

Pr-N-Q=0 1x10° -460 160 200 42.8
1x10° -460 180 140 60.0
1x10° -470 180 57 83.7
1x10° -450 170 35 90.0

Pr-N-Q=S 1x10 -450 140 176 49.7
1x10° -470 130 110 68.6
1x10° -460 150 50 85.7
1x10° -450 160 23 93.4

3.2. Electrochemical impedance spectroscopy measimes

Figures 4 and 5 present the Nyquist diagrams oddaiim the absence and presence of Pr-N-Q=0 and Pr-
N-Q=S at different concentrations. A depressed ciecté, as often obtained in acidic media [10,144 be seen.
The difference from theoretical results is gengralitributed to Cole-Cole [3,35] and/or Cole-Davids[36]
representations inherent to frequency dispersidms phenomenon is generally attributed to diffeneimysical
processes such as the non-homogeneity of the @lecsuurface or its roughness during the corrosioogss [37],
adsorption of inhibitors [38], and formation of pas layers [39]. The existence of single semicirelates the
presence of single charge-transfer process, wisiamaffected by the presence of Pr-N-Q=0 and Pr=$-Q
According to a classical method, the EIS spectr&igf. 4 and 5 will be interpreted in terms of fHataR.-
Cg circuit.
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Figure 4. Nyquist diagrams of mild steel in 1M HCI Figure 5. Nyquist diagrams of mild steel in 1M HCI without
without and with different concentrations of Pr-N-Q and with different concentrations of Pr-N-Q=S

259



J. Mater. Environ. Sci. 5 (1) (2014) XXX-XXX El-Hajjaji et al.
ISSN: 2028-2508
CODEN: JMESCN

It is clear from these spectra that the impedarspanse of mild steel in the absence of inhibitars
significantly changed, in size, after the additadnPr-N-Q=0 and Pr-N-Q=S into the corrosive medilnaeed
that the impedance of inhibited electrode increag#sincreasing inhibitors concentration and cajusntly the
inhibition efficiency increases as it is explairtezteafter.

The impedance parameters calculated are givenbleTa The charge-transfer resistance valtgey dre
calculated from the difference in impedance at losred higher frequencies. The double layer capao#s Cy)
are obtained at the frequency at which the imagi@mponent of the impedance is maximuiZ (. as
follows in equation 5:

f (_Zi"max) = ; (5)

2nC, R,
Table 3.EIS parameters for the Mild steel corrosion in HKI at different concentrations of Pr-N-Q=0 and\NRQ=S.

Inhibitor Concentration C/M Ry Q cn? Cyq pFcm?®  IEjm, %
HCl 00 60 490 -
Pr-N-Q=0 1x10 110 82 455
1x10° 195 71 69.2
1 x 10 300 45 80.0
1x10° 500 36 88.8
Pr-N-Q=S 1x10 120 175 50.0
1x10° 220 70 72.7
1 x 10 390 20 84.6
1x10° 775 13 92.3

From the impedance parameters, one can conclutiéhthaalues oR increase with rise concentration
of Pr-N-Q=0 and Pr-N-Q=S then accordingly point$ an increase in the corrosion inhibition efficignd his
evolution indicates that the charge-transfer preaeainly control the corrosion of mild steel. Thalues of
double layer capacitance are brought down to therman extend in the presence of Pr-N-Q=0 and Pr#&Q
and the decrease 6f; follows the order similar to that obtained fgy, obtained from-E characteristics. If one
assumes that the double layer between the chargéace and the electrolyte is considered as artrigiaic
capacitor, the adsorption of Pr-N-Q=0 and Pr-N-QwSthe electrode may decrease the electrical dgpaci
because the inhibitor displaces the water moleaewven others ions originally adsorbed on thetedde. Thus
the decrease @ with rise in concentration of Pr-N-Q=0 and Pr-N-®)s in favour of selectively adsorption of
Pr-N-Q=0 and Pr-N-Q=S in specific places [40] and@mation of complex onto the metal surface [41].
According to this inhibition mechanism Pr-N-Q=0 aRdN-Q=S maybe adsorbed at active points causiag t
corrosion rate to drop.

The values of inhibition efficiency obtained fronfiSEmeasurements for the tested inhibitors folloes th
order Pr-N-Q=S > Pr-N-Q=0. The EIS results correspio those obtained from polarization tests.

3.3 Gravimetric measurements

The effect of addition of Et-N-Q=0, Bz-N-Q=0, Pr@®=O and Pr-N-Q=S at different concentrations on the
corrosion of mild steel in 1 M HCI solution is alstudied by weight loss at a temperature of 308 &ble 4
gathers the deduced values/gf,, andIEy, %.

Gravimetric measurements show that the corrosianedses in the presence of Pr-N-Q=S, Pr-N-Q=0, Bz-N
Q=0 and Et-N-Q=0. The inhibitive action is betteqpeessed by the inhibition efficiency which increaswith
inhibitor concentration to reach 95.6 and 92.2%l@t M for Pr-N-Q=S and Pr-N-Q=0, respectively. Thus all
inhibitors studied inhibit the corrosion of milcest in 1 M HCI, but Pr-N-Q=S is found to be thethmse.

It the case of Pr-N-Q=0 and Pr-N-Q=S, it is shoWat tthe weight-loss decreases whereas the inmmbitio
efficiency increases with rise of concentrationtltése compounds. The corrosion inhibition can beuted to the
adsorption of quinoxaline derivatives at the sgeddf solution interface like various sulphur andgen compounds
studied as effective corrosion inhibitors in acidiedia. Maximum ofE, % is achieved at TOM. Thus at 35 °C, the
quinoxaline molecules line according to their intiilyg efficiency is as follows: Pr-N-Q=S > Pr-N=Q > Bz-N-Q=0
> Et-N-Q=0

The high inhibitive performance of Pr-N-Q=S andNRP@=0 suggests a strong bonding of this quinoxaline
molecules onto the metal surface due to the presehseveral lone pairs from heteroatom (oxygen sarghur) and
Teorbitals, blocking the active sites and therefdeereasing the corrosion rate. Moreover, the higHh% of Pr-N-
Q=S than Pr-N-Q=0 can be imputed to the presenctioko group on the quinoxaline ring, which givie
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possibility of di-dr bond formation resulting from overlap of 3d eleas from Fe atom and the 3d vacant orbital of
sulphur atom [19,22,26]. More explanations will gieen in part 4 under progress concerning the quardghemical
calculation of global and local descriptors at BR/8.31G(d,p) level of theory.

Table 4. Corrosion rate of mild steel and inhibition effioy at different concentrations of Quinoxaline datives in 1 M
HCI obtained from weight loss measurements at 3@8t& 6 h of immersion

o Concentration Weight loss

alllelel Y Woor / Mg cni? h™ %

Blank 00 1.15 -

Et-N-Q=0 1x10° 0.625 45.6

Bz-N-Q=0 1x10° 0.515 55.2

Pr-N-Q=0 1x10° 0.68 40.9
1x10° 0.52 54.8
5x10° 0.33 71.3
1x10° 0.19 83.5
5x 10* 0.11 90.4
1x10° 0.09 92.2

Pr-N-Q=S 1x10° 0.62 46.1
1x10° 0.45 60.8
5x10° 0.29 74.8
1x10° 0.15 86.9
5x 10* 0.08 93.0
1x10° 0.05 95.6

Conclusion

On the basis of these results, it can be drawn:

* Pr-N-Q=0 and Pr-N-Q=S present best performansesoarosion inhibitors for mild steel in 1 M HCI @h compared to
Et-N-Q=0 and Bz-N-Q=0.

* Potentiodynamic polarisation studies reveal tiiat presence of inhibitors does not change the amésim of hydrogen
evolution.

* Pr-N-Q=0 and Pr-N-Q=S act as mixed inhibitorshyiredominance at cathodic range.

* Impedance method indicates that quinoxaline campg adsorb on mild steel surface with increasingrge transfer
resistance and decreasing the double-layer capaeita

* The weight loss method shows that the inhibitidficiency increases with increasing of inhibit@mcentration to attain a
maximum value of 92.2 and 95.6 % for Pr-N-Q=0 andNRQ=S, respectively at TOM.

* Results derived for the undertaken methods agood agreement.
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