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ABSTRACT

The inhibition of ethyl 2-(4-(2-ethoxy-2-oxoeth¥dp-tolylquinoxalin-1(4H)-yl)acetate (Q3) on therausion of
carbon steel in 1.0 M HCI at 308-343 K was studigdgravimetric method. Results obtained show tiaga€ts as
inhibitor for carbon steel in hydrochloric solutioithe inhibition efficiency was found to increagthvincrease in
Q3 but decreased with temperature, which is suggesf physical adsorption mechanism although ckemtion
may play a part. The adsorption of Q3 onto the carkteel surface was found to follow the Langmudsaaption
isotherm. Both kinetic parameters (activation eryengre-exponential factor, enthalpy of activatiomdaentropy of
activation) and thermodynamics of adsorption (efgiheof adsorption, entropy of adsorption and Gibise
energy) were calculated and discussed.

Keywords: Carbon steel, Corrosion, Thermodynamic, Inhibifasorption, Hydrochloric Acid.

INTRODUCTION

The development of inhibitors of steels in acidusiohs has been the subject of great interest edpyefrom the
point of view of their efficiency and applicationSorrosion inhibitors may be divided into three dmtoclasses,
namely oxidizing, precipitation and adsorption bitors [1]. Compounds containing nitrogen, oxygsuphur and
phosphorus in the conjugated system have partlgld@en reported as efficient corrosion inhibitf2s17]. These
compounds can adsorb on the metal surface by bigakie active sites and thereby decreasing th@siorr rate.
The choice of inhibitors was based on the fact these compounds contatrelectrons and heteroatom such as N,
O and S which involve greater adsorption of théhitbr molecules onto the surface of steel.

The corrosion of iron and its alloys and their bition by different organic inhibitors in acid stibn has been
studied by several authors [18-23]. A perusal efliterature on acid corrosion inhibitors acts big@rption on the
metal surface. This phenomenon could take placdivilectrostatic attraction between the chargedatmand the
charged inhibitor molecules (ii) dipole-type intetian between uncharged electron pairs in the itdritwith the

metal, (iii) p electron-interaction with the metahd (iv) a combination of all of the above [24hélcompounds
containing nitrogen can provide excellent inhibitio acid media.
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The object of the present work was to study thepature effects on carbon steel corrosion in 1. 8@ solutions

in the absence and presence of various additio@54f(2-ethoxy-2-oxoethyl)-2-p-tolylquinoxalin-1#-yl)acetate
(Q3) by using gravimetric method. Various thermodynamérameters for inhibitor adsorption on carbon steel
surface were estimated and discussed. Kinetic pteamfor carbon steel corrosion in absence amskepoe of the
studied inhibitor were evaluated and interpreted.ti@ light of inhibitor constituent, the inhibitianechanism for
carbon steel in hydrochloric acid was suggested. mblecular structure of Q3 is shownFig. 1

Figure 1. The chemical structure of the studied quinoxaline compound.

MATERIALSAND METHODS

Materials
The steel used in this study is a carbon steelofftirm: C35E carbon steel and US specification: 3885) with a

chemical composition (in wt%) of 0.370 % C, 0.2308%0.680 % Mn, 0.016 % S, 0.077 % Cr, 0.011 %0T059

% Ni, 0.009 % Co, 0.160 % Cu and the remainder {f®). The carbon steel samples were pre-treaied torthe

experiments by grinding with emery paper SiC (1800 and 1200); rinsed with distilled water, degeea

acetone in an ultrasonic bath immersion for 5 miashed again with bidistilled water and then dr&édoom

temperature before use. The acid solutions (1.00®)) Mere prepared by dilution of an analytical remiggrade 37
% HCI with double-distilled water. The concentratimnge of Q3 employed wasiM to 10° M.

M easurements

Weight loss measurements

The steel sheets of 1.6 x 1.6 x 0.07 cm dimensi@re abraded with different grades of emery papesished with
distilled water, degreased with acetone, driedlapl in a desiccator. After weighing accuratelyabgigital balance
with high sensitivity the specimens were immersedalution containing 1.0 M HCI solution with andtiwout

various concentrations of the investigated inhibitst the end of the tests, the specimens werentake, washed
carefully in ethanol under ultrasound until therosion products on the surface of carbon steelisgets were
removed thoroughly, and then dried, weighed acelyaDuplicate experiments were performed in eaa$ecand
the mean value of the weight loss is reported. iffmaersion time for the weight loss is 1h. Weighédallowed
calculation of the mean corrosion rate in mg?dmt. The corrosion ratey) and the inhibition efficiencyn(y.) were

calculated by the following equations:

v :\é—vt x100 1)
TME Yo7V %100 @)

0

where W is the three-experiment average weightdbdise carbon steel, S is the total surface afdélaeospecimen, t
is the immersion time and, andv are values of the corrosion rate without and weitidition of the inhibitor,

respectively.
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RESULTSAND DISCUSSION

Effect of immersion time

Fig .2 shows the variation of the weight loss aboa steel in HCI in the absence and presence oh@®rding to
the time of immersion. We find that the two curae almost linear; this implies that the metal acefis free of
insoluble corrosion products. So, we can deduce tthia quantity is almost constant from the firshdurs of
immersion, which allowed us to say that the imnm@rdime has no significant effect on the corrodidribition of

carbon steel in 1.0 M H®ly Q3 for optimum concentration of inhibitor.
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Figure 2. Weight loss as a function of immersion time of carbon steel in 1.0 M HCI without and with 10°M of Q3 at 308 K.

Table 1. The values of inhibition efficiency obtained from the weight loss for Q3 at different concentrationin 1.0 M HCI and at different

temperatures.
Temp Conc v mw 0
(K) (M) (mgen®hl) (%)
10° 0.028 97.4 0974
10* 0.072 934 0.934
308 10° 0.137 87.2 0.872
10° 0.224 76.3 0.763
10° 0.103 93.1 0.931
10* 0.191 87.2 0.872
313 10° 0.307 79.4 0.794
10° 0.459 69.2 0.692
10° 0.396 86.2 0.862
10* 0.571 80.1 0.801
323 10° 0.801 721 0.721
10° 1.131 60.6 0.606
10° 1.089 79.1 0.791
10* 1.427 72.6 0.726
333 10° 1.834 64.8 0.648
10° 2.542 51.2 0.512
10° 3.397 66.1 0.661
10* 4.168 58.4 0.584
343 10° 5.301 471 0471
10° 6.884 31.3 0.313

Effect of temperature

The influence of temperature on the corrosion behavof steel/acid in the presence and absencéefQ3 at
various concentrations is investigated by weiglsldrend in the temperature rang 308-343K duringoih
immerssion. The collected curves in Fig. 3 showadhelution of corrosion rate/ with Q3 concentration (C) at
different temperatures. Fig. 4 indicates that given Q3 concentration the corrosion rate of carkteel increased
with temperature. The increase is more pronountéahaconcentrations. The results also indicate thaa given
temperature, the corrosion rate of carbon steetedsed with increasing inhibitor concentration. Madues of
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inhibition efficiency obtained from the weight lofs different inhibitor concentrations and at wa$ temperatures
in 1.0 M HCI are given in Table 1 and Fig. 3. Ieal that inhibition efficiency increased with inase in inhibitor
concentration. The maximum value of inhibition efncy @ %) obtained for 18M Q3 is 97.4% at 308K. It
shows that inhibition efficiency decreased at higteenperatures. This behavior indicates desorpdibmhibitor
molecule [25].
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Figure 3. Therelationship between corrosion rate and inhibitor concentration of Q3.
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Figure4. Variation of inhibition efficiency (nw. %) with concentration of Q3 for carbon steel in 1.0 M HCl at different temperatures.

Thermodynamic activation functions of the corrosion process

In order to calculate activation thermodynamic pagters of the corrosion reaction such as activatioergyE,,
activated entropyS, and enthalpyH,, the Arrhenius equation and its alternative foratioh called transition state
equation were employed [26]:
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-E
=A a 3
BES .
v :ﬂexp[ASaJex;{—AHaj 4)
h R RT

wherev is the corrosion ratéy is a constant depends on a metal type and elgielr&l, is the apparent activation
energyh is the Planck’s constant (6.626176 x°10s),N is the Avogadro’s number (6.02252 x*1fol™), Ris the

universal gas constant afdis the absolute temperaturAH, the enthalpy of activation, anAS, entropy of

activation.

The activation energy can be calculated from tbpesiE,/ R by plotting the logarithm of corrosion rate ver4us.
Fig. 5 shows the variations of logarithm of therosion rate with the presence and absence of tohikiith the
reciprocal of absolute temperature. The calculatgivation energies€s,, and pre-exponential factows, at different
concentrations of the inhibitor are collected irblEs2.

From Table 2, it is evident that the valueEfin the presence of Q3 is higher than that in thiamhihited acid
solution. According to equation (3), it is cleaatlthe lowerA and the higheE, lead to the lower corrosion rate) (
For the present study, the valueffn the presence of Q3 is higher than that in umiiddd solution and so the
decrease in steel corrosion rate is determinedhbyapparent activation energl,). Similar report has been
documented previously [27]. The relationships betwthe temperature dependencepf% of an inhibitor and the
E, can be classified into three groups accordingnmptrature effects [28];

1. nw % decreases with increase in temperathgdinhibited solution) >E, (uninhibited solution).
2.nwL% increases with increase in temperat@g(inhibited solution) <&, (uninhibited solution).
3. nwL% does not change with temperatugg (inhibited solution) =&, (uninhibited solution).

It is clear from Table 2, that ca@¢ is applicable in this work, i.eg, in the inhibited solution is higher than that
obtained for the free acid solution indicating thfa¢ corrosion reaction of carbon steel is inhibiby Q3 [29],
hence supports the phenomenon of physical adsorf8i31]. Higher values @, in the presence of inhibitor can
be correlated with increasing thickness of the didyer which enhances tiig of the corrosion process [32]. It is
also an indication of a strong inhibitive action @B by increasing energy barrier for the corrospncess,
emphasizing the electrostatic character of thebitdw s adsorption on the carbon steel surface (phydisojp
[33].
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Figure5. Arrheniusplots of copper in acid with and without different concentrations of Q3.
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Table 2. Activation parameter s of the dissolution of carbon steel in 1.0 M HCI in the absence and presence of different concentrations of

Q3.

c(:&r)lc (mg /'(A:‘ ? h) Linear regression coefficient (1) Ea AH a Asa Ea AHa
(kJ/mol) | (kJ/mol) | (I/mol K) (kJ/mol)
Blank | 3.0066x1D 0.9996 55.75 53.05 -72.49 2.7
10° 1.9030x16f 0.9996 115.01 112.31] 92.49 2.7
10* [ 3.2987x1F 0.9959 97.75 95.05 43.14 2.7
10° 1.2911x1& 0.9971 87.99 85.29 16.19 2.7
105 [ 2.8029x1& 0.9979 82.90 80.20 03.49 2.7

The values of enthalpy of activatioxH, and entropy of activatiom\S, were obtained from the transition state
equation (4). A plot of Ln(/T) as a function of 1/T (Fig. 6) was made forbzar steel corrosion in 1.0 M HCl in
the absence and presence of different concentsatib®3. Straight lines are obtained with a slogeH( /R) and
intercept (Ln R/Nh S, /R) from which theAH, andAS, values are calculated (Table 2).
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Figure 6. The relationship between Ln (v/T) and T for different concentrations of Q3.

Examination of these data reveals that Al values for dissolution reaction of carbon steelid M HCI in the
presence of Q3 are higher than that in the abseh@s3. The positive sign afH, show the endothermic nature of
the solution process suggesting that the dissolubiocarbon steel is slow [34], which indicatestth#hibition
efficiencies decrease with increase in temperatitres also clear from Table 2 th&, and AH, increase with
increase in Q3 concentration. From Table 2, iesnsthat the value of activation energy and enyhafactivation
varied in the same way. This result verified thewn thermodynamic relation betweegpdhdAH, [35, 36]:

E,-AH, = RT (5)
The large negative value dAS, for carbon steel in 1.0 M HCI implies that theieated complex is the rate-

determining step, rather than the dissociation. dtefhe presence of the inhibitor, the valuedXf, increases and
is generally interpreted as an increase in disaadehe reactants are converted to the activateghlexes [37]. The

positive values ofAS, reflect the fact that the adsorption process é®mpanied by an increase in entropy, which
is the driving force for the adsorption of the imitdr onto the steel surface.

Adsor ption isother m and ther modynamic consider ation
In order to get more information about the inteactof the studied inhibitor and metal surface #fedent

temperatures, the values of surface cover@peltained from weight loss measurement at diffecemcentrations
of Q3 in 1.0 M HCI in the temperature range (3088¥after 1h immersion were used to investigateattisorption
characteristics of the inhibitor. Four widely usedsorption isotherms (Langmuir, Temkin, Frumkin and
Freundluich) were tested for their fit to the expemtal data. The best fit was obtained with Langim@adsorption

isotherm, given by Equation as following:
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c._ 1
=~ 4C 6
0 K inh ( )

ads

Where 6 is the degree of surface covera@,, is the inhibition concentration in the electrolyad K,gsis the
equilibrium constant of the adsorption processtPdC,,/0 versusCiy, yield a straight line as shown in Fig. 7. In
both cases the linear regression coefficieRf$ &re almost equal to 1 and the slopes are vesedio 1, indicating
that the adsorption of Q3 in 1.0 M HCI follows th@&ngmuir isotherm and exhibit single-layer adsanpti
characteristic. The equilibrium adsorption constigi, for the adsorption of the compound at differemperature
were calculated from the slopes of straight linag lésted in Table 3.

Table 3. The thermodynamic parameter s of adsor ption of Q3 on the carbon steel surface.

Linear regression coefficient (r o o o
T Koo AG, kimol) AH_, (kimo) AS,
(L/mol) (I/mol K)
308 0.9999 515910.68 -43.97 32.15
313 0.9999 320355.72  -43.44 29.96
323 0.9999 262170.61 -44.29 -34.06 31.66
333 0.9999 205456.94 -44.99 32.80
343 0.9999 109075.16 -44.53 30.52
0.0018
0.0012
9
UE
0.0006
0.0000 % . ; , . . T T i
0.0000 0.0003 0.0006 0.0009 0.0012

C,,, (mol/L)

Figure 7. Therelationship between Ci,n/0 and Cin, of Q3 at various temper atur es.

It is seen from the table that the correlation ficiehts are very good arié,4s values decrease with an increase in
temperature. Large values l§fqs mean better inhibition efficiency of the inhibitar., strong electrical interaction
between the double-layer existing at the phase demyrand the adsorbing inhibitor molecules. Smalllgs ofK 4
however, reveal that such interactions betweenrhdsp inhibitor molecules and the metal surface wemker,
indicating that the inhibitor molecules are easéynovable by the solvent molecules from the mataiase [38].

Kagsis related to the free energy of adsorptid€s, ,. by the equation:

K 1 e (AGOd ) 7
e X ads
*“ 555 P RT %

o

ads

where 55.5 is the concentration of water expregssadol/L (the same as that of inhibitor concentmji R is the
molar gas constant (kJ mitd™*) andT is the absolute temperatu(€).

o

The negative value oAG_ . (Table 3) means that the adsorption of Q3 on stiedhce is a spontaneous process,

ads

and furthermore the negative values[bG;dSalso show the strong interaction of the inhibitaslecule onto the
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o

copper surface [39,40Generally, values oAG,  around -20 kJ mdior lower are consistent with the electrostatic

interaction between the charged molecules andhheged metal (physisorption). Those more negatiae t40 kJ
mol™ involve charge sharing or transfer from the inftibmolecules to the metal surface to form a coudi type

of bond (chemisorption) [41,42]. The calculateduea ofAG;dSare greater than -40 kJ rpiindicating that the

adsorption of mechanism of Q3 on steel in 1.0 M E@ution at thestudied temperatures may be a chemisorption
[43].

The negative sign ofAH;dSindicates that the adsorption of Q3 molecules iseanthermic process. In an

exothermic process, physisorption is distinguistieth chemisorption by considering the absolute eatiAH ;ds.

For physisorption process, the enthalpy of adsompts lower than 40 kJ miblwhile that for chemisorption
approaches 100 kJ mbl[44]. In the present case; the standard adsorpieat -34.06kJ mol* shows that a
comprehensive adsorption (physical adsorption) migtcur [45]. The adsorption of inhibitor moleculés

accompanied by positive values AS ..

AH;dS= -34.06 kJ mol* found by the Van't Hoff equation, may be also eestd by the
Gibbs—Helmholtz equation, which is defined as folka

|:a(AG;ds/T)} :_AH;ds

oT T? ©)
Which can be arranged to give the following equatio
A%ds _ ATH sy A ©
The standard adsorption entrome;)Ids may be deduced using the thermodynamic basic exuati
AG;ds =AH ;ds— TA Sads (10)

Thermodynamic model is very useful to explain thisaption phenomenon of inhibitor molecule. TheoapBon
heat could be calculated according to the Van'tflegfiation:

AH’
Ln(K,.) =- R—-Fds + Constan (11)

Where AH ;ds and Kys are the adsorption heat and adsorptive equilibraamstant, respectively. To obtain the

adsorption heat, the regression between LpXlK¥nd 1/T was dealt with. Fig. 8 is the straightlin (K9 versus

1/T. The adsorption heaf\H ) can be approximately regarded as the standaaftem heat A H;ds) under the
experimental conditions [46, 47].

The variation of AG;dS/T with  1/T gives a straight Iline with a slope thaequals

A H;ds = -34.08 kJ.mot (Fig. 9). It can be seen from the figure tfsG_ /T decreases with 1/T.

The value of the enthalpy of adsorption found bg ttvo methods such as Van't Hoff and Gibbs—Helnzholt
relations are in good agreement.
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Figure 9. Relationship between AG;dS/T and therever se of absolute temperature.

CONCLUSION

The following conclusions may be drawn from thedgtu

» Results obtained from the experimental data shaat 2i(4-(2-ethoxy-2-oxoethyl)-2-p-tolylquinoxalin4H)-
yl)acetate (Q3) acts as an effective inhibitor arbon steel corrosion in 1.0 M HCI.

» The corrosion process was inhibited by adsorptidhe@ Q3 on the steel surface.

» Inhibition efficiency increases with increase ie ttoncentration of Q3 but decreases with riserpggature.

» The adsorption of Q3 on carbon steel surface frddrMLHCI obeys the Langmuir adsorption isotherm.

»From the free energy of adsorptioAG;ds values, it can be concluded that the adsorptiorcqe® was

spontaneous and chemically adsorbed (chemisorpatinio)the carbon steel surface.
» Kinetic and adsorption parameters were evaluatdddatussed.
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