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ABSTRACT

The corrosion inhibition of mild steel in 0.5 M,$0, using ethyl 1-(((4-acetylphenyl)((3-(ethoxycarbipiy--

pyrazol-1-yl)methyl)amino)methyl)-5-methyl-1H-pyotez3-carboxylate (APC) at 298 K have been investd.

The study was performed using weight loss methatgnfiodynamic polarization, and electrochemicap@dance
spectroscopy (EIS). The experimental results suggasthe inhibition efficiency of this compoumtrieases with
the increase in inhibitor concentration. Adsorptioh this compound on mild steel surface obeys Lamggn
isotherm. Polarization measurements proved thag thhibitor behave as mixed type. EIS data showed the
charge transfer resistance of mild steel increagesacid solution containing inhibitor. Correlatiobetween
guantum chemical calculations and inhibition effiety of the investigated compound is discussed tise\Density
Functional Theory method (DFT).

Keywords: Mild steel, EIS, Polarization, Weight loss, DFTGid inhibition

INTRODUCTION

Organic and inorganic compounds are widely usetba®sion inhibitors to control the corrosion [2}1Corrosion

inhibition of mild steel is a matter of theoreticed well as practical importance [14]. Mild Stezlan extensively
used metal in the industries, especially for stmadt applications, but it has high rate of dissolutin acidic

medium, which is a major obstacle in its use oargd scale. Acids are widely used in industries g pickling,

cleaning, and descaling. Since the acids are higgpyessive, inhibitors are used to reduce theafadéssolution of
metals [15-19]. Use of corrosion inhibitors is asfethe best methods to control the corrosion irdiacmedium.

Corrosion process in metals can be controlled &atiing them in solutions of special compounds whiclild be

able to interact with the metal and thus their acefgets modified. For this type of surface modifan the most
efficient inhibitors are organic compounds with alecular structure af-conjugation.

The efficiency of an organic compound, to act @sosion inhibitor, depends on its ability to adsand interact
with metal atoms through their heteroatom. Compsundntaining nitrogen, sulphur, and oxygen havenbee
reported as inhibitors [20-26]. The basic actionirdfibitor is attributed to an increase in ohmisistance of an
inhibitor film at the electrolyte interface or dt@ some type of adsorption on the metal surfacesofation of
inhibitor on the metal-solution interface is acca@migd by a change in potential difference betwésn rhetal
electrode and the solution due to the non-unifoistridution of electric charges at the interface.
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The prime aim of this paper is to evaluate thehitioin effectiveness of the inhibitor ethyl 1-((étetylphenyl)((3-
(ethoxycarbonyl)-1H-pyrazol-1-yl)methyl)amino)methg-methyl-1H-pyrazole-3-carboxylate (APC) on thald
steel corrosion in 0.5 M 30, solution and attempt to study the interaction ra@é$m between the inhibitor
molecule and the mild steel surface. Specificalg inhibition properties of APC for mild steel @5 M H,SO,
solution have been investigated using various nusthncluding weight loss, potentiodynamic polatiza and
electrochemical impedance spectroscopy (EIS). Mé#daewquantum chemical calculations have been ueed
optimize the structure of APC and calculate thenta chemical parameters of molecular relatedstéuiiction as
corrosion inhibitor. The molecular structure of AR®jiven in Figure 1.
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Figure 1: Molecular structure of APC

MATERIALSAND METHODS

Materials

The steel used in this study is a mild steel withamical composition (in wt%) of 0.09%P, 0.01 % @38 % Si,
0.05 % Mn, 0.21 % C, 0.05 % S and the remaindar {fee). The steel samples were pre-treated poidhée
experiments by grinding with amery paper sic (2210, 800, 1000 and 1200); rinsed with distilledevatiegreased
in acetone, washed again with bidistilled water tech dried at room temperature before use.

Solutions

The aggressive solutions of 0.5 M30, were prepared by dilution of analytical grade 9B9&0, with distilled
water. The concentration range of ethyl 1-(((4-@pienyl)((3-(ethoxycarbonyl)-1H-pyrazol-1-yl)methyamino)
methyl)-5-methyl-1H-pyrazole-3-carboxylate (APCedsvas 16M to 10°M.

Gravimetric study

Gravimetric experiments were performed accordintpéostandard methods [27], the mild steel shde2sxol x 0.2
cmwere abraded with a series of emery papers SiC, @20 and 1200) and then washed with distilled watel
acetone. After weighing accurately, the specimeesvimmersed in a 50 mL beaker containing 100 mD.5fM
H,SQO, solution with and without addition of different mmentrations inhibitor. All the aggressive acidusioins
were open to air. After 6 h of acid immersion, specimens were taken out, washed, dried, and webigbeurately.
In order to get good reproducibility, all measuretsewere performed few times and average values vegorted
to obtain good reproducibility. The inhibition efiéency fw %) and surface coverag®)(were calculated as
follows:

W, -W.
Cp=—"2—2 1
R At 1)
M (%)=[1—%jxloo @
0
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W
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whereW, andW, are the specimen weight before and after immeiisiohe tested solutiony, andw; are the values

of corrosion weight losses of mild steel in unintdd and inhibited solutions, respectivefythe total area of the
mild steel specimen (cihandt is the exposure time (h).

Electrochemical measurements

The electrochemical measurements were carried $iag \/olta lab (Tacussel- Radiometer PGZ 100) paistate
and controlled by Tacussel corrosion analysis sowmodel (Voltamaster 4) at under static conditibhe
corrosion cell used had three electrodes. The erfer electrode was a saturated calomel electro@G&)(SA
platinum electrode was used as auxiliary electafdeurface area of 1 émiThe working electrode was mild steel of
the surface 1 cfmAll potentials given in this study were referredthis reference electrode. The working electrode
was immersed in test solution for 30 min to a digthisteady state open circuit potentigl{). After measuring the
E.cp the electrochemical measurements were perfordi@lectrochemical tests have been performed iratad
solutions at 298 K. The EIS experiments were cotetliin the frequency range with high limit of 10BZand
different low limit 0.1 Hz at open circuit potertiavith 10 points per decade, at the rest potenatier 60 min of
acid immersion, by applying 10 mV ac voltage peafp¢ak. Nyquist plots were made from these experisad he
best semicircle can be fit through the data pamthe Nyquist plot using a non-linear least squirso as to give
the intersections with theaxis.

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

n,%="2"" 100 @

t
Where, Ry and R, are the charge transfer resistance in absence amdsence of inhibitor, respectively.

After ac impedance test, the potentiodynamic po#didn measurements of mild steel substrate irbitdd and
uninhibited solution were scanned from cathodicthte anodic direction, with a scan rate of 1 mV. She
potentiodynamic data were analysed using the @alawin VoltaMaster 4 software. The linear Tafelmegts of
anodic and cathodic curves were extrapolated tmsimn potential to obtain corrosion current deesifcor).

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

leorr ~ Icorr [
Mrarel%) = — M0 100 5)

I corr

wherel .r andl o) are the corrosion current densities for steeltedde in the uninhibited and inhibited solutions,
respectively.

Quantum chemical calculations

Complete geometrical optimizations of the invesdgamolecules are performed using DFT (density tional
theory) with the Beck’s three parameter exchangetfanal along with the Lee-Yang-Parr nonlocal etation
functional (B3LYP) [28-30] with 6-31G* basis set iimplemented in Gaussian 03 program package [3hs T
approach is shown to yield favorable geometriesaferide variety of systems. This basis set givesdggeometry
optimizations. The geometry structure was optimizedler no constraint. The following quantum chetnica
parameters were calculated from the obtained op¢ichstructure: The highest occupied molecular alrifi;owmo)
and the lowest unoccupied molecular orbital(k), the energy differenceAE) between Fono and Eywo, dipole
moment (), electron affinity (A), ionization pote (1) and the fraction of electrons transfer(adN).

RESULTSAND DISCUSSION

Potentiodynamic polarization curves
The polarization behavior of mild steel in acidutamns without and with different concentrationsA##C are shown
in Figure 2 of the supporting information. The élechemical parameters such ag,|Ecor, and Tafel slopesy)
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were calculated by extrapolating the Tafel linethi® corresponding corrosion potential, and theyliated in Table
1. From Figure 2 of the Supporting Informationjsitclear that both anodic (dissolution of metalyl amathodic
(hydrogen evolution) reactions were retarded dfterintroduction of inhibitor to the acid media.€ermhibition of
corrosion enhanced with an increase in inhibitarcemtration. In the presence of different APC cotraions, the
E.orr Of mild steel shifted around +16.3 mV as comparcethe blank in HSO,. Inhibitors are said to be cathodic or
anodic, only if the k, values are displaced more than 85 mV as comparéae blank [32]. This indicates that
APC inhibited the corrosion of mild steel in mixetbde. The cathodic domain curves appeared as glaia#s
indicating that the introduction of APC to the acithedia did not alter the hydrogen evolution mexi$ma, and the
reduction of H ions at the surface of metal takes place mairnlyuth a charge transfer mechanism [33,34].
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Figure 2: Tafel plots of APC on mild steel in 0.5 M H,SO,

Table 1: Electrochemical kinetic parameter s obtained by Tafel polarization technique for mild steel in absence and presence of various
concentrations APC at 298 K

Medium Conc  -Ecor -Be lcorr NTafel
(M) (mV/SCE) (mVdec) (pAcm? (%)

H,SO, 0.5 4529 2325 6861.6 —
10°  466.4 184.8 17350 75

APC 10" 467.8 128.4 2329.2 66
10°  469.2 213.9 2976.1 56
10°  466.3 230.9 3550.7 48

From table 1The increase in inhibition efficiency with increagiinhibitor concentration may be attributed to the
formation of a barrier film, which prevents theaatt of acid on the metal surface [35]. The besbitibn efficiency
was about 75% at concentratior 2101

EIS
Fig. 3 shows the Nyquist plots of mild steel in O6H,SO, in uninhibited and inhibited solutions containing

various concentrations of APC. The Nyquist plotgesd that each impedance diagram consists of a leagacitive
loop at high frequencies (HF) and an inductive labgow frequencies (LF) both in the absence ambgmce of
inhibitor. The presence of two time constants fonidissolution at Ecorr in the absence of inhilsitbas been
reported in the literature [36]. The HF capacitisep could be attributed to the double layer capaici parallel

with the charge transfer resistance(RThe LF inductive loop may be originated from tledaxation process

obtained by adsorption species agqsand SOj' on the surface of the metal [37]. It may also tigbauted to the

re-dissolution of the passivated surface at lowdencies [38]. Fig. 3 reveals that increase in eatration of APC
results in increase in size of the semicircle, Whic an indication of the inhibition of the corrosiprocess. It is
observed that capacitive semicircles in the absandepresence of APC were depressed with centreruhd real
axis. This is attributed to the dispersion effawd ¢he state of the electrode surface [39].
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Figure 3: Nyquist plotsfor mild steel recorded in 0.5 M H,SO, in the absence and presence of different concentrations of APC at 298 K

Table 2: Impedance parameter swith corresponding inhibition efficiency for the corrosion of mild steel in 0.5 M H,SO, at different
concentrations of APC

Medium Conc Ry Ca n:
M)  (@cnf)  (WFcn®) (%)
H,SO, 0.5 2.8 229.8 —
10° 9.2 109.0 70
10* 84 151.6 67
APC 10° 8.2 155.7 66
10° 7.3 173.3 62

The values of the electrochemical parameters diriream Nyquist plots are given in Table 2. It cam dbserved
that the values of Rincrease while the values of,@ecrease with increase in concentration of AP@& décrease

in Cy on the introduction of APC to the acid solutiomlizates the presence of a protective layer thaémsothe
surface of the electrode. The adsorption of APGhenmild steel surface decreasggb@cause they displaced the
water molecules and other ions that were originattgorbed on the surface. With higher concentratioAPC,
either the thickness of the protective layer or theface coverage by APC increased due to more APC
electrostatically adsorbed on the electrode suifi&dp

Gravimetric studies

The values of corrosion rate in the absence ansepoce of various concentrations of APC at diffe298 K are
given in Table 3. The fractional surface coveragan be easily determined from the weight loss measents by
the ratio w (%)/100, whereny, (%) is inhibition efficiency and calculated usinglation 2. The data obtained
suggest that the APC get adsorbed on the mild stefdce at studied temperature and corrosion natesased in
absence and presence of inhibitor in 0.5 6, solutions. Table 3 indicates that the corroside & mild steel
decreased on increasing concentration. This behawidd be attributed to the increase in adsorpdbAPC at the
metal/solution interface on increasing its concaian. Indeed, the adsorption of the APC could odue to the
formation of links between the d-orbital of iroroats, involving the displacement of water molecutesn the
metal surface, and the lone sp2 electron pairseptesn the N and/or O atoms [41]. The order of itifebition
efficiency from the weight loss measurements areggaod agreement with those obtained from the EI& an
potentiodynamic polarization methods.

27
www.scholarsresearchlibrary.com



S.EL Aroujietal Der Pharma Chemica, 2015, 7 (10):23-33

Table 3: Effect of APC concentration on corrosion data of steel in 0.5M H,SO,

Medium Conc Ckg 0 nwL
(M) (mg/cnt h) (%)
Blank 1.0 1.608 — —

10°  0.102 0.75 75
10°  0.547 0.66 66
APC 10°  0.579 0.64 64
10°  0.611 0.62 62

Adsor ption isother m and ther modynamic parameters

The adsorption on the corroding surfaces nevetesathe real equilibrium and tends to reach anrptisa steady
state. However, when the corrosion rate is suffityesmall, the adsorption steady state has a teryd® become a
quasi-equilibrium state. In this case, it is readma to consider the quasi-equilibrium adsorptiothermodynamic
way using the appropriate equilibrium isotherms][4he efficiency of this compound as a successtutosion
inhibitor mainly depends on its adsorption abilitg the metal surface. So, it is essential to knob& rmode of
adsorption and the adsorption isotherm that caa galuable information on the interaction of inhilbiand metal
surface. The surface coverage valwe&)w, (%)/100) for different concentrations of APC wa®digo explain the
best adsorption isotherm. A plot oféG/ersus C (Fig. 4) gives a straight line with aerage correlation coefficient
of 0.99957 and a slope of nearly unity suggeststtieadsorption of APC molecules obeys Langmugoggtion
isotherm, which can be expressed by the followiggadion:

C_.1.c (6)
6 K

where C is inhibitor concentration and K is theillgium constant for the adsorption-desorptionqass.
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Figure 4: Langmuir adsor ption isotherm of APC on the steel surface

The thermodynamic parameters from the Langmuir gdiem isotherm are listed in Table 4, togethehwtite value
of the Gibbs free energy of adsorpti&G;dS calculated from the equation:

AG,, = -RTL{55.5K) @

Where R is the universal gas constant, T the théymamic temperature and the value of 55.5 is thme@atration
of water in the solution [43].

The value K calculated from the reciprocal of in&mt of isotherm line as 148337.36 L thaThe high value of the
adsorption equilibrium constant reflects the higeaption ability of this inhibitor on mild stealr$ace.

28
www.scholarsresearchlibrary.com



S.EL Aroujietal Der Pharma Chemica, 2015, 7 (10):23-33

Table 4: Thermodynamic parametersfor the adsor ption of APC in 0.5 M H,SO,0n the mild steel at 298K

nhibitor ~ KexMY) R AG,_ (KI/mol)

APC 148337.36  0.99957 -39.45

From Egqg. (7), theAG;ds was calculated as -39.45 kJ molThe negative value of standard free energy of

adsorption indicates spontaneous adsorption of Al@cules on mild steel surface and also the stiotegaction
between inhibitor molecules and the metal surfatd[]. Generally, the standard free energy valfie2kJ mol*
or less negative are associated with an electiostateraction between charged molecules and cldargetal
surface (physical adsorption); those of -40 kJ Mol more negative involves charge sharing or tembm the
inhibitor molecules to the metal surface to forncaordinate covalent bond (chemical adsorption)44p The

value of AG;dS in our measurement is -39.45 kJ théin Table 4), it is suggested that the adsorptibthis APC
derivative involves two types of interaction, cheatption and physisorption [48].

Quantum chemical calculation results

To investigate the effect of molecular structure tbe inhibition mechanism and inhibition efficiencgome
guantum chemical calculations were performed. Quanthemical parameters such as the energy of highes
occupied molecular orbital (Bumo), the energy of the lowest unoccupied moleculaitak (E yyo), HOMO-LUMO
energy gapAEgy,y, the dipole moment (1) of optimized molecular atdictures of the inhibitor APC (Fig. 5) had
been calculated (Table 5). Frontier molecular atliieory suggests that the formation of a tramsisitate is due to
an interaction between frontier orbitals (HOMO atdMO) of reacting species. It is well-known that@bsolute
values of the energy band gap gives good inhibigfiitiencies, because the ionization potential bd low [49].
The dipole moment (i) is a measure of the polasftya covalent bond, which is related to the distiiin of
electrons in a molecule [50]. Although literatusariconsistent with the use of p as a predictotterdirection of a
corrosion inhibition reaction, it is generally agdethat the large values of u favor the adsorpdiimhibitor [51].
As it is shown in Table 5, the APC has a Iafgy,, (3.755 eV), which implies the high ability to aptelectrons
from the d-orbital of Fe and a high stability oétfire-APC] complexes [52]. Moreover, APC has aentligh value
of u (4.2759 D), which implies the strong adsonmptid molecule at the mild steel surface.

Figure5: Optimized molecular structureof APC (a), HOMO (b), LUMO (c) orbitals
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Another method to correlate inhibition efficiencytivparameters of molecular structure is to cakeuthe fraction
of electrons transferred from inhibitor to metatfage. According to Koopman's theorem [53}dmo and Eymo Of
the inhibitor molecule are related to the ionizatjpotential (I) and the electron affinity (A), respively. The
ionization potential (I) and the electron affin{t%) are defined as follows:

I = -BE1omo (8)

A=-Eymo 9

Then absolute electronegativity) (and global hardnessg)(of the inhibitor molecule are approximated adofeb
[54]:

_I+A (10)
2
p=A (11)
2
Thus the fraction of electrons transferred fromititebitor to metallic surfaceiN, is given by [55]:

2(’7Fe +’7inh)

To calculate the fraction of electrons transferttesitheoretical values of gf. (7 eV mol*) and ofne. (0 eV mol*)
are used [56]. The calculated results are presémt€dble 5.

Table5: Calculated quantum chemical parameters of the studied compound

Quantum parameters APC
Eovo ) -8.707
E.umo ) -4.952
AE gap (ev) 3.755

H (Gebye) 4.2759
I =-E om0 8.707
A= -E o 4.952
| + A
= 6.8295
2
n= | —A 1.8775
2
AN = Xre ™ Xim _ 0.04541
2(’7 Fe +,7 inh)

Generally, value oAN shows inhibition efficiency resulting from eleotr donation, and the inhibition efficiency
increases with the increase in electron-donatinitityalbto the metal surface. Value @fN show inhibition effect
resulted from electrons donation. According to Lwitsls study [57], ifAN < 3.6, the inhibition efficiency increases
with increasing electron-donating ability at thetahsurface.

M echanism of inhibition

Generally, corrosion inhibition mechanism in aciddium is the adsorption of inhibitor onto the metatface. As
far as the inhibition process is concerned, it enegally assumed that adsorption of the inhibitorttee
metal/solution interface is the first step in thetian mechanism of the inhibitors in aggressived aviedia. Four
types of adsorption may take place during inhibifiovolving organic molecules at the metal/soluticter-face: (1)
electrostatic attraction between charged molecaesthe charged metal, (2) interaction of unshatedtron pairs
in the molecule with the metal, (3) interactiomedlectrons with the metal, and (4) a combinatiothefabove [58].
Concerning inhibitors, the inhibition efficiency glends on several factors; such as the number of@titsn sites
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and their charge density, molecular size, heatydfdgenation, mode of interaction with the metafaee, and the
formation metallic complexes [59]. Physical adsmmptrequires presence of both electrically chargediace of the
metal and charged species in the bulk of the soiutihe presence of a metal having vacant low-gnekgctron
orbital and of an inhibitor with molecules havirglatively loosely bound electrons or heteroatonhviitne pair
electrons. However, the compound reported can bempated in an acid medium. Thus they become cation
existing in equilibrium with the corresponding maléar form:

APC+ xH" « [ APG]™ (13)

The protonated APC, however, could be attachech@ontild steel surface by means of electrostatieraution
betweenSOf_ and protonated APC since the mild steel surfacepbagive charge in the 80, medium [60]. This

could further be explained based on the assumptiat in the presence &‘Qf_, the negatively charged

SO:’ would attach to positively charged surface andahbgmprotonated APC being adsorbed to the metahceirf

Apart from electrostatic interaction, some chemiotdraction is also involved. The non-bonding #lees of hetero
atoms and-electrons of aromatic ring caused chemical intéac

CONCLUSION

The inhibition effect of ethyl 1-(((4-acetylphen{(B-(ethoxycarbonyl)-1H-pyrazol-1-yl)methyl)aminogthyl)-5-
methyl-1H-pyrazole-3-carboxylate (APC) on the csioo of mild steel in 0.5 M 50, was studied using chemical
and electrochemical techniques. APC has a gooditidn effect for corrosion of mild steel in acidéolutions to
form a protective film, and it absorbs on the metafface according to Langmuir adsorption isothefihe
inhibition efficiency increases with increasing ibitor concentration. The polarization curves 0.9B80, indicate
that APC behaves as mixed type inhibitor by inimigitboth anodic metal dissolution and cathodic bgeén

evolution reaction. TheAG;dSvaIue suggest that this interaction may occur ithbphysical and chemical

adsorption. All the results obtained from EIS, pialation and weight loss are in good agreementoldin the
guantum chemical calculations, we have shown tiatalculated parameters are correlated with tperarental
results, and it was found that inhibition effeatrieased with the loweXEg.,and the higher p values.
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