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ABSTRACT

The inhibition effect of ethyl 6-amino-5-cyano-2tmyé4-(p-tolyl)-4H-pyran-3-carboxylate (Pyr2) ohd corrosion

of mild steel in 1.0 M HCI was investigated bycgfechemical (potentiodynamic polarization and élechemical
impedance spectroscopic studies) and theoreticahaas. The potentiodynamic polarization was carrigd
different temperatures ranging from 298 to 328 iKall the studies, Inhibition efficiency increaseith increase in
concentrations of Pyr2 but decreases with risehia temperature. Potentiodynamic polarization measwants
confirmed that the inhibitive action of this compduis of mixed type. The activation parameters and
thermodynamic values responsible for the adsorptvene discussed. The adsorption of the inhibitomald steel
surface has been found to obey the Langmuir isoth@ensity functional theory (DFT) at the B3LYPM&EG(d,p)
basis set level was performed. Excellent corretati@s found between experimental and theoreticallte

Keywords: Mild steel, HCI, Corrosion inhibition, Pyrane detive, Electrochemical techniques, DFT

INTRODUCTION

Excessive corrosion attacks occur on mild stedasas deployed in service in aqueous aggressivieoaments.
The dissolution of metals in such environment carsignificantly suppressed by the addition of femnpounds to
the environment that adsorb on metal decreaseistoldtion. Several organic molecules containingd\,and S
were reported as corrosion retarding agents fod stiéel in acid solutions [1-18]. The nature of #usorption of
inhibitor depends on the type of metal, structurthe molecule, and the strength of the electrolyte

The corrosion of mild steel may proceed throughoue mechanisms and manifest in different formarig given

environment. Accordingly, in order to be consideedféctive, an inhibitor may require performingdbgh various
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functions. The adsorption of inhibitors is by thtactive forces arose between the inhibitor mdiesand the metal
surface. The electrostatic force in-between thegdwmetal surface and inhibitors is physisorptibime process of
forming coordinate bond between the unshared elestiof the inhibitors and the metal surface is kmoas

chemisorption. The adsorption will be favored bg tiresence of heteroatoms (S, N, and O) and twé-pair of

electrons and aromatic rings in the inhibitors BA-

The aim of the present work is to investigate ttieots of ethyl 6-amino-5-cyano-2-methyl-4-(p-tgiH-pyran-3-
carboxylate (Pyr2) as corrosion inhibitor for mateel in 1.0 M HCI solution using electrochemiaattniques.
Thermodynamic activation parameters were evalufitech experimental data. The relationships betwdean t
inhibition performances of the investigated intobiin 1.0 M HCI and some quantum chemical pararsetrch as
the highest occupied molecular orbital energyoffe), the lowest unoccupied molecular orbital enefgyo), the
energy gap between_fo and Eomo (AEumo-vomo), dipole moments, electronegativity),( global chemical
hardnesst() and the fraction of electrons transferred frora thhibitor to the iron surfaceAN). The molecular
structure of Pyr2 is given in Figure 1.

Figure 1: Molecular structure of Pyr2
MATERIALS AND METHODS

Materials

The steel used in this study is a mild steel witthamical composition (in wt%) of 0.09%P, 0.01 % @R4 % Si,

0.47 % Mn, 0.11 % C, 0.12 % Cr, 0.02 % Mo, 0.1 %M03 % Al, 0.14 % Cu, 0.06 % W, <0.0012 % Co,08G.

% V and the remainder iron (Fe). The steel sample pre-treated prior to the experiments by gnigavith SiC

abrasive paper of grade respectively 220, 400, 8000 and 1200; rinsed with distilled water, degeghin acetone,
washed again with bidistilled water and then daedoom temperature before use.

Solutions

The aggressive solutions of 1.0 M HCI were prepédmedilution of analytical grade 37% HCI with disd water.
The concentration range of ethyl 6-amino-5-cyanoehyl-4-(p-tolyl)-4H-pyran-3-carboxylate (Pyr2)agswas 10
6 3

M to 10°M.

Electrochemical measurements

The electrochemical measurements were carried $iag \/olta lab (Tacussel- Radiometer PGZ 100) paistate
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 electroG&)(SA
platinum electrode was used as auxiliary electafdRirface area of 1 émThe working electrode was mild steel of
the surface 1.0 ¢ All potentials given in this study were referrél this reference electrode. The working
electrode was immersed in test solution for 30 toira establish steady state open circuit pote(igl). After
measuring theE., the electrochemical measurements were performMddelectrochemical tests have been
performed in aerated solutions at 298 K. The ElSerments were conducted in the frequency range gh limit

of 100 kHz and different low limit 0.1 Hz at opeinctit potential, with 10 points per decade, at tbst potential,
after 30 min of acid immersion, by applying 10 m¥/ltage peak-to-peak. Nyquist plots were madenftbese
experiments. The best semicircle can be fit thraghdata points in the Nyquist plot using a nowdir least square
fit so as to give the intersections with thaxis.

The inhibition efficiency of the inhibitor was calated from the charge transfer resistance valssguthe

following equation:
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Where, R, and R, are the charge transfer resistance in absenci amdsence of inhibitor, respectively.

After ac impedance test, the potentiodynamic ppédidn measurements of mild steel substrate irbitdd and
uninhibited solution were scanned from cathodiche anodic direction, with a scan rate of 0.5 mV. he
potentiodynamic data were analysed using the paloin VoltaMaster 4 software. The linear Tafelreegts of
anodic and cathodic curves were extrapolated tmsmm potential to obtain corrosion current deesi{ ). The
inhibition efficiency was evaluated from the measlit,,, values using the following relationship:

lcorr ~ Icorr [
Mrasel%) = — M0 100 @

I corr

wherelq,r andl o) are the corrosion current densities for steeltedée 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) [35-37] with 6-31G* basis set isiplemented in Gaussian 03 program package [3Bl T
approach is shown to yield favorable geometriesafaride 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 opéichstructure: The highest occupied molecular alrif,onmo)
and the lowest unoccupied molecular orbital(k), the energy differenceAE) between Fono and Eywvo, dipole
moment (u), electron affinity (A), ionization potei (I) and the fraction of electrons transferfad\).

RESULTS AND DISCUSSION

EIS measurements

The EIS analysis was done on mild steel in 1.0 M iHGhe absence and presence of different conatotis of the
Pyr2 in order to describe the kinetics and charimties of the electrochemical reactions occurrimg the
metal/electrolyte interface. Fig. 2(a) represehts Nyquist plots for mild steel in the absence presence of the
studied Pyr2 which show the imperfect semicirclesufted due to surface roughness and inhomogeneitle
accumulation of corrosion products and formatiompitd and cracks result into the production of acefroughens
and inhomogeneities. The impedance nature of m#elsdissolution can be explained by involvementaof
equivalent circuit (Fig. 2b) consisting of the g@u resistance (§ the charge transfer resistancg)@nd double
layer capacitance (§ as described elsewhere [39]. The double layeaatance was derived using following
relation:

Y W™
Cy =2
a sin(n(ﬂ/Z)) )

where Y, is the amplitude comparable to a capacitance (aijifF cm?), o is the angular frequency, and n is the
phase shift, which is a measure of surface roughr@senerally, the high value of n associated with surface
roughness and high surface coverage. To find moeerate fit, the constant phase element (CPE) wed in our
present study rather than double layer capacitarfteimpedance of the CPE# can be represented as follows:

Zepe = (YiJ[( @), ] @

0

where, | is the imaginary unit. The behavior of @RE can be explained on the basis of values on.t@enerally,
if the value of n equals to +1, 0, and -1, the GfelBaves as resistance, capacitance and inductaspectively
[40].
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Figure 2: (a): Nyquist plot for mild steel in 1.0 MHCI without and with various concentrations of Pyr2; (b): equivalent circuit model
used to fit the EIS data

The calculated values of n in absence and predeyw at different concentrations are given in Tahl&everal
impedance parameters such asRR, Cy, n andn,% were derived using above equivalent circuit shawiRig. 2(b)
and are given in Table 1. From the results showhaible 1 it was observed that values gfiRcrease whereas the
values of G decrease in the presence of studied compound.ifi¢risase in R and decrease ingCvalues in the
presence of Pyr2 are attributed due to a decredseal dielectric constant and/ or to an incraaste thickness of
the electrical double layer [41,42]. These ressliggest that the studied Pyr2 inhibit mild steelrasion by
adsorbing at the metal/electrolyte interfaces.

Table 1: Corrosion parameters obtained by impedanceneasurements for mild steel in 1.0 M HCéat various concentrations of Pyr2

Medium Conc Rs Rt n Cal Nz
M) (Qcmd) (Qcnd (uFfend) (%)

Blank 10 25 40 0.80211 —
10° 1.2 160 0.85 142 75.0

Pyr2 10 1.0 157 0.84 153 74.5
10° 05 111 0.84 170 64.0
10° 038 102 0.83 203 61.0

Potentiodynamic polarization measurements

Effect of concentration inhibitor

Potentiodynamic polarization curves of mild steelli0 M HCI in the absence and presence of t010° M
concentrations of Pyr2 is given in Figure 3. Theéeptodynamic polarization parameters i.e. Cornogiotential
(Ecor), cathodic Tafel slope$d), corrosion current density.{) and percentage inhibition efficiency;f %) were
also calculated and given in Table 2. Completeotiigi®n of mild steel in acid solution can be dedlinto tow half
reactions, one is the cathodic half reaction amoithéhe anodic half reaction. The anodic half teecinvolves
dissolution mild steel through oxidation processlascribed earlier [43-45]:

Fe+ClI' « FeCl,,
FeCl,,, - FeC|+ €

ads)

FeCl,, ~ FeCl,+ €
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FeCl,, -~ Fe€ +CrI

ads)

whereas, cathodic reaction involves the hydrogeiugion through reduction process according toofwlhg steps
[43-45]:

Fe+ H o FeH(*

ads)

FeH,,*t€ - FeH,,

FeH,,+H +€ - Fe+r H

1000,
100(

10k

10"M
5

( ——10°'M
|

corr

— 1E3 _ H 10°M

1E-4

1E-5 i 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
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Figure 3: Potentiodynamic polarization curves for he corrosion of mild steel in 1.0 M HCI solution wthout and with various
concentrations of Pyr2 at 298 K

The potentiodynamic curves show that there is aradleduction of both the anodic and cathodic cusrém the
presence of Pyr2 compared with those for the blsolktion. It is clear that the cathodic reactioydifogen
evolution) and the anodic reaction (dissolutionat)evere inhibited. From table 2 we can observed ltfoth anodic
Tafel slope §,) and cathodic Tafel slopgJ values do not change much in the presence of RittPrespect to
blank [46]. There is no definite trend observedha E,, values in the presence of Pyr2. In literature [4i7has
been reported that (i) if the displacement ig,Bs > 85 mV with respect to Ecorr, the inhibitomcae seen as a
cathodic or anodic type and (ii) if displacemenEjg,is < 85, the inhibitor can be seen as mixed typéhé present
study, shift in By, values is in the range of 4-21 mV, suggesting By acted as mixed type of inhibitor [48,49].

Table 2: Effect of concentration of Pyr2 on the elgtrochemical parameters calculated using potentiodyamic polarization technique for
the corrosion of mild steel in 1.0 M HCI at 298 K

Medium Conc  -Ecor ‘Bc ﬁa leorr ) Nrafel
(M) (mV/SCE) (mV/dec) (mV/dec) (vAlcm?) (%)

Blank 1.0 498 105 99 467 —
10° 502 88 87 109 76.6
10* 511 92 83 122 74.0

Pyr2 10° 519 88 82 169 64.0
10° 507 90 99 180 61.5

Effect of temperature

The change of the corrosion rate with the tempesattas studied in the absence and in the presdriegr®d in 1.0

M HCI. For this purpose, potentiodynamic polariaatimeasurements were performed at different tertyresa
from 298 to 328 K in the absence and in the presefidifferent concentrations of Pyr2 (Figures 4 &jh Figures 4
and 5 show that raising the temperature has ndfisigmt effect on the corrosion potentials but ledd a higher
corrosion current density (). With increasing temperature, the steel corrosesistance decreased in both the
presence and absence of inhibitor.
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Figure 4: Anodic and cathodic polarization curves ér steel in 1.0 M HCI without inhibitor at different temperatures
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Figure 5: Anodic and cathodic polarization curves ér steel in 1.0 M HCI with 10° M of Pyr2 at different temperatures

Table 3: Various corrosion parameters for mild stekin 1.0 M HCI in absence and presence of optimunoncentration of Pyr2 at different

temperatures

Medium Temp -Ecorr lcorr “Pc NTafel
(K (mVsc) (HAcm®) (mVidec) (%)
298 498 467 170 —
308 491 800 178 —

Blank 318 475 1432 165 —
328 465 2052 151 —
298 502 109 88 76.6

Pyr2 308 489 287 96 64.0
318 498 580 93 59.0
328 524 901 105 56.0

The electrochemical parameters were extracted amadngrized in Table 3. The dependence of the camasite on
temperature can be expressed by the ArrheniusieqUya0]:

82
www.scholarsresearchlibrary.com



M. El Hezzat et al Der Pharma Chemica, 2015, 7 (10):77-88

=k exp(— E, j (5)
corr RT

where E is the apparent activation corrosion energy, Bhé universal gas constant and k is the Arrhennes p
exponential constant Arrhenius plots for the camegiensity of mild steel in the case of Pyr2 ameeig in Fig.7.
Values of apparent activation energy of corrosief) for mild steel in 1.0 M HCI with the absence grédsence of
Pyr2 were determined from the slope of L fl versus 1/T plots and shown in Table 4.
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Figure 7: Arrhenius plots of mild steel in 1.0 M HQ with and without 10 M of Pyr2
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Figure 8: Transition Arrhenius plots of mild steelin 1.0 M HCI with and without 10 M of Pyr2

Table 4: The values of activation parameters £ AH, and AS, for mild steel in 1.0 M HCl in the absence and preence of 16 M of Pyr2

Medium E; AHa AS;
(kdJ/mol)  (kd/mol) (J/mol K)
Blank 40.88 38.29 -65.21
yre 57.45 54.85 -20.96

According to the report in literature [51], highealue of E was considered as physiadsorption that occurrdein
first stage. Because the electrochemical corrosioalevant to heterogeneous reactions, the preexgi@l factor k
in the Arrhenius equation is related to the numiifeactive centers. There are two possibilities alibase active
centers with different Fon the metal surface: (1) the activation energthanpresence of inhibitors is lower than
that of pure acidic medium, namely(finh) < E(HCI), which suggests a smaller number of morevadiites remain
uncovered in the corrosion process; (2) the adtiuagnergy in the presence of inhibitor is highweart that of pure
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acidic medium, Einh) > E(HCI), which represents the inhibitor adsorbed arstractive adsorption sites (having
the lowest energy) and the corrosion takes pla@dlglon the active sites (having higher energy).

The data in Table 4 specifically indicate that vh&ie of K in the presence of Pyr2 is larger than that inathsence
of Pyr2. Thus, it is clear that the adsorption gf2Pon mild steel surface blocks the active sitesnfacid solution
and consequently increases the apparent activatiengy. Then, it can be suggested that the Pysariadoy
physisorption on metallic surface.

Activation parameters like enthalpxHi,) and entropy AS,) for the dissolution of mild steel in 1.0 M HCI the
absence and presence of >\ Pyr2 werecalculated from the transition state equation (BY. [52]:

_RT AS, AH,
corr exp exp - (6)
Nh R RT

where L, is the corrosion rate, A is the pre-exponentiatdg h is Planck’s constant, N is the Avogadro hamR
is the universal gas constantl, is the enthalpy of activation ai&, is the entropy of activation.

Fig. 8 showed the Arrhenius plots of Ln (T) versus 1/T gave straight lines with slope
(-AHJ/R) and intercept (Lh R/Nh AS/R) from w hich AH, and AS, values were calculated. The activation
parameters are given in Table 4.

The positive sign of the enthalpiasl, reflects the endothermic nature of the steel disisol process whereas large
negative values of entropi@ss, from Pyr2 imply that the activated complex in tlagerdetermining step represents
an association rather than a dissociation stepnimgahat a decrease in disordering takes placgaing from
reactants to the activated complex [53,54].

Adsorption Isotherm

The adsorption on the corroding surfaces nevetesathe real equilibrium and tends to reach anrptiea steady
state. However, when the corrosion rate is suffityesmall, the adsorption steady state has a tenyd® become a
quasi-equilibrium state. In this case, it is readde@ to consider the quasi-equilibrium adsorption a
thermodynamic way using the appropriate equilibriigmtherms.41 The efficiency of the Pyr2 as a ssfte
corrosion inhibitor mainly depends on its adsonptidility on the metal surface. So, it is essemtiddnow the mode
of adsorption and the adsorption isotherm that gi@e valuable information on the interaction of iitor and
metal surface.

The surface coverage valuédp = (nrae/%)/100), for different concentrations of Pyr2 wesed to explain the best
adsorption isotherm. A plot of (/6 versus G, (Figure 9) gives a straight line with an averageraation
coefficient of 0.99999 and a slope of nearly usitiggests that the adsorption of Pyr2 molecules hapgmuir
adsorption isotherm, which can be expressed bfottmving equation:

[ C.. @)

where Gy, is the inhibitor concentration and,Kis the equilibrium constant for adsorption-desiompprocess.
From the intercepts of the straight lines on thg/@axis (Figure 9), K4scan be calculated which is related to free

o

energy of adsorptionAG,,, as given by

1 AG,
K, .= exp—2ds 8
ads (55.5> pe RT) (8)

where R is gas constant and T is absolute temperatti experiment and the constant value of 55.5hés
concentration of water in solution in mol &nThe thermodynamic parameters are listed in Table
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Figure 9: Adsorption isotherm according to Langmuirs model derived from weight loss measurement

Table 5: Thermodynamic parameters for the adsorptia of Pyr2 in 1.0 M HCI on the mild steel at 298K

Kads AG;d s
(M%) (kJ/mol)

400036.8  0.99999 -41.91

RZ

From table 5, the negative values of standard dresrgy of adsorption indicate spontaneous adsorptierganic
molecules on metallic surface and also the stromgraction between inhibitor molecules and mildeksurface
[55,56]. Generally, the standard free energy valaks 20 kJ mol' or less negative are associated with an
electrostatic interaction between charged molecaescharged metal surface (physical adsorptibokd of - 40 kJ
mol™ or more negative involves charge sharing or terfsbm the inhibitor molecules to the metal suefaa form

a co-ordinate covalent bond (chemical adsorptibi)48]. Based on the literature [59], the calcuﬂaﬁ?G;’dS value
in this work indicates that the adsorption mecharé Pyr2 on mild steel is chemisorption.

Quantum chemical study

In order to investigate the correlation between ti@ecular structure of the inhibitor and its inkidn effect,
guantum chemical calculations have been perforrrégl. 10 shows the optimized geometric structure #red
electron density distribution of both HOMO and LUMOhe related quantum chemical parameters including
Enomos ELumo, AE, W, electron affinity (A), ionization potentid) @nd the fraction of electrons transferr@d\j are
given in Table 6. From Fig. 10, it can be found tie electron density distribution of both HOMCQJddJMO are
localized on the whole molecule.

(@)
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(©

,L{

Figure 10: Optimized geometric structure (a) and tle electron density distributions of both HOMO (b) aad LUMO (c) for the Pyr2

It is well known that HOMO is often associated witie ability of the molecule to donate electron aigh Biomo
value means a strong electron-donating ability §8D-while LUMO indicates the electron-acceptingliabof the
molecule and the lower value of fgo indicates that the molecule would more probablyept electrons [60-64].
The energy gapAE) between HOMO and LUMO reflects the stabilitytiodé molecule, a small&E implies that the
molecule is much easier to be polarized and addoopethe metal surface [60,63-65]. In addition, rmyvio the
dipole-dipole interaction between molecules andammsurface, high values of the dipole moment cad l&o
stronger inhibition [63,64]. The results of TablesBows that the values of&o and Eywo are lower, which
indicates the Pyr2 cation is more likely to acoglpttrons rather than donate electrons. The peoPih2 cation is
higher than that of 0 [63]. The high value of u probably increases ddsorption between the Pyr2 cation and
metal surface [63].

Table 6: The computed molecular parameters for PyrZompound

Erovo @) Elpuo ) AEgapev) H@) | @) A @v) AN
63130 29797 13333 74032 6313049797 1015263

In addition the number of transferred electron®Y was also calculated depending on the quantunmiciad
method [66]:

AN - XFe_Xinh

9)

2(’7Fe +,7inh)
whereyre andy;,, denote the absolute electronegativity of iron thedinhibitor molecule, respectivelyze andnin,
denote the absolute hardness of iron and the iohiliolecule, respectively. These quantities alated to electron
affinity (A) and ionization potential (1) as follav

X = |+2A. I — A (10)

| and A are related [67] in turn tayEwo and Eywo as follows:
I = -Evomos A = -ELumo (11)

For iron atom, a theoreticglvalue of 7 eV mét andn value of 0 eV mot were used [68] to calculate the number
of electrons transferred\K) from inhibitor to the iron atom. The number odrisferred electrons depends strongly
on what the actual quantum chemical method empléyedomputation. Furthermore, the expression “ivemof
transferred electrons” is the wording “electronrating ability”, which does not imply that thegfires of AN
actually indicate the number of electrons leavimgdonor and entering the acceptor molecule.

Using Eg. 9, the value of electron-donating abi{itil) was calculated and its value is given in Tabl§ BN < 3.6
(electron), the inhibition efficiency increaseswihcreasing value ofN, while it decreased kN > 3.6 (electron)
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[68,69]. In present contribution, Pyr2 is the donbelectrons, and the iron surface atom was teegor. The Pyr2
was bound to the mild steel surface, and thus fdrimhibition adsorption layer against corrosion raiid
steel/hydrochloric acid solution interface.

CONCLUSION

Ethyl 6-amino-5-cyano-2-methyl-4-(p-tolyl)-4H-pyr&acarboxylate (Pyr2) is a goadhibitor for corrosion of mild
steel in 1.0 M HCI, and the inhibition efficiencpcreases with increase in the concentration of R but
decreases with rise in temperature. Polarizatioasmements show that Pyr2 inhibits both the anaditcathodic
processes of the corrosion of mild steel in 1.0 @ Bolution, which is a mixed type corrosion intdi EIS results
showed that as the inhibitor concentration incréabe charge transfer resistance increased andathiele layer
capacity decreased. Pyr2 acted through adsorptidgheomild steel surface and its adsorption obéhed.angmuir
adsorption isotherm. The value of free Gibbs enatgywed that compound was adsorbed on the stdfacsuwia
chemical adsorption. Theoretical calculations pilevgood support to experimental results.
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