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ABSTRACT

The inhibiting action of 2-oxo-1,2-dihydroquinaid-carboxylic acid (Q1) on the corrosion of carbsteel in
hydrochloric acid has been studied using weighs |g®tentiodynamic polarization and electrochemiogbedance
spectroscopy (EIS) techniques. The inhibition iefficy increases with increase in inhibitor concatitn.
Impedance measurements showed that the double-macitance decreased and charge-transfer restgtan
increased with increase in the inhibitor concentvatand hence increasing in inhibition efficien®olarization
curves show that Q1 is a mixed-type inhibitor. Bdsorption of Q1 onto the carbon steel surface feamd to
follow the Langmuir adsorption isotherm. Quantunermical parameters such as highest occupied molecula
orbital energy (Eowmo), lowest unoccupied molecular orbital energy (o), energy gapAE) and dipole moment
(1) were calculated. Quantum chemical calculati@iso supported experimental data and the adsorptibn
inhibitor molecules onto the metal surface.

Keywords: Carbon steel, HCI, Corrosion inhibition, Weightdpg&lectrochemical studies, DFT.

INTRODUCTION

The corrosion of materials is one of the main peaid facing industrial processes, generating hugmdial losses.
Metallic industrial structures are often exposeddaditions that facilitate corrosive processes. &@mple, acidic
solutions, which are widely used in acid picklingdustrial acid cleaning and oil refinery equipmetdaning,
promote the acceleration of metallic corrosioneetihg the performance and durability of the trdatguipment
[1,2].

The use of organic inhibitors for preventing coiwosis a promising alternative solution. These litioirs are
usually adsorbed on the metal surface by the faomadf a coordinate covalent bond (chemical adsonptor the
electrostatic interaction between the metal andbitdr (physical adsorption) [3]. This adsorptiomoguces a
uniform film on the metal surface, which reducepm@vents contact with the corrosive medium [4].

Most of the effective organic inhibitors used camtaeteroatoms such as O, N, S and multiple bondiheir
molecules through which they are adsorbed on th&lnsairface [5-31]. It has been observed that gudisor
depends mainly on certain physico-chemical progertif the inhibitor group, such as functional gyuglectron
density at the donor atom;orbital character, and the electronic structur¢hef molecule [32]. One technique that
has been used to evaluate organic corrosion iwgiis molecular modeling. Through quantum chemical
calculations, it is possible to obtain structuraigmeters, such as the energies of the frontieecutdr orbitals, the
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HOMO (highest occupied molecular orbital) and LUMIBwest unoccupied molecular orbital), and the tipo
moment. These parameters influence the potentiabition and are generally strongly correlated witie
experimentally obtained inhibition efficiency [38]3 Thus, this technique is an important tool foe{gelecting
possible corrosion inhibitors and studying the elation between molecular structure and corrosigribition
efficiency [37].

The present work was established to study the simmoinhibition of carbon steel in 1 M HCI solutidty new
quinoline derivatives as corrosion inhibitor usidifferent techniques: weight loss, potentiodynamidarization
and electrochemical impedance spectroscopy (ElI@n@m chemical study using density functional thé®FT)
was further employed in an attempt to correlate itthgbitive effect with the molecular structure ®foxo-1,2-
dihydroquinoline-4-carboxylic acid (Q1).

MATERIALSAND METHODS

Materials

The steel used in this study is a carbon steel (E8)onorm: C35E carbon steel and US specificat®E 1035)
with a chemical composition (in wt%) of 0.370 %0230 % Si, 0.680 % Mn, 0.016 % S, 0.077 % Cr, DT,
0.059 % Ni, 0.009 % Co, 0.160 % Cu and the remaiimda (Fe).

Synthesis

To a solution of isatin (10 mmole) and malonic &l mmole) in acetic acid 30 ml, was added sodhgetate (1
mmole). The mixture was refluxed for 24 hours. Afteoling ice-water (100ml) was added. The obtaipextipate
washed several time with ethanol, to lead compapihd

HO o

o)

CO,H
AcOH /AcONa ~
o + >
N CO,H N 5
\ H
H

Rdt = 87 %.F > 250 °C (EtOH). Spectre de RMN 1H (®046): 7.14(s, 1H, CH); 7.68-8.63(m, 4H, CHAr).
Spectre de RMN 13C (DMSOd6) : 120.6 (=CH); 117117.6, 126.7, 133.7 (CHAr); 118.3, 13742.% (Cq);
163.5 (C=0); 169.5 (CO2H). Spectre IR (cm-1) 32N3H ; 2900-3100vO-H ; 1705vC=0. Spectre de masse
(IE) M (m/z) =189.

Solutions
The aggressive solutions of 1 M HCI were prepargdlitution of analytical grade 37% HCI with disétl water.
The concentration range of 2-oxo-1,2-dihydroquineli-carboxylic acid (Q1) used was®l¥ to 10° M.

Gravimetric study

Gravimetric experiments were performed accordinthéostandard methods [38], the carbon steel sloédis< 1 x
0.1 cmwere abraded with a series of emery papers SiC, @@D and 1200) and then washed with distilled wate
and acetone. After weighing accurately, the specgnweere immersed in a 100 mL beaker containingrab®f 1

M HCI solution with and without addition of diffeme concentrations inhibitor. All the aggressivedasolutions
were open to air. After 6 h of acid immersion, $ipecimens were taken out, washed, dried, and wetigbeurately.

In order to get good reproducibility, all measuretsewere performed few times and average values vegorted

to obtain good reproducibility. The inhibition efiéency @ %) and surface coverag®)(were calculated as
follows:

Cr =W"—A_tw" ®
M (%) =(1—Hx100 @)
0
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0= (1—ﬂj ©)
WO

whereW, andW, are the specimen weight before and after immeiisidhe tested solutiomy, andw; are the values
of corrosion weight losses of carbon steel in uitiidd and inhibited solutions, respectivedythe total area of the
carbon steel specimen (Bnandt is the exposure time (h).

Electrochemical measurements

Electrochemical impedance spectroscopy

The electrochemical measurements were carried g Volta 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 electafdrirface area of 1 driThe working electrode was carbon steel.
All potentials given in this study were referredthis reference electrode. The working electrods imamersed in
test solution for 30 minutes to a establish stestdye open circuit potentiaE{y). After measuring thé,, the
electrochemical measurements were performed. Adtedchemical tests have been performed in aesatiedions
at 308 K. The EIS experiments were conducted irfrdguency range with high limit of 100 kHz andfdient low
limit

0.1 Hz at open circuit potential, with 10 points decade, at the rest potential, after 30 min af aomersion, by
applying 10 mV ac voltage peak-to-peak. Nyquistploere made from these experiments. The best selmican

be fit through the data points in the Nyquist pistng a non-linear least square fit so as to dineintersections
with thex-axis.

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

n,%= R, _. R, x100 4)

t
where, R, and R, are the charge transfer resistance in absencengiégence of inhibitor, respectively.

Potentiodynamic polarization

The electrochemical behaviour of carbon steel sanmpinhibited and uninhibited solution was studigdrecording
anodic and cathodic potentiodynamic polarizatiorves. Measurements were performed in the 1 M HGltiem
containing different concentrations of the testelihitor by changing the electrode potential auttcadly from -
600 to -300 mV versus corrosion potential at a seae of 1 mV &. The linear Tafel segments of anodic and
cathodic curves were extrapolated to corrosion rii@leto obtain corrosion current densitidg,f). From the
polarization curves obtained, the corrosion curfegt) was calculated by extrapolation of the linearnsegts of
cathodic and anodic Tafel curves.

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

”Tafel% = @ X 100 (5)

corr

where, | and|!  are the corrosion current density in absence a@sepce of inhibitor, respectively.

corr corr

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) [39-41] with 6-31G* basis set iimplemented in Gaussian 03 program package [4B 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 opgichstructure: The highest occupied molecular alrif,onmo)
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and the lowest unoccupied molecular orbitaly{), the energy differenceAE) between Fowo and Eywo and
dipole moment (u).

RESULTSAND DISCUSSION

Potentiodynamic polarization study

The potentiodynamic polarization measurements wergertaken in order to study the effect of investg
inhibitor (Q1) on the anodic carbon steel dissolutand cathodic hydrogen evolution reactions. Tolargzation
curves for carbon steel dissolution in the absemckpresence of different concentrations of thdistlinhibitor are
shown in Fig. 1. Extrapolation of the linear segteeof cathodic and anodic Tafel curves furnishesensal
corrosion parameters such as corrosion potentigl)(Ecorrosion current density.¢l) and cathodic Tafel slopes
(Bo)- These polarization parameters along with catedlanhibition efficiency %) are presented in Table 1.

Blank
——10°M
——10°M
——10*M

10° M

T T T T T T T T T T T
-600 -550 -500 -450 -400 -350 -300
E_ (MVISCE)

corr

Figure 1: Potentiodynamic polarization curvesfor carbon steel in 1 M HCI containing different concentrations of Q1

It can be seen from Fig. 1 that the addition ofc@lises a remarkable decrease in the current aésnsitdicating
that both anodic metal dissolution and cathodicrbgdn evolution reactions are drastically suppiceskanwhile,
this suppression effect of the process is moreqmeed with the increasing concentration of Q1. &dwer, the
cathodic Tafel curves give rise to almost pardlileeés, which means that addition of Q1 doesn’'t rfodhe
hydrogen evolution mechanism and the adsorbed Q#cules on the carbon steel surface only blockatttese
sites of hydrogen evolution. On the other hands #pparent that the anodic reaction is evidemthyhited in the
presence of Q1 and the shape of anodic Tafel cim#be inhibited solution slightly changes witmt@st to that in
the blank solution.

Table 1: Potentiodynamic polarizations parameter s of carbon steel in 1 M HCI for various concentrationsof Q1

: Conc -Ecor 'ﬁc lcorr Nrafel
Medium " (mVee) (mVidec) (WA cm?) (%)
Blank 1.0 453 1430 15590 —

10° 446 1453 1500 90
o1 10* 455 1533 2035 87
10° 445 1782 3160 80
10° 452 1619 4570 71

From the results shown in Table, it is observed tha presence of Q1 in acid solution affects thedéc rate of
carbon steel dissolution as well as rate of cathbgidrogen evolution without causing any substhulggrease in
the value of k&, suggesting that Q1 is a mixed type inhibitor [43,4urther, results showed that the presence of
Q1 decreases the values of corrosion current gefigjt) suggesting that rate of carbon steel dissolufiecreased

in the presence of Q1 at various concentrationk Bérther, decrease iR} values is more pronounced at higher
Q1 concentration.
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Electrochemical impedance spectr oscopy

In order to study the effectiveness of the pregsibitor, EIS was recorded for carbon steel in pnesence and
absence of inhibitor with constant time. The effettthe inhibitor concentration on the impedancadwor of
carbon steel in 1 M HCI solution is presented ig.F2. The impedance spectra show that as the tohibi
concentration increases, the diameter of the sestdcincreases. The results clearly indicate thaihaline
derivative inhibits the corrosion of carbon steelliM HCI at any concentration used, and the inioibiefficiency
(n) increases continuously with increasing conceiamatThe maximurm (%) is observed to be 91 at3® for 1

M HCI, as shown in Table 2.

150+ —=— Blank

— 10°M
10°M
—— 10°M

= 10°M

Z,e (Q )

Figure 2: Electrochemical impedance response of carbon steel in 1 M HCI solution in the presence of different concentrations of Q1

Table 2: Electrochemical impedance parameter s of carbon steel in 1 M HCI solution in the absence and in the presence of various
concentrations of theinhibitor at 308 K

: Conc Ry Cai Frnax Nz
Medium \n "~ @cn?) (Fcnd) (Hz) (%)
Blank 1.0 16.6 200 48.0 —

10° 183 54.9 15.8 91
01 10* 103 61.5 25.1 84
10° 71.0 70.8 31.6 77
10° 50.5 78.7 40.0 67

Data in Table 2 reveal thatRalue increase with increasing inhibitor concetidraand G values decrease in the
presence of the inhibitor. This is due to the aptson of inhibitor molecules on the metal/solutiotterface. A
decrease in local dielectric constant and/or aneame in the thickness of the electrical doublerayan cause
decrease in &values, which suggests the replacement of adsavaget molecules with high dielectric constant by
inhibitor molecules with low dielectric constantc@ording to Helmholtz model, this phenomen on canliscussed
in which the double layer capacitanceis inverselypprtional to the surface changes as shown infatewing
equation [46]:

_gEA
dl d

C (6)

where,s,: the permittivity of air (8.854xI¥F/cm), e: the local dielectric constant of the medium, e thickness
of the film and A: the surface area of the eleatro@ihe impedance results showed smallgrv@lues for the
inhibited solution compared to those obtained isecaf uninhibited solution (without inhibitor). Tliecrease in &
values is resulted from the decrease in the loagectric constant and/or an increase in the thésknof the
electrical double layer. This describes the rolenbfbitor molecules, and shows that their functisperformed by
adsorption on the metal/solution interface [47hilition efficiencies obtained from potentiodynanpiolarization
curves and EIS are in good reasonably agreemewhvimdicates the reproducility of the two methods.
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Weight loss measurements

The corrosion parameters like corrosion ratg)(Gurface coveraged) and inhibition efficiency{y, %) of the
corrosion inhibitor (Q1) in the concentration rargel0° to 10° M at 308 K are shown in Table 3. It is clear that
the corrosion rate decreases and inhibition efiicyenw %) increases with increasing concentration of titnghiitor
and reaches maximum at the concentration of 0 It may be due to blocking of the active sitestbe carbon
steel surface with the inhibitor molecules thatuess the attack of corrosive solution on the cadieal surface.

Table 3: Gravimetric resultsof steel corrosonin 1 M HCI (6 h immersion) without and with various concentrations of Q1 at 308 K

. Conc Cr Nwe
Medum vy (mgemehy @)  °
Blank 1.0 0.910 — —
10° 0.082 91.0 0.910
10° 0.127 86.0 0.860
Q1 10° 0.173 81.2 0.812
10° 0.235 74.2 0.742

Adsor ption isotherm

Adsorption strength can be deduced from the adsworpsotherm, which shows the equilibrium relatiship
between concentrations of inhibitors on the surface in the bulk of the solution [48-50]. Importanformation
about the interaction of the synthesized quinolderivative and metal surface were given using qu&or
isotherm. Two main types of interaction (mechanisrah describe the adsorption behaviour of the itdria
physisorption and chemisorption [51]. The typerdgéraction depends on: the chemical structure efithibitors,
the temperature during the experiments, the elelotnmical potential, the charge, and nature of tlamThe
adsorption of organic inhibitor molecules on thetaheurface can be considered as a quasisubstitptiocess
between the organic compounds in the aqueous fagg.) and water molecules associated with the metallic
surface [HO.qs] as represented by the following equilibrium [S0;5

Org(sol) + XHZQad§ < Orq ad§ + Xl_L Qs@l (7)

Where x: the number of water molecules replacear® organic molecule. In this respect, the adsamptif the
studied inhibitor was accompanied by desorptiowater molecules from the carbon steel surfacerdieroto find
the most suitable adsorption isotherm of inhib&dsorption on carbon steel surface, data obtairoed Weight loss
measurements has been used to fit different adsorotherms including: Langmuir, Temkin, and Fkim
isotherms. The best fit one was obtained with Lamigs adsorption isotherm. This isotherm is givepn the
following equation [50]:

m =~ +C, )(8

where Gy, is the equilibrium inhibitor concentrationg dadsorptive equilibrium constarit,representing the degree
of adsorption1fy, %/100).

The plot of G/ 6 vs. Cinh (Fig. 3) yields a straight line lwitorrelation coefficient of 0.999 providingpat
the adsorption of Q1 from 1 M HCI solution ¢ime carbon steel surface obeys Langmiur adsorgsotherm.
The value of K4 can be determined from the intercept of the dhtdlige. Kyysis also related to the standard free

energy of adsorption§G. ,.) as [52]:

ads

1 AG.
K. . =| — |exp ——ads 9
ads (55.5) p[ RTJ ©)

where R is gas constant and T is absolute temperaifi experiment and the constant value of 55.%hés
concentration of water in solution in mof'L
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Figure 3: Langmuir adsor ption of Q1on the carbon steel surfacein 1 M HCI solution

The value of K4 was found to be 383363.55 L rifol The relatively high value of adsorption #igtum
constant reflects the high adsorption abilitfy Q1 on carbon steel surface [53]. It i®llvknown that the

values of AG;dS of the order of -20 kJ nibbr lower indicate a physisorption; those @fler of -40 kJ

mol™ or higher involve charge sharing or transfiemm the inhibitor molecules to the metalrfage to form
a coordinate type of bond (chemisorption)-f8}. On the other hand, the adsorption ph@mon of an
organic molecule is not considered only agurely physical or chemical adsorption pheapon [57,58].
A wide spectrum of conditions, ranging frome tdominance of chemisorption or electrostatifects, arises
from other adsorptions experimental data [Sje value of -43.21 kJ mibay suggest chemisorption mode.

Computational studies

To do research on the effect of geometric and mleit structural parameters on the inhibition é#ficy of
inhibitors, quantum chemical calculations were emtdd. These studies are considered as powerfls foo
studying their adsorption mechanisms about the Insetface [60]. In Figure 4, the improved molecu#uctures
with minimum energies from the calculations areilate.

Figure 4: The optimized molecular structure, HOMO and LUMO (right) of the neutral inhibitor molecule by means of DFT/B3L Y P/6-
31G (d.p)

In Table 4, there are quantum chemical parametera the calculations by means of DFT/B3LYP/6-31Gp)d
which are responsible for the inhibition efficienal/inhibitor, such as the energies of highest paxl molecular
orbital (Biomo), energy of lowest unoccupied molecular orbital,(), the separation energy (ko-Enowmo), AE
an ipole momenty, for the neutral inhibitor.

Table4: calculated quantum chemical parametersfor the neutral inhibitor

Paramters  Fomo ELumo AE 1)
(eV) (eVv) (ev) (D)
Q1 -9.2472  -1.8733  7.3739  4.6908

Recently, theoretical studies has been used tyznéthe characteristics of the inhibitor/ surfacechmanism and to
describe the structural nature of the inhibitothia corrosion process as well as analyze the expatal data. It has
been found to be successful in providing insights ithe chemical reactivity and selectivity in termof global
parameters the choosing of the quinoline derivatoreuse as a corrosion inhibitor due to contairggen and
nitrogen atoms as active centers. It is well eshbt in the literature that the higher the HOM@rgy of the

295
Scholar Research Library



Y. Bouzian et al Der Pharmacia Lettre, 2016, 8 (4):289-298

inhibitor, the greater the trend of offering elects to unoccupied d orbital of the metal, and figbdr the corrosion
inhibition efficiency. In addition, the lower thdIMO energy, as the LUMO-HOMO energy gap decreasebtiae
efficiency of inhibitor improved. fowo is often associated with the electron donatinditatmf a Q1. Therefore,
increasing values of sy indicate a higher tendency for the donation ottete(s) to the appropriate acceptor
molecule with low energy and an empty moleculaitatbincreasing values ofJgyo thus facilitate the adsorption
of the inhibitor. Consequently, improving the trpog process through the adsorbed layer would erghdhne
inhibition efficiency of the inhibitor. This findm can be explained as follows, jgo indicates the ability of the
molecule to accept electrons; therefore, a lowdunevaf Eyyo more clearly indicates that the molecule would
accept electrons [61].

The corresponding calculated quantum chemical datgiven, including the energy of MOMO {y0=-9.2472
eV), energy of LUMO (Eym0=-1.8733 eV), the energy band gape7.3739 eV), and dipole moment=4.6908
Debye). These results show that Q1 has a relathigher energy of HOMO and lower energy of LUMO, ig¥hcan
be in favor of bonding with metal surface [62]. Asesult of high values of HOMO, Q1 has a tendencgonate
electrons to those acceptor molecules with emptieoatar orbital. The ground-state electronic comfagion of Fe
atom is 1825 2p° 3¢ 3p° 4" 3cP. The incompletely occupied 3P orbital of Fe contshd with HOMO of Q1, while
the filled 3S orbital of it could interact with LU®I of Q1.

Furthermore, another important factor is worth mgtithat the influence of the dipole moment on csioo
inhibition was caused considerable concerns inteofdliteratures [63,64]. The dipole moment thatoise of
important electronic parameters arises from noffieumi distribution of charges on the various atoms imolecule.
The adsorption of Q1 can be regarded as a quastisilon process between the Q1 molecules andrwate
molecules on the carbon steel surface [65].

CONCLUSION

The quinoline derivative was investigated as a rawl effective corrosion inhibitor for carbonsteel 1 M
hydrochloric acid solution by a series of techniguehe following conclusions can be made from tkgeemental
results:

» With an increase of the inhibitor concentratioraaidic media inhibition is protected strongly.
» The quinoline derivative for carbon steel in 1 M IHGlution is a significant inhibitor and acts &s mixed type
inhibitor.
» The adsorption behavior of Q1 on the carbon stedhse conforms to the Langmuir adsorption isothand the
value of the free Gibbs energy of adsorption suggetemical adsorption.
» The quantum chemical calculations indicate that id ® atoms of Q1 molecule donate electrons to the
incompletely occupied 3P orbital of Fe, and actnasst probable nucleophilic centers to bond with ahébn
surface.
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