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ABSTRACT

The corrosion inhibition of mild steel in 1 M HCY Ipharmaceutically active compound, the
Primagine (PQ), was investigated by weight loss¢tebchemical impedance spectroscopy (EIS)
and polarization techniques. Experimental resufisveed that PQ is an effective inhibitor for the
mild steel corrosion in 1 M HCI solutions and ihéxted >90% inhibition efficiency is >90% as
low as 0.4 mM inhibitor concentration. Potentiodyma polarization studies showed that
primaquine is a mixed-type inhibitor. The results&S showed that PQ inhibits corrosion of
mild steel by adsorption mechanism. The adsorptbnnhibitor on the mild steel surface
followed Langmuir adsorption isotherm. Activationeegy (E), Gibbs free energyAG°aqs),
enthalpy AH*), and entropy 4S*) of corrosion process were calculated and diseds
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INTRODUCTION

Mild steel is widely used in fabrication of reactivessels, store tanks, petroleum refineries, and
so on [1, 2], but it is severely attacked in acalusons. Despite continuing advances in
development of corrosion-resistant materials, tee af chemical inhibitors often remains the
most practical and cost-effective means of premgntorrosion [3, 4]. Organic compounds
containing nitrogen, sulfur, oxygen, and heterocycbmpounds with a polar functional group
and a conjugated double bond have been reportethitit mild steel corrosion [5]. There are a
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wide range of organic inhibitors but unfortunatehost of them are expensive and health
hazardous. Thus it remains an important goal b liiav cost and ecofriendly inhibitors.

In recent years, the traditional approach on casroshibitors has gradually changed [6]. The
researchers are paying more emphasis on developofiegteen corrosion inhibitors [7, 8].
Survey of literature reveals that a few pharmacailyi active compounds have been evaluated
as effective corrosion inhibitors for different ralkst[9-12].

The objective of this paper is to study the inlvaitaction of Primaquine (PQ) on corrosion of
mild steel in hydrochloric acid solution using wieigoss techniques, electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarizatiesistance techniques. The authors have
selected PQ as corrosion inhibitor because ikedyito give enhanced inhibition due to presence
of lone pair of electrons on hetero-atoms arelectrons in the PQ molecule. Impedance results
were analyzed using an appropriate equivalent itinsith inductive element. The results
obtained from the different corrosion evaluatiocht@ques are in good agreement.

EXPERIMENTAL SECTION

Materials

The mild steel used had the following compositiveight %): 0.076 C, 0.012 P, 0.026 Si, 0.192
Mn, 0.050 Cr, 0.135 Cu, 0.023 Al, 0.050 Ni, and teenainder iron. The samples were
mechanically abraded with different grades of empaper (600 to 1200), degreased with
acetone, and finally dried at room temperature. fEs¢ solution of 1 M HCI was prepared by
dilution of analytical grade HCI (37%) with doubtkstilled water and all experiments were
carried out in unstirred solutions.

Primaquine (PQ) is a commercial name of [N-(6-methquinoline-8Y1) pentane]. It was
procured from Ipca Laboratories Ltd. Stock solutmithis drug was made by dissolving it
directly in 1 M HCI. The structure of the inhibitsr given in Figure 1.

NH
HN 2

N
| X

= O/

Figure 1: N-(6-methoxyquinolin-8-yl)pentane-1,4-diamine
Weight Loss Measurements
Weight-loss measurements were carried out on theksteel specimens of size 2.5 cm x 2.0 cm
x 0.025 cm in 1 M HCI solution with and without diloh of different concentrations of PQ.
Each sample was weighed by an electronic balamzkfreen placed in the acid solution. After
immersion, the surface of the specimen was clednedouble distilled water followed by
rinsing with acetone, and the sample was weigheginag order to calculate inhibition
efficiency E%) and the corrosion rat€g). For each experiment, a freshly prepared solution
was used and the solution temperature was thertioasiyacontrolled at a desired value.
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Electrochemical measurements

Electrochemical impedance (EIS) measurements atehiadynamic polarization studies were
carried out using a GAMRY PCI 4/300 electrochemigatk station based on ESA 400. Gamry
applications include EIS 300 (for EIS measuremeats) DC 105 software (for corrosion) and
Echem Analyst (5.50 V.) software for data fittingll electrochemical experiments were
performed in a Gamry three-electrode electrochdnaieth under atmospheric condition with a
platinum counter electrode and a saturated cal@meetrode (SCE) as the reference electrode.
The mild steel (8 cm long stem) with the exposetfase of 1 cmi was used as working
electrode. The experiment was performed as pedatdrmethod [13]. EIS measurements were
performed at corrosion potentials.§;) over a frequency range of 100 kHz to 10 mHz vaith
AC signal amplitude perturbation of 10 mV peak &al. Potentiodynamic polarization studies
were performed with a scan rate of 1 mVi the potential range from 250 mV below the
corrosion potential to 250 mV above the corrosioteptial. All potentials were recorded with
respect to the SCE.

The values ofE% were calculated from weight loss measurement, &8 polarization
measurements, respectively using following equat[@4]:

E%="0"% x100 )
Wo
Wherew; is weight loss in absence of inhibitor amds weight loss in presence of inhibitor.
Eg, %= R"R[ Ro %100 )
i
WhereR; o andR;; are charge transfer resistances in absence aselnpeof PQ, respectively.
EP%:MX].OO (3)
corr,0

Wherel o 0andlcorj are corrosion current densities in absence argkbpoe of PQ, respectively.
RESULT AND DISCUSSION

Weight loss measurements

The corrosion parameters obtained from weight tlneasurements for the mild steel in 1 M HCI
solution in the absence and presence of differententrations of PQ are listed in Table 1. It is
found thatE% increases and corrosion ratéx) decreases with increase in PQ concentration
from 0.02 to 0.4 mM. The maximum inhibition effiney of PQ was 98% at concentration of 0.4
mM.

The effect of temperature on the corrosion inhopitof the mild steel in absence and presence of
0.4 mM PQ in 1 M HCI solution at a temperature B8 to 338 K is shown in Figure 2. It is
seen that inhibition efficiency slightly increadesm 98% to 99% with increase in the solution
temperature from 308 K to 338 K. The result of wtisdy shows that PQ is a effective inhibitor
upto 338 K.
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Table 1: Corrosion parameters obtained from weightoss measurements for the mild steel in 1 M HCI
containing different concentrations of PMQ after 3h immersion

Inhibitor concentration Weight loss E Cr
(mM) (mg em~ h'l) (%) (mm vear!)
Blank 7 - 78
0.02 0.6 01 7
0.04 04 o4 3
0.1 0.3 ) 4
0.2 0.2 a7 3
04 0.1 08 2
100
95 4
£ 90 -
85 4
80 T T T T

300 310 320 330 340 350
Solution temperature (K)

Figure 2: Effect of solution temperature on corrosbn resistant properties of mild steel in 1 M HCI inthe
presence of 0.4 mM PQ.

Thermodynamic activation parameters of inhibition process

In order to find the activation parameters of intndim process for mild steel in 1 M HCI solution,
weight loss measurements were performed at a tatperrange 308 K to 338 K in the absence
and presence of 0.4 mM PQ. It is well known thatifon and steel in acidic solutions, the
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logarithm of corrosion rateCg) can be expressed as a straight line functiorhefabsolute
temperature (I)) according to the Arrhenius equation:

logC,, =logA 5 (4)
2.30RT

whereCg is the corrosion ratds; is the activation energy is the molar gas constarit,is the
absolute temperature. Figure 3a shows plots o€lpgs. 1T for mild steel corrosion in 1 M HCI
in the absence and presence of 0.4 mM PQ. Striaglst were obtained with slope equal 6,—
= 2.303R. Plots of log Cr/T) versus 1T for mild steel in 1 M HCI in the absence and pnese
of 0.4 mM PQ are shown in Figure 3b. The straighéd were obtained according to the
transition state equation:

CR :Eexp{-A_H*J ex{ﬁj (5)
N h RT R

whereAH* is the entropy of activatiomyS* is the enthalpy of activatior is Planck’s constant,
andN is Avogadro’s number.

The calculated values of activation energy, adovaenthalpies, and activation entropies are
given in Table 2. These values indicated that thesence of the inhibitor decreases the
activation energy, activation enthalpy, and actoratentropy for the corrosion process. The
decrease in activation energy indicating a strotgpgption of the inhibitor molecules on the
mild steel surface signifies that PQ is a powaeiritibitor. Smaller value o, in presence of PQ
is an indication of ‘chemisorption’ mode of adsoopt Similar results were reported by Popova
et al. [15]. Data in Table 2 further shows that grghalpy of activation is all positive. The
positive sign of the enthalpy reflects the endathiemature of the mild steel dissolution process.
The entropy of activation in the uninhibited andhibited solutions is negative. The negative
value of entropy of activation in the absence aresgnce of inhibitor implies that the activated
complex is the rate-determining step and represes#sciation rather than dissociation, meaning
that a decrease in disordering takes place on dmngreactants to the activated complex [16].

Adsorption isotherm and free energy of adsorption

The degree of surface coverage valudsoptained from three different measurements (viz.,
weight loss, EIS and Tafel) using the equatién=(E%/100) assuming a direct relationship
between surface coverage and inhibition efficieweye tested graphically by fitting to different
isotherms. Attempts were made todivalues to the Freundlich, Temkin, Langmuir, andryA
Huggins isotherms, and the correlation coeffici@f) values were used to determine the best fit
isotherm.

The best results were obtained for the Langmuiom@adi®n isotherm. The characteristics of the
Langmuir adsorption isotherm are given by the dquoat
% = i +C, (6)
6 ads
where Ciy,, is inhibitor concentrationKags is adsorption equilibrium constant for corrosion
process. Figure 4 shows the plotGaf/0 versusCinn. The linear plots were obtained indicating
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that the experimental data obtained from threeedbfit measurements fits the Langmuir

adsorption isotherm.

log CpfT (mm year' K1)

')

log C (mm year”

0
(b)
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Figure 3: Plots of (a) logCr vs. 1 and (b) log Cr/T) vs. 1T for mild steel in 1 M HCI solution containing 0.4

mM PQ.

The values oK,qs at different temperatures are given in Table 2e €huilibrium constant of
adsorption procesK(qJ is related to the free energy of adsorptid@{.q9 by the equation:
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K ! exp( _AGadsJ 7)

ads” 55 g5 RT

where 55.5 is the concentration of water in mol L

The values 0ofAG°,4s Were evaluated using Equation (7) for the 0.4 mKl B various
temperatures and are presented in Table 2. TheevadfiAG®,q4s indicate the spontaneous
adsorption of PQ on the mild steel. Generally, galofAG®,qs up to -20 kJ mét are consistent
with electrostatic interaction between the chargedal and charged molecules, which signifies
physical adsorption, while values more negativen i kJ mol' signifies chemical adsorption
[17-20]. The value of\G°,4swas found to increase from —40 to —43 kJ Tneith increase in
temperature from 308 to 338 K. This indicated thatadsorption of PQ on the mild steel surface
is a typical chemisorption. The lower value of a&tion energy in presence of PQ than in its
absence (Table 2) further corroborated the chemicale of adsorption.

Table 2: Thermodynamic parameters for the mild stekin 1 M HCI in the absence and the presence of 0mMM

PMQ
Inhibitor Ey AR AS* Temperature £gg; AGPa4;
{kTmol ™y {kTmol !y (Tmol? K1y (K3 Wy {kTmol ™y

Elank 29 26 —123 - -
PN 14 11 —203 308 107767 —40

318 28720 —41

328 77653 —42

338 GT087 —43

Electrochemical impedance spectroscopy (EI'S) measurements

Figures 5a-b shows Nyquist plots and Bode Z-cufeesthe mild steel in 1 M HCI in the
absence and in presence of different concentradr3Q. It can be seen that Nyquist plots
contain depressed semicircles. Such behavior ishbeacteristic of solid electrodes and often
referred to as frequency dispersion. This frequethspgersion can be attributed to roughness and
heterogeneities of the solid surfaces [21].
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Figure 4: Langmuir adsorption isotherm plots for mild steel in 1 M HCI with different concentrations d PQ
by different methods.
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Figure 5: (a) Nyquist plots and (b) Bode Z-curvesdr mild steel in 1 M HCI solution in absence and pgsence

of different concentrations of PQ; (c) equivalent cuit that models the metal/solution interface; (9 and (e)

Bode plots (with fitted results, representative exaple) for mild steel in 1 M HCI solutionand 1 M HA + 0.4
mM PQ, respectively.
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The corroding surface of mild steel in 1 M HCI rhomogeneous because of its roughness,
presence of impurities, dislocations, grain andgsaip morphology, etc. The depression of the
capacitance semicircle, whose centre lies underetfleaxis, confirms this as well.

The distributed capacitance is presented throudh. CRe impedance of the CPE is given by:
Zepe=Y"(j@)™" (8)

whereY’ is a proportional factor amiihas a meaning of phase shift. It is seen that at

n =1, CPE gives pure capacitan€® behaviour whose impedance is [15]:
Z.=(jaC)™ (9)

In order to fit and analyze the EIS data an egemMastructure model (Figure 5¢) was used and
the sum ofR; and R, corresponds to charge transfer resistafe [22]. According to this
equivalent circuit, the experimental data were tbtmbe suitably well fitted within the limits of
experimental error and reproducibility of data. Tieprehensive fitting results using above-
mentioned structure model are shown in Figures Bekpresentative example). The structure
parameters calculated accordingly are presentéthie 3. The values of° can be used for
comparison without leading to any significant fauibwever,Y° should be converted into
capacitance(g) when experimental data are to be used to deterthie parameters of system.
Capacitance values can be calculated from CPE maeamaluesy® andn using the following
equation [22]:

YWt

- sin(nrr/ 2) (19)

dl

wherew = 27 fmax (fmax IS the frequency at which imaginary componentarhplex plane plot is
maximum). Thus calculated values@jf were given in Table 3.

Data in Table 3 reveals th@tvalue increase with increasing PQ concentratiah baweverCy
value decreases much in the presence of PQ. Thigtien was a result of the adsorption of
inhibitor molecules at the metal/solution interfadedecrease in local dielectric constant and/or
an increase in the thickness of the electrical touldyer can cause decreaseQy values,
suggesting that the inhibitor molecules with lowldctric constant replace the water molecules
with high dielectric constant. From impedance meaments one can conclude that the inhibitor
efficiency increases with increasing PQ concerdrati

Polarization measurements

Figure 6 shows the polarization curves of mild Istee. M HCI in the absence and presence of
various concentrations of PQ. Various corrosiorapeaters obtained from Tafel fit by selecting
polarization curves 50 mV in both anodic and cathaktection fromE.,,; value were presented
in Table 4. The polarization of the mild steel iMIHCI solution containing inhibitor shows that
the presence of PQ decreases the corrosion cutestsity (cor). The decrease iho value
could be attributed to the inhibitor adsorption sanface of mild steel and adsorption process
enhances with increasing inhibitor concentration.
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Data in Table 4 show thd&i.., value did not change in a regular manner in tresgmce of
different concentrations of PQ aig, value shows a little change, indicating that P@ as a
mixed-type inhibitor (Ahamad and Quraishi, 2010heTvalues of Tafel slope constaribg &nd

b.) remain more or less constant in the presencehitbitor suggesting that the effect of inhibitor
is not as large as to change the mechanism of giormoThus inhibition of the mild steel
corrosion in one molar hydrochloric acid solutiesnmerely blocking of surface active sites due
to adsorption of PQ molecules.

Results obtained from different methods (viz., idoss, EIS, and polarization curves
measurements) were consistent and inhibition ofl reteel corrosion in 1 M HCI solution
increases with increase in the concentration of PQ.

Table 3: Electrochemical parameters for the mild stel in 1 M HCI in the absence and the presence oM®) at
different concentrations

Inhibitor R, R R b & Ca ZeIs
Conc. (mhI) (02 em®) [ em®) [0 em?) (108 ol g% oy (WF em™) (%)
Elank 0.3z 0.6 13 136 (266 o6 -
0.02 (63 1.1 19 143 0782 ig 73
0.04 0.77 23 122 4] 0769 24 20
0.1 n7e 21 140 62 0777 19 o0
0.2 0.70 18 144 G4 0.733 16 o1
04 n48 23 330 20 0726 21 o2

Table 4: Polarization parameters and correspondingnhibition efficiency for corrosion of the mild steel in 1
M HCI containing different concentrations of PMQ

Inhibitor conc —En Jenar by b Ep
fmhI) mV/ 8CE) (LA o) mV dechy mV dechy (%4
Elank 448 1100 Ge Q8 -
0.02 42e 2449 73 11& 77
0.04 449 167 T8 126 83
0.1 427 147 73 122 a7
0.2 444 105 46 i1 on
04 452 G3 37 a7 a4
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-800 r . . : . ;
i 3 2 A4 0 1 2 3
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Figure 6: Tafel curves for mild steel in 1 M HCI inabsence and presence of different concentration$ BQ.

Mechanism of corrosion inhibition

The results shows that investigated primaquinebihtihe corrosion of mild steel in 1 M HCI
through its adsorption at the metal/solution irdeel. A skeletal representation of the proposed
mode of adsorption is shown in Figure 7 and clestijcates the active adsorption center. The
adsorption of PQ at the mild steel surface can fdkee through its active centres; unshared
electron pairs of hetero-atoms and pi-electron e tjuinoline moiety. So that mode of
adsorption depends on the affinity of the metalams the p-electron clouds of the molecule.
Metals such as Fe and Cu, which have a greatantgffowards aromatic moieties, were found
to adsorb aromatic rings in a flat orientation.

CHs, ®
NH5

O HN

CHs

d

O
Figure 7: Skeletal representation of the adsorptionmode of PQ.
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In acid solution inhibition of metallic corrosiorcaurs through (i) electrostatic interaction of
protonated molecules with already adsorbed chlorates, (i) donor-acceptor interactions
between ther-electrons of aromatic ring and vacant d orbital sofface iron atoms, (iii)
interaction between unshared electron pairs ofrbeteoms and vacant d-orbital of iron surface
atoms. For adsorption of organic compounds at tblisolution interface, generally two modes
are considered. In one mode, the neutral moleadssrbed on the surface of mild steel via the
chemisorption mechanism, involving the displacenamvater molecules from the mild steel
surface and the sharing electrons between thechatems and iron. The inhibitor molecules can
also adsorb on the mild steel surface on the bafstonor—acceptor interactions between
electrons of the aromatic ring and vacant d-orbitdlsurface iron atoms. In second mode, since
it is well known that the steel surface bears pasitharge in acid solution, so it is difficult for
the protonated inhibitor molecules to approach pusitively charged mild steel surface
(HsO'/metal interface) due to the electrostatic repulsiSince chloride ions have a smaller
degree of hydration, thus they could bring excesgative charges in the vicinity of the interface
and favour more adsorption of the positively chdrgehibitor molecules, the protonated
molecules can adsorb on the metal surface throlggtirestatic interactions. Good inhibition
efficiency exhibited by PQ can be attributed to pinesence of hetero-atoms (N and O), methoxy
group, and quinoline moiety [23].

CONCLUSION

1. The results obtained from different measurementtd 1 weight loss, EIS and polarization
measurements showed that primaquine inhibits comosf mild steel in 1 M HCI and these
studies gave consistent results.

2. Tafel curves showed that PQ is a mixed type inbibit

3. EIS results were interpreted using an equivalerutiin which a capacitance is in parallel
to the series resistoR®; andR, and a CPE in parallel tB;, was used in order to give more
accurate fit to the experimental results.

4. Adsorption of PQ on the mild steel surface obeyma tangmuir adsorption model with
standard free energies of adsorptiaG{ag) ranging in between -40 kJ noand -43 kJ mal
which could be attributed to high adsorption of 8@Qthe mild steel surface, forming a strong
protective film.

5. Adsorption of PQ on the mild steel surface waspacgl chemisorption.
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