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In the present study two quinolitieiazole derivatives namel{4-[1-aza2-(phenyl)vinyl}-3-phenyt2-
thioxo(1,3thiazoline-5-yl)} -N-[1-aza2-(2-chloro(3quinolyl))vinyl] (Inh 1) and {4-[1-aza2-(4-
methoxyphenyl)viny§3-phenyt2-thioxo(1,3thiazoline5-yl)} -N-[1-aza2-(2 chloro (3
quinolyl))vinyl] (Inh 1) were synthesized and investigated as an inhibitor for mild steedsoon in

15% HCI solution by using weight loss measurements, potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) technidlies. inhibitors Inh land Inh 1l show
corrosion inhibition efficienciesf 81.8% and 84.0% a&a 20 ppm cacentration and 95% and 96.3%

ata 200 ppm concentration, respectively, at 333tkvas found that the inhibition efficiency of both
the inhibitors increases witan increase in temperature and concentration of inhibifeosarization
studies show thdioth the studied inhibitors are of mixed type in nature. The adsorption of inhibitors
on the mild steel surface obettse Langmuir adsorption isotherm. Scanning electron microscopy
(SEM) and atomic force microscopy (AFM) were performedtif@surface stdy of uninhibited and
inhibited mild steel samples. The seempirical AM1 method was employed for theoretical
calculations

Keywords: Quinolinethiazole derivativeaMiild steel, Corrosion inhibition, Hydrochloric acid, EIS,

Quantum chemical studies.

1. INTRODUCTION

Due to excellent mechanical properties and low cost, mild steeisesl applied asa
construction material ia large number of industries. Hydrochloric acid solutions are commonly used
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for pickling, industrial acid cleaning, acid-dealing and oil well acidifying processes. Because of the
aggressiveness of acid solutions, mild steel corrodes severely during these processes, which results |
terrible waste of both resources and money. A corrosion inhibitor is often added to mitigate the
comosion of metal by acid attack. The selection of inhibitor is controlled by its economic availability,
its efficiency to inhibit the substrate material and its environmental side effects. Most of the inhibitors
for corosion of steel in acidic medae oganic compounglcontaining nitrogen, oxygen and/or sulfur
atoms [18]. The inhibiting action of these compounds is due to the adsorption of these compounds
onto the metal/solution interface. The adsorption process depends upon the nature and surtace charg
of the metal, the type of aggressive media, the structure of the inhiaitdrthe nature of its
interaction with the metal surface [9].

Some derivatives of quinolone [IB] and thiazole [146] have been reported as good
inhibitors for metals and als in hydrochloric acid solution, and exhibit different inhibition
performance with the difference in substituent groups and substituent positions on the aromatic rings.
The quinolinethiazolederivatives contaimuinoline and thiazole rings as two anchgrsites suitable
for adsorption with the metal surfacehus it was expected that quinolitBiazolederivatives would
work as good corrosion inhibitefor mild steel inahydrochloric acid solution.

In continuation of our research for developing csiwa inhibitors #, 6-8] with high
effectiveness and efficiency, the present paper explores a systematic study to ascertain the inhibitive
action of synthesizedjuinolinethiazole derivativesnamely, {4-[1-aza2-(phenyl)vinyl}3-pheny}2-
thioxo(1,3thiazoine-5-yl)} -N-[1-aza2-(2-chloro(3quinolyl))vinyl] (Inh 1) and {4-[1-aza2-(4-
methoxyphenyl)viny3-phenyt2-thioxo(1,3thiazoline5-yl)} -N-[1-aza2-(2-chloro(3-quinolyl))
vinyl] (Inh 1) on corrosion of mild steel in 15% HCI solution by usikvgight loss measurement,
potentiodynamic polarization, AC impedanaed quantum chemical calculations. Two derivatives of
quinolinethiazole werausedto discuss the effect of electron donatinQCHs) substituerds present in
the inhibitor molecule on inhibition #tiency of the inhibitor.

2. EXPERIMENTAL PROCEDURES

2.1.Synthesis of inhibitors

The compounds {41-aza2-(aryl) vinyl]-3-phenyt2-thioxo (1, 3thiazoline5-yl)} -N-[1-aza2-
(2-chloro (3quinolyl)) vinyl] were synthesized iyereported methofll 7] as shown in Scheme 1.
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Scheme 1. Synthetic route of inhibitorgInh |- {4-[1-aza2-(phenyl)vinyl}3-phenyt2-thioxo(1,3
thiazoline5-yl)} -N-[1-aza2-(2-chloro(3-quinolyl))vinyl], Inh - {4-[1-aza2-(4-
methoxyphenyl)vinyi3-phenyt2-thioxo(1,3thiazoline-5-yl)} -N-[1-aza2-(2-chloro(3
quinolyl)) vinyl] ).

The compound Zhloroquinoline3-carbaldehyde (1) reacts with-canoacetohydrazide in
ethanol to form 41-aza2-(2-chloro (3quinolyl)) vinyl]-2-cyanoacetamide (2). Phenyl isothiocyanate
is added ta stirred solution of congund 2, inthe presence of sulphwand triethylamine in a med
solvent of dimethylformamidesthanol (1:1) to form-[1-aza2-(2-chloro(3quinolyl))vinyl](4-amino
3-phenyt2-thioxo(1,3thiazoline5-yl)) carboxamide (3). Compouriireacts with different aldehydes
in ethanol to yield {4[1-aza2-(aryl)vinyl]-3-pheny}t2-thioxo(1,3thiazoline5-yl)} -N-[1-aza2-(2-
chloro(3quinolyl))vinylJcarboxamides. The purity of the synthesized compounds was checked by thin
layer chromatography (TC). The structure of Inh I and Inh Il is shown in Figure 1.
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Figure 1. Structures of inhibitorgInh |- {4-[1-aza2-(phenyl)vinyl}3-phenyt2-thioxo(1,3thiazoline
5-yl)} -N-[1-aza2-(2-chloro(3quinolyl))vinyl], Inh II- {4-[1-aza2-(4-methoxyphenyl)vini]-3-
phenyt2-thioxo(1,3thiazoline5-yl)} -N-[1-aza2-(2-chloro(3quinolyl)) vinyl] ).

2.2. Mild steel sample

Corrosion studies were performed on mild steel samples having composition (wt. %): C, 0.12;
Mn, 0.11; Cu, 0.01; Si, 0.02; Sn, 0.01; P, 0.02; NQ2 andthe remaindefe. Mild steel coupons
having a dimension 6.0 cnmi 2.5 cml 0.1 cm were mechanically cut and abraded with different
grades of emery pape(120, 220, 400, 600, 800, 1500 and 2000 grade) for weight loss expetriment
For dectrochemial measurementsiild steel coupons havingdimensionl . 0 ¢cm | 1.0 cm
were mechanically cut arabraded similarly tehe previous procedure, with an exposed area of 4 cm
(rest covered with araldite resin) with3 cm long stem. Prior to the expaent, specimens were
washed with distilled watedegreased in acetondried and stored iavacuum desiccator.

2.3. Test solution

Analytical reagent (AR) grade HCI was diluted with triply distilled water to obtain 15% HCI
solution. The concentration @fhibitors employed was varied from 20 to 200 ppm (md,land the
volume of electrolyte used was 250 mL.

2.4. Methods

2.4.1. Weight loss method

Weight loss measurements were perforrme@03 Kby immersingaccuratelyweighed mild
steel test coupons in 250 mL of 15% HCI solutiorthe absence and in thegwsence of 20, 50, 100,
150 and 200 ppm (mgh) of the inhibitors.The immersion time was optimized attte optimized
immersion time (6 h) was uniformly used for weight loss measurenmBEmdest couponsvere then
removed from the electrolyte, washed thaybly with distilled water, dried and weighdekperiments
in triplicate were conducted for each concentration of the inhibitor for the reproducibilidythe
average of weight losses were takencalculate the corrosion rate and inhibition efficien¢ythe



Int. J. Electrochem. SciMol. 9, 2014 523¢

inhibitors. The corrosion ratéCR) and inhibition efficiency ¢ %) were determined bthe following
equations [8]:

87.6/N (1)
Atd

CR(mmy’l) =
where W = weight loss (mg)A = area of specimen (énexposed in acidic solutiort, =
exposure time (h), and = density of mild steel ( g.cf).

CR- CR

h(%) = 3100 (2)

where,CRy, and CR are the corrosion rate in the absence and presence of inhibitors. This
experiment was repeated at different temperatur80&;, 313, 323 and 333 Ky using a water
circulated Ultra thermostéab determine the temperature dependence of the inhibition efficiency.

2.4.2. Electrochemical method

Electrochemical polarization measurements were carried out in a conventiweaklectrode
cell consisting of mild steel working electrode, a platinum counter electrode and a saturated calomel
electrode (SCE) as reference electspdesing CH electrochemical workstatigModel No: CHI
760D, manufactured by CH Instruments, Austin, US4 303 K.Before starting thexperiments, the
working electrodes were immersed in the test solution for 30 min until a steady state open circuit
potential Eqcp) reached. The mild steel surface was exposem() to various concentrations (ZD0
ppm by weight) of both inhibitors iB50 mL of 15% HCI solution 6803 K. After establishment of the
open circuit potential, potentiodynamic polarization curves were obtained with a scan rate of 8.5 mVs
in the potential range fronY00 t0-300 mV with respect tthe open circuit potentialThe linear Tafel
segments of the cathodic and anodic curves were extrapolatieeldorrosion potential to obtain the
corrosion current densiti€gor). All potentials were measured against SCE. The percentage inhibition
efficiency(d %), was calculaté using the equation:

- O _ -
h(%) = ‘e Leon 2100 3)

corr

Whereiocorr andicoy are the values of corrosion current densityh@absence and presence of
inhibitors, respectively

Electrochemicaimpedance measurements were carried out using the same electrochemical cell
and electrochemical workstation as mentioned for polarization measurements in the frequency range
from 100 kHz to 10 mHzusingan amplitude of 10 mV peak to peak with an ac sigatahe open
circuit potential The impedance data were obtained using Nyquist plots. The inhibition efficigncy (
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%) was calculated frorthe charge transfer resistance values obtained from impedance measurement
according to the following relation:

h(%) = Rigm = R 3100 (4)

t (inh)

whereRnn andR; arethe charge transfer resistarsde the presence and absence of inhibitor
respectively.

2.4.3. Scanning electron microscopic analysis

The mil d steel speci mens of size 1.0 cm I
emery paper (grade 3ZD0-800-1200) and then washed with distilled water and acetone. After
immersion in 15% HCI solution in the absence and the presenae @btimum concentration of
inhibitors Inh landInh Il at 303 Kfor 6 h, the specimen was cleaned with distilled water, dried with a
cold air blaster, and then the SEM images were recorded using JEOL B380 LA analytical
scanning electron microscopethe vacum mode bytheinstrument operated at 10 kV.

2.4.4. Atomic Force Microscopy

The morphology of the uninhibited and inhibited mild steel surface was investigated by atomic
force microscopy. For AFM analysis themwerel d s
immersed in the test solution in the absence and presence of inhibitors for 6 h at room temperature
Then the specimens were taken out from the solution, cleaned with distilled water, dried, and used for
AFM. The AFM analyses were carried out usmblanosurf Easyscan 2 instrument, Model-MDT,

Russia; Solver Prd7.

2.4.5.Quantum chemical study

The quantum chemical calculations were carried out using the program package standard
Gaussian 03Wsoftwaneith the semiempirical AM1[19] method to clulate the physical properties
of molecules. The geometries of both inhibitarsre optimized bythe e st r i ctFock (RHRA r t r e
method using the AM1 paraneeization. In order to find outthe none imaginary frequency which
represents the minimum energgructuresof inhibitors, frequency calculations were also performed
along with optimizationHOMO and LUMO graphs were generated from the cube files performed in
the same Gaussian suiiResults can be retrieved, vieweohd building molecular orbitalsexe done
by GaussViewdraphical interface available for Gaussiart)eoretical parameters such as the energies
of the highest occupied and lowest unoccupied molecular orbiads§ and E umo, respectively),
e ner gy E),mplsplute(elgctronegativitys), dipole momentg), global hardnesso and softness
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(8), molecular surface are84) and fraction of electrons transferred from the inhibitor molecule to the
met al sN) wereaalcelad. @

3. RESULTS AND DISCUSSION

3.1. Weight loss measurements

The values of corrosion rate and corrosion inhibition efficiency obtained from weight loss
measurements for mild steel specimen immersed in 15% HCI solutiba abbsence and presence of
different concentration of inhibitors (Inh I, Inh 1) ranging fro & 200 ppm by weight for an
immersion period of 6 h at 303 K are listed in Table 1.

Table 1. Corrosion parameters namely corrosion r af
efficiencyd (%) of mild steel in 15% HCI solution in the presence and absence of inhibitor at
different temperature, obtained from weight loss measurements

Conc (ppm)
CR
(mmy?)
Inh |
Blank 28.2 - - 58.1 - - 98.9 - - 1445 - -
20 9.31 0.67 67.0 17.43 0.70 70.0 23.74 0.76 76.7 26.74 0.82 815
50 7.33 0.74 74.0 14.29 0.78 784 18,79 0.81 813 23.12 0.86 84.0
100 6.16 0.78 78.2 9.12 0.84 84.3 10.88 0.89 894 13.01 091 91.0
150 5.04 0.82 82.1 7.26 0.87 87.5 7.91 092 923 10.12 0.93 930
200 4.23 0.85 85.0 5.81 0.90 90.0 5.93 094 941 7.23 0.95 95.0
Inh 1l
20 8.14 0.71 711 16.27 0.72 724 1879 081 814 23.12 0.84 84.0
50 6.46 0.77 77.1 11.62 0.80 80.8 16.81 083 83.9 18.79 0.87 87.0
100 4.51 0.84 84.0 8.13 0.86 86.6 8.90 091 912 10.12 0.93 93.0
150 3.10 0.89 89.0 4.65 0.92 925 4.96 094 942 5.78 0.96 96.0
200 251 0.91 91.1 4.07 0.93 93.1 4.78 095 951 5.34 0.97 96.3

3.1.1. Effect of inhibitor concenattion

The corrosion inhibition efficienciesd (% of the inhibitors Inh land Inh Il after 6 h of
immersion at 303 K as evaluated by the weight loss technique are listed in TRlbenT.able 1, it is
apparent that inhibition efficiency increases vdthincrease in the concentration of the inhitstdr is
further evident from Table 1 that both inhibitors are good inhibitarsn at concentration as low as 20
ppm. The inhibition efficiency of Inh &nd Inh llat 200 ppm was found to be 94.0% and 96.3%
respectively, at 333 K (Table 1Jhe corrosia inhibition efficiency offered bynh | and Inh Il at
lower (20 ppm) as well as higher concentration (200 ppm) was found to be better as compared to the
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inhibition efficiency of most of the quinolof& and thiazol&'° derivatives reported in literatel
The increase in inhibition efficiency with increasing concentration of inhibitors is dar@rngrease in
the surface coverage, resulting retardation of metal dissoll2@rf]. For inhibitor concentrations
starting from 20 ppm onwards, the achigwehibition efficiencies are above the prescribed efficiency
limit for acid pickling inhibitors [2, 23]. The inhibition efficiency of Inh Il is greater than Inh | at alll
concentrations and temperatures.

3.1.2. Effect of temperature

Corrosion inhibitiom studies were carried out at different temperatures ranging from 303 K to
333 K. Corrosion parameters namely, corrosion rdB&R)( surface coveraged) and inhibition
efficiency (@%) of mild steel in 15% HCI solution in the absence and presence of differe
concentrations (2200 ppm) of inhibitor at different temperatures (303 383 K), obtained from
weight loss measurements are shown in Tablé i%. clear from the Table 1 that the corrosion rate
increases withan inthe increase in temperature time presence and absence of the inhibitors. The
corrosion rate of mild steel ithhe absence of inhibitors increased steeply ff@d3-333 Kwhereas the
corrosion rate increases slowly time presence of inhibitors 2. Theinhibition efficiency increased
with increasing temperature froB93-333 K Such type of behaviour can be described on the basis that
the increase in temperature leads to a shift of the equilibrium constant towards adsorption of the
inhibitors molecules at the surface of mild ste&][2

3.13. Thermodynamic and activation parameters

The apparent activation enerdyy) for dissolution of mild steel in 15% HCI can be expressed
usingthe Arrhenius equation

logCR= & H#og A (5)
2.30RT

whereE, is the apparent activation enerdyis the molar gas constant (8.314 Jrkol™), T is
the absolute temperature (K) afdds the Arrhenius prexponential factor.

Blank'
20 ppm
50 ppm
100 ppm
150 ppm
200 ppm

(a)

log CR (CR.‘"mmy“}

0.7 ¥©-3.3519 x + 34588 B E— —

T T T T T T
3.00 3.05 3.10 3.15 3.20 3.25 3.

1000/7 (K)
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Figure 2. Arrhenius plots ofog CRversus 10007 for mild steel corrosion in 15% HCI solution (a) Inh

I (b) Inh 1.

Figures 2 (a, b) presents the Arrhenius plot ofd&tjagainst 1T for the corrosion of mild steel
in 15% HCI solution in the absence and presesfcenhibitors Inh land Inh Il at concentrations

ranging from 20 to 200 ppm.

From Figure 2, the slope of each individual line was determined, and the activation energy was
( s | o p &)Thelcalc@lated OaBies & are summarized in

calculated using the expressiBp=

Table 2.

Table 2. Activation parameter for mild steel in 15% HCI solution in the absence and presence of
inhibitor obtained from weight logaeasurements

Inhibitor Concentration
(Ppm)

Blank -
20

Inh 1l 50
100
150
200

Inh | 20
50
100
150
200

Ea

( kamol™)

85.1
70.2
64.2
60.3
61.8
60.8
72.3
708
68.4
66.1
64.2

*

qH
(kJ molt)

82.3
65.2
62.3
60.8
59.1
58.4
71.3
68.1
66.6
64.1
62.4

*

o5
(Imol*K™)

-36.3
-41.1
-46.2
-48.1
-56.2
-62.4
-38.7
-44.3
-46.7
-48.7
-52.3

Qads

(kJ mol™)

24.3
26.8
28.4
30.9
32.1
22.7
25.1
27.2
29.5
31.2

Inspection of results shows that valueEgbbtained inthe presence of both the inhibitors are
lower than those obtained in the inhibitor free solutidree lower activation energy in the presence of
inhibitors has been explained in different ways in literature. Putilova showed that at higher
temperatures, the surface coveredtlhy inhibitor increases and rate determining step of the metal
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dissolution lecomes the diffusion through the film of corrosion products and inhibiépr R2ggs and
Hurd consider the rate of metal dissolution as a sum of two corrosioni rede®sion rate of the bare
metal surface and corrosion rate on the surface which igembvy adsorbed inhibitor 72 At high
degrees of coverage, the first process has no substantial contribution and the corrosive mechanisr
includes a direct reaction of the molecules of the inhibitor with the metal surface and the activation
energy may bemaller or higher than in absence of inhibitor. According to other auth®&@1]zhe
lower activation energy ithe presence of inhibitor is indication for its chemisorption.

The values of st andaH*dandestandarédntpopy obatt aat cid®inv a(t g
can be calculated by using the equation:

RT anps o apH
CR=— 6
NnSPER 8P TRy ©)

wherehisP | anc k 6 s blisthesAvagadito numbed, respectively.

A plot of log CRT) against IT (Figures 3 a, b) gave straight lines with a slopei gH
*/2.303R and an intercept of IoB/NH  S/B303R, from which the activation thermodynamic
p ar ameH* e rasBdwgere calculated, as listed in Table 2. The positive sign of the enthalpy
reflects the endbermic nature of the mild steel dissolution process 83]. The negative value of
g&s* for both inhibitors indicates that the formation of the activated complex in the rate determining
step represents an association rather than a dissociation step,gribahandecrease in disorder takes
place during the course of the transition from reactants to activated congjlex [3

03 T—— T

T T
Blank ]

[
e (a) . ]
-0.5 ® 20ppm ]

j A ]
-0.6 50 ppm

. v 100 ppm A
07 < 150 ppm]
087 > 200 ppm 7]
-0.9 4 -
1.0 4 y=-3.7281 x + 8.2949 ]

1.1 4
134
-1.5
1.6
1.8

log CR/T (CR/T /mmy 'K

-1.9 T T T v T ’ T y T v T v T
3.00 3.05 3.10 3.15 3.20 3.25 3.30
1000/7 (K)
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Figure 3. Transition state plot of lo€R /T versus 10007 for mild steel in 15% HCI solution at
different concentraticsy(a) Inhll (b) Inh 1.

3.2.Adsorption isotherm

Basic information on the interaction between the organic inhibitors and the mild steel surface
are obtained from various adsorption isotheriige surface coveragé)(for different concentrations
of inhibitors at different temperatures in 15% hydrochloric acid was tested graphically for fitting a
suitable adsorption isotherrmihe surface coverage are@ (vas calculated by the method described
elsewhere [3].
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Figure 4.Langmuir plots of Cin/ d )  Cig forg@) wh 1l (b) Inh 1.

Table 3. Adsorption parameters for Inh | and Inh |l calculated from Langmuir adsorption isotherm for
mild steel in15% HCI solutiorat a temperature range of 3833K .

Inhibitor Temperature Kads oG &ds Correlation Slope values
(K) MY (kd mol")  coefficient

G9)

Inh | 303 5. 051 -37.3 0.992 0.97
313 6. 751 -39.3 0.996 098
323 8. 4171 -41.2 0.998 0.99
333 3.781 -46.6 0.999 1.02
Inh 11 303 8. 2711 -38.6 0.996 0.97
313 9. 2417 -40.2 0.997 0.98
323 3.161 -44.7 0.998 0.99
333 9. 121 -49.1 0.999 1.01

The plots ofCinn/d vs. Cinn for Inh | and Inh Il at different temperatures yielded straight lines
[Figures 4 a, b], the correlation coefficienB)(and slope values for lines were found in the range of
0.992 to 0.999 and 0.97 to 1.01 respectively, as listed in Table 3. The correlation coefficient and slope
values in Table 3 areloseto unity, indicating that the adsorption of these inhibitors did steel
surface obeyhe Langmuir adsorption isotherm represented by the following equation:

C;lnh 1

-Clnh
q Kads (7)

where Ci, is the inhibitor concentrationK.qs is the equilibrim constant for adsorptien
desorption process. From the intercept of Figure 4 the valuegofiere calculated. Large values of
Kagsobtained for both the studied inhibitamsply more efficient adsorption and hence better corrosion
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inhibition efficiency. Using the values oKa.st h e v a | Gl.@ was evhluaten by using the
following equation:

DG.,, = RTIn(55.5K,,) (8)

whereR is the gas constant arldis the absolute temperature (K). The value o658 the
concentration of water in solution in mof‘LCalculated values df.gsa n d3%qgare listed in Table 3.
I n gener alGlhgshvya | Tu2e0s' ake Eampaitible with the electrostatic interaction between
the charged molecules and the chargedal (physisorption) and those which are more negative than
T 40 Klihvoled charge sharing or charge transfer from the inhibitor molecules to the metal surface
(chemisorptions) [8] . The c@4scaludsdot lehdandpnh llwas found in theange of -
37.3t0 146.6 and-38.6 toi 49.1 kJ mol, respectively at various temperature ranges (3@BKK),
indicates that the adsorption process of inhibitoteenild steel surface involve chemical adsorption.

3.3. Electrochemical Studies

3.3.1 Polarization studies

The potentiodynamic polarization curves for the mild steel in 15% HCI solutithre atbsence
and presence of different concentrations of lahd Inh Ilare shown in Figures 5 (a, b) at 303 K

D
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‘g -3.04
5 i Y
< 354 \ |
o 404 0
-o B I ! -
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Figure 5. Potentiodynamic polaation curves for mild steel in 15% HCI solution in firesence and
absence of inhibitor 303 &) Inh | (b) Inh II.

It is apparent from the Figures 5 (a, b), that the nature of the polarization curves remain the
same in the absence and presence obidng but the curvesreshifted towards lower current density
in the presence of inhibitors indicating that the inhibitor molecules retard the corrosion process. The
corrosion current densities and corrosion potentials were calculated by extrapdiditiearoparts of
anodic and cathodic curves to the point of intersection.

Table 4. Electrochemical parameter and percentage Inhibition efficiedcy (@6ptained from
polarisation studies for mild steel in 15% HCI solution in the presence or absenkibibdr at

303 K
Inhibitor Concentration Ecorr ba [ i corr d %
(ppm) (mV vs (mVdec) (mVdec) (OADmM
SCE)

Blank - -502 95 140 573 -
20 -505 85 132 172 69.9
Inh | 50 -510 81 128 131 77.1
100 -490 78 124 114 80.1
150 -515 74 122 84 85.3
200 -520 71 121 68 88.1
Inh 1l 20 -490 88 136 154 73.1
50 -495 84 132 113 80.2
100 -510 82 128 74 87.1
150 -505 80 126 45 92.1

200 -508 77 124 34 94.1
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The corrosion parameters such as corrosion poteiigl)(anodic Tafel slopebf), cathodic
Tafel slope ), corrosion current density.§,) and percentage inhibition efficiencg ¢6) obtained
from these curves are given in Table 4.

The results reveahat increasing concentration of both inhibitors resulted in a decrease in
corrosion current densities and an increase in inhibition efficiéti@g), suggesting the adsorption of
inhibitor molecules at the surface of mild steel to farprotective film on mild steel surfaceq The
presence of inhibitors causasninor change irEc,r values with respect to the valuetire absence of
inhibitor. This implies that the inhibitor acts as a mixed type inhibitor, affecting both anodic and
cathodic reactions B. If the displacement ilfEcori S mor e t han N85 m¥sioms S
potential of the blank, the inhibitor can be considered as a cathodic or anodicQygetfg& change
in Ecorr IS less than 85 mV vs SCE, the corrosion inhibitor may be regarded as a mixedhgpe.
maximum displacement in our study was 18 mV @ESwhich indicates that Inhdnd Inh Ilact as
mixed type inhibitos. The change in the valuesffin the presence of inhibitors clearly indicates the
effect of the inhibitors on the kinetics of hydrogen evolution. The shift in the anodic Tafel Bippe (
values may be due to the adsorption of chloride ions/or inhibitor molecules onto the mild steel surface
[40].

3.3.2.EIS studies

The Nyquist plots for various concentrations of Inh | and Inh Il are shown in Figures 6 (a, b).
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Figure 6. Nyquist plotfor mild steel in 15% HCI acid containing various concentrations of (a) Inh | (b)
Inh 11. (1) 0 ppm (2) 20 ppm (3) 50 ppm (4) 100 ppm (5) 150 ppm and (6) 200 ppm kKt 303

It is clear from these plots that the impedance response of mild steel h&isasiggichanged
after the addition of inhibitors in the corrosive media. It can be seen from Figures 6 (a, b) that the
Nyquist plots contains a single capacitive lodpe size of which increased by increasing the
concentration of inhibitors which indieat that the impedance of an inhibited substrate increases with
increasing concentration of inhibitor in 15% HCI solution. The presence of inhibitor introduces the
diffusion step inthe corrosion process and the reaction becomes diffesiotrolled. Inthe presence
of inhibitors the corrosion process can have two steps in any electrochemical process at the
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electrochemical interfacdirst, the oxidation of the metal (charge transfer process) and second, the
diffusion of the metallic ions from the metal sagé to the solution (mass transport process). Inhibitor
gets adsorbed on the electrode surface and thereby produces a barrier for the metal to diffuse out to tr
bulk and this barrier increases with increasing the inhibitor concentration causing inhddition
corrosion process.

The best fitting of experimental data is representethéiRandles equivalent circuit (Figure 7),
which is a parallel combination of the chatgansfer resistancdR{) and the constant phase element
(CPE), both in series with tlemlution resistancery).

Figure 7. Equivalent circuit diagram

As can be seen from Figures 6 (a, b), the Nyquist plots contain depressed semicircles with the
centre under the real axis. Such behaviour is characteristic for solid electrodes ardfefted to
frequency dispersion, could be attributed to different physical phenomena such as roughness and ir
homogeneities of the solid surfaces, impurities, grain boundaries and distribution of the surface active
sites [4].

Table 5. Electrochemicalmpedance parameters and percentage inhibition efficiency for mild steel in
15% HCI solution in the absence and presence of inhibitor at different concentratiorkat 303

Inhibitor Concentration Ret Yo
(ppmby  (q *¢r ( OF"
weight) %)
Blank - 25 571 0.83 245
20 78 514 0.71 1140 68.3
Inh | 50 102 238 0.84 117 75.5
100 114 156 0.86 84 78.2
150 149 104 0.91 68 83.3
200 192 93 0.92 63 87.1
Inh 1l 20 90 261 0.76 80 72.4
50 116 169 0.79 62 78.6
100 166 97 0.86 50 85.2
150 250 58 0.91 38 90.4

200 312 42 0.93 30 92.1
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Therefore, a constant phase element (CPE) was introduced in the circuit instead of a pure
double layer capacitolCf) to givea more accurate fit of experimental datéhe impedance function
of a CPE is defined by the mathematical expression given beRjw [4

Zepe=[Yo(i¥)"T™ ()]

where Y is the magnitude of the CPE,isithe CPE exponent (phase shift), j is the imaginary
number (f= -1) and¥ is the angular frequency (= 2pfnay for which the imaginary component of
impedance is maximum. When the value of nljsthe CPE behaves like an ideal dotiblger
capacitance(yy).

The impedance data such as solution resistaRgedharge transfer resistandg.j and CPE
constants ¥and n obtained from fitted spectra are listed in Table 5.

The valus of thedoubk layer capacitance §fwere calculated from charge transfer resistance
and CPE parameter values ahd n using the expressior8[4

Ca= (YoRe™M™  (20)

where Y is CPE constant and n is CPE exponent . The value of n represents thierdéam
the ideal behaviour and it lies between 0 and 1.

The data of Table 5 showed that ti; values increased with increasinghilpitor
concentrations suggestirthe formation of a protective layer on the electrode surface. This layer
makes a barriefor mass and chargeansfer at the surface of the electrode. On the other hand, the
values of G decreased with increasing inhibitor concentration, which is probably due to a decrease in
the local dielectric constant and/or an increase in the thickokgske electrical double layer,
suggesting that the inhibitor strongly adsorbed to the surface of stgel [4

Electrochemical result&] %), are in good in agreement with the weight loss experimegnts (
%). However, a smaldlifference has been observed betw chemical (weight loss measurements) and
electrochemical measuremgntvhich can be attributed as the chemically determined corrosion rate
which is deduced from chemical dissolution process was independent of potential, whereas
electrochemical measurents depend on operational potentigd][4

3.4.Scanning electron microscopy

The surface morphology of the mild steel sample$5% HCI solutionin the absence and in
the presence of 20ppm ofinh I and Inh llare shown irFigures 8 (a, b c, d).

The bally damaged surface obtained when the metal was kept immer&ééoitdCl solution
for 6 h without inhibitor indicates significant corrosion. Howevertha presence of inhibitors the
surface has remarkably improved with respect to its smoothness ingli@atnsiderable reduction of
the corrosion rate. This improvement in surface morphology is due to the formation of a good
protective film of inhibitor orthe mild steel surface which is responsible for inhibition of corrosion.
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Figure 8. SEM image of md steel in 15% HCI solution after 6 immersion at 30X (a) before
immersion (polished) (b) After immersion without inhibitor (c) with inhibitor Inh Il (d) with
inhibitor Inh 1.

3.5. Atomic force microscopy

Surface morphology of the polished mild steeld mild steel in 15% HCI solution ithe
absence and presence of inhibitors were investigated through atomic force microscopy (AFM). The
results are shown iRigures 9 (&ad).

- = & - = B B B

Figure 9. AFM micrograph of mild steel surface (a) polished mild steelBlank in 15 % HCI
solution (c) with 200 ppm Inh II (d) with 200 ppm Inh I.
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The average roughness tfe polished mild stee(Figure 8 a)and mild steel in 15% HCI
solution without inhibito(Figure 9 b)was found as 25 and 650 nm. It is clearly showRigure9 (b)
thatthemild steel sample is getting damaged due to the acid attaitieanild steel surface. However,
in thepresence chnoptimum concentration (200 ppm) of InhalhdInh 1 asshown inFigures 9 (c, ¥
the average roughness were resti¢co 65 and 85 nm, respectively. The lowest value of calculated
roughness for Inh Il reveals that Inh Il protects the mild steel surface more efficiently than Inh | in
15% HCI solution.

3.6. Theoretical calculation

In order to study the effect of moleanl structure on the inhibition efficiency, quantum
chemical calculations were performed using sempirical AM1 method and all the calculations were
carried out with the help of complete geometry optimization. Optimized stru&iysgo and E umo
are show in Figure 10.

Figure 10. The optimized structure (left) andOMO (center) andLUMO (right) distribution for
molecules (@) Inh I, (b) Inh 1l [H, Grey; C, Cyan; N, Blue; O, Red; S, Yellow].

The Eyonmo Is often associated with the electron damgability of a molecule. The inhibition
efficiency increases with increasiigowo, values. HighEsomo values indicate that the molecule has a
tendency to donate electrons to appropriate acceptor molecules with low energy empty molecular
orbitals. The bwer value ofE _yumo, suggesting that the molecule easily accepts electrons from the
donor molecules4g]. It was reported previously by some researchersshata | | er Eanbdues



