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ABSTRACT

4-(((4-((5-Mercapto-1,3,4-oxadiazol-2-yl)methylrtethylthiazol-2-yl)imino)methyl)benz ene-1,2-dis&) and 4-
(((4-((5-Mercapto-1,3,4-oxadiazol-2-yl)methyl)-54mgthiazol-2-yl)imino)methyl)-2,6-dimethoxyphengbb) are
synthesized and their structures have been coafiroy IR andH-NMR spectral studies. Antioxidant activity of the
synthesized compounds was investigated, and corrashibition behaviour of the synthesized compsurd mild
steel in 0.5 M HCI was studied by mass loss andtrelehemical techniques. Thermodynamic adsorption
parameters indicated both physisorption as welthemisorption mechanism, and the process follovadynuir
adsorption isotherm. The polarization curves shoted both the compounds act as mixed type of itahikFTIR
spectra and scanning electron microscopy (SEM) weesl to analyze the surface adsorbed film.

Keywords: Oxadiazole; Antioxidant activity; Polarization; Eteochemical impedance spectroscopy (EIS); FTIR
spectra; SEM

INTRODUCTION

Corrosion of iron and its alloys has been a subjgchumerous studies due to their wide range ofistrigl

applications. Mild steel (MS) is one of the welldwn engineering structural material used in chehpoacessing,
petroleum production, refining, pipelines, miningnstruction, etc., due to its excellent mechanicaperties and
low cost. One of its shortcomings is that it unaeg corrosion in various operating environmentd agcaddition
of acids for the removal of undesirable scale arsl in many industrial processes. Crude oil is azive to MS
which is widely used in the petroleum industry. Ab@5 — 30 % of the total economic losses in thewod natural
gas industries are due to failure of pipes andrgitants resulting from metallic corrosion [1-3].

Despite continuing advances in the formulation ofrasion resistance materials, the use of chentoalosion
inhibitors often remains the most practical andt eefective way of preventing corrosion. The useoofanic
inhibitors for preventing corrosion is a promisiatjernative solution [4-7]. The choice of effectiwéhibitors is
based on their mechanism of action and their eeationating capability. The inhibiting ability die inhibitor is
supported by molecular structure of the adsorpdictive sites with lone pair and/pr- orbitals such as heterocyclic
rings containing sulphur, oxygen, phosphorus ancifoogen atoms [8—10]. They have an ability toegtor donate
electrons in order to be adsorbed on metallic sedady electrostatic interaction between the urmghalectron pair
of corrosion inhibitor and metal. These inhibitar® usually adsorbed on the metal surface by tiradion of a
coordinate covalent bond (chemical adsorption)har ¢lectrostatic interaction between the metal iahdbitor
(physical adsorption) [11].
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Oxadiazole derivatives offer special affinity tdnibit corrosion of metals in different aggressivevieonments [12-
16], and as potent antioxidant substances [17-TBgse compounds rich in heteroatoms can be regaaded
environmental friendly inhibitors because of ttethong chemical activity and low toxicity [20-2T]hus in the light
of above, we undertook the examination of antioxtdactivity and corrosion inhibition behaviour dfet newly
synthesized compounds, 4-(((4-((5-Mercapto-1,3 ddiezol-2-yl)methyl)-5-methylthiazol-2-yl) imino) ethyl)
benzene-1,2-dio(5a) and 4-(((4-((5-Mercapto-1,3,4-oxadiazol-2-yl)mdjHy-methylthiazol-2-yl)imino)methyl) -
2,6-dimethoxypheno{5b). The synthesized compounds were characterizedThi, Felemental analyses arH-
NMR spectral studies. Antioxidant activity was sadlby assaying diphenylpicrylhydrazyl (DPPH), icitoxide
and hydroxyl radicals. Mass loss and electrochdmazhniques were used to elucidate the corrositiibition
mechanism oba and 5b on MS in 0.5 M HCI. The thermodynamic activationdaadsorption parameters were
calculated and discussed.

EXPERIMENTAL SECTION

2.1 Materials and Solutions

The specimens used for corrosion tests were nmékel $#S) coupons which have the following composit{wt %):
0.051 C: 0.023 Si: 0.005 P: 0.103 Al: 0.179 Mn:230S and the remainder iron. Before gravimetric and
electrochemical measurements, the surface of theimpns was polished under running tap water usingry
paper (SiC, grade 1200 - 1600), rinsed with dedilvater, dried on a clean tissue paper, immerseénzene for 5

s, dried and immersed in acetone for 5 s, and drigld clean tissue paper. Finally, the specimenseviept in
desiccators until use. At the end of the gravimetsiperiment, the specimens were carefully washithl acetone
and benzene, dried, and then weighed. For polaizand electrochemical impedance studies, the pEgimen
was embedded in epoxy resin to expose a geomestictice area of 1cimo the electrolyte. A stock solution of
inhibitor was prepared by weighing an appropriateoant of it and dissolved in 0.5 N HCI, and serids
concentrations were prepared from this stock smiutDoubly distilled water was used throughoutekperiment.

For the synthesis of inhibitors, all solvents ardgents were purchased from Sigma Aldrich ChemigatsLtd.
Melting range was determined by Veego Melting PMMP Ill apparatus. Elemental analyses were reabmie
VarioMICRO superuser V1.3.2 Elementar. The FT-IRecia were recorded using nujal on FT-IR Jasco 4100
infrared spectrophotometeld NMR spectra were recorded on Bruker DRX-500 spectter at 400 MHz using
DMSO-g; as solvent and TMS as an internal standard.

2.2. Synthesis of inhibitors

2.2.1. Synthesis of ethyl 2-(2-amino-5-methylthiazol-4-yl) acetate (2) [22]

Yield: 74 %. IR (nujol, crit): 3407 (NH), 1684(C=0),'H NMR (DMSO-d;,  ppm): 6.91 (s, 2H, N}, 4.07 (q,
2H, O-CH-CHy), 3.43 (s, 2H, CO-C}), 2.32 (s, 3H, Ch), 1.18 (t, 3H, O-CHCH;). Anal. Calcd. (%) for
CgH1oN,0,S: C- 47.98, H- 6.04, N- 13.99. Found (%): C- 481826.08, N- 14.02.

2.2.2. Synthesis of 2-(2-amino-5-methylthiazol-4-yl) acetohydrazide (3) [23]

Yield: 74 %. IR (nujol, crit): 3316, 3148 (NH, Nb), 2352 (NH). *H NMR (CDCL, & ppm): 9.02 (s, 1H, NH),
6.86, 6.21 (s, 4H, 2 Np, 3.17 (s, 2H, CO-C}), 2.31 (s, 3H, CH), 2.19 (s, 2H, NK). Anal. Calcd. (%) for
CeH10N4OS: C - 38.70, H - 5.41, N - 30.08. Found (%): &8:74, H - 5.44, N - 30.78.

2.2.3. Synthesis of 2-((2-amino-5-methylthiazol-4-yl) methyl) oxadiazole-5-thiol (4) [24]

Yield: 70 %. IR (nujol, crif): 3368 (NH). *H NMR (CDClL, & ppm): 13.02 (s, 1H, SH), 7.05 (s, 1H, Ar-H), 6(45
2H, NHy), 3.91 (s, 2H, Ch), 2.31 (s, 3H, Ck). Anal. Calcd. (%) For &1sN40,S; (%): C - 36.83, H - 3.53, N -
24.54. Found (%): C - 36.89, H - 3.58, N - 24.59.

2.2.4. Synthesis of 4-((4-((5-mercapto-1,3,4-oxadiazol-2-yl)methyl)-5-methylthiazol -2-ylimino)methyl )benzene-
1,2-diol (5a)

Compound4 (2 mmol) with 3,4-dihydroxybenzaldehyde (2 mmal)rmethanol (30 mL), and 2 to 3 ml of glacial
acetic acid was refluxed for 6 h. The reaction migtwas cooled by adding ice water the formed pitete was
filtered off, washed with water and crystallizedrfr ethanol to obtain the desired Schiff base. Yiéld %, M. R
(°C): 141-143, IR (nujal, ci): 3416 (OH), 1574 (-CH=N-Y}H NMR (CDCk, & ppm): 13.05 (s, 1H, SH), 9.13 (s,
2H, 20H), 8.62 (s, 1H, -CH=N-), 7.35-6.85 (m, 3H;-), 3.61 (s, 2H, Ch), 2.32 (s, 3H, Ck). MS, m/z: 349
(M+1). Anal. Calcd. (%) for &H;,N4O05S, (%): C - 48.26, H - 3.47, N - 16.08. Found (%): €8.32, H - 3.52, N -
16.11.
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2.25. Synthesis of 4-((4-((5-mercapto-1,3,4-oxadiazol-2-yl)methyl)-5-methylthiazol -2-ylimino)methyl)-2,6-
dimethoxy phenol (5b)

Compound4 (2 mmol) with 4-hydroxy-3,5-dimethoxybenzaldehy@emmol) in methanol (30 mL), and 2 to 3 ml of
glacial acetic acid was refluxed for 6 h. The riactixture was cooled by adding ice water the fednprecipitate
was filtered off, washed with water and crystalliZzeom ethanol to obtain the desired Schiff baseldy 79 %, M

R (°C): 200-202, IR (nujal, cf): 3426 (OH), 1603 (-CH=N-}H NMR (CDCk, & ppm): 13.05 (s, 1H, SH), 9.13 (s,
1H, OH), 8.62 (s, 1H, -CH=N-), 7.08 (s, 2H, Ar-t3)83 (s, 6H, 2 OC}}, 3.61 (s, 2H, Ch), 2.30 (s, 3H, CH. MS,
m/z: 393 (M+1). Anal. Calcd. (%) ForfH16N404S, (%): C - 48.97, H - 4.11, N - 14.28. Found (%): @€8.93, H -
4.08, N - 14.31.

NH,NH, -2H,O0. H
O o Thiourea, 2NHp 20, N
_~__EtOH, MW \/ON E(OH, reflux.  H,N _
(0) _ S
5 Min 0 N\<S O N Q(
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Ne NS OH N\ ~ s

4-hydroxy-3,5-
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Figure 1. Scheme for the synthesis of oxadiazoles

2.3.1. Antioxidant activity

The antioxidant activity of the synthesized compisida and 5b was determined bipPPH, hydroxyl and nitric
oxide radicals scavenging assay methods [25-2hgusscorbic acid (AA) and butylated hydroxyanis@elA) as
standards.

2.3.2. Mass loss measurements

Gravimetric experiments were carried out in a gledsand the solution volume was 100%ffhe temperature of
the environment was maintained by thermostaticaiytrolled water bath (Weiber, India) with an agayrof £ 0.2
°C under aerated condition. The MS specimens usee meetangular with a dimension of 1 cm x 1 cm X @n.
The initial weight of the specimen was recordedhgsan analytical balance (precision £ 0.1 mg). Aftiee
corrosion test in 0.5 M HCI with and without inHitm, the specimens were carefully washed in dodigélled
water, dried and then weighed. The weight loshefdpecimen was determined after an immersion gefid h at
the temperature range of 303 to 333 K. Triplicatpegiments were performed in each case and thegwenass

291



C. B. Pradeep Kumar and K. N. Mohana J. Chem. Pharm. Res., 2013, 5(10):289-305

loss was reported. The corrosion rafp)(and percentage inhibition efficiency symbolizesk; (%) are calculated
using the expressions (1) and (2).

ﬂ.W
Cp = y

n(%) = ME x 100 @)

where, AW is the weight loss, S is the surface area ospiegimen (cA) , t is the immersion time (h), anG), and
(Cr)p are corrosion rates in the absence and preserhe wthibitor, respectively.

2.3.3. Electrochemical impedance spectroscopy (EIS)

The EIS tests were performed in a three electrgderably CH1660D instrument. The cell arrangemeatl wgas a
conventional three-electrode cell with platinum rt@u electrode, saturated calomel electrode aserafe electrode
and test material (MS) as working electrode. Allgpdials are reported vs. SCE. And the measuremests done
after 30 min of immersion in the test solution. Ei@asurements were performed with a frequency rah§é kHz

to 0.1 Hz and amplitude of 0.005 V. The percentiafpbition efficiency#(%) was calculated using the charge
transfer resistance as follows:

1, 1,
J",Rp:'ﬂ {(Rplp

n(%) = ® 100 A3)

-" 'RF:‘E
where, Re).and Rp), are charge transfer resistances in the absengerasence of inhibitor, respectively.

2.3.4. Potentiodynamic polarization

The electrochemical character of MS sample in ubitéd and inhibited solutions was investigatedrbgording
anodic and cathodic polarization curves in 0.5 Ml Kd@lutions with different inhibitor's concentratis with an
exposed area of 1¢émA conventional three electrode cell consisting d8 s working electrode, platinum foil as
counter electrode and saturated caloelettrode as reference electrode was used. Patgntimic polarization
curves were recorded after immersion of the worlgtegtrode (MS) for 30 min in 0.5 M HCI solutionntaining
different concentrations of the inhibitors in thetential range from -100 to -900 mV with a scare mit 0.4 mV §.
The linear Tafel segments of anodic and cathodigesuwere extrapolated to corrosion potentiah.f to obtain
corrosion current densitiegd,). Thern(%) at different inhibitors concentrations are o#ted using the following
equation (2):

ﬂ(%j EI:I"":IB I:'IJEE}E x 1':":' (4)

eorrla

where, {(coma and {con)p are the corrosion current density (LA Bnin the absence and presence of the inhibitors,
respectively.

2.3.5. SEM and FTIR studies

The surface morphology of the MS samples in therdxs and presence & and5b was investigated by Scanning
Electron Microscopy (SEM) technique (Model JSM-580Dhe surface products deposited on the test syad
with inhibitors after 5 h of exposure in the 0.5H\I were analyzed by FTIR spectrophotometer.

RESULTS AND DISCUSSION

3.1. Antioxidant activity

Thein-vitro antioxidant activity of compoundsa and5b were determined spectrophotometrically by DPPH ogkth
and the results are given in Table 1. DPPH radasstable free radicals, and in the presenceotdaules capable
of donating H atoms, its radical character is redizied [28]. The reduction capacity of DPPH radicalas
determined by the decrease in its absorbance ah®ilivhich is induced by antioxidants. On the oti@nd, it is
well-established that organic molecules incorpagatn electron donating group (amine, hydroxyl amethoxy)
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can act as free radical trapping agents and am@btapf opposing oxidative challenges. It can mndeom Table 1
that compound$a and 5b present the good scavenging activity on DPPHhe compounds bearing a hydroxyl
group (electron donating group) at para positioowstd dominate DPPH activity with anJQ{value of 13.5 and
14.0ug/mL, respectively.

The synthesized compounds were also screened fivoxy radical and nitric oxide scavenging assajdroxyl
radical (-OH) scavenging capacity of the compouwsndiriectly related to its antioxidant activity aspitted in Table
1. The compoundSa and 5b are found to show better inhibition with 414.8 and 17.01 pg/mL, respectively,
compared with standard BHA (15.3 pg/mL). CompouBdsand 5b inhibit nitric oxide with 1Gy values of
14.3+0.11pg/ml and 16.0+0.38ig/ml. The 1Gg value of5a is less than that of the standard (14.8+Qu@fml),
where as Igyvalue of5b is greater than that atandard.

3.2. Antioxidant activity and corrosion inhibition

Antioxidants from natural sources have high biokality, therefore high protective efficiency agat free radicals
[29]. Free radicals and singlet oxygen scavengeansigxidants) were found to have metal and alloyrazion
inhibition character, which depend to a greateeeixbn the structural feature of the antioxidardeatiand to its
accepting - donating hydrogen or electron behaJi@e$. In this connection, and on the basis of k@é results
obtained by antioxidant activity measurements, vmeleatook examination of corrosion inhibition stugief
compoundsba and5b. The results showed that compourad@sand5b are good corrosion inhibitors with maximum
inhibition efficiency#(%) values of 87.88 % and 80.00 %, respectively. @Greamtioxidant activity and corrosion
inhibition behaviour of compourteh is linked to the electron donating effect of the thydroxyl groups attached to
aromatic ring, which increases the electron derwitythe benzene ring. The increasing delocalizatioalectron
density in the molecule makes more reactive towards/enging reactive oxygen as well as inhibitiog-asion
process. The adsorption of inhibitor moleculesuidhfer stabilized by participation afelectrons of benzene ring.
Electronegative oxygen, sulfur and nitrogen atomssgnt in compoundSa and 5b facilitate more efficient
adsorption of the molecules on MS surface. Redoctib oxygen availability in the corroding systemdathe
presence of a barrier between the electrode suaiad@xygen retarding the rate of metal corros&ij.[

Table 1. ICsovalues for evaluated antioxidant assays of 5a andb5

Compounds 165 (ng/mL)
DPPH HO NO
5a 13.5+0.43 14.8+0.15 14.3+0.19
5b 14.0+#0.17 17.1+0.01 16.0+0.38
AA? 12.6+0.4: - -
BHA® - 15.3+0.76  14.6+0.11

#ascorbic acid
®butylated hydroxyanisole

3.3. Mass loss measurements

The values of)(%) and corrosion rate obtained from weight losshoeé at different concentrations of the inhibitors
at different temperatures are summarized in Tablé Ras been found that the compoui@sand 5b inhibit the
corrosion of MS at all studied concentrations. Toerosion rate decreased as the concentratiobaaind 5b
increases up to 14.37xi and 12.76x10 M. This could be attributed to the increase in adon of the
inhibitors onto the mild steel surface [32].

The variation ofy(%) with temperature and inhibitor concentratiorsii®wn in Fig. 2and 2b. It can be seen that
n(%) at different concentrations 6& and5b causes a significant decrease with an increassnipérature from 303

- 333 K. This behavior could be attributed to desee in the strength of the adsorption process gttehi
temperatures. The lone pair of electron on thegén atom will co-ordinate with the metal atomsaofives sites.
Also, the presence of higher electron density i@ ittthibitor molecules causes stronger interactidth wvnetal
surface. The nitrogen atoms can doratdectrons to the metal surface to increase adsarpnd hence inhibit the
corrosion process [33The presence of electron donating OH groupSarand OCH group in5b increases the
electron density of the benzene ring. However,@&H; group in5b increases moderately the localization of lone
pair of electrons on nitrogen atoms.
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Table 2.CR and 5(%) obtained from weight loss measurements of MS iA.5 M HCI containing various concentrations of 5and 5b at
different temperatures

Temperature
Cx10* 303 K 313K 323K 333K
. M
mhiotor M 00 g ey 100 oy 100 Sy 0)
5a 0 0.4276 - 0.5781 - 0.7112 - 1.2123 -
5.75 0.1024 76.05 0.1584 72.60 0.2188 69.23 0.440463.67
8.62 0.0858 79.93 0.1412 75.57 0.2008 71.76 0.431264.43
11.49 0.0724 83.07 0.1162 79.90 0.1712 75.92 @.381 68.55
14.37 0.0518 87.88 0.0962 83.36 0.1411 80.16 6.321 73.38
5b 5.10 0.1345 68.54 0.1992 65.54 0.2722 61.72 0.530456.24
7.65 0.1164 72.78 0.1822 68.48 0.2522 64.53 0.502458.55
10.20 0.1024 76.05 0.1542 73.32 0.2322 67.35 @.450 62.84
12.76 0.0855 80.00 0.1322 77.13 0.1922 72.97 @.399 67.05

(b)

10.2

. o 53
< > 3032' &Qﬁ
5.1 ~

-
> g
313 E@("

Figure 2. Variation of inhibition efficiency with t emperature and inhibitor concentration in the absee and presence of different
concentrations of (a) 5a (b) 5b
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3.4. Effect of temperature

The activation parameters play important role idamstanding the inhibitive mechanism % and5b. Results of
7(%) obtained at different temperatures reveal thatgimsing temperature increases the corrosion rateegreases
n(%). The dependence of corrosion rate on temperaturbeaxpressed by the following Arrhenius equation:

Cy = Aexp (—;—;) ®)

whereE, is the apparent activation energyis the absolute temperatureis the Arrhenius pre-exponential constant
and R is the universal gas constant. The apparent aiivagnergy and pre-exponential factor for different
concentrations of the inhibitor were calculatedrirthe plots of logarithm oERversusl/T (Fig. 3a and 3b) and the
results are shown in Table 3. It was found thabhéigralues of, in the presence of inhibitors indicate more energy
is required for dissolution of the MS in 0.5 M HBH]. This means that, the presence of inhibitduires an energy
barrier for the corrosion reaction and this barri@reases with increase in inhibitor concentrati&nthalpy and
entropy of activation were calculated using theralitive form of Arrhenius equation (6):

Cp = R— exp= exp (— —H) (6)

whereh is Planck’s constant and is Avogadro’s humbetR is the universal gas constanti is the enthalpy of
activation and\Sis the entropy of activation. Using Eqg. (6), plofdog (Cr/T) versusl/T gave straight lines (Figs.
4a and 4b) with a slope of 4H /2.30R) and an intercept of [log(Nh) + AS/2.303FR]. From the plot, the values of
AH andASwere calculated and tabulated in Table 3.The pasitalues ofAH both in the absence and presence of
5aandb5b reflect the endothermic nature of the MS dissotutind it indicates that the dissolution of MS ificlilt.
Further, the value&aH obtained from the Eq. (6) and those values obtiirem equationAH = E,- RT are in good
agreement with each other. The entropy of activadiecreased in the presence of inhibitmmpared to that in free
acid. Such variation reflects the formation of adeved stable film of inhibitor compounds on the B8face [33].
Large and negative values 88in uninhibited and inhibited solutions implies thié activated complex in the rate
determining step represents an association raltfa@r dissociation step, means decrease in disogltakes place
on going from reactants to the activated complé&x B5].

Table 3. Activation parameters for MS in 0.5 M HClin the absence and presence of different concentfahs of 5a and 5b

Inhibitor Cx10* Ea K AH AH=E, - RT AS

M) (kImol) (mgem?h?) (kImol®)  (kImol) (I mol’K?

5a 0 27.82 25585.86 25.17 25.30 -169.39
5.75 39.25 568852.9 36.62 36.73 -143.59
8.62 43.42 2488857 40.78 40.90 -131.32
11.49 44.86 3689776 42.21 42.34 -128.14
14.37 49.01 14157938 46.37 46.49 -116.86

5b 5.1C 36.91 301300.! 34.5¢ 34.5¢ -148.8¢
7.65 39.38 682338.7 36.74 36.86 -142.08
10.20 40.55 941889.6 3791 38.03 -139.40
12.76 41.75 1261828 39.11 39.24 -136.90
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Figure 3. Arrhenius plots for MS in 0.5 M HCI in the absence and presence of different concentrationscompounds (a) 5a (b) 5b
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Figure 4. Alternative Arrhenius plots for MS in 0.5M HCI in the absence and presence of different caentrations of (a) 5a (b) 5b
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3.5. Adsorption considerations

In order to get a better understanding of the ggor mode of the inhibitor on the metal surfade tata were
tested graphically by fitting to various isothertosfind the best isotherm which describes this wtudingmuir
adsorption isotherm was found to fit well with téweperimental data (Fig. 5a and 5b). The strongetation (R >
0.99) suggests that the adsorption of inhibitorsh@nMS surface obeyed this isotherm. Accordinthie isotherm,
@ is related to th€ and equilibrium constant of adsorptikgs using equation (7):

c 1

g Kadg

+c (7

The standard free energy of adsorptiat{;) can be obtained using the following equation (8):

= e (T 2) ®

ads 55.5 ET

where R is the universal gas constdris the absolute temperature and 55.5 is the coratem of water in solution
(mol LY. This isotherm is based on the assumption theasdtid surface contains a fixed number of adsompsites
and each site holds one adsorbed species. Usiragi@n@8), the calculateiG,4s valves are tabulated in Table 4. In
general, the values &G,q4s around - 20 kJ mdl or less negative ara@ssociated with an electrostatic interaction
between charged inhibitor molecules adrged electrode surface, i.e., physisorptiontaase of - 40 kJ mdlor
more negative values involveharge sharing or transfer of electrons from thabitor molecules to the metal
surface to form aoordinate type bond, i.e., chemisorption [37]. Tadculated values oAG,4for the studied
inhibitors 5a and5b are ranging from - 34.30 to - 37.07 and - 33.9636.38 kJ mot, respectively as presented in
Table 4 indicating adsorption of these inhibitangdlves combination of both physisorption and cheptions,
and similar observation was reported by Netikal. [38]. The higher values df,qsrefer to higher adsorption and
higher inhibiting effect of inhibitors [39]. The #malpy and entropy of adsorptiol\H,q4s and AS,y9 can be
calculated using the following equation:

1 AHads Afmds
InK i, = Iln—— +

55.5 RT R

(9)

Using Eg. (9), the values ofH,q4sandAS;yswere evaluated from the slope and intercept ofptbeof InK,4s versus
1/T (Fig. 6).The negative values @fH.ys (Table 4) reflect the exothermic behavior of tldsa@ption of inhibitors
on the MS surface. The values&%,4sare positive in the adsorption process indicatimgease in solvent entropy
[40]. The reason is that the adsorption of orgamtdbitor molecules from the aqueous solution candparded as a
quasi-substitution process between the organic comgin the aqueous phase [Qyi@ and water molecules at the
electrode surface [#qs) [41-43]. In this situation, the adsorption B4 and5b are accompanied by desorption of
water molecules from the electrode surface. Théipessalues ofAS,4s suggest that gain in entropy is the driving
force for the adsorption of inhibitoon the MS surface [44].

The values oAH,4sandAS,qscan also be calculated by using following equafi):
AGa\df AHad's,'-I—AS‘s\ds (10)
Using Eg. (10), the plot okG.ysVversusT gave a straight line (Fig. 7) with a slope AB;sand intercept ofAH4q4e

The values obtained are well correlated with thastained from Eq. (9)onfirming the exothermic behavior of the
adsorption of the studied inhibitors on MS in 0.5H@I.
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Figure 5. Langmuir adsorption isotherm on MS in 0.5M HCI at different temperatures (a) 5a (b) 5b
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Table 4. Thermodynamic adsorption parameters for adorption of 5a and 5b on MS in 0.5 M HCI at differat temperatures from
Langmuir adsorption isotherm

L Temperature Kads AGags AHags ASuds AGags AHags—T ASugs
Inhibitor (pK) slope R 0 g mol) (kI mol’) (3 molk (kd mol?)
5a 303 1024 0996 15873 -34.49 34.30
313 1076 0997 15151  -3550 -8.4% 86.16 35.50
323 1113 0995 13513  -36.33 -8.5% 86.00 36.33
333 1216 0990 11764  -37.07 37.07
5b 303 1113 0998 13513  -34.08 33.96
313 1136 0996 11627  -3481 -1028 7847 34.74
323 1212 0991 10869  -35.74 -103%  78.00 35.74
333 1294 0993 91743  -36.38 36.38

2Values obtained from Eq. (7)
®Values obtained from Eq. (8)

3.6. Electrochemical impedance spectroscopy

The corrosion of MS in 0.5 M HCI solution in theepence oba and5b was investigated by EIS method. Nyquist
plots in the absence and presence of the inhibdaoespresented in Fig. 8a and 8b. It is apparattdh Nyquist
plots show a single capacitive loop, both in urbiteid and inhibited solutions. The impedance datd®in 0.5 M
HCI are analyzed using the equivalent circuit shownFig. 9, which includes the solution resistan€y),
polarization resistancdR§) and double layer capacitandgy§. The experimental results of EIS measurements for
the corrosion of MS in 0.5 M HCI medium in the afbse and presence 6&and5b are given in Table 5. Inspection
of the Table 5 shows th&values increased with the increasing concentratiditise inhibitors. On the other hand,
the values ofZy decreased with increase in the inhibitors concéotraThis situation was the result of an increase
in the surface coverage by the inhibitor, which tedan increase in thg(%). The decrease in th@y, which can
result from a decrease in local dielectric constardor an increase in the thickness of the electricaibte layer,
suggest that the compoun8a and 5b function by adsorption at the méetalution interface [45]The R values
increases as the inhibitor concentration is rai3éds indicates that the resistance towards chixegesfer reactions

is responsible for corrosion process. These ob8ensaclearly prove the dependence of inhibitonscemtration on
corrosion control. The(%) obtained from weight loss and electrochemicebhsurements are in good agreement
with each other at all concentrations. It is sdwat faddition of inhibitor increases the valueRaffrom 208.9 to
454.5Q cnffor compoundsaand 157.5 to 278.Q cnt for compoundsb.
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Table 5. Electrochemical impedance parameters foMS in 0.5 M HCI in the absence and presencef different concentrations of

5a and 5b

s X

Inhibitor C(N:IL)OA (QRCPITIZ) (“ch'mz) (%)
0 50.02 76.12

b5a 5.75 208.9 54.15 76.05
8.62 253.6 47.39 80.27
11.49 303.2 40.93 83.50
14.37 454.5 35.20 88.90

5b 5.10 157.5 55.18 68.24
7.65 183.1 52.37 72.68
10.20 237.8 48.28 78.96
12.76 278.3 38.06 82.02

3.7. Potentiodynamic polarization measurements

The results of cathodic and anodic polarization snezments on MS in 0.5 M HCI solutions containiriifedent
concentration®a and5b are shown in Fig. 10a and 18b tafel plots. Inspection of the figures clearngicate that
the inhibitorsba and5b shifted both anodic and cathodic branches of Tafeles to lower values of current density
indicating thatba and 5b acts as mixed type of inhibitors. This means,atidition of inhibitor molecules to HCI
solution reduces the anodic dissolution of MS almb aetards the cathodic hydrogen evolution reacfié6].
Increase in the concentration %d and 5b leads to shifting the corrosion potential to a mpeositive value relative
to the blank. Both anodic and cathodic current iiessobtained in 0.5 M HCI solutions in the preseof inhibitors
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are lower than corrosion current densities obtaimethe absence of inhibitors. The electrochemjrahrization
parameters obtained f&ra and 5b such as current density.{,), anodic §,) and cathodic /&) slopes and the
correspondingn(%) values at different inhibitors concentrationgre obtained by Tafel extrapolation at the
corrosion potentialK,,,,) are reported in Table 5.

Inspection of Table 5 clearly revealed that, timeréase in inhibition efficiency(%) is associated with a shift
of both cathodic and anodic branches of tHarpmation curves towards lower current deesitDue to the
presence of some active sites such as amomiatys, hetero-atoms, the inhibitors act asogation inhibitors.
Being absorbed on the metal surface, thesgoands controlled the anodic and cathod&ctiens during
corrosion process, and their corrosion inlohiefficiencies are directly proportional tbhet amount inhibitors
concentration. The(%) values determined using polarization measurésnare in good agreement with those
obtained by EIS measurements.

0
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-2 /
/ wg 3 _
-4 S
\ é n
T " —n— Blank 2 —n— Blank
. —e—575x10' M -5 —e—510x10° M
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Figure 10. Potentiodynamic polarization curves foMS in 0.5 M HCI containing different concentrationsof compounds (a) 5a (b) 5b.

Table 6. Electrochemical polarization parametersfor MS in 0.5 M HCI in the absence and presee of different concentrations of

5a and 5b
H" ECD" ICD" a “Pc
Inhibitor ~ Cx10°(M) 0y (| A ey (mAﬁdecl) (mA decty  1%)
0 0508 2617 11.28 8.73

5a 575  -0474  64.36 14.93 703 7540
862 0470  48.90 17.99 637 8131
1149 0471 3962 14.26 570  84.86
1437 0478 3070 1977 747 8826

5b 510 0473 8281 13.91 702 6835
765  -0483  67.98 1375 658  74.02
1020 0482 5269 16.81 751 79.86
1276 0481  43.20 20.12 6.06 8349

3.8. Surface analyses

The formation of a protective film of inhibitors ohe MS surface was further confirmed by SEM obagowns. Fig.
1la shows SEM image of the polished MS surface. Fif shows surface of the MS specimen after imioeis
0.5 M HCI solution for 4 hr, while Fig 11c and 1%tHow MS specimens after immersion in 14.95%M and
13.21x10' M of the inhibitors5a and 5b, respectively. After exposure of MS surface to uibited solution, the
increase in the number of pits is observed on tiniase (Fig 11b). Fig. 11c and 11d show the pret&dS surface
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after the addition of inhibitorSa and5b to acid solutions. Hencga and 5b have strong tendency to adhere to the
MS surface.

SEI 20kV WD10mmSS30 x500 50pm

C R ‘v : : , PRGOS
SEI 2(al wm'gma}.gﬁxo ; o f SE® 20k WR10mmSS30 - x500
. - o 'S
L =] 5 . -

Sampl Sample

Figure 11. FTIR spectra of (a) pure 5a (b) surfacélm of the MS specimen after immersion in 0.5 M HC containing 5a (c) pure 5b (d)
surface film of the MS specimen after immersion if9.5 M HCI containing 5b.

3.9. FTIR studies

FTIR is a powerful technique used to determinetyipe of bonding between the organic inhibitors #me metal
ion. FTIR spectral analysis of the inhibitor filnremoved mechanically from the MS surface was cardet
Comparison of FTIR spectra of pusa and5b, and inhibitors film removed mechanically from & surface was
performed and given in Fig. 12a, 12b, 12c and 12d.seen from the FTIR spectra of inhibitor filmechanically
removed from the MS surface that the intensity lef peaks are decreased and stretching frequenaeslso
decreased which implies that these compounds amelicated to F& resulting in the formation of a Fe inhibitor
complex on the metal surface.

Fig. 12a illustrates the FTIR spectrum of B The strong broad bands at 2548 and 3541 are attributed to S-H
and O-H stretching. The absorption band at 2924 isrelated to -Cht asymmetrical stretching vibration. The
bands at 1545 and 1458 ¢rare assigned to C=C stretching vibrations. Thellzanund 1044 cthis the stretching
vibration of C-O in oxadiazole ring. The band a62&m" indicates the stretching vibration of C=N. Heritgan
be inferred that compounsa contains oxygen and nitrogen atoms in functionalugs (O-H, S-H, C=N, C-0O,
C=C) and aromatic ring, which meets the generatstral consideration of the corrosion inhibitors.

302



C. B. Pradeep Kumar and K. N. Mohana J. Chem. Pharm. Res., 2013, 5(10):289-305

Fig. 12b illustrates the FTIR spectrum of the steffilm scrapped from the MS specimen after 4 h @rgion in 0.5

M HCI containing 5a. Comparison of the FTIR spectrum of the p&@ (Fig 12a) indicates that the band
corresponds to S-H at 2548 ¢rwas found to be disappear and O-H stretching #rqu at 3541 cihis slightly
shifted to 3446 cih The -CH asymmetrical stretching vibration was decreasenh 2924 to 2881 cih The band

at 1662 crit corresponds to C=N stretching vibration is shified 632 crit. These observations clearly indicate the
formation of the metal — inhibitor complex whichresponsible for preventing corrosion.
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Figure 12. FTIR spectra of (a) pure 5a (b) surfacélm of the MS specimen after immersion in 0.5 M HC containing 5a (c) pure 5b (d)
surface film of the MS specimen after immersion 9.5 M HCI containing 5b
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CONCLUSION

Fig. 12c illustrates the FTIR spectrum of the pGke The strong broad bands at 2677 tand 3607 cr are
attributed to S-H and O-H stretching. The band 486lcm' are assigned to C=C stretching vibrations. A band
around 1044 crh is the stretching vibration of C-O in oxadiazolagr The band at 1658 chindicates the
stretching vibration of C=N. Hence, it can be inéer that compoun&b contains oxygen and nitrogen atoms in
functional groups (O-H, S-H, C=N, C-O, C=C) andmatic ring, which meets the general structural eration

of the corrosion inhibitors.

Fig 12d illustrates the FTIR spectrum of the sweféibm on the MS specimen after 4 h immersion ircM HCI
containingsbh. Comparison with the FTIR spectrum of the phbe(Fig 12c) indicates that the band corresponds to
S-H at 2677 cmis found to be disappear and O-H stretching fraqueit 3607 cm is slightly shifted to 3586 cm

! The band at 1658 chrorresponds to C=N stretching vibration is shitied 628 crit. These observations clearly
indicate the formation of the metal — inhibitor qaex which is responsible for preventing corrosion.

The synthesized inhibitorsa and5b acted as potential corrosion inhibitors for MSOi5 M HCI. The percentage
inhibition 7(%) of designed molecules increases by increasongrentration, but it decreases with increasing
temperature. The adsorption of the inhibitors oa MS surface follows Langmuir adsorption isotherfine
negative sign of thaH,4sindicates that the adsorption process is spontenand exothermic. The hid&ysvalues
indicate a strong interaction between inhibitord dhe metal surface. The polarization curves irdicdnat
compoundsba and 5b act as mixed type of inhibitors.AC impedance plofsMS indicate that charge transfer
resistance increases with increase in inhibitonscentration. Morphological investigation by sugge#itat the
addition of inhibitors in the aggressive soluti@sults in the formation of the protective film orMurface. FTIR
results indicate the presence of a uniform andeledsorptive film over the MS surface, which effitly inhibits
the corrosion of MS.
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