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Abstract- The purpose of present study was to investigate the corrosion inhibition property
of 3-(4-(dimethylamino) phenyl)-1-phenylprop-2-en-1-one(a chalcone, INH-1) derived from
condensation of acetophenone and 4, 4- dimethylamino benzaldehyde and three
heterocyclics derived from this using Hydrazine (INH-2), Urea (INH-3) and Thiourea (INH-
4) on mild steel (MS) in 1M HCI by weight loss and electrochemical methods. It was found
that inhibition efficiency increases with inhibitor concentration and maximum efficiency was
obtained at 25 ppm. Among the studied inhibitors, INH-4 shows the best inhibition efficiency
of 98.26 %. Variation of impedance parameters (Rct and Cdl) suggests the formation of
protective film of inhibitors on MS surface. The adsorption of inhibitors on MS surface was
also studied using Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
spectroscopy (EDX) techniques. The potentiodynamic study reveals that all studied
compounds are of mixed type. The adsorption of inhibitors on MS surface was found to
follow the Langmuir adsorption isotherm. The weight loss experiment was also performed at
different temperature to study the effect of temperature on corrosion rate (CR) and evaluated
some thermodynamic parameters.
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1. INTRODUCTION

Mild Steel (MS) is a promising material used for various industrial applications such as
reactors, petrochemical process devices, boilers, drums, and heat exchangers. However,
exposal of MS with aqueous acidic solution during descaling, acid pickling, and acid
treatment in oil industries causes corrosion. In efforts to diminish electrochemical corrosion,
the primary strategy is to isolate the metal from corrosive media. There are several methods
are available but the use of chemical corrosion inhibitors is the most appropriate and
economical way to achieve this target [1]. Most of the known corrosion inhibitors are
heterocyclic organic compounds containing mostly Nitrogen, Oxygen and Sulfur [2-9]. The
existing data show that most organic inhibitors act by adsorption on the metal surface in
which polar groups acting as adsorption centers [10]. Besides their applications in synthesis
of various heterocyclic compounds having therapeutic [11-12] properties, chalcones possess
potential application in science of art and electronics such as printing circuit and color filters.
Recently, the inhibition properties of chalcones synthesized in presence of appropriate
condensation reagents were studied in aggressive acidic media [13-14].

In the view of the various biological and pharmacological applications, in the present
study we have synthesized a chalcone from condensation of acetophenone with 4, 4-dimethyl
amino benzaldehyde namely (E)-3-(4-(dimethylamino) phenyl)-1-phenylprop-2-en-1-one,
(INH-1) from which three heterocyclic compounds namely N, N-dimethyl-4-(3-phenyl-4, 5-
dihydroisoxazol-5-yl)aniline (INH-2), 6-(4-(dimethylamino) phenyl)-4-phenyl-5, 6-dihydro-
4H-1, 3-oxazin-2-amine (INH-3), and 6-(4-(dimethylamino) phenyl)-4-phenyl-5, 6-dihydro-
4H-1, 3-thiazin-2-amine (INH-4) were derived using hydrazine, urea, and thiourea,
respectively. The corrosion inhibition property of synthesized chalcone and heterocyclic
compounds were investigated using weight loss, electrochemical and SEM/EDX methods.
The SEM and EDX spectra of MS surface were recorded in order to study the changes in

surface morphology in absence and presence inhibitors.

2. EXPERIMENTAL
2.1. Preparation of Solutions and Samples

The corrosion tests were performed on MS specimens having composition (wt.%):
C=0.076, Mn=0.192, P=0.012, Si=0.026, Cr=0.050, Al=0.023, Cu=0.123 and remainder Fe.
Prior to weight loss and electrochemical experimenters, the MS specimens were abraded with
SiC abrasive papers of grades 600, 800, 1000, and 1200, respectively, washed with acetone,
cleaned in absolute ethanol, dried at ambient temperature, and stored in moisture-free
desiccators before use in corrosion studies. MS specimens of size 2.5%2x0.025 and

8x1x0.025 cm’ were used for weight loss and electrochemical measurements, respectively.



Anal. Bioanal. Electrochem., Vol. 6, No. 5, 2014, 516-534 517

Analytical-reagent- (AR-, 37%) grade HC] was diluted with doubly distilled water to prepare
test solution (1M HCI).

2.2, Inhibitors Synthesis

The chalcone and its heterocyclics derivatives were synthesized as describe earlier in
literature [15]. The synthesis was also achieved by modified method using ultrasonication
technique according to scheme given in Fig. 1. In the modified method same reaction mixture

used in previous synthesis was irradiated in ultrasonic bath for 25-30 minutes at 40°C.

Table 1. Molecular structure and analytical data of studied inhibitors

Inhibitor Structure Analytical data

(E)-3-(4-(dimethylamino) 0 ::1)96‘/ ;IS'R7(7A;7'; ]
phenyl)-1-phenylprop-2- X T

en-1-one P 850.6,987.9, 1029.1,
(INH-1) O O 1065, 1125.5, 1370,
(PPZ-1) - 14324,151138, 1595,
N 1610.8,
| 1647.2,2678.4, 2971.1

N, N-dimethyl-4-(3-
phenyl-4, 5-

dihydroisoxazol-5-yl) N/
aniline O \ mp; 76
(INH-2) \

(PPZ-2)

6-(4-(dimethylamino)

N—O
N . . -1y.
~ mp: 65; FT-IR (AT-IR, cm™):
g?hen(i/rl()):j-lg)}lleng_l(-i; gi-n_z- O O v 7119, 760, 814.4, 1019.5,
Y ’ 1124.3,1216.8, 1611.2,
amine
2677.9, 3394.2

(INH-3) NYO

NH,
6-(4-(dimethylamino) |l|\ mp: 73;FT- IR (AT-IR, cm™):
phenyl)-4-phenyl-5, 6- v 685, 710.2, 763.2, 801.1,
dihydro-4H-1, 3-thiazin-2- 1002.3, 1169, 1226.6,
amine 1370.8, 1613.9, 1657,
(INH-4) N S 2878.3, 3226., 3409.2

e

NH,

Progress of the reaction was marked by change in color and column chromatographic

technique. Completion of reaction and purity of the products was confirmed by thin-layer
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chromatography with a mixture of ethyl acetate/n-hexane (20:80) using the SiliaPlate TLC
Plates—Aluminum (Al) Silica. The melting points of compounds were determined in open
capillaries and matched with literature values [15]. The systematic name, chemical structure,

abbreviation used for chalcone and heterocyclics, melting point and FT-IR spectral of is
given in Table 1.

o CH,

+ NaOH (10 %) F
, 25-30 mi
US min O O /

Chalcone, INH-1

e N ~
(0.01 mol) (0.01 mol)

|
N\
NH, CONH,
C,H:OH,

(INH-3)

US, 25-30 min NYO

NH, |
N\
Chalcone, INH-1 NH, CSNH,
cone, -1 C,H<OH, NaOH (INH-4)
US, 25-30 min
NH,

(INH-2)

NH, OH, AcONa O O
C,HOH, \
N—O

Fig.1. Synthetic scheme of inhibitors

2.3. Weight Loss Measurements

The Weight loss experiments were performed on MS specimens with exposed area 2.5x2

%x0.025 cm3 for 3h immersion time at 308 K. All experiments were triply performed and
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mean values were reported. Corrosion rate Cg (mg cm™ h™') was calculated using following

relation:

e ¥

At (1)

where W is the average weight loss of three parallel MS strips, A the exposed area of
mild strip and ¢ is immersion time (3h). From this calculated corrosion rate (Cg), the
inhibition efficiency (7 %) and surface coverage (0) were calculated using following

relationship:

Cy — Cpo
n% = ——=29x100
Cr @)

6 = _ 3)

Where Cr and Cg;) are the corrosion rate values in absence and presence of inhibitors

respectively.

2.4. Electrochemical Measurements

A conventional three-electrode cell was used to carry out all electrochemical
measurements. The working electrode was a MS specimen with a geometric area of 1 cm®.
The auxiliary electrode having exposed area 1 cm® was a high purity platinum foil and the
reference electrode was a saturated calomel electrode (SCE). Prior to each electrochemical
measurements the working electrode was polished with 1200 emery paper, cleaned
ultrasonically, degreased with acetone, rinsed with deionized water and air-dried. All
electrochemical measurements were carried out using a Gamry Potentiostat/Galvanostat
(Model G-300) which consists of EIS software Gamry Instruments Inc., USA. Echem
Analyst 5.0 software package was used to fit the electrochemical data. All the experiments
were performed on MS specimens after for 30 min immersion time in 1M HCl in absence and
presence of optimum concentrations of inhibitors.

The potentiodynamic behavior of MS in absence and presence of optimum concentration
of inhibitors were studied by recording the cathodic and anodic polarization curves in the
potential range of -0.250 and +0.250 V at open circuit potential (OCP) with a scan rate of /
mV s'. From extrapolation of linear segments of polarization curves corrosion current
densities (I.,) were calculated and corrosion inhibition efficiency was calculated using

following relationship:
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corr

Icorr(i)
77% = 1—1— x100
“)

where L) and o are corrosion current density without and with presence of inhibitors,
respectively.

Electrochemical impedance spectroscopy (EIS) was carried out at the open-circuit
potential in the frequency range 100 kHz to 0.01 Hz with a sine wave of 10 mV amplitude.
Charge transfer resistance (R.) was calculated from the diameters of semicircle in Nyquist
plots. From Charge transfer resistance inhibition efficiency was calculated using following

equation:

R, —R.
n% :%ﬂ(")xloo
i) o)

where R.o) and Ry are the charge-transfer resistance values in absence and presence of

inhibitors, respectively.

2.5. Surface Characterization

The MS specimens were immersed in 1M HCI for three hour and after elapsed time the
specimens were taken out, washed with distilled water, degreased with acetone, ultrasonically
cleaned with absolute ethanol, dried at ambient temperature, and mechanically cut into 1 cm’
sizes for SEM and EDX investigations. Surface morphology studies were carried out at 500x
magnification on a Ziess Evo 50 XVP instrument. Chemical composition of the corrosion

products was recorded by an EDX detector coupled to the SEM.

3. RESULTS AND DISCUSSION
3.1. Weight Loss Measurements
3.1.1. Effect of Inhibitor Concentration

In order to evaluate the effect of inhibitor concentration on inhibition efficiency, weight
loss experiments were performed on MS specimens for 3h immersion time at 308K. The
weight loss parameters such as corrosion rate (Cg), inhibition efficiency (#%) and
corresponding surface coverage (0) are given in Table 2. It is apparent from the Table 2 that
inhibition efficiency increases with inhibitor concentration. The increase in inhibition
performance with concentration can be attributed to an increase in the number of inhibitor
molecules adsorbed on the metal surface, which separate the MS from the acid solution,

resulting in the retardation of metal dissolution [16]. From Table 2, it is clear that the order of
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inhibition efficiency of studied inhibitors is as follows: INH-4 > INH-3 > INH-2 > INH-1.

The variation of inhibition efficiency with concentration is shown in Fig. 2(a).

Table 2. Parameters obtained from weight loss measurement for MS in 1 M HCI containing
different concentrations of inhibitors at 308 K

Inhibitors Concentration Corrosion rate Surface coverage 3
(ppm) (mg cm h) (@) (*e)
Blank 0.0 7.60 - -
INH-1 5 252 0.6339 6339
10 2.06 0.7304 73.04
15 1.56 0.7956 7956
20 1.10 0.8336 8356
25 0.63 08173 91.73
INH-2 5 2323 0.7026 T0.86
10 1.93 0.7478 7478
15 1.43 0.8130 g130
20 093 08782 782
23 0.56 09260 92.60
INH-3 5 1.90 0.7521 7321
10 1.36 0.8217 §2.17
15 0.86 0.8869 8860
20 0.63 08173 91.73
23 030 09608 96.08
INH-4 5 1.20 0.8381 8381
10 0.83 0.8913 89.13
15 0.53 09304 93.04
20 030 09608 96.08
23 0.13 09826 0826

3.1.2. Effect of Inhibitor Concentration

In order to show the effect of temperature on inhibition efficiency of MS in 1M HCI,
weight loss experiments were performed in temperature range of 308-338K in absence and
presence of optimum concentration of inhibitors. Variation of inhibition efficiency with
temperature is shown in Fig. 2(b). The corrosion rate, inhibition efficiency and surface
coverage were calculated at each temperature and given in Table 3. Inspection of result
showed that corrosion rate (Cg) increases with increasing the temperature. The inhibition

efficiencies are found to decrease with increasing the solution temperature from 308 to 338
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K. The decrease in inhibition efficiencies might be due desorption of adsorbed inhibitor film

on the MS surface.

5 10 15 20
Conc (ppm)

(a)

T T
310 315 320 325 330 335
Temperature (K)

(b)

T
340

Fig. 2. (a) Inhibition efficiency of inhibitors at different concentration, (b) Inhibition

efficiency of inhibitors at different temperature

Table 3. Inhibition parameters obtained from weight loss test for MS in 1 M HCI containing

25 ppm concentration of inhibitors at different temperatures

Inhibitors Temperature Corrosion rate Surface coverage
(K) (mg cm™ h™) (7 %) ®)
Blank 308 7.60 -
318 9.60 -
328 14.60 -
338 18.73 -
INH-1 308 0.66 91.73 0.9173
318 1.50 84.48 0.8448
328 2.30 84.24 0.8424
338 2.96 84.16 0.8416
INH-2 308 0.56 92.60 0.9260
318 1.30 86.55 0.8655
328 1.96 86.52 0.8652
338 2.53 86.47 0.8647
INH-3 308 0.36 96.08 0.9608
318 0.90 90.68 0.9068
328 1.36 90.63 0.9063
338 1.86 90.03 0.9003
INH-4 308 0.20 98.26 0.9826
318 0.33 96.55 0.9655
328 0.50 96.37 0.9637
338 0.63 96.16 0.9616

3.1.3. Effect of Inhibitor Concentration

Basic information regarding interaction between inhibitors and MS can be derived with

the help of various commonly used adsorption isotherms such as Langmuir, Temkin, Frumkin

and Freundluich. In our present case several isotherms were tested but Langmuir isotherm
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gives the best fit which gives a straight line between log (6/1-0) and log C (Fig. 3.a) with a

regression coefficient nearly one.

Table 4. The values of Kuqs and AG s of optimum concentration of inhibitors for MS in
1M HCI at different temperature

Inhibiter Temperature Kaas -AG g
(K) (10° MY) (kJ mol!)
INH-1 308 11.30 34.19
318 6.49 33.03
328 6.41 34.87
338 6.11 35.79
INH-2 308 13.62 34.67
318 1.72 34.29
328 7.70 35.36
338 1.67 36.43
INH-3 308 21.70 35.86
318 11.68 35.39
328 11.61 36.48
338 10.48 37.40
INH-4 308 40.77 37.48
318 33.59 38.18
328 37.79 39.40
338 34.21 40.63

The Langmuir isotherm is given by following relationship:

K (ads) (6)

where Ciinn) is the inhibitor concentration and K4 is the equilibrium constant for the
adsorption—desorption process. The slopes for all four inhibitors were also found to be close
to unity which confirmed the validity of the Langmuir adsorption isotherm. From the
intercept of values the values of K45 were calculated and given in Table 4.
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It is apparent from the Table; the values of K, in presence of inhibitors are larger than in
absence of inhibitors which suggests the strong adsorption of inhibitors on MS surface [17].
The Gibbs free energy of adsorption depends upon value K K, and this dependency can be
explained by following equation:

AG,

o =—RT In(55.5K ;) @)
where R is the gas constant and 7 is the absolute temperature (K). The value 55.5 represents
the concentration of water in solution (mol L™") [18]. It is generally accepted that if values of
AGaqs° are up to —20 kJ/mol then this type of adsorption can be regarded as physisorption, in
which case adsorption results through the electrostatic interactions between the positively
charged inhibitors molecules and the negatively charged MS surface. However, if values of
AGu4s° are above —40 kJ/mol, then this type of adsorption are regarded as chemisorption,
which is due to charge sharing or transfer from the inhibitor molecules to the metal surface to
form a covalent bond [19-21]. In our present study the value of 4G,,° ranges in between
33.03—40.63 kJ/mol this result indicates that the adsorption of the inhibitor on MS surface
involves both physical as well as chemical adsorption [22-23].

3.1.4. Thermodynamic and Activation Parameters

The thermodynamic and activation parameters were derived by performing the weight
loss experiments at different temperature (308 -338K) in order to explain the mechanism of
adsorption. The apparent activation energy (E,) for dissolution of MS in 1M HCI can be

expressed using the Arrhenius equation:

— —+log 4
2.303RT (8)

log(Cy)=
where E, is the apparent activation energy (J mol-1), R is the molar gas constant (8.314 J K™
mol™), T is the absolute temperature (K), and / is the Arrhenius pre-exponential factor. Fig.
3(b) gives a straight line between log Cg and 1/T (Arrhenius plot) in absence and presence of
optimum concentration of inhibitors. From the slope of each line in Fig. 3(b), the apparent
activation energies were calculated using equation, E, = (slope) X 2.303R and given in Table
5. It is clear from the Table, that E, in the presence of inhibitor are higher than those in the
free acid solution indicating that investigated inhibitors exhibit low inhibition efficiencies at
elevated temperatures [24]. The temperature dependency of corrosion rate can also be
represented by another form of Arrhenius equation which is called as transition state

equation:
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R0 P TR Pl "%y

where 4H* the apparent enthalpy of activation, 4S* the apparent entropy of activation, h
Planck’s constant, and N the Avogadro number, respectively. Fig. 3(c) give a straight line
between log Cx/T vs 1/T (Transition state plot) with a slope value of —AH"/2.303R and

intercept value of |log (R/Nh)+(AS"/2.303R) | from which the values of AH* and AS* have
g

525

€)

been calculated and given in Table 5. The inspection of the thermodynamic data reveals that
AH* values in presence of inhibitors are higher (29.22- 35.21 kJ mol ™)) than in absence
(26.04 kJ mol™) of inhibitors which suggest the slow dissolution rate of MS in presence of
inhibitors. It is also clear from Table 5, that AS* value are higher (-111.1 to -142.87 J K
mol™) than in blank acid solution (-148.9 J K' mol™") suggesting that disorderness is

increased on going from reactant to activated complex on metal/solution interface [25-27].

1.5 o INB., R2=0.992 24 . 0.3
INH-2, R? = 0.998
& INH-3,R?=0.959 204 061 . E\I;;I;' 1:1: |:]997DB:
4 ¢ INH4,R =0.997 . l -1, R2=0.9945
121¢ g = o Blank, R = (977 = # INH-2, R = 0.9937
= INH-L R? = 0.9928 0.9 # INH-3, R? = 0.9884
@ “1‘ 1.6 4 #INH-2,R?= 0.9004 o # INH-4, R2 = 0.0869
o 09 < & INH-3, R? = 0.9959 g
& H 8 INH 4, R2 = 0.9993 E124
< S1a ~ J
& 06 5 2 159
) L:O S
) 0.8 80 *
0.3 318
0.4 21
0.0 ———————T———T— T T T T T T T . . . . r . s
4.9 48 47 4.6 4.5 44 43 42 41 40 295 3.00 3.05 330 3.45 320 325 295 3.00 3.05 310 3.15 320 3.25
log C (M) (/T 10%] K1 [(I/D) .10%] K
(@) (b) (©)

Fig. 3. (a) Langmuir adsorption isotherm, (b) Arrhenius plot

state plot (log C#/T vs 1/T)

(log Cg vs 1/T), (c) Transition

Table 5. Values of Ea, AH, and A4S of inhibitors for MS in 1 M HCl

Inhibitor Ea (kT mol™) AH (KT mol™) AS(TE 1 mol™)
Blank 28 48 26.04 -1438.9
INH-1 4683 Bs.21 -111.36
INH-2 35.56 3136 -125.06
INH-3 3883 2022 142 87
INH-4 3985 34.53 118.16
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3.2. Electrochemical Measurements
3.2.1. Potentiodynamic Polarization Measurement

The anodic and cathodic Tafel polarization curves for MS corrosion in 1M HCI in
absence and presence of optimum concentration of inhibitors is given in Fig. 4. The corrosion
current densities were calculated by extrapolation of linear part of Tafel polarization curves.
The potentiodynamic polarization parameters, namely, corrosion potential (Ecorr), corrosion
current density (/.,), anodic Tafel slope (f,), cathodic Tafel slope (f.), and percentage
inhibition efficiency (# %), calculated from the polarization curves are depicted in Table 6.

log I,y (A cm?)

s e T 300
E (imV s SCE)

Fig. 4. Tafel polarization curves for corrosion of MS in 1 M HCI in the absence and presence
of different concentration of inhibitors

It is apparent from the Table that the values of corrosion current density (I..») decreased
in presence of inhibitors suggesting that the rate of electrochemical reaction was reduced due
to the formation of protective layer of inhibitors molecules on MS surface. It is also clear that
presence of inhibitors did not cause any significant change in Ecorr values. It is described
into literature [28] that if displacement in E.,. is > 85mV in inhibited solution than that of
uninhibited solution, the inhibitor can be classified as cathodic or anodic type. However, if
the displacement in E.,. value is <85 mV in presence of inhibitor than in absence of
inhibitor, the inhibitor can be classified as mixed type. In present case maximum shift in E,,,,
value is 77 mV suggesting that investigated compounds are mixed type inhibitors [29]. From
Table 6 it is observed that both cathodic and anodic reactions were affected in presence of
inhibitors. However, the small shift in Ecorr values in the positive direction with increasing
concentration of inhibitor suggested that investigated inhibitors are mixed type predominantly
anodic type.
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Table 6. Potentiodynamic polarization parameters for MS in 1 M HCI solution containing

optimum concentrations of inhibitors at 308

Tafel data

Inhibifor gong Icorr Ecorr fa e g W%
Blank 0.0 1150 -445 70.5 114.6

INH-1 23 115.0 -522 103.6 196.2 0.9000 9238
INH-2 25 69 .43 -516 112.4 1462 0.93946 9396
INH-3 23 62.70 -479 804 136.1 0.9434 94 34
INH-4 23 11.50 515 40.40 733 0.9900 99.00

3.2.2. Electrochemical Impedance Spectroscopy

Electrochemical impedance behavior of MS corrosion in 1M HCI in absence and presence
of optimum concentration of inhibitors is given by a typical Nyquist plot [Fig. 5 (a)]. From
the Nyquist plot depressed semicircles can be observed in which diameters of semicircle
increases with inhibitors concentration showing that corrosion is mainly a charge transfer
process [30]. Nyquist plots show a single semicircle capacitive loop in the higher frequency
(HF) region and a very small inductive loop in the lower frequency (LF) region. The
generation of HF capacitive loop is may be due to electron transfer reaction and time constant
of the electric double layer and to the surface non-homogeneity of structural or interfacial
origin, such as those found in adsorption processes. The LF inductive loop may be attributed
to the relaxation process obtained by adsorption species like CI 4, and H 4, on the electrode
surface [31-33]. The values of impedance parameters namely charge transfer resistance (R,,),
solution resistance (R,), phase Shift (n) double-layer capacitance (C,) and surface coverage
(0) obtained from the Nyquist plots and the calculated inhibition efficiencies are reported in
Table 7. The electrochemical impedance parameters were derived by using equivalent circuit
model as given in Fig. 5 (b), which consist of two resistances namely R; (the resistance of
solution between working electrode and counter electrode) and R, (charge transfer
resistance). The double layer usually behaves as a constant-phase element (CPE) rather than
as a pure capacitor. The deviation from ideal pure capacitor behavior may be due to surface
heterogeneity which is generated from surface roughness, presence of impurities, formation
of grain boundaries, adsorption of inhibitors and formation of porous layers [34]. The
impedance of the CPE is expressed by:
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Zipg = Q_l(jw)_n 10)

where Q is the CPE coefficient, n the CPE exponent (phase shift) and j is a imaginary unit.
For a double layer capacitance to behave like an ideal capacitor the value of n should be one
[35]. It is observed from this Table 7 that R, values are higher in presence of inhibitors which
is attributed to the formation of protective film at the metal/solution interface [36-37]. The
decrease in C, value in presence of inhibitors shows the decrease in the local dielectric
constant and/or an increase in the thickness of the electrical double layer. This finding
suggests that inhibitors retard the corrosion process by forming a protective film on MS
surface [38].

-4 INH-1 - 9] Blank
3504 +INH2 H
- INH-3 S 4
1 +INH4 = ., .
=~ 7N e am e\ VWA . 2
& 250+ N, RE. WE.
3 s w18 As At
S Zreal (2 c® )
% 150
-]
£ U,
N 7
50 4
50 : r v r . .
100 200 300 400
Zreal (Q cm?)
(a) (b)

Fig. 5. (a) Nyquist plot in absence and presence of optimum concentration of inhibitors, (b)
Equivalent circuit used to fit the electrochemical impedance data

In addition to Nyquist plot, Fig. 6 (a,b) shows the Bode impedance magnitude and phase
angle plots recorded for the MS working electrode immersed in 1M HCI in the absence and
presence of an optimum concentration of inhibitors at its OCP. In the Bode plot, a new phase
angle shift in the higher-frequency range and a continuous increase in the phase angle shift
with increasing concentration of inhibitors were observed. Shift in the phase angle provide
solid information about corrosion inhibition performance. In general, the more negative value
of phase angle associated with more inhibitive behavior of inhibitor [39]. It is seen from the
Bode plots that in the intermediate frequency region, a linear relationship between log IZl vs
log f with a slope near —0.82 and the phase angle approaching —80° has been observed. The
deviation from an ideal capacitive behavior (a slope value —1 and a phase angle value —90°)
may be related to slowing of the rate of dissolution with time. The phase angle plot give a

single maximum (one time constant) at around medium frequency zone and broadening of
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this maximum in presence of inhibitors is due to formation of inhibitors film on MS surface
[40].

-4 Blank

phase angle ()’

log f (HZ)

(@) (b)
Fig. 6. (a) Between log /Z/ and log f, (b) Between phase angle and log f

Table 7. Electrochemical impedance parameters obtained for MS in 1 M HCl in the absence
and presence of optimum concentration of inhibitors at 308 K

Inhibitor conc Ry R n ¥y Ca g 1%
ppm (Qcnd)  (@cnr) (W em™%) (W, cm™)

Blank 0.0 112 958 0.827 2408 106.21 [ —

WH-1 25 1.11 14079 0.867 60.53 2626 09360 93.60

INH-2 25 092 206.57 0.845 3800 2492 09536 0538

INH-3 25 1.07 29555 0877 4978 2399 09675

96.75

NH-4 25 1.15 38314 0.836 3854 2363 009749 0749

3.3. Surface characterization

3.3.1. SEM Analysis

The SEM micrographs of the MS surfaces exposed to 1 M HCI without and with
optimum concentration of inhibitors after 3h immersion time is shown in Fig. 7. Fig. 7 (a)
represent the MS surface in absence of inhibitors in which the specimen surface was strongly
damaged having a large number of cracks and pits due to strong corrosion of free mild. Fig. 7
(b-e) shows the SEM micrographs in presence of optimum concentration of different
inhibitors. The inspection of the SEM micrographs reveals that the surface morphology is
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remarkably improved in presence of inhibitors with little pits and cracks. This finding
suggests that inhibitors retard the corrosion process by forming the protective film on metal
surface.

Fig. 7. SEM micrographs of MS surfaces (a) in 1M HCI without inhibitor, (b) in presence of
INH-1, (¢) in presence of INH-2, (d) in presence of INH-3, (e) in presence of INH-4

3.3.2. EDX Analysis

The formation of protective film of inhibitors on MS surface was also supported by EDX
analysis. The EDX examination on MS surface was performed in absence and presence of
optimum concentration of inhibitors. The percentage atomic content of MS samples obtained
from EDX analysis is listed in Table 8. The results of EDX survey spectra are shown in Fig.
8. Fig. 8 (a) represents the EDX spectrum of MS specimens in absence of inhibitors. In EDX
spectrum of uninhibited MS specimen, the peak of O is absent which confirms the dissolution
of air-formed oxide film and free corrosion of bare metal. However, for inhibited solutions
(Fig. 8.b—e), the EDX spectra showed an additional line characteristic for the existence of N,
O and S (due to the N, O and S atoms of the inhibitors). The spectra of Fig. 8 (b—e) show that
the Fe peaks are significantly suppressed relative to the abraded and uninhibited MS sample.
The suppression of Fe lines occurs because of the overlying inhibitor film on MS surface
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Table 8. Percentage atomic contents of elements obtained from EDX spectra for different

531

inhibitors
Inhibitor Fe C N 0 S
Blank 63.09 36.10 — — —
INH-1 68.62 2724 1.35 2.63 —
INH-2 66.52 2573 247 472 —
INH-3 64.22 24.13 3.75 7.65 —
INH-4 64.32 2337 348 793
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Fig. 8. EDX spectra of MS surfaces, (a) in 1M HCI without inhibitor, (b) in presence of

INH-1, (¢) in presence of INH-2, (d) in presence of INH-3, (e) in presence of INH-4

3.4. Mechanism of corrosion inhibition

Mechanism of corrosion inhibition in presence of chalcone and its heterocyclics

derivatives can explain on the basis of molecular adsorption. The adsorption of inhibitors on

metal surface depends upon various parameters mainly on the molecular structure. The

inhibitor may adsorb on metal/electrolyte interface by: (1) electrostatic interaction between

positively charged inhibitor and negatively charged chloride ions i.e. physisorption, (2)

interaction between 7— electrons of aromatic ring and functional groups with vacant d-orbital
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of surface iron atoms i.e. chemisorption (3) interaction between unshared electron pair of
heteroatoms and vacant d-orbital of surface iron atoms i.e. chemisorption and (4) interaction
between d-electrons of iron atoms and vacant antibonding orbitals of heteroatoms i.e.
retrodonation [41].

The process of corrosion inhibition take place in two steps:

(1) Anodic dissolution of MS in acid solution which can be represented as:
M —— M"+ne

2) Cathodic hydrogen evolution which can be represented as:
2H" +2¢ ——— > H,

The potentiodynamic polarization studies reveals that investigated inhibitors are of mixed
type i.e. they retard the anodic MS dissolution as well as cathodic hydrogen evolution [42]. It
is well reported that in acidic media inhibitors containing heteroatoms exist as protonated
form. The protonated form of inhibitors may adsorb directly on the cathodic site of MS and
thus retard the hydrogen evolution, whereas the adsorption on the anodic site through p-
electrons of aromatic ring as well as functional groups unshared heteroatoms takes place by
which they retard the MS dissolution. Initially the protonated form of inhibitors start
competing with the H" ions for electrons on MS surface. After evolution of Hy inhibitors
molecules returns to their neutral form and chemical adsorption between nonbonding
electrons of heteroatoms and d-orbitals of iron metal takes place. This type of interaction
causes excessive accumulation of negative charge on MS surface and to relieve from extra
negative charge the electrons are transferred from d- orbitals of surface iron atoms to anti
bonding orbitals of the inhibitors (retro donation) [43]. Both weight loss and electrochemical
measurements show that order of inhibition efficiencies four inhibitors are as follows: INH-4
> INH-3 > INH-2 > INH-1. This order of inhibition efficiency can be explain on the basis of
molecular size and presence of electronegative atoms. It is well reported in literature that

larger size and higher molecular weight favor the adsorption [44].

4. CONCLUSION

The results demonstrated that the investigated inhibitors behave as good inhibitors for mild
steel in IM HCI solution. Their efficiency increases with increase in concentration of
inhibitors in IM HCI. The adsorption of inhibitors on mild steel surface is found to obey the
Langmuir adsorption. Negative values of free energies of adsorption suggest the spontaneous
nature of adsorption of inhibitors on mild steel surface. The inhibiting efficiencies obtained

by polarization, EIS, weight loss measurements and surface analyses are in good agreement.
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