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ABSTRACT

Corrosion inhibition of mild steel in 15% HCI solutions by synthesized acetohydrazides namely, N'-[(1Z)-
phenylmethylene]-2-(quinolin-8-yloxy) acetohydrazide (PQA) and N’-[(1Z)-4-chlorophenylmethylene]-2-
(quinolin-8-yloxy) acetohydrazide (CPQA) was studied using chemical (weight loss) and electrochemical
(potentiodynamic and electrochemical impedance spectroscopy) measurements. It was shown that PQA and
CPQA act as good corrosion inhibitor for mild steel protection. It was concluded that the inhibition efficiencies in-
creased with increase in the concentrations of the inhibitor. Tafel polarization studies showed that both the stud-
ied inhibitors act as mixed type inhibitor. The high inhibition efficiencies were attributed to the simple blocking
effect by adsorption of inhibitor molecules on the steel surface. Atomic Force Microscope (AFM), Scanning Elec-
tron Microscope (SEM) and Energy Dispersion X-ray Spectroscopy (EDX) observations confirmed the existence
of an absorbed protective film on the metal surface. The density functional theory (DFT) was employed for the-

Density functional theory

oretical calculations and the obtained results were found to be consistent with the experimental findings.

© 2015 Published by Elsevier B.V.

1. Introduction

Acethydrazide is an important organic intermediate which is mainly
used for the synthesis of nifuratrone in the pharmaceutical industry.
Substituted pyrazolones can be prepared by treatment with corre-
sponding hydrazide as strong alkalies [ 1] with hydrazide and its deriva-
tives were used as versatile synthons. Hydrazides are found to be more
reactive functional groups routinely used in protein and carbohydrate
chemistry [2,3] and it is also reported that oligonucleotides can be mod-
ified with hydrazide [4].

Hydrochloric acid is widely used for pickling, cleaning and descaling
of steel and ferrous alloys. The addition of corrosion inhibitors effective-
ly secures the metal against an acid attack. Inhibitors are generally used
in these processes to control metal dissolution. Most of the effective cor-
rosion inhibitors are organic compounds containing nitrogen, oxygen,
sulfur, aromatic rings and r-electrons in their structures [5-8]. The
presence of atoms such as N, O and S in heterocyclic compounds deter-
mines both the efficiency and adsorption mechanism [9-14]. The
molecular structure of these compounds plays an important role in
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determination of their inhibitive performance. Although, the protection
mechanism of organic corrosion inhibitors has not been clearly under-
stood [15], it is generally accepted that the corrosion inhibition is
achieved due to the interactions between inhibitor molecules and the
metal surface; resulting in formation of an inhibitive surface film [9,
10,16,17]. The organic inhibitors decrease the corrosion rate by
adsorbing on the metal surface and blocking the active sites by
displacing water molecules and forming a compact barrier film on the
metal surface. Most of the organic inhibitors are toxic, highly expensive
and environment unfriendly. Research activities in recent times are
geared towards developing the cheap, non-toxic and environment
friendly corrosion inhibitors. A large number of organic compounds in-
cluding heterocyclic compounds [18-23] were studied as corrosion in-
hibitors for mild steel [24-26].

The aim of this research is to study the corrosion inhibition effect
of two synthesized compounds namely N’-[(1Z)-Phenylmethylene]-
2-(quinolin-8-yloxy) acetohydrazide (PQA) and N’-[(1Z)-4-
Chlorophenylmethylene]-2-(quinolin-8-yloxy) acetohydrazide (CPQA)
on mild steel in 15% HCl solution by using weight loss measurement,
electrochemical methods and theoretical calculations. Two derivatives
of acetohydrazide have been chosen to discuss the effect of electron
withdrawing (-Cl) substituent on inhibition efficiency of the inhibitor.
To the best of our knowledge there is no any open literature pertaining
on the studied compounds as a corrosion inhibitor on mild steel in
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Scheme 1. Synthetic route of N’-[(1Z)-Phenylmethylene]-2-(quinolin-8-yloxy) acetohydrazide (PQA) and N'-[(1Z)-4-Chlorophenylmethylene]-2-(quinolin-8-yloxy) acetohydrazide

(CPQA).

acidic medium. The present work is a continuation of our systematic
studies on corrosion inhibitor of organic compounds [27-29].

2. Experimental
2.1. Synthesis of corrosion inhibitors

The compounds PQA and CPQA were synthesized by reported
method [30] as shown in Scheme 1. The purity of the compound
was checked by thin layer chromatography (TLC) and structure of
the compounds was confirmed by using physic-chemical studies.
The melting point, yield and IR data of the synthesized compounds
are given below:

PQA: Yield 70%, m.p. 105 °C; IR (KBr) cm™': 3470 (N-H, CONH), 1674
(C=N), 1080 (C-0-C), 1181 (N-N), 'H NMR (DMSO d6) &: 8.17 (s,
1H, CONH), 7.61 (m, 11H, ArH), 7.41 (s, 1H, N = CH), 4.98 (s, 2H,
OCH2); Anal. Calcd. for C;gH;5N30;: C, 70.71; H, 4.84; N, 13.72.
Found: C, 70.81; H, 4.92; N, 13.77%.
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N'-[(1Z)-Phenyimethylene]-2-(quinolin-8-yloxy)
acetohydrazide (PQA)

CPQA: Yield 70%, m.p. 132 °C; IR (KBr) cm™': 3455 (N-H, CONH),
1670 (C = 0), 1624 (C = N), 1065 (C-0-C), 1188 (N-N), 754 (C-
Cl); 'H NMR (DMSO d6) &: 8.25 (s, 1H, CONH), 7.41 (d, 2H, Ar-H
near Cl), 7.11 (s, 1H, N = CH), 4.71 (s, 2H, OCH,); Anal. Calcd. for
Cy8H14N30,Cl: C, 63.55; H, 4.07, N, 12.34. Found: C, 63.62; H, 4.12;
N, 12.37%.

The structure of inhibitors namely: N’-[(1Z)-Phenylmethylene]-
2-(quinolin-8-yloxy) acetohydrazide (PQA) and N’-[(1Z)-4-
Chlorophenylmethylene]-2-(quinolin-8-yloxy) acetohydrazide
(CPQA) are given in Fig. 1.

2.2. Material and methods
2.2.1. Mild steel samples
Mild steel specimens of size 6.0 cm x 2.5 cm x 0.1 cm and

1.0 cm x 1.0 cm x 0.1 cm with composition (w%) C, 0.14; Mn, 0.98; Si,
0.033; S, 0.018; P, 0.026; Cr, 0.02 and remainder iron were employed
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N'-[(1Z)-4-Chlorophenylmethylene]-2-(quinolin-8-yloxy)
acetohydrazide (CPQA)

Fig. 1. Structure of N’-[(1Z)-Phenylmethylene]-2-(quinolin-8-yloxy) acetohydrazide (PQA) and N’-[(1Z)-4-Chlorophenylmethylene]-2-(quinolin-8-yloxy) acetohydrazide (CPQA).

Table 1

Corrosion parameters of mild steel in 15% HCl solution in the presence and absence of different inhibitors at different temperatures, obtained from weight loss measurements.
Conc. (ppm) 303K 313K 323K 333K

CR (mmy™") 0 n% CR (mmy™") 0 % CR (mmy™") 0 n% CR (mmy™") 0 n%

Blank 282 - - 58.1 - - 98.9 - - 144.5 - -
CPQA
50 8.70 0.691 69.13 19.56 0.663 66.33 37.37 0.622 62.21 62.64 0.566 56.65
100 6.32 0.776 77.58 14.47 0.750 75.08 27.74 0.719 71.95 46.64 0.677 67.72
200 4.51 0.840 84.02 10.79 0.814 81.42 21.54 0.782 78.22 38.40 0.734 73.42
300 2.46 0.912 91.25 6.17 0.893 89.38 14.36 0.855 85.48 26.97 0.813 81.33
400 1.63 0.942 94.21 4.30 0.925 92.59 9.43 0.904 90.46 19.34 0.866 86.61
PQA
50 7.75 0.725 72.52 17.59 0.697 69.72 33.55 0.660 66.07 57.84 0.599 59.9
100 5.62 0.800 80.06 12.94 0.777 77.72 25.81 0.739 73.90 44.69 0.691 69.07
200 342 0.887 87.84 8.15 0.859 85.97 17.70 0.821 82.10 32,97 0.772 77.18
300 1.88 0.933 93.32 5.17 0.911 91.10 12.98 0.867 86.87 24.53 0.830 83.02
400 135 0.952 95.18 3.50 0.939 93.97 9.17 0.907 90.72 17.80 0.876 87.68
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for the weight loss and electrochemical studies respectively. The speci-
mens were abraded using emery papers of different grit sizes up to 1200
grit, polished with Al;03 (1 um and then 0.3 um particle size), washed
with tap water followed by distilled water, degreased with acetone,
dried and stored in desiccator.

2.2.2. Test solution

The test solution was prepared by dilution of AR grade HCl with
double-distilled water. The concentration range of inhibitors employed
was varied from 100 to 300 ppm (mg L™!). For weight loss and electro-
chemical studies 500 mL and 150 mL volume of the test solution were
used.

2.2.3. Weight loss measurements

Weight loss measurements were performed in the absence and
presence of different concentrations (100 to 300 ppm) of inhibitors
at different temperatures (303 K-333 K) according to the standard
methods [19]. The corrosion rate (CR), inhibition efficiency (n%)
and surface coverage (0) were determined by following equa-
tions [31]:

_ 8.76 x 10* x W
CR(mmyl):liAxt 1)

log CR(mmy")

PP YT

-
//

1 ® 50ppm
).6
06 1l A 100 ppm
044 v 200 ppm
02 < 300 ppm
{1 » 400 ppm
0.0 T ¥ T L T X T b T N T ' T
3.00 3.05 3.10 3.15 3.20 325 3.30
1000/7 (K"
2.0 4
(b)
1.8
1.6
1.4 4
124
2 <
=) J
E 104
S5 ]
)
con) 084 m Blank
— ] ® 50ppm v
0.6 4
A 100 ppm
044 ¥ 200ppm
1 < 300 ppm
024 » 400 ppm
T L T L T x T . T L T . T »
3.00 3.05 3.10 3.15 3.20 3.25 3.30
1000/7 (K™

Fig. 2. Arrhenius plots of log CR versus 1000/T for mild steel corrosion in 15% HCl solution
(a) PQA, (b) CPQA.

Table 2
Activation parameter for mild steel in 15% HCl solution in the absence and presence of in-
hibitor obtained from weight loss measurements.

Inhibitor ~ Concentration (ppm) E, (kj mol™') AH*(kJ/mol) AS*(J mol™' K1)
Blank - 45.78 43.13 -74.45
PQA 50 56.17 53.53 -51.10
100 58.14 55.50 -47.27
200 63.75 61.10 -33.10
300 72.56 69.94 -9.47
400 73.14 70.51 -8.78
CPQA 50 55.29 52.65 -53.01
100 55.95 53.30 -53.58
200 59.94 57.25 -43.24
300 67.53 64.88 -23.33
400 69.00 66.36 -21.80

where, W = weight loss (g), A = area of specimen (cm?) exposed in
acidic solution, t = exposure time (h), and D = density of mild steel
(g-cm™).
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Fig. 3. Transition state plot of log CR/T versus 1000/T for mild steel in 15% HCl solution at
different concentrations of (a) PQA, (b) CPQA.
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Fig. 4. Langmuir plots of (Gi,,/0) versus Gy, for (a) PQA, (b) CPQA.

where, CRo and CR; are corrosion rate in the absence and presence of
inhibitors. This experiment was repeated at different temperatures
of 30, 40, 50 and 60 °C by using water circulated Ultra thermostat
to determine the temperature dependence of the inhibition
efficiency.

2.2.4. Potentiodynamic polarization measurements

Potentiodynamic polarization measurements were carried out using
a computerized electrochemical analyzer model CHI 760D, manufactured
by CH Instruments, Austin, USA. The experiments were performed by
using of a three electrode cell consisting of mild steel specimen of
1.0 cm? working electrode, a platinum counter electrode and a saturated

Table 3
Adsorption parameters for PQA and CPQA calculated from Langmuir adsorption isotherm
for mild steel in 15% HCl solution at a temperature range of 303-333 K.

Inhibitor ~ Temperature (K)  Kuqs (M™')  AG°qs (kf mol™?)  Slope  R?

PQA 303K 7.6 x 10° -34.0 0.967 0.992
313K 8.5 % 10° -34.8 0972 0.989
323K 9.6 x 10° -35.6 0.981 0.991
333K 1.2 x 10% -36.0 0.992 0.995

CPQA 303K 8.3 % 10° -33.7 0974 0.986
313K 9.3 x 10° -34.6 0.987 0.997
323K 1.0x10*  -353 0.982 0.995
333K 1.2 x 10* -359 1.014  0.999

calomel electrode (SCE) as reference electrode, designed specifically for
potentiodynamic polarization measurements. A luggin capillary arrange-
ment filled with the same tested solution was used to keep the reference
electrode close to the working electrode. Potentiodynamic polarization
curves were obtained in the potential range from -250 to +250 mV vs.
SCE at OCP at a scan rate of 1 mV s~ . The linear Tafel segments of anodic
and cathodic curves were extrapolated to obtain corrosion current
densities (icorr) [32,33]. The percentage inhibition efficiency (1%) was
calculated using the equation

0 _:
(%) = <ol 100 (4)

lCOlT

where, i and icrr are the values of corrosion.

2.2.5. Electrochemical impedance measurements

Electrochemical impedance measurements were carried out using
the same electrochemical cell and electrochemical workstation as
used for potentiodynamic polarization measurements in the frequency
range from 10 mHz to 100 kHz using amplitude of 10 mV peak to
peak with an ac signal at the open-circuit potential. The impedance
data were obtained using Nyquist and Bode plots. All impedance data
were fitted to appropriate equivalent circuits using ZSimpWin.3.21 soft-
ware. The inhibition efficiency (1)%) was calculated from charge transfer
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Fig. 5. Potentiodynamic polarization curves for mild steel in 15% HCl solution in the
presence and absence of inhibitor at 303 K. (a) PQA, (b) CPQA.
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Table 4

Electrochemical parameter and percentage inhibition efficiency (1%) obtained from polarization studies for mild steel in 15% HCI solution in the presence or absence of inhibitor at 303 K.
Conc. (ppm)  Tafel extrapolation data EIS data

Ecorr (VVSSCE)  Ba(mVdec™") Bc(mVdec)  Iop (MAcm™?) 1% R (Qcm?) Ry (Qcm?)  Yo(WFem™?) n Ca (WFcm?) 1%

Blank -495 103 182 10.0 - 1.02 2.7 483 0.852 168 -
PQA
50 -448 112 168 2.28 772 0.68 11.1 225 0.862 86.8 75.6
100 -447 97 149 2.08 793 077 14.8 152 0.874 62.2 81.7
200 -439 106 176 1.42 858 0.86 232 108 0.882 48.1 883
300 -443 82 181 1.02 89.7 063 30.7 80 0.888 374 91.0
400 -440 118 154 0.88 91.2 096 43.8 41 0.912 215 93.8
CPQA
50 -451 98 153 347 653 071 8.1 257 0.858 92.5 66.2
100 -449 87 164 2.38 762 083 11.2 198 0.863 75.6 75.8
200 -446 114 171 1.54 846 085 18.0 131 0.878 56.1 849
300 -441 92 158 1.06 89.2 077 29.7 95 0.881 42.7 90.9
400 -434 108 163 0.96 904 065 322 61 0.892 284 92.1

resistance values obtained from impedance measurements using the
following relation:

_ Rct (inh) ~Ret

(%) % 100 (5)

Rct (inh)

where Reinn) and R are charge transfer resistance in the presence and
absence of inhibitor respectively. The values of double layer capacitance
(Cq1) were calculated from charge transfer resistance and CPE parame-
ters (Yo and n) using the expression [34]:

Ca = (YoRa'™) " (6)

where Yj is CPE constant and n is CPE exponent. The value of n repre-
sents the deviation from the ideal behavior and it lies between 0 and 1.

2.2.6. Scanning electron microscopic and energy dispersive spectroscopy
analysis

For surface morphological study of the uninhibited and inhibited
mild steel samples, SEM and EDX images were recorded using the in-
strument HITACHI S3400N.

2.2.7. Atomic force microscopy

The AFM images of polished, uninhibited and inhibited mild steel
samples were carried out using a Nanosurf Easyscan2 instrument,
Model: NT-MDT, Russia; Solver Pro-47.

2.2.8. Quantum chemical study

Complete geometrical optimizations of the investigated molecules
are performed using density functional theory (DFT) with the Beck's
three parameter exchange functional along with the Lee-Yang-Parr
nonlocal correlation functional (B3LYP) with 6-31G (d, p) basis set is
implemented in Gaussian 03 program package [35,36]. Theoretical pa-
rameters such as the energies of the highest occupied and lowest unoc-
cupied molecular orbital (Eyomo and Erumo), energy gap (AE) and dipole
moment (u) were determined.

3. Results and discussion
3.1. Weight loss measurements

3.1.1. Effect of inhibitor concentration and temperature

Corrosion parameters namely, corrosion rate (CR), surface coverage
(0) and inhibition efficiency (1) %) of mild steel in 15% HCl solution in the
absence and presence of different concentrations (50-400 ppm) of in-
hibitor at different temperatures (303 K-333 K), obtained from weight
loss measurements are shown in Table 1. From Table 1, it is apparent

that inhibition efficiency increased with increasing the concentration
of the inhibitors. The inhibition efficiency of PQA and CPQA at
400 ppm was found to be 95.1% and 94.2% respectively, at 303 K
(Table 1). By increasing the inhibitor concentration, the part of metal
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Fig. 6. Nyquist plot for mild steel in 15% HCl solution containing various concentrations of
(a) PQA, (b) CPQA at 303 K.
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Fig. 7. Equivalent circuit applied for fitting of the impedance spectra.

surface covered by inhibitor molecules increases and that leads to an in-
crease in the inhibition efficiencies [37].

It is also clear from Table 1 that the inhibition efficiency decreased
with increasing temperature from 303 K to 333 K. Such type of behavior
can be described on the basis that the increase in temperature leads to a
shift of the equilibrium constant towards desorption of the inhibitor
molecules at the surface of mild steel [38]. The inhibition efficiency of
PQA is greater than CPQA at all concentrations and temperatures.

3.1.2. Thermodynamic and activation parameters

To evaluate the adsorption and thermodynamic activation parame-
ters of corrosion processes of mild steel in 15% HCI solution, weight
loss measurements were carried out in the temperature range
303-333 K in the absence and presence of inhibitors after 6 h of
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Fig. 8. Bode plots for mild steel in a 15% HCl solution in the absence and presence of differ-
ent concentrations of inhibitors (a) PQA, (b) CPQA.

immersion time. The apparent activation energy (E,) for dissolution of
mild steel in 15% HCI was calculated by using the Arrhenius equation.

— _Ea
logCR = 3303RT + logA (7)

where E, is the apparent activation energy, R is the molar gas constant
(8.314]J K ' mol ™), Tis the absolute temperature (K) and A is the Arrhe-
nius pre-exponential factor. Fig. 2(a, b) presents the Arrhenius plot of
log CR against 1/T for the corrosion of mild steel in 15% HCI solution in
the absence and presence of inhibitors PQA and CPQA at concentrations
ranging from 50 to 400 ppm. From Fig. 2(a, b), the activation energy was
calculated using the expression E; = —(slope) x 2.303R. The calculated
values of E, are summarized in Table 2. It is evident from Table 2 that
the values of the apparent activation energy for the inhibited solutions
were higher than that for the uninhibited solution, indicating that the
dissolution of mild steel was decreased due to formation of a barrier
by the adsorption of the inhibitors on metal surface [39].

The values of standard enthalpy of activation (AH*) and standard en-
tropy of activation (AS*) can be calculated by using the transition state
equation:

RT AS AH"
CR = Np %P (T) exp (— ﬁ) (8)

where, h is Planck's constant and N is the Avogadro number,
respectively.

A plot of log (CR/T) against 1/T (Fig. 3a, b) gave straight lines with a
slope of ~AH*/2.303R and an intercept of [log(R/Nh) + AS* / (2.303R)],
from which the activation thermodynamic parameters AH* and AS*
were calculated, as listed in Table 2. The negative value of AS* for both
inhibitors indicates that the formation of the activated complex in the
rate determining step represents an association rather than a dissocia-
tion step, meaning that a decrease in disorder takes place during the
course of the transition from reactants to activated complex [40].

3.1.3. Adsorption isotherm

Information on the interaction between the inhibitor molecules and
the mild steel surface can be provided by adsorption isotherm. Plotting
Cinn/0 vs. Ginp, yielded a straight line (Fig. 4a, b) with a correlation coeffi-
cient (R?) and slope values given in Table 3 at different temperatures.
The R? and slope values in Table 3 are near to unity indicating that the
adsorption of these inhibitors obeys the Langmuir adsorption isotherm.

The values of K,4s were calculated from the intercept of Fig. 4(a, b).
Large values of K,q4s obtained for both studied inhibitors suggesting
more efficient adsorption and hence better corrosion inhibition efficien-
cy. Using the values of K4, the values of AG®,4s were obtained by using
the following equation:

AGYys = ~RT In (K 45) 9)

where R is the gas constant and T is the absolute temperature (K). The
value of 55.5 is the concentration of water in solution in mol L™". Calcu-
lated values of K,4s and AG°,4s are listed in Table 3. The negative values
of AG°,4s reveal the spontaneity of adsorption process. In general, values
of AG°,4s up to —20 k] mol™! are compatible with physisorption and
those which are more negative than -40 k] mol ! involve chemisorp-
tions [41]. The calculated AG°,q4s values for PQA and CPQA were found
in the range of -34.4 to -36.0 and -33.7 to —35.9 k] mol ™!, respectively,
at different temperatures (303-333 K), these values were between the
threshold values for physical adsorption and chemical adsorption,
indicating that the adsorption process of these inhibitors at mild steel
surface involves both the physical as well as chemical adsorption. Simi-
lar conclusion was also reported by Ozcan [42], who studied the use of
cystine as a corrosion inhibitor on mild steel in sulfuric acid.
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Fig. 9. SEM image of mild steel in 15% HCl solution after 6 h immersion at 303 K (a) before immersion (polished), (b) after immersion without inhibitor, (c) with 400 ppm PQA, (d) with

400 ppm CPQA.

3.2. Potentiodynamic polarization studies

Potentiodynamic polarization curves of mild steel in 15% HCI con-
taining PQA and CPQA at 303 K are shown in Fig. 5(a, b), respectively.
The addition of each compound in acidic medium causes a remarkable
decrease in the corrosion rate and shifts the both anodic and cathodic
curves to lower current densities. It is clear that the addition of inhibi-
tors hindered the acid attack on the steel electrode and a comparison
of curves in both cases, showed that, with respect to the blank, increas-
ing the concentration of the inhibitors gave rise to a consistent decrease
in anodic and cathodic current densities indicating that inhibitors act as
mixed type inhibitor [43]. Corrosion potential, anodic Tafel slope, ca-
thodic Tafel slope and corrosion current density values are given in
Table 4. It is clear from Table 4 that after increasing the concentration
of inhibitor, the inhibition efficiency increased, while the corrosion cur-
rent density decreased due to adsorption of PQA and CPQA on the metal
surface. The minor shift in E,, value (61 mV) towards positive direc-
tion in the presence of inhibitors as compared to the E,; value in the
absence of inhibitor indicate that PQA and CPQA act as mixed type in-
hibitor with predominant control of anodic reaction [44].

3.3. Electrochemical impedance spectroscopy studies

Adsorption of a protective inhibitor on the metal surface causes a
significant increase in impedance of the corrosion system, thus causing
an increase in the resistance to charge transfer process. Therefore, the
performance of an inhibitor can be determined by impedance measure-
ments of the corrosion system. The degree of the corrosion protection
can be determined by comparing the impedance obtained in the

presence and absence of inhibitors in the corrosive environment. The
Nyquist plots for mild steel obtained at mild steel 15% HCI solution in-
terface with and without the different concentrations of PQA and
CPQA at 303 K are shown in Fig. 6(a, b). The existence of a depressed
semicircle with its center below the axis (Z’) in Nyquist plots (Fig. 6a,
b) for both inhibitors suggests the non-homogeneity and roughness of
the mild steel surface. The EIS spectra of all tests were analyzed using
the equivalent circuit shown in Fig. 7, which is a parallel combination
of the charge transfer resistance (R;) and the constant phase element
(CPE), both in series with the solution resistance (R;). This type of elec-
trochemical equivalent circuit was reported previously to model the
iron/acid interface [45]. Constant phase element (CPE) is introduced in-
stead of pure double layer capacitance to give more accurate fit as the
double layer at interface does not behave as ideal capacitor.

The electrochemical parameters such as solution resistance, charge
transfer resistance and CPE constants (Yo and n) obtained from the
fitting of the experimental data of Nyquist plots in the equivalent circuit
shown in Fig. 6 are presented in Table 4.

The data shown in Table 4 reveal that the value of R increases with
addition of inhibitors as compared to the blank solution, the increase in
R value is attributed to the formation of a protective film at the metal/
solution interface. The Cy, value decreases on increasing the concentra-
tion of both the inhibitors, indicating the decrease in local dielectric
constant and/or to an increase in the thickness of the electrical double
layer, suggesting that the inhibitor molecules are adsorbed at the
metal/solution interface.

The Bode phase angle plots (Fig. 8a, b) show single maximum (one
time constant) at intermediate frequencies, broadening of this maxi-
mum in the presence of inhibitors accounts for the formation of a
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Fig. 10. EDX spectra of mild steel specimens (a) polished, (b) after immersion without inhibitor, (c) with 400 ppm PQA, (d) with 400 ppm CPQA.

protective layer on the electrode surface. Moreover, there is only one
phase maximum in Bode plot (Fig. 8a, b) for both inhibitors, which indi-
cates only one relaxation process, which would be the charge transfer
process, taking place at the metal-electrolyte interface.

Fig. 8(a, b) shows that the impedance value in the presence of both
inhibitors is larger than in the absence of inhibitors and the value of im-
pedance increases on increasing the concentration of both studied in-
hibitors. These mean that the corrosion rate is reduced in the presence
of the inhibitors and continued to decrease on increasing the concentra-
tion of inhibitors. Electrochemical results (1%) are in good agreement
with the results (1)%) obtained by weight loss experiment.

Table 5
Percentage atomic contents of elements obtained from EDX spectra.

Inhibitors Fe C S Cr Mn Cl N 0]
Polished mild steel 8526 1246 - 086 046 - - -
Mild steel in blank HCl  83.12 15.68 - 067 028 229 - 6.36
Mild steel in CPQA 7412 1815 172 056 - 036 536 1535
Mild steel in PQA 7125 1972 168 054 - 031 524 1526

3.4. Scanning electron microscopy

SEM photomicrographs for mild steel in 15% HCl solution in the
absence and presence of 400 ppm of PQA and CPQA are shown in
Fig. 9(a-d). The morphology of the polished mild steel specimen
(Fig. 9a) is very smooth and shows no corrosion while mild steel speci-
men dipped in 15% HCl solution in the absence of inhibitor (Fig. 9b) is
very rough and the surface is damaged due to metal dissolution. Howev-
er, the presence of 400 ppm of inhibitor suppresses the rate of corrosion
and surface damage has been diminished considerably (Fig. 9c, d) as
compared to the blank solution (Fig. 9b) suggesting formation of a pro-
tective inhibitor film at the mild steel surface.

3.5. Energy dispersive spectroscopy

Energy dispersive X-ray analysis (EDX) technique was employed in
order to get information about the composition of the surface of the
mild steel sample in the absence and presence of inhibitors in 15% HCl
solution. The results of EDX spectra are shown in Fig. 10(a-d). The per-
centage atomic content of various elements of the polished, uninhibited
and inhibited mild steel surface determined by EDX is shown in Table 5.
The percentage atomic content of Fe for mild steel immersed in 15% HCI
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Fig. 11. Atomic force micrographs of mild steel surface (a) polished mild steel, (b) mild steel in 15% HCl solution and (c) in the presence of inhibitor CPQA (d) PQA.

solution is 83.12%, and those for mild steel dipped in an optimum con-
centration (400 ppm) of CPQA and PQA are 74.12% and 71.25%, respec-
tively. From Fig. 10(a-d) it is apparent that the spectra of inhibited
samples show suppressed Fe peaks, when compared with the polished
and uninhibited mild steel sample. This suppression of Fe lines is due
to the inhibitory film formed on the mild steel surface. The EDX spectra
of inhibited mild steel contains the peaks corresponding to all the ele-
ments present in the inhibitor molecules indicating the adsorption of in-
hibitor molecules at the surface of mild steel.

3.6. Atomic force microscopy

The three-dimensional AFM images of polished, uninhibited and
inhibited mild steel samples are shown in Fig. 11(a-d). The average
roughness values of polished mild steel sample (Fig. 11a) and mild
steel sample in 15% HCI solution without inhibitor (Fig. 11b) were
found as 25 and 650 nm. It is clearly shown in Fig. 11(b) that mild
steel sample is badly damaged due to the acid attack on surface. How-
ever, in the presence of optimum concentration (400 ppm) of CPQA

-

Fig. 12. The optimized structure (left) and HOMO (center) and LUMO (right) distribution for molecules (a) CPQA, (b) PQA [Atom legend: white = H; gray = C; blue = N; red = O].
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Table 6

Quantum chemical parameters for different inhibitors.
Inhibitor Enomo (eV) Erumo (eV) AE (eV) u(D)
PQA -5.040 -1.651 3.389 432
CPQA -5.899 -1.526 4373 3.66

and PQA as shown in Fig. 11(c, d), the average roughness values were
reduced to 88 and 75 nm, respectively. The lower value of roughness
for PQA than CPQA reveals that PQA protects the mild steel surface
more efficiently than CPQA in 15% HCl solution.

3.7. Theoretical calculation

The optimized structure, Eyonmo and Epgnvo for CPQA and PQA are
shown in Fig. 12(a, b). The quantum chemical parameters such as the
energy of the highest occupied molecular orbital (Egomo), the energy
of the lowest unoccupied molecular orbital (E;ymo), energy gap (AE)
and dipole moment (u) were determined and summarized in Table 6.
According to the frontier molecular orbital (FMO) theory of chemical re-
activity, the formation of a transition state is due to interaction between
HOMO and LUMO of reacting species. The smaller the orbital energy gap
(AE) between the participating HOMO and LUMO, the stronger the in-
teractions between two reacting species [46].

It was reported previously by some researchers that smaller values
of AE and higher values of dipole moment (1) are responsible for higher
inhibition efficiency [47]. The lower values of the energy gap AE will
render good inhibition efficiencies since the energy to remove an elec-
tron from the last occupied orbital will be minimized. According to
HSAB theory hard acids prefer to co-ordinate to hard bases and soft
acid to soft bases. Fe is considered as soft acid and will co-ordinate to
molecule having maximum softness and small energy gap (AE =
Eiumo — Enomo). From Table 6 it is clear that the highest value of
Enomo (—5.04 eV), 11 (4.32 D) and lowest values of AE (3.389 eV) and
Eiumo (=1.651 eV) are found for PQA, indicating that PQA has more po-
tency to get adsorbed on the mild steel surface resulting greater

(a)

3I?HCE

(b)

3I7H

inhibition tendency than CPQA. Literature reveals that the use of Mulli-
ken population and HOMO population analysis can be used for the de-
termination of possible adsorption centers of the inhibitors [48-50].
The generalized interpretation given by several authors is that the
higher is the magnitude and the number of negatively charged hetero-
atom present in an inhibitor molecule, the higher is its ability to be
adsorbed on the metal surface via a donor-acceptor type bond [49]
and the more negatively charged regions with major distribution of
the HOMO are also interpreted as possible centers of adsorption. Mulli-
ken charges according to the numeration of corresponding atoms are
shown in Fig. 13(a, b). Itis evident from Fig. 13(a, b) that both inhibitors
had a considerable excess of negative charge around the nitrogen
atoms, oxygen atoms, indicating that these are the coordinating sites
of the inhibitors.

3.8. Mechanism of inhibition

Corrosion inhibition of mild steel in 15% hydrochloric acid solution
by both inhibitors (PQA and CPQA) can be explained on the basis of mo-
lecular adsorption. These compounds inhibit corrosion by controlling
both anodic as well as cathodic reactions. In 15% hydrochloric acid solu-
tions these inhibitors exist as protonated species. In both inhibitors the
nitrogen atoms present in the molecules can be easily protonated in
acidic solution and convert into quaternary compounds. These proton-
ated species adsorbed on the cathodic sites of the mild steel and de-
crease the evolution of hydrogen. The adsorption on anodic site occurs
through r-electrons of quinoline and phenyl rings and lone pair of elec-
trons of nitrogen and oxygen atoms present in both the inhibitors which
decrease the anodic dissolution of mild steel.

4. Conclusions
> The synthesized acetohydrazide derivatives showed good inhibition
efficiencies for the corrosion of mild steel in 15% HCl solution and the

inhibition efficiency increased on increasing the concentration of in-
hibitor. The inhibiting performance of PQA is better than CPQA.

95D

Fig. 13. The Mulliken charge density of (a) CPQA, (b) PQA.
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> Polarization studies showed that both tested inhibitors are mixed
type in nature.

> EIS measurements show that charge transfer resistance (R.) in-
creases and double layer capacitance (Cy;) decreases in the presence
of inhibitors, suggested the adsorption of the inhibitor molecules on
the surface of mild steel.

> The results obtained from SEM, EDX, AFM and Langmuir adsorption
isotherm suggested that the mechanism of corrosion inhibition is oc-
curring mainly through adsorption process.

> Quantum chemical results of PQA and CPQA showed higher value of
Exomo, lower value of Ejywvo, and smaller value of AE, indicating that
both inhibitors are good corrosion inhibitor for mild steel in 15% HCl
solution.
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