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INTRODUCTION

Among various metals, mild steel is a widely used structural
material due to its mechanical strength, availability and cost
effectiveness, but its susceptibility towards corrosion parti-
cularly in acidic media is a matter of concern among researchers
and academicians since long time. As the use of hydrochloric
acid is very efficient, easy in handling, cheaper and easily
available, hence it is commonly used in the acid pickling, acid
cleaning, oil well cleaning, petrochemical industry, ezc. [1,2].
This leads to centre of attention on the protection of mild steel
under acidic environment especially in hydrochloric acid media.
There are various methods to protect metal under acidic condi-
tions but the use of inhibitors is one of the most practical and
efficient method. It has been reported that organic compounds
containing nitrogen, sulphur, oxygen, mt-electrons as well as
aromatic ring in their structure are very effective in protection
of mild steel from corrosion in acidic media. These inhibitors
block the active sites on the metal surface by adsorption process
either by chemisorption or physisorption mechanism and prevent
the attack of metal surface by acidic solution [3-8].

Literature survey also reveals that the Schiff bases have
widely been investigated organic compounds as corrosion
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inhibitors for mild steel in HCI solution. These compounds
show good inhibition efficiency due to presence of —-CH=N-
group in their structure which make it capable to coordinate
with mild steel in acid solution. Due to cheaper raw materials
requirement, ease in preparation and handling again make
Schiff bases very popular among researchers [9,10].
Nicotinic hydrazones are non-toxic and have various
pharmacological properties like anti-inflammatory, analgesic
and antimicrobial activities [11]. We have already reported
4-(N,N-dimethylamino)benzaldehyde nicotinic hydrazine
(ABNH), N’-(4-Hydroxybezylidene)nicotinic hydrazone
(HBNH) and N’-(4-methylybezylidene)nicotinic hydrazone
(MBNH) as corrosion inhibitors for mild steel in 1 M HCI, where
they have shown high inhibition efficiency at 30 °C [12,13].
Keeping this in view, the objective of this study was to evaluate
the corrosion inhibition ability of two synthesized hydrazones
namely 2-acetyl pyridine nicotinic hydrazone (2-APN) and
acetophenone nicotinic hydrazone (ACN) for mild steel in 1 M
HCl using potentiodynamic polarization and electro-chemical
impedance spectroscopy. The effect of temperature on the
corrosion behaviour of mild steel in 1 M HCI with opti-mum
concentration of inhibitor was also studied in the temperature
range 303-323 K. To correlate molecular parameters with
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inhibition ability of the inhibitors various molecular parameters
like energy of highest occupied molecular orbital (Enowmo),
energy of lowest unoccupied molecular orbital (Erumo), energy
gap (AE= Erumo — Enomo) and dipole moment (W) of the inhi-
bitor molecules were calculated using density functional theory
(DFT).

EXPERIMENTAL

Synthesis of nicotinic hydrazone: Nicotnic hydrazones
were synthesized by mixing equimolar quantity of nicotinic
acid hydrazide dissolved in ethanol with 2-acetyl pyridine or
acetophenone. On refluxing reactants mixture for 4 h on oil
bath followed by cooling, the precipitate was obtained [11].
The products were recrystallized in ethanol. The purity and
the structure of the hydrazones were checked by TLC, IR and
'H NMR techniques.

The corrosion tests were performed on the mild steel having
chemical composition (wt %): C: 0.07, Mn: 0.42, P: 0.029, S:
0.014, Al: 0.041 and rest Fe. The mild steel as working electrode
was embedded in epoxy resin in such a way that only cross
sectional area of 1 cm? could make contact with test solution.
Prior to each experiment, the exposed mild steel surface was
abraded with emery papers (grade 320 to 1200), washed with
double distilled water and dried with cool air. The test solution
IM HCI was prepared by dilution of analytical grade 37%
HCI solution with double distilled water. The concentration
of the corrosion inhibitors was kept in the range of 0.01 to
2.00 mM.

Electrochemical measurements: Prior to each electro-
chemical test, the working electrode was immersed in the test
solution and left to attain steady-state open circuit potential
(OCP). The electrochemical impedance measurements were
carried out at the steady state over a frequency range of 100
kHz-0.1 Hz with 5 mV peak-to-peak amplitude using the AC
signal.

The potentiodynamic polarization measurements were
carried out in the potential range -250 to +250 mV relative to
the OCP at a scan rate of 1 mV s, Platinum rod was used as
counter electrode, saturated calomel electrode (SCE) as the
reference electrode and the working electrode mild steel. Mea-
surements were carried out using CHI 660C Electrochemical
Workstation. All the electrochemical analysis were performed
at 30 °C in a three electrode assembly in stagnant condition.

The percentage inhibition efficiency (n %) was calculated
using the following equation as [13]:

i —i,
n (%)= corr corr XIOO (1)

10
corr

where 1% and icor are corrosion current density values in the
absence and presence of inhibitors, respectively [14].

Ry Ry w100
R @)
where R, and R}, are the polarization resistance in the presence
and absence (blank solution) of inhibitor, respectively.
Weight loss measurements: To explore thermodynamic
kinetic parameters for the corrosion of mild steel in 1 M HCI,

n (%) =

mild steel specimens in triplicate were immersed in 1 M HCI
in the presence and absence of the optimum concentration of
2 mM of the inhibitors (2-APN and ACN) for 3 h at the different
temperature ranging from 30-50 °C. The mass of each mild
steel specimen was determined before and after immersion
and the average of the triplicate measurements was used to
calculate corrosion rate. The corrosion rate (Cg) was calculated
as follows:

Aw
C Sxt 3

where Aw is the weight loss after corrosion, S is the total surface
area of the mild steel specimen, ‘t’ is time of exposure.

Quantum chemical calculation: Quantum chemical cal-
culations were performed with complete geometry optimi-
zation using density functional theory (DFT) method at B3LYP/
6-31++ G (d,p) level as implemented in Gaussian 09W (interfaced
with Gauss View 5.0 as molecular modeller) software. The
important molecular parameters like Enomo, ELumo, energy gap
(AE) and dipole moment (1) for the neutral and the protonated
inhibitor molecules were calculated.

Adsorption isotherm and thermodynamic parameters:
The study of adsorption isotherm can be used to understand
the adsorption mechanism of the inhibitors on mild steel
surface and their inhibition ability to protect from the corrosion.
The various isotherms like Freundlich, Temkin and Langmuir
are tested using potentiodynamic polarization measurements
at 30 °C.

RESULTS AND DISCUSSION

FT-IR spectra: FT-IR spectra of 2-acetyl pyridine nicotinic
hydrazone (2-APN) and acetophenone nicotinic hydrazone
(ACN) showed the following absorption bands: 2-APN (KBr,
Vmaw, € 1): 3430, 3321, 3215, 3092, 1661, 1585, 1291, 1150,
976, 710; ACN (KBT, Vi, cm™1): 3441, 3306, 3192, 3084, 1658,
1590, 1290, 1143, 978, 820, 696. The presence of -C=N- group
(Schiff base) in the synthesized inhibitors have confirmed by
the spectral peaks at 1585cm™ (2-APN) and 1590 cm™ (ACN)
in FT-IR spectra.

"H NMR spectra: 2-APN: 'H NMR (8 ppm, DMSO-ds):
2.51 (s, 3H, -CHs), 7.12-9.06 (8H, Ar-H), 11.07 (s, 1H, -NH-
C=0). ACN:'H NMR (8 ppm, DMSO); 2.51(s, 3 H, -CH3),
7.35-9.10 (9H, Ar-H), 11.00 (s, 1H, -NH-C=0). The data of
'H NMR spectra confirmed the expected hydrogen distribution
in the synthesized 2-APN and ACN.

Potentiodynamic polarization measurements: The
potentiodynamic polarization curves of mild steel in 1 M HCI
in the absence and presence of various concentrations of
2-APN and ACN are shown in Fig. 1. It can be seen that both
anodic and cathodic tafel curves appreciably shift towards lower
current density on addition of inhibitor to acidic solution and
the magnitude of shifting increasing with increases in inhibitor
concentration. It indicates that both the inhibitors retard the
anodic and cathodic reactions. In current-potential curves, the
cathodic part of the curves are almost parallel in the presence
and absence of the inhibitors (Fig. 1); it suggests that the
addition of inhibitors do not modify the mechanism of hydrogen
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Fig. 1. Polarization curves for mild steel in 1 M HCI in the absence and presence of inhibitors: (a) 2-APN and (b) ACN

evolution or cathodic reaction mechanism, while they only
modify kinetics of corrosion process.

The kinetics parameters like corrosion potential (Ecor),
cathodic and anodic Tafel slopes (B. and B,) and corrosion
current density (icor) Obtained from the Tafel extrapolation of
the polarization curves are given in Table-1. It is clear that
there is no definite trend in the shifting of E.. in the presence
of inhibitor with respect to blank solution. It indicates that
both 2-APN and ACN act as mixed type corrosion inhibitors.
Further, the data in Table-1 also reveals that on increasing inhibitor
concentration, there is significant decrease in corrosion current
density. This may be owing to adsorption of inhibitor molecules
on the mild steel surface that block the active sites on the metal
surface. The inhibition efficiency of the inhibitors follow the
order of 2-APN > ACN. The order of inhibition efficiency
indicates that the presence of two pyridine ring in 2-APN makes
it more capable to adsorb on mild steel surface than that of ACN,
which only contain one such ring. The maximum efficiency values
for 2-APN and ACN at 2 mM concentration are 96.5% and
87.7%, respectively.

Electrochemical impedance spectroscopy (EIS): The
Nyquist plots of mild steel inl M HCl in the absence and pres-
ence of 2-APN and ACN are given in Fig. 2. From these plots,
it is apparent that each impedance spectra is a single slightly

depressed semi-circle. It shows a non-ideal capacitive behaviour
of the electrochemical solid/liquid interface [15,16]. It may
be due to the surface roughness or the chemical inhomoge-
neities [17-19]. The diameter of the capacitive loops increases
sharply with increasing inhibitor concentration. It can be related
to increase of surface coverage of inhibitive molecules on metal
surface [20,21]. The corresponding Bode plots for mild steel
in 1 M HCl in the absence and presence of different concen-
tration of inhibitors are shown in Fig. 3. In these Bode plots,
one time constant is observed at all concentration of inhibitors.
At lower frequency, the value of impedance is higher in the
presence of inhibitor as compared to that in uninhibited solution.
Furthermore, the impedance value significantly increases with
increase in inhibitor concentrations. It indicates that these inhi-
bitors have capability to protect mild steel in acidic solution.
At a given concentration of inhibitor the impedance value in
the presence of 2-APN is higher than that in ACN. It indicates
that 2-APN has more inhibiting ability than ACN.

The impedance spectra were analyzed by fitting the experi-
mental data to the equivalent circuit models as given in Fig. 4.
To take into account heterogeneity of the electrode surface,
impurities, adsorption of inhibitor molecules and dislocation,
CPE is used in the equivalent circuits in place of double layer
capacitance (Cq) to give a more accurate fit to the experimental

TABLE-1
ELECTROCHEMICAL POLARIZATION PARAMETERS FOR MILD STEEL IN
1 M HCI SOLUTION IN THE ABSENCE AND PRESENCE OF 2-APN AND ACN AT 30 °C

Inhibitors Conc. (mM) -E.,., (mV/SCE) -B. (mV dec™) B, (mV dec™) ieor (MA cm~2) n %
Blank 470 140.5 85.2 1.532 -

0.10 593 115.6 81.0 0.210 86.3

0.25 526 135.6 76.2 0.144 90.6

2-APN 0.50 464 149.3 79.1 0.110 92.8

1.00 456 146.5 70.5 0.095 93.8

2.00 452 144.8 65.4 0.053 96.5

0.10 528 122.7 82.5 0.431 71.8

0.25 511 114.8 81.6 0.331 78.3

ACN 0.50 478 149.3 78.6 0.219 85.6

1.00 515 115.2 76.6 0.194 87.3

2.00 480 145.3 75.7 0.188 87.7
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EIS data. The equivalent circuit models as shown in Fig. 4a
and 4b fit well with the experimental data obtained in the absence
and presence of inhibitors respectively as evident from Figs. 2
and 3. In Nyquist plots, the difference in real impedance at lower
and higher frequencies is commonly considered as charge transfer
resistance (R.); while in the present study, this difference is
considered as the polarization resistance (R;) as an alternative
of charge transfer (R.,). In the absence of inhibitor molecules,
polarization resistance consist of only charge transfer resistance
(Re), while in the presence of inhibitor, it is to the sum of R
and R [22]. Ry is the film resistance which correspond to adsor-

ption of inhibitor molecules and/or all other accumulated kinds
like corrosion product, inhibitor molecules, ezc. at metal/solution
interface [23,24].

The CPE impedance is composed of a component Y, and
a coefficient n, which can be represented as follows [25,26]:

Zere=Yo! jo)™ “4)

where Yy is a proportional factor; ® is angular frequency, j is
imaginary number (j =-1), n is a deviation parameter or phase
shift (-1 <n <+1), which can be used as a gauge of the hetero-
geneity or roughness of the metal surface. The impedance para-
meters obtained by fitting EIS data to the equivalent circuits
are shown in Table-2. It is evident that the values of R, increases
with the addition of inhibitor to acid solution; further this
increase is more pronounced with increase in concentration
of inhibitors. It can be attributed to the formation of protective
layer at metal/solution interface and this layer acts as barrier
for the mass and charge transfers. Conversely, the CPE values
decrease with increase in inhibitors concentration which can
be attributed to decrease in local dielectric constant and/or
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TABLE-2
IMPEDANCE PARAMETERS OF MILD STEEL IN 1 M HCI SOLUTION WITH
DIFFERENT CONCENTRATIONS OF INHIBITORS (2-APN AND ACN) AT 303 K

Inhibitors  <oRe- R, R, CPE, CPE, (%)
(mM) (Q cm?) (Q e Y, (uQ ' s"cm?) n, Y, (uQ's"cm?) n, nee
Blank 0.00 0.82 14.5 364.0 0.80 - 0.00 -

0.10 0.92 70.5 253 0.99 552.0 0.54 79.4

0.25 0.87 92.0 277 0.99 599.1 0.52 84.2

2-APN 0.50 L12 158.3 20.9 0.99 231.0 0.65 90.8
1.00 1.08 2276 137 0.99 2335 0.62 93.6

2.00 2.60 3747 11.1 0.99 176.3 0.67 96.1

0.10 0.85 323 471 0.99 1493.0 0.60 55.1

0.25 0.97 39.2 55.0 0.99 1115.0 0.68 63.0

ACN 0.50 1.18 70.4 413 0.99 1160.0 0.40 79.5
1.00 1.14 74.5 22.0 0.99 402.5 0.61 80.5

2.00 1.05 99.2 226 0.99 405.7 0.60 85.4

increase in the thickness of electrical double layer by replacing
water molecules or ions adsorbed originally on the surface by
inhibitor molecules [27-29]. The EIS results show that the
inhibition efficiency increases in the order of ACN < 2-APN.

Quantum chemical calculations: As the experimental
work has been carried out in acidic medium, where inhibitor
molecules get protonated, hence quantum chemical calcula-
tions were performed for both the neutral as well as protonated
inhibitor molecules. The quantum chemical parameters like
Enowo (the energy of the highest occupied molecular orbital),
Evrumo (the energy of the lowest unoccupied molecular orbital)
and [ (dipole moment) for both the neutral as well as the proto-
nated inhibitors are listed in Table-3. The ionization energy
(LLE.) and electron affinity (E.A.) are calculated by the
following equation [30-32]:

Tonization energy (L.E.) = - Euomo (%)
Electron affinity (E.A.) = - ELumo (6)
TABLE-3

THE QUANTUM CHEMICAL PARAMETERS OF THE
NEUTRAL FORM OF THE INHIBITORS OBTAINED
FROM DFT AT B3LYP/6-31++G (d.p) LEVEL

Quantum 2-APN ACN
chemical
parameters Neutral Protonated Neutral Protonated
Euomo (€.V) - 6.59 -6.72 -6.32 -6.42
E oMo (€.V) -2.01 -2.16 -2.01 -2.04
u (D) 4.80 7.71 3.27 5.27

Itis accepted that inhibitors are likely to be electron donor
and the value of Enowmo is associated with the electron donating
ability of amolecule. Similarly, the value of E; ymo is the measure-
ments of electron accepting ability of the molecule from
metallic iron surface [33-35]. Table-3 shows that E;ymo value
for both the inhibitors in neutral forms are same, while in proto-
nated form E,ymo for 2-APN is lower than ACN indicating
higher electron accepting ability of 2-APN than that of ACN.
The values of Enomo for the neutral as well as protonated mole-
cules follow the order of ACN >2-APN. Obviously, the sequence
of Enomo 1S not in the order of experimental inhibition efficiency
indicating complex nature of inhibition mechanism of the

inhibitors. Literature reveals that the dipole moment of the
inhibitor molecule is also an important parameter. However,
literature reports are not consistent with the value of dipole
moment; though, it is generally agreed that higher dipole moment
favours higher adsorption and better inhibition of the inhibitor
[36-39]. Dipole moment for both the neutral as well as proto-
nated molecules follows the order: 2-APN > ACN, which is in
good agreement with that of experimental inhibition efficiency.
Thus there is good correlation between inhibition efficiency
and electronic parameters like Exnomo and dipole moment. It is
worth noting that molecular electronic parameters are not secure
parameters which could undoubtedly determine the inhibition
ability of the inhibitor. As corrosion is a very complex process
and various factors like pH, temperature, physical nature of the
metal surface, efc. affect the inhibitive ability, while these factors
are not considered into the quantum chemical calculations.

The optimized molecular structures, HOMO and LUMO
molecular orbitals for the neutral 2-APN and ACN molecules
are shown in Fig. 5. The frontier orbital electron density distri-
bution is very useful in predicting preferable adsorption sites
of the inhibitor molecules on the surface of the metal. It is
observed that the electron density distribution in HOMO for
2-APN and ACN are similar and localized mainly in the
pyridine ring of acetyl pyridine, C=N as well as C=0O moiety
in both the inhibitors, suggested that these are the probably
important sites of the adsorption. In addition, electron distribution
in LUMO is similar for both 2-APN and ACN and these are
almost homogeneously distributed over whole molecular surface.
It indicates that these molecules are also able to accept electrons
from 4s* orbital of the iron metal forming metal to inhibitor
back bonding.

Adsorption isotherms: Potentiodynamic polarization mea-
surements at 30 °C in the presence of different concentration
of the inhibitors are tested graphically by fitting to various
isotherms like Langmuir, Frumkin and Temkin isotherms. The
plot of C/6 vs. C gives straight line with linear correlation
coefficient (R?) close to unity for both the inhibitors (Fig. 6).
It shows that the adsorption of 2-APN and ACN obey Langmuir
adsorption isotherm (eqn. 7).

C 1

5K, C ™

ads
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Fig. 5. (a) Optimized molecular structure (b) HOMO and (c) LUMO diagrams for the neutral 2-APN and ACN by DFT method at B3LYP/6-

31++G (d,p) basis set
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Fig. 6. Adsorption isotherms for mild steel in 1 M HCI with 2-APN and ACN at 30 °C: (a) Langmuir, (b) Temkin and (c) Frumkin

where C is the inhibitor concentration, 0 is the degree of surface
coverage and K. 1is the equilibrium adsorption constant. The
K. value can be determined from the intercepts of the straight
lines. The relationship of K.i with standard free energy of
adsorption (AG3) can be represented as [40,41]:

1 AG®
K,k =——exp| —%
“ 555 p( RT ] ®)
where 55.5 is the molar concentration of water in the solution

expressed in M (mol L"), R is the gas constant (8.314 J K'!
mol™) and T is the absolute temperature (K). The calculated

values of K, for 2-APN and ACN are 4.7 x 10* M and 3.7 x
10* M, respectively indicating higher adsorption tendency
of both the inhibitors on the mild steel surface. It is believed
that the -AG® values of 20 kJ mol™ or less associated with
physisorption i.e., electrostatic attraction between charged
inhibitor molecules and charged metal surface, while those of
40 kJ mol™ or more indicates chemisorption [42-45]. The value
of -AG® for 2-APN and ACN are 36.68 kJ mol™ and 37.00 kJ
mol ™, respectively. It indicates that the adsorption of inhibitors
on the mild steel surface is spontaneous and involve both
physisorption and chemisorption mode of mechanism.
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Activation energy (E,): The activation energy (E,) of the
corrosion process has been calculated by weight loss measure-
ments in the absence and presence of the inhibitors at 2 mM
in the temperature range of 303-323 K. The relationship between
the activation energy and corrosion rate for the corrosion process
can be given by the Arrhenius equation as:

logC, =logA E, 9

B TR T 303RT ®
where Cr is the corrosion rate, A is the Arrhenius constant, E,
is the activation energy, T is the absolute temperature and R is
the gas constant. The value of activation energy for the mild
steel in the presence and absence of inhibitors can be calculated
from the slopes of the Arrhenius plots of log Cg vs. 1/T as shown
in Fig. 7. The E, values for the corrosion of mild steel in 1 M
HCI in the presence and absence of 2 mM of the inhibitors
suggested that 2-APN (39.11 kJ mol") and ACN (47.08 kJ
mol™) are slightly lower than that of uninhibited solution (47.64
kJ mol™). The decrease in activation energy in the presence of
inhibitors suggest chemisorption. Moreover, it is very difficult
to come on conclusion about the mechanism of adsorption just
only on the basis of the value of activation energy due to compe-
titive adsorption with water molecules, whose removal from
the surface also requires some activation energy. Therefore, it
may be concluded that the adsorption of inhibitors from 1 M
HCl solution involves both the physical and chemical processes
simultaneously [46-49].

Blank
2 mM, 2-APN
2 mM, ACN

log Cr (Mg cm™ ™)
[

-0.6 -

0.00310 0.00315 0.00320
1T (K
Fig. 7. Arrhenius plots of log Crvs. 1/T for mild steel in 1 M HCI in the

presence and absence of 2 mM of the inhibitors

0.00325 0.00330

Conclusion

Two nicotinic hydrazone (Schiff bases) were synthesized
namely 2-acetyl pyridine nicotinic hydrazone (2-APN) and
acetophenone nicotinic hydrazone (ACN) and investigated as
corrosion inhibitors for mild steel in 1 M HCI. The inhibition
efficiency of both the inhibitors increases with increase in
concentration. The maximum inhibition efficiency of 2-APN
and ACN at 2 mM was found to be 96.5% and 87.7%, respec-
tively. Potentiodynamic polarization measurements suggest
that they can be classified as mixed type inhibitors. Electroche-
mical impedance spectroscopy (EIS) measurements depicted

an increase of polarization resistance (R,) and decrease in the
value of CPE in the presence of 2-APN and ACN. The adsor-
ption of 2-APN and ACN obey Langmuir adsorption isotherm
only. The values of AG® for 2-APN and ACN were -36.68 kJ
mol™ and -37.00 kJ mol™, respectively. The quantum chemical
parameters calculated by DFT method like Erumo in the gaseous
as well as aqueous phase follow the order: 2-APN < ACN;
which is in good agreement with the experimental results. The
higher inhibition performance shown by 2-APN compared to
ACN may be attributed to the presence of higher number of
pyridine rings/moieties in the structure of 2-APN, which has
higher complex formation ability.
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