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ABSTRACT

The adsorption of N-[(E)-Pyridin-2-ylmethylidene] aniline, a Schiff base, on to mild steel surface in 1M HCl and 0.5 M

H2SO4 solutions and the consequent corrosion protection were studied employing weight loss method, electrochemical

impedance spectroscopy and potentiodynamic polarization measurements. DFT calculations were performed to investigate

its interaction with the metal surface at the atomic level to understand its inhibition mechanism. The adsorption process is

well described by the Langmuir isotherm. The thermodynamic parameters indicated that the adsorption is spontaneous and

the interaction of the inhibitor at the mild steel surface is mainly through physisorption. The Ra values obtained in AFM

studies for the uninhibited and inhibited sample in HCl media respectively are 0.756 and 0.559 µm, and that in H2SO4

media are 0.411 and 0.406 µm. The lesser roughness values of the inhibited sample shows the adsorption of the molecules

onto the mild surface. The inhibition efficiencies were found to improve with concentration of the inhibitor and the max-

imum efficiency was observed at 400ppm in all the investigation methods adopted. The inhibitor was found to exhibit a

higher efficiency in HCl media (95.7%) than in H2SO4 (92.8%). The theoretical and experimental results are found to be

in good agreement.
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1. Introduction

Iron, the most widely used metal in many indus-

tries, undergoes corrosion in mild as well as in

aggressive environments. Various methods are avail-

able for corrosion control and the use of organic

inhibitors is one amongst the most appropriate ways to

achieve this objective [1,2]. The organic compounds

containing polar functional groups with nitrogen,

oxygen or sulphur atoms and conjugated system act

as good corrosion inhibitors in acid media [3-7]. The

inhibitive property of organic molecules depends on

several factors such as structure and the charge distri-

bution, the number and types of adsorption sites on the

metal surface and the nature of interaction between

them [8-10]. The inhibitive nature is attributed to the

adsorption ability of the organic molecules on the

corroding metal surface follows some known adsorp-

tion isotherms with respect to the reactive centres in

the inhibitor resulted from polar functional groups.

The resulting adsorbed film acts as a diffusion barrier

for the aggressive environments [11]. The kinetics of

the electrochemical reactions that constitute the cor-

rosion processes are generally influenced by the

metal-solution interface and thereby modify the

metal dissolution in acid media by changing the

structure of electrical double layer [12,13]. Investiga-

tions on corrosion inhibition of the organic molecules

attained great attention, and various investigations

have given series of reports proving that schiff bases

could function as effective corrosion inhibitors [14-

16]. Apart from the requirements of the presence of

an electron cloud on the aromatic ring, the synthe-

sized Schiff base possess electronegative nitrogen
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atom and the presence of a C=N group, all of them

expected to facilitate greater adsorption of the com-

pound onto the steel surface importing effective

inhibition, the synthesis of the current Schiff base

involved an easy synthetic route using low cost

starting material [17]. Several industrial processes

are carried out using acid solutions especially sul-

phuric and hydrochloric acids. Therefore in the

present investigation the inhibition efficiency of the

compound in 1 M HCl and 0.5M H2SO4 have been

studied and compared using weight loss method and

electrochemical techniques such as Electrochemi-

cal impedance spectroscopy (EIS) and potentiody-

namic polarization studies. The mechanism of

inhibition is also discussed based on the Potential of

Zero Charge (PZC) and adsorption isotherm. Quan-

tum chemical calculations have also been per-

f o r m ed  t o  s ubs t a n t i a t e  t he  e xpe r i m e n t a l

observations [18,19].

2. Experimental

2.1 Materials

The mild steel specimen used for gravimetric study

has the dimension of 2.5 × 1 × 0.1 cm with the ele-

mental composition of 0.084% C, 0.037% Mn,

0.026% P, 0.021% S and the balance Fe. Emery

sheets of different grades like 220, 400, 600, 800 and

1200 were used to polish the specimens mechanically

and washed with double distilled water. The speci-

mens were degreased with acetone and then dried. A

Teflon coated cylindrical mild steel rod of exposed

area 1 cm2 was used for electrochemical studies. All

the solutions were prepared using double distilled

water.

2.2 Synthesis of Schiff base 

Equimolar mixture of Pyridine-2-carboxaldehyde

and aniline in ethanol was stirred for 30 minutes at

room temperature and the precipitated schiff base, N-

[(E)-Pyridin-2-ylmethylidene] aniline (PMA) was

washed with ethanol and dried at room temperature.

Purity of the schiff base was confirmed from the

appearance of a single spot in TLC. The structure of

the schiff base is shown in Fig. 1.

The disappearance of the characteristic peak for C

= O at 1700 cm-1 and the appearance of a new peak at

1679 cm-1 for C = N in the FTIR spectra confirmed

the formation of the schiff base (Fig. 2).

2.3 Weight loss measurements

ASTM procedure was followed for weight loss

measurements to quantify the rate of corrosion and

inhibitor effectiveness [20]. The prepared mild steel

samples in triplicate were completely immersed in

100 mL of 1M HCl and 0.5M H2SO4 solutions with

different concentrations 10, 50, 100, 200, 300, 400,

500, 600 and 700 ppm ) of the inhibitor at 30 ± 1oC

for 2 hours and then washed, dried and weighed. The

average of the weight loss was taken for corrosion

rate calculations and the inhibitor efficiency was

determined from the following relationship [21]. 

(1)

Where, IE is the inhibitor efficiency, WB.S. is the

weight loss in blank solution, WI.S. is the weight loss

in inhibited solution. 

2.4 Electrochemical Impedance measurements

Electrochemical studies have been carried out

using a Potentiostat/Galvanostat (Gamry Reference

IE %( )
W

B.S.
W
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–

W
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-------------------------------- 100×=

Fig. 1. Structure of the synthesized schiff base N-[(E)-

Pyridin-2-ylmethylidene] aniline (PMA).

Fig. 2. IR spectrum of the schiff base (PMA).
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600). In the three electrode system, a teflon coated

mild steel rod with an exposed area of 1 cm2 served

as the working electrode, a saturated calomel elec-

trode as the reference and a platinum mesh served as

the counter electrode. The EIS measurement was per-

formed in the frequency range from 106 to 10-2 Hz at

the open circuit potentials by imposing a sinusoidal

AC perturbation of 10 mV, after immersion for 30

min in the acid media. The charge transfer resistance

(Rct) values were used to determine the inhibition

efficiencies as per the following relationship [22].

(2)

Where R’
ct is the charge transfer resistance in the

inhibited solution, Rct is the charge transfer resis-

tance in the uninhibited solution. The reproducibility

of the results was ensured by repeating the experi-

ments for a minimum of 3 times and the average of

the results obtained were used to calculate the inhibi-

tion efficiencies [23].

2.5 Potentiodynamic polarization measurements

The potentiodynamic polarization curves were

recorded from a more negative potential than Eocp to a

more positive potential than Eocp through Ecorr at a

sweep rate of 1.67 mV / s. The inhibition efficiencies

were calculated using the equation (3) [24].

(3)

Where icorr is the corrosion current density in unin-

hibited solution and i’corr is the corrosion current den-

sity of inhibited solution. 

2.6 Potential of zero charge (PZC)

The double layer capacitance (Cdl) values were

obtained from the impedance response of the corrod-

ing electrode at 100 Hz at an AC amplitude of 10 mV

at different applied DC potentials and PZC was deter-

mined by plotting the differential capacitance values

against the applied DC potential.

Adsorption of the inhibitor on the metal surface

mainly depends on the surface charge on the metal.

The sign of Er can be found using the following for-

mula (7) [25].

(7)

Where,

EPZC = Potential of zero charge

Er = Antropov’s rational corrosion potential

EOCP = Open circuit potential

2.7 Surface analysis 

AFM surface morphological study was carried out

as per the literature [26]. Freshly pre-treated mild

steel coupons were immersed in the media (1.0 M

HCl and 0.5 M H2SO4) in the absence and in the pres-

ence of the inhibitor. The specimens were retrieved

after 3 hours, washed with distilled water and dried

before subjecting to AFM analysis [27]. An Atomic

Force Microscope (APE Research, Italy- A100) was

used to image the sample’s surface in contact mode at

a scan area of 30 μm × 30 μm at 5000 nm/s scan rate.

The Gwyddion 2.47 program was used for image

processing.

3. Results and Discussion

3.1 Weight loss method

The corrosion inhibition efficiencies of the schiff

base (PMA) for mild steel in both the acid media are

shown in Table 1. Increase in inhibitor concentration

increases its efficiency. When a mild steel surface is

immersed in an acid solution containing an inhibitor,

a portion of the surface gets covered, termed as sur-

face coverage which is represented by θ [28]. Linear

relationship between inhibitor concentration and θ is

observed till the formation of completely covered

surface, beyond which, addition of inhibitor has no

influence [20,29].

Maximum inhibition efficiencies were found to be

80% and 76% respectively in HCl and H2SO4

medium at 400ppm of inhibitor and the difference in

efficiencies with respect to acid is due to the influ-

ence of anion adsorption on the surface of the metal

[30]. The specific adsorption of anions is expected to

be more pronounced with anions having a smaller

degree of hydration such as chloride ions (Cl-). As

they are being specifically adsorbed, they create an

excess negative charge towards the solution phase

and favour enhanced adsorption of the amine cations

leading to an increased inhibition of corrosion [31].

Thus adsorption of organic molecules is not always

directly on to the metal surface [32] but in some cases

occurs through already adsorbed chloride or sulphate

% IE
R
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ions at the interface. The lesser interference by sul-

phate ions might be the reason for the lower adsorp-

tion and the inhibition of corrosion [33]. Beyond

400ppm, further increase in surface coverage with

inhibitor concentration is marginal, showing that an

optimum concentration has been reached (Fig. 3).

3.2 EIS

The EIS results were analysed using the equivalent

circuit [-R (CR) -]. The Nyquist plot at various con-

centrations of the inhibitor showed single depressed

capacitive semicircles and the diameter of the capaci-

tive loop increased with increase in inhibitor concen-

tration (Fig. 4), suggesting that inhibition of corrosion

is achieved by controlling the charge transfer process

[34]. In this equivalent circuit, Rs is the solution resis-

tance, Rct is the charge transfer resistance and CPE is

Table 1. Inhibitor efficiencies from weight loss measurement

for mild steel in 1.0M HCl and 0.5M H2SO4 solutions in the

presence and in the absence of the inhibitor.

Medium
Inhibitor 

concentration

Corrosion 

rate 

(mpy)

Surface 

coverage 

(θ)

% IE

1M HCl

Blank 1240 - -

10 930 0.25 25

50 744 0.40 40

100 558 0.55 55

200 496 0.60 60

300 372 0.70 70

400 248 0.80 80

500 275 0.78 78

600 325 0.74 74

700 285 0.77 77

0.5M 

H2SO4

Blank 1425 - -

10 1111.5 0.22 22

50 912 0.36 36

100 741 0.48 48

200 612.8 0.57 57

300 441.8 0.69 69

400 342 0.76 76

500 425 0.70 70

600 386 0.73 73

700 351 0.75 75

Fig. 3. Variation of surface coverage in the presence of

different concentrations of PMA in 1 M HCl and 0.5 M

H2SO4 on mild steel after 2 hours immersion time. 

Fig. 4. (a) Nyquist plots for mild steel in 1M HCl solution

in absence and presence of various concentration of PMA

(b) Nyquist plots for mild steel in 0.5 M H2SO4 solution in

absence and presence of various concentration of PMA
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a constant phase element which is placed in parallel

to the charge transfer resistance element. Thus, in this

situation pure double layer capacitance (Cdl) is better

described by a transfer function with constant phase

element to give a more accurate fit [35,36].

(4)

Where, 

Y0 is admittance of the corrosive system at 1 rad s-1

n is a constant (-1 ≤ n ≤ 1). While n = 0, the CPE

represents a pure resistor, if n = +1, it represents a

pure capacitor and if n = -1, it represents an inductor

[20]. ω is the angular frequency at which the imagi-

nary part of the impedance is the maximum. 

The capacitive loops have depressed semicircular

appearance, 0.5 ≤ n ≤ 1, which is referred to as fre-

quency dispersion as a result of the non-homogeneity

[37,38] or the roughness [39] of the solid surface.

The value of angular frequency can be calculated

using the following expression [20].

(5)

The double layer capacitance, Cdl, for a circuit indi-

cating a CPE is calculated from the following equa-

tion [40,36].

(6)

As a result increased surface coverage (θ) Rct val-

ues increase with increase in inhibitor concentration

as evidence from Table 2 [41]. The decrease in local

dielectric constant and / or an increase in the thick-

ness of the electrical double layer is the cause for the

decrease in Cdl and Yo values with increase in the

inhibitor concentration, which might also be due to

the gradual replacement of water molecules by the

organic molecules on the metal surface [42]. Slightly

higher IE values is observed in EIS studies, when

ZCPE Y
0

1–
jω( ) n–

=

ω
1

RctYo
-------------⎝ ⎠
⎛ ⎞ 1 n⁄

=

C Yo ωn″( )n 1–
=

Table 2. Electrochemical impedance parameters obtained for the corrosion of mild steel in 1.0M HCl and 0.5M H2SO4

solutions at different concentrations of the inhibitor.

S. No Medium
Concentration 

(ppm)
Rct (Ω cm2)

Y0 

(× 10-6 Ω-1 cm-2)
n (× 10-3) Cdl (µFcm-2)

Surface 

coverage (θ)
%IE

1

HCl

Blank 19.90 80.08 862.8 20.10 - -

2 10 29.25 75.24 835.2 13.68 0.319 31.9

3 50 52.46 71.57 870.3 7.63 0.621 62.1

4 100 165.6 60.63 885.2 2.42 0.879 87.9

5 200 280.6 50.35 840.2 1.43 0.929 92.9

6 300 370.6 45.02 840.5 1.08 0.946 94.6

7 400 465.8 41.27 822.8 0.86 0.957 95.7

8

H2SO4

Blank 14.01 110.2 868.0 22.48 - -

9 10 25.45 98.93 860.7 12.38 0.449 44.9

10 50 50.99 90.64 878.0 6.18 0.725 72.5

11 100 73.96 81.52 862.4 4.26 0.811 81.1

12 200 93.78 76.65 894.9 3.36 0.851 85.1

13 300 119.8 70.40 889.6 2.63 0.883 88.3

14 400 195.8 64.80 923.1 1.61 0.928 92.8

Fig. 5. Equivalent circuit for the mild steel surface /

corrosive media interface with CPE.
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compared to that of weight loss measurement and the

efficiencies were found to be 95.7% and 92.8% at

400ppm inhibitor concentration in HCl and H2SO4

media respectively. The result confirms that the

inhibitive performance of the schiff base (PMA) is

better in HCl rather than in H2SO4 medium. 

3.3 Potentiodynamic polarization measurements

Representative polarization curves for the corro-

sion of mild steel in the acids with different concen-

trations of the inhibitor are respectively presented in

Fig.6. The associated electrochemical parameters

namely, corrosion potential (Ecorr), corrosion current

density (icorr), Tafel slopes (βa, βc), corrosion rate

(CR) and the calculated inhibition efficiencies are

presented in Table 3. From these results, it is observed

that, upon increasing the inhibitor concentration, the

corrosion current density decreases and the inhibitor

efficiency increases. The addition of the inhibitor

affects the anodic mild steel dissolution as well as the

cathodic hydrogen evolution reactions as it is evident

from the shifts in βa and βc values. This implies that

PMA is a mixed type inhibitor [43]. 

In general, a compound is considered to be anodic

or cathodic type when the shift in Ecorr is greater than

85 mV; otherwise, it is a mixed type [44]. However,

Table 3. Electrochemical polarization parameters recorded during corrosion of mild steel in 1.0M HCl and 0.5M H2SO4 at

various concentrations of the inhibitor.

S. No Medium
Concentration 

(ppm)
βa mV/dec βc mV/dec Icorr (μA cm-2) Ecorr (mV/SCE) %IE

1

HCl

Blank 174.8 252.0 1690 -487.0 -

2 10 150.5 248.1 1230 -463.0 27.2

3 50 113.6 180.7 366.0 -464.0 78.3

4 100 93.50 176.2 124.0 -461.0 92.7

5 200 95.10 152.8 76.50 -491.0 95.5

6 300 86.30 158.1 52.30 -486.0 96.9

7 400 89.70 154.9 38.50 -475.0 97.7

8

H2SO4

Blank 215.2 375.8 2120 -480.0 -

9 10 210.0 410.8 1530 -467.0 27.8

10 50 155.3 331.9 875.0 -471.0 58.7

11 100 141.1 326.6 603.0 -468.0 71.6

12 200 118.3 226.2 366.0 -466.0 82.7

13 300 123.6 262.6 269.0 -469.0 87.3

14 400 130.4 267.4 193.0 -479.0 90.9

Fig. 6. Tafel plots for the corrosion of mild steel in (a) 1M

HCl solution at various concentration of PMA (b) 0.5M

H2SO4 solution at various concentration of PMA.
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the Ecorr records no significant change in these studies

indicating that the inhibitor prevents both the anodic

and cathodic reaction by blocking the available active

surface by adsorption [45].

3.4 Potential of zero charge (PZC)

In both the medium, the blank and the protected

samples show more negative Epzc than that of Eocp as

observed from differential capacitance plot (Fig. 7)

and reveals that the mild steel surface possess a posi-

tive charge and the values are presented in Table 4. 

Based on the surface charge, the mechanism is pro-

posed that the reversible adsorption of the anions (Cl−

or SO4
2-) followed by anodic dissolution involving

the release of electrons from the adsorbed anions to

the metal surface and desorption of the adsorbed

anions along with Fe2+ ions, after picking up elec-

trons from the Fe atoms [45-49]. The mechanistic

steps of dissolution of Fe is presented in the follow-

ing scheme [47,48]. The schiff’s base molecules, in

the protonated form are in equilibrium with the corre-

sponding molecular (unprotonated) form in both the

Fig. 7. The plot of differential capacitance vs. applied DC potential in (a) 1M HCl solution (b) 1M HCl containing 400 mg/

L of the inhibitor (c) 0.5M H2SO4 solution d) 0.5M H2SO4 containing 400 mg/L of the inhibitor solution. 

Table 4. Excess charge on mild steel electrode in 1.0M HCl and 0.5M H2SO4 solutions 

S. No Medium Concentration Eocp (mV/SCE) Epzc mV (mV/SCE) Net Charge

1
HCl

Blank -487.0 -536.0 +ve

2 400 ppm -475.0 -498.0 +ve

3
H2SO4

Blank -480.0 -507.0 +ve

4 400 ppm -479.0 -507.0 +ve
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acid solutions. Thus, because of electrostatic repul-

sion, it is very difficult for the positively charged

inhibitor to approach the positively charged metal

surface. The anions act as connecting bridges

between the positively charged metal surface and the

protonated organic inhibitors.

The inhibitor performance of the schiff’s base could

occur through the following two processes [50].

· Adsorption of the protonated species through

electrostatic interaction with the negatively charged

surface, which is provided with the specifically

adsorbed anion on the metal surface [(FeCl-)ads species]

· Chemisorption of the unprotonated schiff base

molecules, which are in equilibrium with the proton-

ated ones, through the interaction of unshared elec-

tron pair on N atom with the metal surface. 

3.5 IR Spectral studies

FTIR spectra were recorded to understand the inter-

action of inhibitor molecules with the metal surface.

Figs. 8 shows the IR spectra of polished metal surface

and the inhibitor adsorbed metal surface taken in atten-

uated total reflection mode in the acid media. The

Fe Cl
–

SO
4

2 –⁄+ FeCl( )
ads

FeSO
4

2 –( )
ads

⁄→

FeCl
–( )ads FeSO

4

2–( )
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⁄

FeCl( )
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FeSO
4

( )
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e
–
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–⁄+⁄↔
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e
–

2e
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–
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Fig. 8. ATR spectra of (a) Polished mild steel (b) 0.5 M

H2SO4 and PMA (c) 1 M HCl and PMA.

Fig. 9. AFM images of mild steel (a) with Polished surface

(b) in 1 M HCl (c) in 0.5M H2SO4 (d) in 1 M HCl

containing 400ppm of PMA (e) in 0.5M H2SO4 containing

400ppm of PMA.
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attenuated total reflection infrared (ATR IR) spectra of

polished metal surface and corroded metal surface in

the presence of inhibitor are different. The appearance

of many new peaks could be due to the adsorbed inhib-

itor molecules onto the metal surface.

3.6 Atomic Force Microscope

AFM is considered to be a powerful tool to explore

the surface morphology at nano to microscale and

has become a new choice to discuss the corrosion

process at the metal/solution interface. The three-

dimensional (3D) AFM images of the surface of pol-

ished mild steel, those immersed in acid (1 M HCl

and 0.5M H2SO4) solutions and in acid solution con-

taining 400 ppm of PMA (1 M HCl+ PMA and

0.5 M H2SO4 + PMA) are shown in Fig. 9. The aver-

age roughness (Ra) values for the polished mild steel

surface, unprotected and protected surfaces are given

in Table 5. Lower Ra values for inhibited sample

indicates the existence of smoother surface and hence

a lower corrosion rate as a result of formation of pro-

tective film by adsorption of inhibitor molecules on

the surface of mild steel [51,52]. 

3.7 Adsorption isotherm

Inhibition of corrosion of metals by organic inhibi-

tors is a result of their adsorption on the metal sur-

face. Four types of interactions may take place

involving organic molecule at the metal solution

interface [53]:

i. Electrostatic attraction between charged mole-

cules and charged metal surface

ii. Interaction of unshared electron pairs in the

molecules with the metal surface

iii. Interaction of π - electron of the inhibitor mole-

cule with the metal surface and 

iv. A combination of all the above. 

Adsorption isotherms can provide important clues

on the nature of metal inhibitor interaction and deter-

mination of the type of adsorption isotherm is

achieved by taking into account the degree of surface

coverage (θ) as a function of inhibitor concentration

[54]. The surface coverage values were calculated

employing equation (8).

(8)

where, 

 &  = Corrosion current densities of

inhibited and uninhibited systems respectively

 = Charge transfer resistance at inhibited

and uninhibited systems respectively

CRinh = Corrosion rate of the metal in inhibited

solution

CRb = Corrosion rate of the metal in blank solution

The plot of  against inhibitor concentration C is

a straight line (Fig.10). The linear plot with high cor-

relation coefficient (0.9775 and 0.9765) clearly reveals

θ 1
i′
corr

i
corr

-----------–⎝ ⎠
⎛ ⎞ 1

R
ct

R′
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---------–⎝ ⎠
⎛ ⎞ 1
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inh
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--------------–⎝ ⎠
⎛ ⎞= = =

i
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R
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 & R′
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Table 5. AFM data for mild steel surface in different environment 

S. No Sample Ra (µm)

1 Polished mild steel 0.14

2 Mild steel immersed in 1M HCl 0.756

3 Mild steel immersed in 1M HCl + 400ppm PMA 0.559

4 Mild steel immersed in 0.5M H2SO4 0.411

5 Mild steel immersed in 0.5M H2SO4 + 400ppm PMA 0.406

Fig. 10. Langmuir adsorption plots for mild steel in 1 M

HCl and 0.5M H2SO4 containing various concentrations of

PMA at 30oC.
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that the adsorption process obeys the Langmuir iso-

therm, which could be expressed as follows [55].

(9)

Where, Kads is a adsorption equilibrium constant. 

Free energy of adsorption (ΔGads) can be calculated

using equation 10.

(10)

The value of ΔGads for adsorption of PMA in

1M HCl and 0.5 M H2SO4 solution was found to

be -25.00 and -24.02 respectively. The negative value

of ΔGads  suggests that PMA is spontaneously

adsorbed on to the mild steel surface. According to

literature, if ΔGads values are in the range of -20 kJ/

mol and -40 kJ/mol represent both physisorption and

chemisorption [56] on the metal surface. Thus in the

present study on HCl and H2SO4 solution the PMA

molecules get adsorbed on the metal surface by both

physisorption and chemisorption through electro-

static interaction between the anion bridges and the

protonated inhibitor and also through direct interac-

tion between the heteroatoms of the inhibitor and the

metal surface respectively. 

3.8 Adsorption kinetics

The corrosion process is a chemical reaction in

which the Fe atoms at the metal surface react with the

negatively charged anions (OH-, Cl-, SO4
2-). Tem-

perature has its influence on the interaction between

the mild steel surface and the acidic media in the

absence and in the presence of inhibitors [57]. To

assess the influence of temperature on corrosion and

corrosion inhibition processes, the weight loss mea-

surements were carried out at 30 - 60oC temperature

range. The results obtained indicate that corrosion rate

increase with temperature both in inhibited and unin-

hibited solutions. The dependence of corrosion rate on

the temperature can be regarded as an Arhenius-type

process, the rate of which is given by equation 11 [58].

(11)

Where,

CR = corrosion rate, Ea = Activation energy,

R = Molar gas constant, T = Absolute temperature,

A = Frequency factor

The Arhenius plots of 1/T against log CR (Fig. 11)

were constructed and from the slopes Ea values were

calculated and summarized in Table 6. It is evident

that the values of the apparent activation energies for

the inhibited solutions are higher than that in the

uninhibited solutions indicating that the inhibitor

induces an energy barrier for the corrosion reaction

leading to the decrease in rate of corrosion [59]. Lit-

erature revealed that the higher Ea value for corro-

sion process in the presence of the inhibitor is

ascribed to its physical nature of adsorption [60]. 

3.9 Correlation and comparison of results

The efficiency of the inhibitor was compared with

similar compounds reported and it is found to be bet-

ter (97%) compared with the results reported by K

Jobby Thomas et al (82.8%) [61], W.Yang et al

(90.8%) [62] and W.Yang et al (85%) [63].

4. Quantum Chemical Studies

Density Functional Theory is found to be success-

ful in providing insights into the chemical reactivity

and selectivity in terms of global parameters, such as

electronegativity (χ), hardness (η) softness (S), frac-

tion of electron transferred (ΔN), chemical potential

(µ), EHOMO, ELUMO and energy difference between

LUMO and HOMO (ΔE) [64]. By using density

c

θ
---

1

K
ads

----------⎝ ⎠
⎛ ⎞ C+=

K
ads

1

55.5
----------⎝ ⎠
⎛ ⎞ exp

GadsΔ– RT⁄( )
=

logCR logA
E
a

2.303RT
---------------------–⎝ ⎠

⎛ ⎞=

Fig. 11. Arhenius plots for corrosion of mild steel in (■)

1M HCl solution (●) 1.0M HCl containing 400 mg/L of

the inhibitor, (▲) 0.5M H2SO4 solution (▼) 0.5M H2SO4

containing 400 mg/L of the inhibitor.
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functional theory (DFT) theoretical calculations were

made in Spartan 08 program package, at B3LYP/6-31

G (d, p) level of theory. Optimization of the molecu-

lar structure was performed in a water phase [65-67].

Unoccupied d-orbitals of a Fe atom in the neutral

form accept the electrons from inhibitor molecule

and form a co-ordinate bond (Chemisorption). Simul-

taneously antibonding orbitals of Fe back donate the

electrons to the inhibitor molecule (physisorption)

which is in the protonated form [68]. This co-ordina-

tion and back donation process strengthens the

adsorption of different structures of PMA molecule

on the mild steel surface.

The HOMO and LUMO population of the studied

PMA molecule and the corresponding cases of pro-

tonated forms are shown in Fig. 12 and the values are

presented in Table 7. 

Highest EHOMO observed in protonated structure

denotes that it has greater tendency to donate elec-

trons to mild steel surface [68]. However, Lowest

ELUMO is observed for neutral form shows its involve-

ment in adsorption process [69]. EHOMO and ELUMO

depict the adsorption of both protonated and neutral

form during inhibition.

The important parameter that determines the reac-

tivity of the inhibitor molecule towards its adsorp-

tion on to the metallic surface is the energy gap

between the HOMO and LUMO of the molecule. For

Table 6. Values of Ea of PMA adsorbed on mild steel surface at 30oC, 40oC, 50oC and 60oC.

Medium
Temperature 

1000/T (K-1)

Log CR (mmpy) Ea

Blank 400ppm Blank 400ppm

HCl

3.3 1.49 0.79

22.18 43.39
3.2 1.73 1.11

3.1 1.87 1.42

3.0 1.97 1.57

H2SO4

3.3 1.56 0.94

29.75 49.84
3.2 1.79 1.30

3.1 1.92 1.53

3.0 2.03 1.72

Table 7. Quantum Chemical parameters of PMA

S. No QC parameters Neutral 4NH+ 14NH+ 4NH+ &14NH+

1 Total energy (eV) -1980.010 -1993.737 -11370.312 -2007.151

2 EHOMO (eV) -9.254 -7.708 -7.236 -7.102

3 ELUMO (eV) -1.081 -0.046 -0.335 -0.05

4 ∆E (eV) 8.173 7.662 6.901 7.052

5 Ionization potential (I/eV) 9.254 7.708 7.236 7.102

6 Electron affinity (A/eV) 1.081 0.046 0.335 0.05

7 Hardness (η/ev) 4.087 3.831 3.4505 3.526

8 Softness (S/eV) 0.122 0.130 0.145 0.142

9 Electronegativity (χ) 5.1675 3.877 3.7855 3.576

10 Electrophilicity (ω) 3.267 1.962 2.077 1.813

11
Fraction of electrons trans-

ferred (∆ N)
0.224 0.408 0.466 0.486

12 Chemical Potential -5.168 -3.877 -3.786 -3.576

13 Volume (Cubic Angstroms) 227.35 228.93 230.61 231.62
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effective overlapping, the energy gap must be low.

As ΔE decreases, the reactivity of the molecule

increases leading to increase in the inhibition effi-

ciency of the molecule [69]. The lower ΔE values

observed for the protonated structures (7.662, 6.901

and 7.052) when compared to that of the neutral form

of the inhibitor molecule (8.173) reveals that the

adsorption occurs predominantly through protonated

structures [70,71]. 

The information on the contact surface between the

inhibitor and the metal is given by the molar volume.

The inhibition efficiency is usually proportional to

the fraction of the surface covered by the adsorbed

inhibitor [72]. The protonated structure of PMA has

the highest molar volume than the neutral form

which provides the largest coverage area and the

highest inhibition efficiency.

The fraction of electrons transferred to the metal

from the inhibitor is another vital factor. In general,

the inhibitor efficiency increases with increase in

electron donating ability of the metal surface pro-

vided the ΔN should be less than 3.6 [73,74].

Hence, the fraction of electrons transferred (ΔN)

from the Schiff base to the metal is calculated from

following equation 12 and presented in Table 11

[67,70]. 

(12)

In the present study, protonated form of PMA has a

higher ΔN and hence shows better inhibition.

The hardness and softness are also very important

to measure the molecular reactivity. Molecule with

low hardness and high softness value can be expected

to have highest inhibition efficiency [75,76]. Proton-

ated form of PMA has low hardness and high soft-

ness values. Hence it adsorbs more easily than the

neutral form.

From the above results, it is clear that both phy-

sisorption and chemisorption are possible and also it

is noted that physisorption dominates. The results are

in accordance with the observed ΔGads values (-25.00

and -24.02 for HCl and H2SO4 respectively). 

To find the protonation place on the inhibitor, Mul-

liken population analysis was carried out. It is clear

from Table 8 that in the protonated structure, electron

density is accumulated more on nitrogen atom. Hence

in acidic solution, the nitrogen can get protonated eas-

ily and electrostatically adsorb on to the metal surface

via anion bridge [77]. This is in accordance with the

ΔGo values calculated from the Langmuir adsorption

isotherm and physisorption dominates over

chemisorption.

NΔ χM χl–( ) 2 ηM ηI+( )⁄=

Fig. 12. Optimized molecular structure, HOMO and LUMO molecular orbitals of PMA.
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5. Conclusions

The effectiveness of the newly synthesised schiff

base PMA as an inhibitor for the corrosion of mild

steel in 1 M HCl and 0.5 M H2SO4 solutions was

studied by using weight loss, electrochemical and

quantum chemical methods. The following are the

conclusions drawn:

· The schiff base is a good inhibitor for mild steel

in both the media.

· Protection efficiency has increased with increase

in inhibitor concentration and a 400ppm dose was

observed to be an optimum concentration.

· The results of EIS showed that the increase in Rct

and decrease in Cdl with inhibitor concentration is

due to the increase in the thickness of the electrical

double layer and a decrease in local dielectric con-

stant respectively.

· Tafel curves indicate that the inhibitor acts as a

mixed type

· Inhibition is achieved by the adsorption of the

molecules on to the mild steel surface which follows 

· Langmuir isotherm. The calculated value of ΔG

indicates that the adsorption is spontaneous as well as

physical in nature.

· Surface charge determination shows that the sur-

face of the mild steel is positively charged in these

media. The Cl- and SO4
2- act as connecting bridge

between the positively charged metal surface and the

protonated inhibitor molecule. 

· The efficiency of the inhibitor obtained from

weight loss method, electrochemical methods and

Quantum chemical calculations are in good agree-

ment.
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