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Abstract This study investigates the effect of a Schiff

base namely 2-[2-(2-(3-phenylallylidene)hydrazine car-

bonothioyl)hydrazinecarbonyl]benzoic acid (SB), on cor-

rosion inhibition of mild steel in 1 M HCl. Electrochemical

impedance measurement, potentiodynamic polarization

and weight loss methods were applied to study adsorption

of SB at metal/solution interface. Results revealed that SB

is an excellent inhibitor for mild steel corrosion in 1 M

HCl; showing a maximum efficiency 99.5% at concentra-

tion of 1.36 9 10-6 M. Fourier transform infrared spec-

troscopy (FTIR) observations of the mild steel surface

confirmed the formation of protective film on the metal

surface by studied compound. Polarization studies showed

that SB is a mixed-type inhibitor. Adsorption process

obeyed Langmuir’s model with a standard free energy of

adsorption (DG�ads) of -46.7 kJ mol-1. Energy gaps for

interactions between mild steel surface and inhibitor were

found to be close to each other showing that SB possess

capacity to behave as both electron donor and acceptor.

Keywords Corrosion inhibition � Schiff base � FTIR �
Electrochemical measurement � Adsorption �
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1 Introduction

The use of inhibitors to control the destructive attack of

acid environment has found widespread applications in

many industrial processes such as acid cleaning, acid

pickling, acid descaling, and oil well acidizing [1]. The

applicability of organic compounds as corrosion inhibitors

for metals in acidic media has been recognized for a long

time [2–4]. Most of the effective organic inhibitors used

contain heteroatoms such as O, N, S and multiple bonds in

their molecules through which they are adsorbed on the

metal surface [5–8]. It has been observed that adsorption

depends mainly on certain physico-chemical properties of

the inhibitor group, such as functional groups, electron

density at the donor atom, p-orbital character, and the

electronic structure of the molecule [9].

For proper selection of inhibitors, chemical and elec-

trochemical techniques coupled with surface analytical

techniques can be used for characterization of inhibitors

but a need exists for a systematic approach for character-

ization of the interaction between the organic inhibitor

molecules and the metal surfaces in order to search new

and efficient corrosion inhibitors. More recent studies have

shown that the inhibitive effect for steel in acid solutions

can be enhanced by increasing the number of hetero-atoms

in organic compounds. Schiff bases have been investigated

for their corrosion inhibition effect on various metals and

alloys in acid media [10–14]. Schiff bases are the con-

densation products of an amine and a ketone or aldehyde.

The inhibition efficiency of Schiff bases is much more than

that of the corresponding amines and aldehyde because

Schiff bases (R2C=NR) have both the features (heteroat-

oms and p electrons) combined with their structure. Pi (p)

electrons in the Schiff base molecule not only can locate

the unoccupied orbital of the transition metal, but also can
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accept the electrons of the d orbital of the transition metal

to form feed back metal–inhibitor bond, which is not

possible with an amine. Based on the presence of nitrogen

atoms and the imine functional group in its structure, Schiff

base molecule may reasonably justify its use as an effective

corrosion inhibitor [15].

The quantum-chemical calculations have been widely

used to study the reaction mechanisms and to interpret the

experimental results as well as to solve chemical ambigu-

ities. This is a useful approach to investigate the mecha-

nisms of reaction in the molecule and its electronic

structure level and electronic parameters can be obtained

by means of theoretical calculations using the computa-

tional methodologies of quantum chemistry [16]. The

advancement in methodology and implementations has

reached a point where predicted properties of reasonable

accuracy can be obtained from density functional theory

(DFT) calculations [17]. The geometry of the inhibitor in

its ground state, as well as the nature of their molecular

orbitals, highest occupied molecular orbital (HOMO) and

lowest unoccupied molecular orbital (LUMO) are involved

in the properties of activity of inhibitors. The inhibition

property of a compound has been often correlated with

energy of HOMO, LUMO and HOMO–LUMO gap.

However, we found that it is fundamentally more appro-

priate to correlate inhibition property with vertical ioniza-

tion potential (IP), vertical electron affinity (EA) and

molecular band gap (DEMBG). Therefore, it is worth to

compute these properties theoretically.

The present contribution aims to investigate the

adsorption characteristics and inhibition properties of a

Schiff base compound namely, 2-[2-(2-(3-phenylallylid-

ene)hydrazinecarbonothioyl)hydrazine carbonyl]benzoic

acid (SB) at mild steel/hydrochloric acid interface using

weight loss, electrochemical impedance, polarization

techniques and quantum chemical calculations. This SB

was synthesized conveniently by condensation of phthallic

anhydride, TCH and cinnamaldehyde in high yield. This

compound contained more hetero-atoms and phenylallylic

moiety in conjugation with azomethine (C=N) group.

Further SB molecule is big enough to block large surface

area of the metal. In view of these favorable features the

SB was synthesized for the present work. Adsorbed film of

inhibitor at metal/solution interface has been confirmed

using reflectance Fourier transform infrared spectroscopy

(FTIR) technique.

2 Experimental

Schiff base compound (SB) was synthesized by condensa-

tion reaction of precursor compound IL1 with cinnamalde-

hyde. The precursor compound IL1 itself was synthesized

from reaction of phthalic anhydride with thiocarbohydrazide

(TCH) according to the procedure described in literature

[18]. The percentage yield, melting point and Rf value of the

synthesized SB were 91%, 208–209 �C and 0.41 respec-

tively. Important IR peaks are: 1290 cm-1 (C=S str), 1384,

1544 cm-1 (C=C str (aromatic rings)), 1625 cm-1 (C=N

str), 1727 cm-1 (C=O str), 2603 cm-1 (O–H str (COOH)),

2983 cm-1 (Ar–H str), and 3447 cm-1 (N–H str). The syn-

thetic root, IUPAC name and structure of SB is given in

Scheme 1. All the chemicals chosen for our study were of

analytical grade and double distilled water was used

throughout the experiment. Further, the inhibitor solution

was prepared in water:ethanol mixture (10:1 ratio) to ensure

the solubility.

Prior to all measurements, the mild steel specimens,

having composition (in wt%) 0.076 C, 0.012 P, 0.026 Si,

0.192 Mn, 0.050 Cr, 0.135 Cu, 0.023 Al, 0.050 Ni and the

remainder iron, were abraded successively with fine grade

Scheme 1 Synthetic root, chemical structure and IUPAC name of 2-[2-(2-(3-phenylallylidene)hydrazinecarbonothioyl)hydrazine carbonyl]ben-

zoic acid (SB)
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emery papers (600–1200 grade). The specimens were

washed thoroughly with double distilled water and finally

degreased with acetone and dried at room temperature. The

aggressive solution 1 M HCl was prepared by dilution of

analytical grade HCl (37%) with double distilled water and

all experiments were carried out in unstirred solutions.

Electrochemical impedance measurements (EIS) and

potentiodynamic polarization studies were carried out

using a GAMRY PCI 4/300 electrochemical work station

based on ESA 400. Gamry applications include EIS 300

(for EIS measurements) and DC 105 software for corrosion

and Echem Analyst 5.50 software for data fitting. All

electrochemical experiments were performed in a Gamry

three electrodes electrochemical cell under atmospheric

condition with a platinum counter electrode and a saturated

calomel electrode (SCE) as the reference electrode. The

working electrode mild steel (7.5 cm long stem) with the

exposed surface of 1.0 cm2, was immersed into aggressive

solutions with and without inhibitor, and then the open

circuit potential was measured after 30 min. EIS mea-

surements were performed at corrosion potentials, Ecorr,

over a frequency range of 100 kHz to 10 mHz with an AC

signal amplitude perturbation of 10 mV peak to peak.

Potentiodynamic polarization studies were performed with

a scan rate of 1 mVs-1 in the potential range from 250 mV

below the corrosion potential to 250 mV above the corro-

sion potential. All potentials were recorded with respect to

the SCE.

Weight loss measurements were performed on the mild

steel specimens of size 2.5 cm 9 2.0 cm 9 0.25 cm in

1 M HCl solution with and without addition of different

concentrations of inhibitor [19]. Every sample was

weighed by an electronic balance and then placed in the

aggressive solution. The duration of the immersion was 3 h

at the temperature range from 308 to 338 (±0.5) K. Effect

of immersion times on protective film/or layer at metal/

solution interface was carried out at 308 K for a time range

3–24 h. After immersion, the surface of the specimen was

cleaned by double distilled water followed by rinsing with

acetone and the specimens were weighed again in order to

calculate inhibition efficiency and corrosion rate. The

experiments were done in triplicate and the average value

of the weight loss was noted. For each experiment, a

freshly prepared solution was used and the solution tem-

perature was thermostatically controlled at a desired value.

FTIR spectra were recorded in a Thermo Nicolet-5700

FTIR spectrophotometer (USA). The mild steel specimens

of size 2.5 cm 9 2.0 cm 9 0.25 cm were prepared as

described above. These specimens were immersed for 3 h

in 100 mL of 1 M HCl solution containing 1.36 9 10-6 M

SB. In order not to damage the protective film/or layer of

the mild steel surfaces, the FTIR reflectance accessory was

applied to study the mild steel surface.

Quantum chemical calculations for the molecular param-

eters related to SB were done using unrestricted Kohn–Sham

formalism at density functional theory (DFT) level. For all

DFT calculations, the Perdew–Burke–Ernzerhof (PBE1)

functional [20] was used. We have chosen PBE1 functional

because it has many times proved its efficiency on a wide

range of compounds, and it generally provides accurate results

on ground and excited-state properties, including charge-

transfer transitions [21]. The split valence 6-31G** basis sets

were used for all atoms and quantum chemical calculations

were performed with the help of Gaussian 03 package [22].

We have performed all calculations in gas phase.

3 Results and discussion

3.1 Electrochemical impedance measurements

An electrochemical impedance result of mild steel/hydro-

chloric acid interface obtained in the absence and in the

presence of various concentrations of SB in the form of

Nyquist plots is shown in Fig. 1a. The Nyquist plots for all

SB concentrations are characterized by one semicircular

capacitive loop. The presence of inhibitor introduces the

diffusion step in corrosion process and the reaction

becomes diffusion-controlled. Hence, the corrosion process

can have two steps as in any electrochemical process at the

electrochemical interface, first, the oxidation of the metal

(charge transfer process) and second, the diffusion of the

metallic ions from the metal surface to the solution (mass

transport process). Inhibitor gets adsorbed on the electrode

surface and thereby produces a barrier for the metal to

diffuse out to the bulk and this barrier increases with

increasing the inhibitor concentration [23].

The diameter of the semicircular capacitive loop

(Fig. 1a), the impedance of the double layer (Fig. 1b),

phase angle (Fig. 1c) increased with increasing concen-

tration of the SB. The general overview of the electro-

chemical impedance results meets the expectations from

the theory of the technique, but it must be noted that the

capacitive loops are depressed ones with centers under the

real axis even though they have a semicircle appearance.

Deviations of this kind are mostly referred to as frequency

dispersion and they are attributed to irregularities and

heterogeneities of the solid surfaces [5, 24]. In addition in

the real corrosion systems, the double layer on the interface

of metal/solution does not behave as a real capacitor. On

the metal side of the double layer, the charge distribution is

controlled by electron, whereas on the solution side it is

controlled by ions [25]. The high frequency part of the

impedance and phase angle reflects the behavior of heter-

ogeneous surface layer, whereas the low frequency part

shows the kinetic response for the charge transfer reaction.
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A diffusion tail can be seen for both uninhibited and

inhibited solutions (Fig. 1a). The presence of this low

frequency diffusion tail may be attributed to the relaxation

process obtained by adsorption of species like (Cl-)ads and

(H?)ads on the electrode surface [26, 27].

For the appraisal of the experimental results, equivalent

circuit models, which physically correctly represent the

systems under investigation, must be applied. The simplest

model consists of the solution resistance, Rs, in series with

the parallel combination of constant phase element (CPE)

in place of double layer capacitance (Cdl) and charge

transfer resistance (Rt). Such equivalent circuit (Fig. 2) has

been used previously to model the mild steel/acid interface

[28, 29]. The charge transfer resistance (Rp) must be cor-

responding to the resistance between the metal and OHP

(outer Helmholtz plane) and can be calculated from the

difference in impedance at lower and higher frequencies, as

suggested by Tsuru et al. [30].

Mathematically, a CPE’s impedance is given by

ZCPE ¼ Q�1 ðjxÞ�n ð1Þ

where Q is the magnitude of the CPE, j is the imaginary

unit, x is the angular frequency (x = 2pf, the frequency in

Hz) and n is the phase shift which gives details about the

degree of surface inhomogeneity. When n = 1, this is the

same equation as that for the impedance of a capacitor,

where Q = Cdl. In fact, when n is close to 1, the CPE

resembles a capacitor, but the phase angle is not 90�. It is

constant and somewhat less than 90� at all frequencies.

In spite of the mentioned fact, the term, double layer

capacitance, is still often used in the evaluation of elec-

trochemical impedance results to characterize the double

layer believed to be formed at the metal/solution interface

of systems displaying non-ideal capacitive behavior. For

providing simple comparison between the capacitive

behaviors of different corrosion systems, the values of

Q were converted to Cdl. Hsu and Mansfeld [31] have

given following equation for calculating the ‘true’ capac-

itance (Cdl):

Cdl ¼ Q ðx maxÞn�1 ð2Þ

here, xmax represents the frequency at which the imaginary

component reaches a maximum. It is the frequency at the

top of the depressed semicircle, and it is also the frequency

at which the real part (Zr) is midway between the low and

high frequency x-axis intercepts. The values of inhibition

efficiency (lIM%) using Rt values were calculated as

described previously [6].

Fig. 1 Typical a Nyquist, b Bode-impedance and c phase angle plots

obtained for the mild steel in 1 M HCl in the absence and presence of

three different concentrations of SB

Fig. 2 The electrochemical equivalent circuit used to fit the imped-

ance measurements that include a solution resistance (Rs), a constant

phase element (CPE) and a polarization resistance or charge transfer

(Rt)
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Use of CPE in place of Cdl in the equivalent circuit

model representing the metal/solution interface leads that

the center of the capacitive loop rotates below the real axis

up to a frequency independent constant phase angle

(Fig. 1a) [32]. The value of which can be used as a measure

of deviation from an ideal capacitive behavior.

The electrochemical impedance parameters extracted

from the Nyquist plots for mild steel in 1 M HCl con-

taining different concentrations of SB are given in Table 1.

It is apparent that, the impedance response for mild steel in

1 M HCl changes significantly with increasing inhibitor

concentration. It is worthy noting that the similar profile of

the Nyquist plots is observed in the absence and presence

of the inhibitor, indicating that the addition of inhibitors do

not change the mechanism for the dissolution of mild steel

in 1 M HCl. Table 1 shows that the addition of the SB into

the corrosive solution caused to an increase in the inhibi-

tion efficiency, charge transfer resistance and a decrease in

the double layer capacitance (Cdl) given as [33].

Cdl ¼
ee0A

d
ð3Þ

where e0 is the vacuum dielectric constant, e is the local

dielectric constant, d is the thickness of the double layer,

and A is the surface area of the electrode. According to

Eq. 2, a decrease in Cdl can happen if the inhibitor mole-

cules (low dielectric constant) replace the adsorbed water

molecules (high dielectric constant) on the mild steel sur-

face. The capacitance is inversely proportional to the

thickness of the double layer. Thus, decrease in the Cdl

values could be attributed to the adsorption of SB on the

metal surface. Decrease in the capacitance, which can

result from a decrease in the local dielectric constant and/or

an increase in the thickness of the electrical double layer,

strongly suggests that the inhibitor molecules adsorbed at

the metal/solution interface. In the absence and in the

presence of inhibitor, phase shift value remains more or

less identical; this indicates that the charge transfer process

controls the dissolution mechanism [34] of mild steel in

1 M HCl solution in the absence and in the presence of SB.

In acidic solutions, it is known that inhibitor molecules

can be protonated. Thus in solution both neutral molecule

and cationic forms of inhibitor exist [35, 36]. In hydro-

chloric acid solutions, anodic dissolution of iron takes

following steps:

(i)

Feþ Cl�� ðFeCl�Þads

(ii)

ðFeCl�Þads� ðFeClÞads þ e�

(iii)

ðFeClÞads ! ðFeClþÞ þ e�

(iv)

ðFeClþÞ� Feþþ þ Cl�

And cathodic hydrogen evolution takes following steps:

(v)

Feþ Hþ� ðFeHþÞads

(vi)

ðFeHþÞads þ e� ! ðFeHÞads

(vii)

ðFeHÞads þ Hþ þ e� ! Feþ H2

It is assumed that Cl- ion is first adsorbed onto the positively

charged metal surface by coulombic attraction and then

inhibitor molecules can be adsorbed through electrostatic

interactions between the positively charged molecules and

the negatively charged metal surface [35]. These adsorbed

molecules interact with (FeCl-)ads species to form

monomolecular layers (by forming a complex) on the steel

surface. These layers protect mild steel surface from attack

by chloride ions. Thus the oxidation reaction of (FeCl-)ads as

shown by step (ii) ? (vi) can be prevented. On the other

hand, the protonated inhibitor molecules are also adsorbed at

cathodic sites in competition with hydrogen ions that going

to reduce hydrogen evolution.

Inhibition performance of the SB for mild steel/solution

interface depends on several factors such as the number of

adsorption sites, molecular size, and mode of interaction

with the metal surface and extent of formation of metallic

complexes [37]. The adsorption of SB at the mild steel

surface can take place through its active centres; azome-

thine group (C=N), benzene rings and hetero-atoms (N, O,

and S) and in addition to pi-electron interaction of the

benzene rings with unshared d electrons of iron atoms.

3.2 Potentiodynamic polarization measurements

The typical Tafel polarization curves of mild steel in 1 M

HCl in the presence and absence of SB at different

Table 1 Electrochemical impedance parameters and the corre-

sponding inhibition efficiencies for mild steel in 1 M HCl solution in

the absence and presence of three different concentrations of Schiff

base compound

Inhibitor

(M 9 10-6)

RS

(X cm2)

Rt

(X cm2)

n Q
(lF cm-2)

Cdl

(lF cm-2)

lRt

(%)

1 M HCl 0.88 12.2 0.842 282.2 97.7 –

0.82 1.11 95.4 0.855 84.4 35.5 87.2

1.09 1.07 295.8 0.865 39.5 19.9 95.9

1.36 0.96 419.4 0.867 31.6 16.6 97.1
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concentrations are shown in Fig. 3. It could be observed

that both the cathodic and anodic reactions were sup-

pressed with the addition of SB, which suggests that the SB

reduced anodic dissolution and also retarded the hydrogen

evolution reaction effectively.

Various corrosion kinetics parameters, i.e. corrosion

potential (Ecorr), cathodic and anodic Tafel slopes (bc, ba)

and corrosion current density (Icorr) obtained from the Tafel

extrapolation of the polarization curves, are given in

Table 2. The value of inhibition efficiency (lP%) was

calculated from Icorr values as described previously [6].

The obtained results show that the inhibition efficiency

increased, while the corrosion current density decreased

when the concentration of the inhibitor is increased. This

could be explained on the basis of adsorption of SB on the

mild steel surface and the adsorption process enhanced

with increasing inhibitor concentration. The data in

Table 2 show that increasing SB concentration slightly

shifts the values of corrosion potential (Ecorr) in cathodic

direction indicating that it acts as mixed-type inhibitor.

From Table 2, it is clear that the values of both anodic and

cathodic Tafel slope constants remain more or less identi-

cal with increasing SB concentration in the absence and in

the presence of SB. This suggests that inhibitor does not

participate in the mechanism of corrosion.

3.3 Weight loss measurements

3.3.1 Effect of inhibitor concentration

Table 3 shows the corrosion parameters, adsorption equi-

librium constant (Kads) and free energy of adsorption

(DG�ads) obtained from weight loss studies for the mild

steel in 1 M HCl solution in the absence and presence of

different concentrations of SB. The inhibition efficiency

(lWL%) and corrosion rate (CR, mm year-1) were calcu-

lated as described previously [6]. Kads and DG�ads were

calculated as given in latter section.

It can be observed that lWL% increases and corrosion

rate decreases as inhibitor concentration increased from

0.14 9 10-6 to 1.36 9 10-6 M. This behavior is the result

of increased adsorption and increased coverage of inhibitor

on the mild steel surface with increase in the inhibitor

concentration. The results obtained from the weight loss

measurements are in reasonably good agreement with those

obtained from the electrochemical impedance and the

polarization measurements.

3.3.2 Effect of temperature

The effect of temperature on the inhibition performance of

SB for mild steel in 1 M HCl solution in the absence and

presence of 1.36 9 10-6 M concentration at temperature

ranging from 308 to 338 K was studied using weight loss

measurements. The results are presented in Table 4. The

inhibition efficiencies (lWL%) are almost constant and on the

other hand there is a small increase (from 0.37 to

8.16 mm year-1) in corrosion rate with increasing solution

temperature from 308 to 338 K. The adsorption and

desorption processes occur in opposite direction simulta-

neously at equilibrium. Various factors such as solution

temperature, inhibitor concentration determines the direc-

tion in which this equilibrium will shift. At higher temper-

ature more desorption of inhibitor molecules takes place

from metal/solution interface. This increase in desorption is

the cause of increased corrosion rate with temperature.

Table 4 shows that corrosion rate increases more rapidly

with temperature in the absence of the inhibitor. These

results confirm that SB is an excellent corrosion inhibitor for

mild steel in 1 M HCl in the range of temperature studied.

3.3.3 Effect of exposure time

In order to study the stability of adsorbed inhibitor film at

mild steel/acid solution interface with time, weight loss

measurements were conducted at 308 K for 3–24 h

Fig. 3 Typical polarization curves for corrosion of mild steel in 1 M

HCl in the absence and presence of three different concentrations of

SB

Table 2 Electrochemical polarization parameters and the corre-

sponding inhibition efficiencies for mild steel in 1 M HCl solution in

the absence and presence of three different concentrations of Schiff

base compound

Inhibitor

(M 9 10-6)

Ecorr

(mV/

SCE)

Icorr

(lA cm-2)

ba

(mV

dec-1)

bc

(mV

dec-1)

lP

(%)

1 M HCl -448 1100 66.0 97.7 –

0.82 -486 76.8 45.7 119.2 93.0

1.09 -491 60.5 58.2 146.7 94.5

1.36 -495 52.8 63.1 121.2 95.2
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exposure time in 1 M HCl containing 1.36 9 10-6 M SB.

The effect of exposure time on inhibition efficiency is

shown in Fig. 4. Inspection this figure reveals that a small

decrease was found in inhibition efficiency from 99.5 to

86.5% as exposure time increases from 3 to 24 h. A slight

decrease in inhibition after 24 h is probably due to

decreased adsorption and increased desorption. Shriver

et al. [38] explained that decrease in inhibition for long

period of immersion can be attributed to the depletion of

available inhibitor molecules in the solution due to chelate

formation between iron and the inhibitor ligands. Thus we

can conclude that studied compound is efficient corrosion

inhibitors for mild steel in molar hydrochloric acid

solution.

3.3.4 Activation energy and pre-exponential factor

It is important to study thermodynamic parameters to get

insight into the inhibitive mechanism. A plot of the loga-

rithm of the corrosion rate (mm year-1) of mild steel

obtained from weight loss measurements vs. 1000/T gave a

straight line as shown in Fig. 5a. The apparent activation

energy (Ea) was calculated by using following Arrhenius

equation:

CR ¼ k exp �Ea

RT

� �
ð4Þ

where Ea is the apparent activation energy for the corrosion

of mild steel in 1 M HCl solution, R the general gas con-

stant, k the Arrhenius pre-exponential factor and T is the

absolute temperature.

The values of Ea and k obtained from the slope and

intercept, respectively of the line (Fig. 5a) are given in

Table 4. The linear regression coefficients (R2) are close to

1, indicating that the corrosion of mild steel in 1 M HCl

solution may be elucidated using the kinetic model.

Table 4 shows that the values of Ea and k for inhibited

solution are higher than that for uninhibited solution. The

higher values of Ea suggest that dissolution of mild steel is

slow in presence of inhibitors. It is clear from Eq. 4 that the

Table 4 Various parameters obtained from weight loss measurements for mild steel in 1 M HCl in presence of 1.36 9 10-6 M Schiff base

compound at various temperatures

Temp

(K)

1 M HCl Schiff base compound

CR

(mm year-1)

k
(mg cm-2 h-1)

Ea

(kJ mol-1)

CR

(mm year-1)

lWL

%

DG�ads

(kJ mol-1)

k
(mg cm-2 h-1)

Ea

(kJ mol-1)

DH�ads

(kJ mol-1)

DS�ads

(kJ mol-1)

308 77.9 0.4 99.5 -46.7 -50.7

318 107.6 6.83 9 106 29.2 0.7 99.3 -47.3 5.69 9 1014 92.1 -62.3 -47.1

328 162.5 3.0 98.2 -46.2 -49.1

338 208.5 8.2 96.1 -45.3 -50.1

Table 3 Corrosion parameters

and free energy of adsorption

obtained from weight loss

measurements for mild steel in

1 M HCl in presence of

different concentrations of

Schiff base compound at 308 K

Inhibitor

(910-6 M)

Weight loss

(mg cm-2 h-1)

CR

(mm year-1)

lWL

(%)

Kads

(9105 M-1)

DG�ads

(kJ mol-1)

1 M HCl 7.00 77.9 – – –

0.14 1.63 18.2 76.7 2.4 -42.0

0.27 0.77 8.5 89.1 3.0 -42.6

0.54 0.13 1.5 98.1 9.5 -45.5

0.82 0.10 1.1 98.6 8.6 -45.3

1.09 0.07 0.7 99.0 9.1 -45.4

1.36 0.03 0.4 99.5 14.6 -46.6

Fig. 4 Plot of lWL% against exposure time for mild steel in 1 M HCl

containing 1.36 9 10-6 M
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higher Ea and the lower k lead to the lower corrosion rate.

In general, the effect of Ea on mild steel corrosion is larger

than that of k. In the present study, values of Ea and k vary

in similar manner and therefore, the combined effect of Ea

and k results in the increase of corrosion rate with

temperature.

3.3.5 Adsorption isotherm and thermodynamic

parameters

It is well established that the first step in corrosion inhi-

bition of metals and alloys is the adsorption of organic

inhibitor molecules at the metal/solution interface and that

the adsorption depends on the molecule’s chemical com-

position, the temperature and the electrochemical potential

at the metal/solution interface. In fact, the solvent water

molecules could also adsorb at metal/solution interface. So

the adsorption of organic inhibitor molecules from the

aqueous solution can be regarded as a quasi-substitution

process between the organic compounds in the aqueous

phase [Org(sol)] and water molecules at the electrode sur-

face [H2O(ads)] [39]

OrgðsolÞ þ xH2OðadsÞ $ OrgðadsÞ þ xH2OðsolÞ ð5Þ

where x is the size ratio, that is, the number of water

molecules replaced by one organic inhibitor.

Basic information on the interaction between the inhibitor

and the alloy surface can be provided by the adsorption

isotherm. In order to obtain the isotherm, the fractional

coverage values h as a function of inhibitor concentration

(Cinh) must be obtained. It is well known that h can be

obtained from the lWL%/100 ratio. Attempts were made to fit

the h values to various isotherms including Langmuir,

Temkin, Frumkin and Flory–Huggins. Many adsorption

isotherms were plotted and the Langmuir adsorption iso-

therm was found to be the best description of the adsorption

behavior of the studied inhibitors. According to this iso-

therm, h is related to equilibrium adsorption constant (Kads)

and Cinh by the relation

Cinh

h
¼ 1

Kads

þ Cinh ð6Þ

Figure 5b shows the plot of Cinh/h vs. Cinh and the expected

linear relationship is obtained. The value of regression

coefficient (R2) confirmed the validity of this approach.

The slope of this straight line is 0.974, suggesting that

adsorbed inhibitor molecules form monolayer on the mild

steel surface and there is no interaction among the adsorbed

inhibitor molecules. On the other hand, the equilibrium

constant of adsorption is related to the standard energy of

adsorption (DG�ads) by the relation [40]

Kads ¼
1

55:5

� �
exp �DG

�
ads

RT

� �
ð7Þ

where R is the universal gas constant, T the absolute

temperature and the value of 55.5 is the concentration of

water in mol l-1 in the solution [41].

The values of Kads obtained from Eq. 7 are listed in

Table 3, together with the values of DG�ads. The values of

Kads and DG�ads increase with increasing inhibitor concen-

tration, suggesting stronger interaction between inhibitor

molecules and iron surface atoms. The high value of these

parameters for studied compound indicates stronger and

more stable adsorbed layer is formed at mild steel/acid

solution interface, which results in the higher inhibition

Fig. 5 a Arrhenius plots of log CR vs. 1000/T; b Langmuir adsorp-

tion isotherm plot; and c plot of log Kads vs. 1000/T for the adsorption

of the SB at mild steel/hydrochloric acid interface
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efficiency [42]. Furthermore, the values of DG�ads for the

Schiff base compound are negative (Table 3) and these

values are consistent with the spontaneity of the adsorption

process and the stability of the adsorbed layer on the

mild steel surface [43]. Generally, DG�ads values of

-20 kJ mol-1 or higher are associated with an electrostatic

interaction between charged molecules and charged metal

surface, physisorption; those of -40 kJ mol-1 or lower

involve charge sharing or transfer from the inhibitor mole-

cules to the metal surface to form a coordinate covalent bond,

chemisorption [44]. The values of DG�ads for investigated

compound SB were found to be almost constant (-47.3 to

-45.3 kJ mol-1) at a temperature range 308–338 K

(Table 4). This indicated that the adsorption of investigated

compound SB at mild steel/hydrochloric acid interface is a

typical chemisorption. This chemisorption mechanism can

be attributed to the donation of pi-electron by the azomethine

group, aromatic rings, and nonbinding electron pairs of

hetero-atoms as reactive centers. The adsorption of inhibitor

molecules on the mild steel surface can be explained on the

ground of donor acceptor interaction between electron den-

sity of azomethine group, aromatic rings, hetero-atoms of

inhibitor and vacant d-orbitals of iron atoms at the mild steel

surface [6, 45].

The heat of adsorption and entropy of adsorption are

important parameters in studying adsorption of organic

inhibitors at metal/solution interface. The heat of

adsorption (DH) is calculated using the Van’t Hoff

equation:

ln K ¼ �DH

RT
þ constant ð8Þ

Figure 5c shows the straight lines of plot of log Kads vs. 1/

T and slope of this straight line is equal to -DHads/2.303

R. The heat of adsorption could be approximately regarded

as the standard heat of adsorption (DH�ads) under

experimental conditions [46]. Now standard entropy of

adsorption (DS�ads) is obtained by the thermodynamic basic

equation:

DS
�

ads ¼
DH

�
ads � DG

�
ads

T
ð9Þ

All the calculated thermodynamic parameters are listed in

Table 4. It has been found that values of DH�ads are

negative, suggesting that the adsorption of inhibitor is an

exothermic process [47]. The values of DS�ads are nearly

constant and negative, ranging between -50.7 and

-47.1 J K-1 mol-1 at a temperature range 308–338 K.

This is expected one, since adsorption is an exothermic

process and is always accompanied by a decrease of

entropy. The decrease in entropy suggested that in the rate

determining step there is an association rather than

dissociation.

3.4 FTIR study

It is well established that FTIR spectrophotometer is a

powerful instrument that can be used to determine the

functional group present in organic compounds as well as

the type of bonding for organic inhibitors absorbed on the

metal surface. The prominent peaks obtained from FTIR

analysis of pure SB and SB on mild steel are given in

Table 5. In present study, FTIR spectra were used to sup-

port the fact that corrosion inhibition of mild steel in acid

media is due to the adsorption of inhibitor molecules at the

mild steel/hydrochloric acid interface and adsorption

occurred by interaction of surface iron atoms and active

centres of inhibitor molecules.

3.5 Quantum chemical calculations

In order to correlate experimental data obtained from dif-

ferent techniques (viz., electrochemical and weight loss)

for SB and its structural and electronic properties, quantum

chemical properties such as energy of highest occupied

molecular orbital (EHOMO), energy of lowest unoccupied

molecular orbital (ELUMO), HOMO–LUMO energy gap

(DEL–H), vertical ionisation potential (IP), vertical electron

affinity (EA), molecular band gap (DEMBG) and number of

transferred electrons (DN) has been computed. These

computed parameters are listed in Table 6. The vertical

ionization potential (IP) and vertical electron affinity (EA)

were computed using unrestricted Kohn–Sham formalism.

The molecular band gap was computed as the first vertical

Table 5 Prominent peaks obtained from FTIR spectroscopy

Frequency (cm-1) Band assignment

FTIR of pure SB

1136 C–O str

1290 C=S str

1384, 1544 C=C str (aromatic rings)

1625 C=N str

1727 C=O str

2603 O–H str (COOH)

2983 Ar–H str

3447 N–H str

FTIR of SB on mild steel

1113 C–O str

1263 C=S str

1356, 1479 C=C str (aromatic rings)

1552 C=N str

1683 C=O str

2858 O–H str (COOH)

2971 Ar–H str

3320 N–H str
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electronic excitation energy from the ground state using the

time-dependent density functional theory (TD-DFT)

approach as implemented in Gaussian 03. The findings of

our previous studies [12] have shown that the molecular

band gap is fundamentally more appropriate (than HOMO–

LUMO energy gap) to correlate inhibition properties of

compounds.

It has been reported that EHOMO is often associated with

the electron donating ability of a molecule, whereas ELUMO

indicates its ability to accept electrons. The high values of

EHOMO are likely to indicate a tendency of the molecule to

donate electrons to appropriate acceptor molecules with

low energy and empty molecular orbital. Figure 6 shows

the full optimized minimum energy structure of SB.

The bonding tendencies of the inhibitors towards the

metal surface atoms can be discussed in terms of the HSAB

(hard–soft–acid–base) [48, 49] and the frontier-controlled

interaction concepts [49, 50]. According to the general rule

of HSAB principle, hard acids prefer to coordinate to hard

bases and soft acids prefer to co-ordinate to soft bases.

Furthermore, metallic atoms are known to be soft acids,

and hard molecules have a large HOMO–LUMO energy

gap and soft molecules have a small HOMO–LUMO

energy gap. In the present study the HOMO–LUMO energy

gap is 3.648 eV mol-1 (Table 6), suggesting that SB is a

soft molecule and this results in high corrosion inhibition

implying soft–soft interaction. According to molecular

orbital (MO) theory, similar result can also be found. Since

iron atom (acid) is the electron pair acceptor and inhibitor

(base) is the electron pair donor, the energy difference of

the LUMO (HOMO is nothing special) of the acid and the

HOMO (LUMO is nothing special) of the base must be

considered. MO theory suggests that the overlap between

the LUMO(acid) and the HOMO(base) is governing factor in

bonding [51]; the lower the HOMO–LUMO energy gap the

higher HOMO–LUMO overlap and the stronger base–acid

bond formation and consequently the higher inhibition

efficiency. With these results in mind, the energy data in

Table 6 together with molecular band gap also suggest that

SB is an efficient inhibitor for mild steel corrosion in molar

hydrochloric acid solution.

In addition the number of transferred electrons (DN) was

also calculated depending on the quantum chemical

method [52]:

DN ¼ vFe � vinhð Þ
2 gFe þ ginhð Þ ð10Þ

where vFe and vinh denote the absolute electronegativity of

iron and the inhibitor molecule, respectively; gFe and ginh

denote the absolute hardness of iron and the inhibitor

molecule, respectively. These quantities are related to

electron affinity (A) and ionization potential (I) as follows:

v ¼ ðI þ AÞ=2; g ¼ ðI � AÞ=2 ð11Þ

IP and EA are related [48] in turn to EHOMO and ELUMO as

follows:

I ¼ �EHOMO; A ¼ �ELUMO ð12Þ

For iron atom, a theoretical v value of 7 eV mol-1 and g
value of 0 eV mol-1 were used [51] to calculate the

number of electrons transferred (DN) from inhibitor to the

iron atom. The number of transferred electrons depends

strongly on what the actual quantum chemical method

employed for computation. Furthermore, the expression

‘‘number of transferred electrons’’ is the wording ‘‘elec-

tron-donating ability’’, which does not imply that the fig-

ures of DN actually indicate the number of electrons

leaving the donor and entering the acceptor molecule.

Using Eq. 10, the value of electron-donating ability

(DN) was calculated and its value is given in Table 6. If

DN \ 3.6 (electron), the inhibition efficiency increases

with increasing value of DN, while it decreased if

DN [ 3.6 (electron) [52, 53]. In present contribution, SB is

the donor of electrons, and the iron surface atom was the

Table 6 The computed molecular parameters for Schiff base compound

EHOMO

(eV)

ELUMO

(eV)

DEL–H

(eV)

DEMBG

(eV)

IP
(eV)

EA
(eV)

lWL

%

DN

Fexofenadine -5.63 -1.98 3.65 1.9 6.94 -0.78 99.5 0.88

Irona -7.81 -0.25 7.69b - - - - -

2.32c

a HOMO and LUMO values for iron were taken as ionization potential and electron affinity, respectively [5]
b LUMO(base)–HOMO(acid)

c LUMO(acid)–HOMO(base)

Fig. 6 Optimized structure of SB
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acceptor. The SB was bound to the mild steel surface, and

thus formed inhibition adsorption layer against corrosion at

mild steel/hydrochloric acid solution interface.

3.6 Mechanism of adsorption and inhibition

The transition of metal/solution interface from a state of

active dissolution to the passive state can be attributed to

the adsorption of the inhibitor molecules at the metal/

solution interface, forming a protective film. The rate of

adsorption is usually rapid and hence, the reactive metal

surface is shielded from the aggressive environment [54]. It

is well recognised that organic inhibitor molecules set up

their inhibition action via the adsorption of the inhibitor

molecules onto the metal/solution interface. Adsorption

process can occur through the replacement of solvent

molecules from metal surface by ions and molecules

accumulated in the vicinity of metal/solution interface.

Ions can accumulate at the metal/solution interface in

excess of those required to balance the charge on the metal

at the operating potential. These ions replace solvent

molecules from the metal surface and their centres reside at

the inner Helmholtz plane. This phenomenon is termed

specific adsorption, contact adsorption. The anions are

adsorbed when the metal surface has an excess positive

charge in an amount greater than that required to balance

the charge corresponding to the applied potential. Aromatic

compounds (which contain the benzene ring) undergo

particularly strong adsorption on many electrode surfaces.

The bonding can occur between metal surface atoms and

the aromatic ring of the adsorbate molecules or ligands

substituent groups. The exact nature of the interactions

between a metal surface and an aromatic molecule depends

on the relative coordinating strength towards the given

metal of the particular groups present [55].

The adsorption of Schiff base compound (SB) at mild

steel/hydrochloric acid interface can be attributed to the

presence of hetero atoms (N, O and S), azomethine group

and aromatic rings. Thus, the possible reaction centres are

unshared electron pair of hetero-atoms and p-electrons of

azomethine group and aromatic rings. The adsorption of

SB at mild steel/1 M HCl interface can be explained as

follows. Schiff base molecules might be protonated in the

acid solution as

½C18H16N4O3S� þ xHþ ! ½C18H16N4O3SHx�xþ ð13Þ

In aqueous acidic solutions, the SB molecules exist

either as neutral molecules or in the form of protonated

molecules (cations). SB may adsorb on the metal/acid

solution interface by one and/or more of the following

ways: (i) electrostatic interaction of protonated Schiff base

compound with already adsorbed chloride ions (synergistic

effect), (ii) donor–acceptor interactions between the

p-electrons of aromatic ring and vacant d orbital of

surface iron atoms, (iii) interaction between unshared

electron pairs of hetero atoms and vacant d-orbital of iron

surface atoms.

Two modes of adsorption are generally considered on the

surface of metal. In one mode, the neutral Schiff base com-

pound may be adsorbed on the surface of mild steel through

the chemisorption mechanism, involving the displacement of

water molecules from the mild steel surface and the sharing

electrons between the hetero atoms and iron. The inhibitor

molecules can also adsorb on the mild steel surface on the

basis of donor–acceptor interactions between p-electrons of

the aromatic ring and vacant d-orbitals of surface iron atoms.

In second mode, since it is well known that the steel surface

bears positive charge in acid solution [56], so it is difficult for

the protonated Schiff base compound to approach the posi-

tively charged mild steel surface (H3O?/metal interface) due

to the electrostatic repulsion. Since chloride ions have a

smaller degree of hydration, thus they could bring excess

negative charges in the vicinity of the interface and favour

more adsorption of the positively charged inhibitor molecules,

the protonated Schiff base compound adsorb through elec-

trostatic interactions between the positively charged mole-

cules and the negatively charged metal surface. Thus there is a

synergism between adsorbed Cl- ions and protonated Schiff

base compound. The excellent performance of investigated

Schiff base compound (SB) is attributed to the presence of

hetero-atoms, azomethine group, aromatic rings and planarity

of the compound (Fig. 6) [57].

4 Conclusions

1. SB acted as an efficient inhibitor for the corrosion of

mild steel in 1 M HCl and exhibited 99.5% efficiency

at concentration of 1.36 9 10-6 M.

2. The electrochemical impedance study showed that

corrosion inhibition of mild steel in molar hydrochloric

acid solution takes place by adsorption process. Tafel

polarization curves indicated that the SB is a mixed-

type inhibitor.

3. The large negative values of DG�ads indicated that

adsorption of studied drug on the mild steel surface is

spontaneous and adsorption mechanism is a typical

chemisorption.

4. The adsorption of the SB on the mild steel/solution

interface obeyed Langmuir adsorption isotherm. The

high values of Kads suggested that studied compound is

strongly adsorbed and adsorbed inhibitor film at the

mild steel/hydrochloric acid interface is stable.

5. The calculated quantum chemical parameters such as

EL–H, EHOMO, ELUMO, DEMBG, IP, EA and DN support

the good inhibiting performance of SB.
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6. The FTIR spectrum showed that the inhibition is due to

the formation of the film at the metal/acid solution

interface through adsorption of SB molecules.
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