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The corrosion inhibition of mild steel in 1M H2SO4 solution by Benzothiazol-2-yl-
benzylidene amine (BBA) & 2-(Benzothiazol-2-yliminomethyl)-phenol (BIP) has
been studied by weight loss, potentiodynamic polarization and electrochemical
impedance spectroscopy. The experimental results showed that the inhibition
efficiency increases with increasing inhibitor concentration but decreases with
increasing temperature. The adsorption of inhibitors on the mild steel surface
obeyed the Langmuir adsorption isotherm. Potentiodynamic polarization curves
revealed that the compounds act as mixed type inhibitors. The impedance
measurements showed a change in the charge transfer resistance and double layer
capacitance indicating adsorption of inhibitors on the mild steel surface. Surface
analysis of mild steel has been carried out using scanning electron microscopy
(SEM) with EDX and Fourier transform infrared (FT-IR) spectroscopy. Quantum
chemical calculations have been performed and several quantum chemical indices
were calculated in order to complement the experimental results.
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INTRODUCTION
Corrosion of metals remains as a world – wide scientific
problem since it affects the metallurgical, chemical and oil
industries. Sulphuric acid and hydrochloric acid are widely
used for the removal of rust and scale in several industrial
operations. When mild steel is used in these operations it
suffers severe corrosion (Elewady, 2008). Use of inhibitors is
the most practical methods for protection against corrosion,
especially in acid solution to prevent metal dissolution and
acid consumption (Bothi Raja and Sethuraman, 2010).  The
selection of inhibitor is controlled by its economic availability,
efficiency to inhibit the substrate material and environmental
side effects. The most excellent acid inhibitors for corrosion of
steel in acidic medium are organic compounds containing
nitrogen, oxygen and/or sulphur atoms (Abdel-Aal and Morad,
2001; Abd El-Maksoud and Fouda, 2005; Abdallah et al.,
2012a,b). The mechanistic aspect of such inhibitors is the
specific interaction between the free electron pairs over
heteroatoms in the inhibitors with the corrosion active centres
on the metal surface. In addition, compounds with multiple
bonds behave as efficient inhibitors due to the availability of π-
electrons for interaction with the metal surface. Certain
inhibitors which possess both the above two features viz., polar
groups and/or π electrons also acting as efficient corrosion
inhibitors in acidic solutions. Schiff’s bases have both these
features combined in one molecule. A perusal of the previous
work reveals that Schiff’s bases possess more inhibition
efficiency than their precursors (Muralidharan et al, 1995;
Quraishi et al, 1997; Bilgic and Caliskan, 2001). They have
been previously reported as effective corrosion inhibitors for
steel, copper and aluminum (Shokry et al.,1998; Emrgul and
Atakol, 2004).

An insight of previous work reveal that only limited work has
been reported for the corrosion inhibition of Schiff’s bases
derived from 2-amino benzothiazole in acid media. The
present work deals with the study of corrosion inhibition
capacity and mechanism of inhibition of Schiff’s bases of
benzothiazole amines in 1M H2SO4 solution on mild steel.

Experimental Work

Material

Mild steel specimens with elemental composition of:
C=0.079%, P=0.025%, Mn=0.018%, S=0.021% and the rest Fe
were used for the study. Rectangular specimens with
dimension 3 cm X 1 cm x 0.05 cm were abraded with fine
grade of emery papers, degreased with trichloro ethylene,
washed with double distilled water, dried and used for the
weight loss method and surface examination studies. All
reagents used for the study were analar grade and double
distilled water was used for their preparation. The inhibitors
used for the study were prepared by the condensation of
benzothiazole amine with aromatic aldehydes.
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Weight loss study

The pretreated weighed mild steel specimens were immersed
in 1M H2SO4 with various concentrations of the inhibitors at
30± 1o C. After 3 h of immersion period the specimens were
taken out, washed thoroughly with distilled water, dried and
the final weights were noted to determine the weight loss.
From the weight loss, the corrosion rate (mpy), inhibition
efficiency (%) and surface coverage (θ) were calculated. In
order to study the effect of temperature on inhibitor efficiency,
the above procedure was followed in the absence and presence
of inhibitors at higher temperatures with 0.5mM concentration
of inhibitors.

Electrochemical measurements

Electrochemical measurements were carried out with Ivium
compactstat in a conventional three electrode glass cell using
platinum as counter electrode, a saturated calomel electrode as
reference electrode and a cylindrical mild steel rod of same
composition embedded in Teflon with an exposed area
0.785cm2 as working electrode. Anodic and cathodic
polarization curves were recorded in the potential range of-
200mV to +200mV, at a scan rate of 1 mVs-1. The AC
impedance measurements were performed in the frequency
range from 0.01Hz to 10KHz with a signal amplitude of 25
mV. Nyquist plots were drawn and the inhibition efficiency
was calculated using charge transfer resistance.

Surface Examination Studies

Surface morphology of the steel specimens before and after
being treated with optimal concentration of the inhibitor was
examined using scanning electron microscopy (SEM) Fourier
transform infrared spectroscopy and energy dispersive X-ray
(EDX) technique.

Quantum Chemical Calculations

Quantum chemical analysis was performed using the Gaussian
09 programme and the quantum calculations were performed
using DFT method at B3LYP/6-31G(d,p) level. Quantum
chemical indices like total energy, dipole moment, charge density,
energies of highest occupied (HOMO) and lowest unoccupied
(LUMO) molecular orbitals and the band gap were examined to
evaluate the corrosion inhibition efficiency of the inhibitors.

RESULTS AND DISCUSSION
Weight loss study

Inhibition efficiencies of various concentrations of BBA and BIP
for the corrosion of mild steel in 1M H2SO4 are given in table 1.
Inhibition efficiency increases with concentration and the

maximum   efficiency was obtained at 0.05mM and further
increase in concentration did not cause any appreciable change
in efficiency. The decrease in corrosion rate and increase in IE
may be due to the adsorption of the additives on the metal
surface thereby blocking the surface by film formation which
reduces the corrosion rate by aggressive solution.

The influence of temperature on inhibition efficiency is shown
in figure 1. The IE decreases with increase in temperature from
303-333K.

The activation parameters for the corrosion reaction were
calculated from the Arrhenius plot according to the equation:

Where A is the Arrhenius pre-exponential constant and Ea is
activation energy for the corrosion process. A plot of log
corrosion rate Vs1/T was found to be linear (figure 2) with a
correlation coefficient of ≈0.99. The energy of activation (Ea)
which represents the energy that the molecules to possess in
order to react and is calculated from the slope of the Arrhenius
plot and is given in table 2.

Table -1 Inhibition efficiency at various concentrations of the inhibitors for the corrosion of mild steel in 1M H2SO4

obtained by weight loss measurements at 30± 1oc
Inhibitor Inhibitor

Concentration (mM)
Weight loss

(gms)
Inhibitor

Efficiency (%)
corrosion
rate (mpy)

Degree of
coverage (θ)

Blank 0.2168 - 69072.48

BBA

0.1 0.0562 74.07 17905.32 0.7407
0.2 0.0186 90.66 5925.96 0.9066
0.3 0.014 93.54 4460.40 0.9354
0.4 0.0103 95.24 3281.58 0.9524
0.5 0.0071 96.72 2262.06 0.9672

BIP

0.1 0.0999 53.92 31828.14 0.5392
0.2 0.0525 75.78 16726.50 0.7578
0.3 0.0462 78.69 14719.32 0.7869
0.4 0.035 83.85 11151.00 0.8385
0.5 0.0329 84.82 10481.94 0.8482

Figure 1 Variation of %IE with temperature for different concentration of
the inhibitors

Figure 2 Arrhenius plot of corrosion rate of mild steel in IM H2SO4 in
presence and absence of the inhibitors
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Ea increases in the presence of inhibitors compared to the
blank which may be attributed to decrease in adsorption
process of the inhibitors on the metal surface with rise in
temperature and is characteristic of physisorption. The
enthalpy and entropy of activation can be calculated from the
equation

A plot of log corrosion rate/T as a function of 1/T (figure 3)
was made for the corrosion of mild steel in 1M H2SO4. Straight
lines were obtained with slope ΔH/2.303R and intercept
[logR/Nh+ΔS/2.303R]. Positive ΔH values (table  2) show the
endothermic nature of the corrosion process. The ΔS values
increased in the presence of inhibitor compared to free acid
solution which shows an increase in disorder on going from
reactant to activated complex.

Adsorption isotherm

Adsorption isotherms are very important in understanding the
mechanism of corrosion inhibition. The most frequently used
isotherms include: Langmuir, Tempkin, Frumkin, Freundlich,
Bockris-Swinkles, Flory - Huggins and thermodynamic/kinetic
model of El-Awady. The degree of surface coverage (θ) for
different concentrations of inhibitor in IM H2SO4 calculated
from weight loss studies were tested graphically for fitting
suitable isotherm. The best fit isotherms include Langmuir,
Flory-Huggins and El-Awady thermodynamic/kinetic model.
According to these isotherms, θ is related to the inhibitor
concentration (C) as follows:

Where C is the inhibitor concentration and x is the size
parameter and is a measure of the number of adsorbed water
molecules replaced by one molecule of organic inhibitor. K is
the equilibrium (the binding) constant of adsorption process,
the magnitude of K is directly proportional to the inhibition
efficiency.

According to the kinetic – thermodynamic model:

Where 1/y represents the number of active sites of the surface
occupied by one inhibitor molecule.

Figure 3 Transition state plot for mild steel corrosion in 1M H2SO4 in the
presence and absence of 5m M   concentration of the inhibitor
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Table 2 Activation energy (Ea) and free energy of adsorption (∆Gº
ads) for  the corrosion of mild steel in 1M H2SO4 at 0.5mM

concentration of the inhibitors
Name of the

Inhibitor
Ea

(kJ)
Λ

(mpy)
∆Gº

ads AT VARIOUS TEMPERATURES (KJ) ∆S jmol-1 ∆H kjmol-1

303K 313K 323 K 333K
Blank 15.27 7.83 - - - - -8.19 7.03
BBA 30.97 9.08 -20.39 -19.97 -20.45 -20.76 1.46 13.58
BIP 32.59 9.93 -16.20 -16.46 -16.58 -16.54 0.02 11.55

Figure 4 Langmuir’s adsorption isotherm plots for corrosion of mild
steel in IM H2SO4

Figure 5 Flory-Huggins adsorption isotherm plots for corrosion of mild
steel in IM H2SO4

Figure – 6 El-Awady (kineticmodel) adsorption isotherm plots for
corrosion of mild steel in IM H2SO4
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Figure 4 shows that adsorption of inhibitor obeys Langmuir
adsorption isotherms at all concentrations. The values of k, x
and 1/y obtained using the Flory Huggins isotherm (figure 5),
and the kinetic model (figure 6) are given in table 3. Value of
1/y less than unity implies the formation of multilayer of the
inhibitor on the surface of the metal. Values of 1/y greater than
unity indicate that a given inhibitor molecule will occupy more
than one active site(Umoren and Solomon, 2010). Further it
has been reported that values of x >1 imply the formation of
multilayer of the inhibitor on the metal surface and x less than
one mean that the given inhibitor molecule will occupy more
than one active site (Abd.El-Rahim et al.,1999). In the present
study the value of 1/y > 1 indicating that each of these
inhibitors molecules  occupy more than one active site The
data in table 3 reveals that there is a good agreement between
the values of 1/y obtained from the fit of thermodynamic-
kinetic model and the values of x from the Flory- Huggins
isotherm. The binding constant K denotes the strength of
interaction between the adsorbate and adsorbent. Large values
of K imply more efficient adsorption and hence better
inhibition efficiency. It is clear from table 3 that values of K
are low indicating weak interaction ie physisorption of the
inhibitor on the mild steel surface(Yurt et al., 2006).

Electrochemical measurements

a. Potentiodynamic polarization Studies

Figure 7 presents the cathodic and anodic Tafel curves of mild
steel in 1M H2SO4 at 30±1oC with selected concentration of
BBA. Table 4 lists the electrochemical kinetic parameters for
the inhibitors. Increasing concentration of the inhibitors
decreases the corrosion current densities (Icorr) and no definite
trend was observed in the shift of corrosion potentials (Ecorr).

Both cathodic anodic Tafel slopes (ba & bc) are affected. The
results suggest that the inhibitors act as mixed type.

b. Electrochemical impedance spectroscopy (EIS)
measurements

Figure 8 shows the Nyquist representation of mild steel in
uninhibited and inhibited solution containing various
concentrations of the BBA. It is obvious from the plot that the
impedance response of mild steel in uninhibited corrosive
solution has significantly changed after the addition of BBA
indicating that the impedance of MS increases with increasing
concentrations. For analysis of the impedance spectra, the
equivalent circuit model is used (figure 9) where circuit is
composed of a solution resistance (Rs), a polarization
resistance (Rp) capacitance component (Cdl). Double layer
capacitance values (Cdl) were obtained at maximum frequency
(fmax), at which imaginary value of impedance reaches a
maximum on the Nyquist plot and calculated using the
following equation

The impedance parameters are given in table 5.

Table 3 Inhibitor binding constants, free energy of
binding, number of active sites of inhibitors for mild steel

in 1M H2SO4

Name of the
Inhibitor

El-awady(kineticmodel) Flory-Huggins
1/y K X K

ABA 1.40 1.89 0.65 1.24
ASA 1.01 1.08 0.94 1.09

Table 4 Corrosion parameters for mild steel at selected concentrations of the inhibitors in IM H2SO4 by potentiodynamic
polarization method at 30 ± 1oC

Name of the
Inhibitor

Inhibitor
Concentration mM

Tafel Slopes (mV/decade)
Ecorr (mV) Icorr

(µA/Cm2)
Inhibition efficiency

(%)Ba Bc

BBA

BLANK 83 121 -473.6 1140
0.1 42 130 -482.9 758.6 33.46
0.3 44 132 -485.2 659.5 63.34
0.5 39 126 -487.3 589.2 83.52

BIP

0.1 39 125 -499 943 26.44
0.3 36 133 -499.3 795.2 42.1
0.5 39 132 -495.4 743 67.01

Figure 7 Polarization curve for mild steel in 1M H2SO4 in presence and
absence of   BBA

Figure – 8 Nyguist diagram for mild steel in 1M H2SO4 in presence and
absence of BBA

Figure –9 Equivalent Circuit
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Analysis of the data reveals that addition of inhibitors
enhances Rct values and brings down Cdl values. These
observations clearly show that mild steel corrosion in 1M
H2SO4 is controlled by a charge transfer process and the
corrosion protection occurs via adsorption of the inhibitors on
the surface of mild steel. Decrease in Cdl values has been
resulted from a decrease in the local dielectric constant and / or
an increase in the thickness of the electrical double layer. This
suggests that the studied inhibitors function by adsorption at
the metal/solution interface(Lagrenee et al., 2002).

Surface Examination Studies

a. Scanning Electron Microscopy

To establish the formation of protective film of BIP on the
metal surface SEM images of mild steel specimen exposed to
1M H2SO4 solution in the absence and presence of BIP (figure
10a&b) were recorded. In the absence of BIP there is
deterioration of mild steel surface due to the attack by
corrosive solution. In the presence of inhibitor the corrosion
rate is suppressed significantly and there is little corrosion
product on metal surface. In order to analyze this protective
layer Fourier transform infrared (FT-IR) spectroscopy and
energy dispersive X-ray (EDX) studies were carried out.

EDX spectra of inhibited surface (figure 11.b) clearly show the
existence of N and S atoms and confirmed the formation of
adsorbed layer of inhibitor on the metal surface and hence
suppressed the corrosion process.

b. FTIR Spectral studies

FTIR  spectra was recorded for corrosion product formed on
the metal surface and also for the pure inhibitor. The FTIR
(figure 12a) spectrum of the corrosion product from mild steel
surface immersed in 1M H2SO4 shows no characteristic
absorptions except a sharp peak at 460 cm-1 which may be due
to Fe-O stretching of the Fe oxide film. The FTIR spectrum of
pure BIP is shown in figure 12b. The peak at 1635cm-1 is due
to CH=N stretching vibrations. Peaks at 1275-800 cm-1

corresponds to C-S streching.

The peak at 1475 cm-1 is characteristic of thiazole ring. In the
IR spectrum of corrosion product when 0.5mm BIP is used as
inhibitor (figure 12c) the peaks characteristic of thiazole ring at
1475cm-1 is shifted to 1518cm-1 and CH=N stretching at

Table -5 AC Impedance parameters for mild steel at
selected concentrations of the Inhibitors IN IM H2SO4

Name of the
Inhibitor

Inhibitor
Concentration Mm

Rt
(ohm/cm2) Inhibition

efficiency (%)

Cdl
(µF/Cm2)

BBA

BLANK 7.19 341.77
0.1 31.17 76.93 192.05
0.3 36.14 80.11 151.93
0.5 37.23 80.69 149.55

BIP
0.1 38.01 72.36 224.25
0.3 31.4 77.10 188.52
0.5 26.01 81.08 170.30

(a)

(b)
Figure 10 SEM images of steel samples in IM H2SO4 in the absence

and presence of inhibitor

Figure 11EDAX spectrum of mild steel in the absence and presence of
BIP in IM H2SO4

(a)

(b)

Figure 12 a. IR Spectra of mild steel immersed in 1M H2SO4
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IR spectrum of corrosion product when 0.5mm BIP is used as
inhibitor (figure 12c) the peaks characteristic of thiazole ring at
1475cm-1 is shifted to 1518cm-1 and CH=N stretching at
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International Journal of Recent Scientific Research, Vol. 5, Issue, 8, pp.1394 - 1401,August 2014

1398 | P a g e

Analysis of the data reveals that addition of inhibitors
enhances Rct values and brings down Cdl values. These
observations clearly show that mild steel corrosion in 1M
H2SO4 is controlled by a charge transfer process and the
corrosion protection occurs via adsorption of the inhibitors on
the surface of mild steel. Decrease in Cdl values has been
resulted from a decrease in the local dielectric constant and / or
an increase in the thickness of the electrical double layer. This
suggests that the studied inhibitors function by adsorption at
the metal/solution interface(Lagrenee et al., 2002).

Surface Examination Studies

a. Scanning Electron Microscopy

To establish the formation of protective film of BIP on the
metal surface SEM images of mild steel specimen exposed to
1M H2SO4 solution in the absence and presence of BIP (figure
10a&b) were recorded. In the absence of BIP there is
deterioration of mild steel surface due to the attack by
corrosive solution. In the presence of inhibitor the corrosion
rate is suppressed significantly and there is little corrosion
product on metal surface. In order to analyze this protective
layer Fourier transform infrared (FT-IR) spectroscopy and
energy dispersive X-ray (EDX) studies were carried out.

EDX spectra of inhibited surface (figure 11.b) clearly show the
existence of N and S atoms and confirmed the formation of
adsorbed layer of inhibitor on the metal surface and hence
suppressed the corrosion process.

b. FTIR Spectral studies

FTIR  spectra was recorded for corrosion product formed on
the metal surface and also for the pure inhibitor. The FTIR
(figure 12a) spectrum of the corrosion product from mild steel
surface immersed in 1M H2SO4 shows no characteristic
absorptions except a sharp peak at 460 cm-1 which may be due
to Fe-O stretching of the Fe oxide film. The FTIR spectrum of
pure BIP is shown in figure 12b. The peak at 1635cm-1 is due
to CH=N stretching vibrations. Peaks at 1275-800 cm-1

corresponds to C-S streching.
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1635cm-1 broadened, revealing that the azomethine group and
nitrogen atoms of thiazole rings act as active adsorption
centers and hence contribute to the formation of a protective
film on the metal surface.

Quantum Chemical Calculations

Quantum chemical studies are used to investigate the correlation
between molecular structure and inhibition efficiency of the inhibitor
BIP. In the present study geometric structures and electronic
properties of BIP have been calculated by DFT method and are
presented in Fig 13 and table  6. EHOMO is associated with electron
donating ability of a molecule and ELUMO is connected with the
ability of the molecule to accept electrons. Further the low values of
ΔE (EHOMO- ELUMO) will cause higher inhibition efficiency because
excitation energy to remove an electron from the last occupied orbital
will be low (Gece , 2008).

Quantum chemical parameters listed in table 6 reveals that BIP is an
efficient inhibitor for mild steel corrosion in sulphuric acid. The large
molecular volume of BIP indicates its higher protection efficiency.
The total energy of the inhibitor is -1122.44eV indicating that BIP is
favorably adsorbed on the mild steel surface through the active center
of adsorption and hence inhibits corrosion.

The optimized structure of BIP (figure 13) reveals that thiazole
ring nitrogen, azomethine nitrogen, phenolic oxygen and some
of the carbon atoms of benzene rings have highest electron
density, suggesting that these are the suitable places for
adsorption onto the metal surface.

Figure 12 b. IR Spectra of pure BIP

Figure 12 c IR Spectra of Corrosion product of mild steel when 0.5mM BIP
is used as inhibitor

Figure- 13 a Optimized structure of bip

Figure- 13b & C Homo & Lumo Structure Of Bip

(b)

(c)

Table 6 Quantum chemical parameters calculated using
b3lyp/6-31g(d,p) For the inhibitor bip

EHOMO

(eV)
ELUMO

(eV) ΔE (eV)
Dipole

moment
(Debye)

Total
energy

Molar
volume

(cm3/mol)
-5.9773 -2.3208 3.6565 0.8761 -1122.44 193.194

Table 7 Mulliken atomic charges for the inhibitor BIP
Atom

Numbering
Mulliken Charges

BBI
C1 0.02023
C2 -0.01048
C3 -0.02271
C4 0.01544
C5 -0.14002
C6 0.28895
C7 0.29564
C8 0.17534
C9 0.12353

C10 -0.04415
C11 0.28894
C12 -0.00238
C13 0.00707
C14 0.01520
N1 -0.58787
N2 -0.47003
S1 0.250561
O1 -0.203252
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The inhibitor molecules can be directly on the mild steel
surface by the donar– acceptor interactions between the lone
pair electrons of nitrogen, oxygen, ᴫ electrons of benzene ring
and the vacant d-orbitals of iron atoms. This is supported by
Mulliken population analysis, which is used to investigate the
adsorption centers of inhibitors. It is well documented in the
literature that the more negative the atomic charges of the
adsorbed center, the more easily the atom donates its electron
to the unoccupied orbital of the metal (Xia et al., 2008). The
Mulliken charge distribution listed in table 7 denotes that
nitrogen, oxygen and some of the carbon atoms of the benzene
ring carry negative charge, which may be used for forming
bond with positively charged metal atoms on the surface.

Mechanism of inhibition

The effectiveness of the inhibition process of corrosion
towards the corrosion of mild steel in 1M H2SO4 may be
attributed to the adsorption of inhibitors at the metal solution
interface. Generally, organic inhibitors are adsorbed on the
metal surface and prevent dissolution of metal by blocking
either the cathodic or anodic reaction site or both. The
adsorption of inhibitors is influenced by the nature of the
metal, chemical structure of inhibitors, type of aggressive
electrolyte, temperature and the morphology of mild
steel(Aloui et al., 2009).

A comparison of inhibition efficiency of the two compounds
shows that BBA>BIP. Quantum chemical calculations reveal
that the nitrogen of the thiazole ring & azomethine group, ᴫ
electrons of aromatic rings and the oxygen of OH group are the
adsorption sites. Hence BIP with additional hydroxyl group is
expected to exhibit higher inhibition efficiency than BBA. But
on contrary to this BIP shows lesser inhibition efficiency. This
may be due to the intra molecular hydrogen bonding between
OH & azomethine nitrogen(Cemil Ogretir et al., 2009) as
shown below.

As a result the lone pair of electrons on the azomethine
nitrogen is not available for interaction with the metal atoms.
Hence there is a lesser degree of binding and inhibition
efficiency as compared to BBA. The presence of hydrogen
bonding is also confirmed by the optimized geometry of BIP
obtained using Gaussian 09 programme.
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