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Abstract—The inhibitive effect of newly synthesized benzo[d]oxazole derivatives (1-2) against Mild Steel and its adsorption behavior were
investigated in 2 M HCl solution using potentiodynamic polarization, electrochemical impedance spectroscopy (EIS) and electrochemical frequency
modulation (EFM) techniques. The results showed that the inhibition efficiency increased with the increase of the inhibitor concentration. The ben-
zo[d]oxazole derivatives are a mixed-type inhibitor. The quantum chemistry was used to gain some insight, about structural and electronic effects in
relation to the inhibiting efficiencies. EIS spectra exhibit one capacitive loop and confirm the inhibitive ability. Molecular docking was used to predict the
binding between benzo[d]oxazole derivatives (1-2) and the receptor of breast cancer mutant 3hb5-oxidoreductase.
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1  INTRODUCTION
cid solutions are widely used in industry, such
as acid pickling of iron and steel, chemical clean-
ing  and      processing,  ore  production  and  oil

well acidification [1–3]. The problems arising from acid corro-
sion required the development of various corrosion control
techniques among which the application of chemical inhibitors
has been acknowledged as most economical method for pre-
venting acid corrosion [4–9]. Many organics, such as quater-
nary ammonium salts, acetylenic alcohol, and heterocyclic
compounds are widely used as inhibitors in various indus-
tries. The organic molecules adsorb on the metal surface
through heteroatom, such as nitrogen, oxygen and sulfur,
blocking the active sites and generating a physical barrier to
reduce the transport of corrosive species to the metal surface
[10–16]. Other researches revealed that the adsorption is influ-
enced not only by the nature and surface charge of the metal,
but also by the chemical structure of inhibitors. Among these
organic compounds, heterocyclic substances containing nitro-
gen atoms, such as 4-aminoantipyrine compounds are consid-
ered to be excellent corrosion inhibitors in combating acidic
corrosiondue to high inhibition efficiency, good thermal stabil-
ity and lack of irritating odor for many metals and alloys in
various aggressive media [17–22]. Therefore, the develop of

novel modified inhibitors containing 4-
aminoantipyrineheterocyclic ring and the study of the rela-
tions between the chemicalstructure of inhibitors and their
inhibition performances are of great importance, both from the
industrial and theoretical points of view.
This paper aims to investigate the inhibition effect and electro-
chemical behavior of newly synthesized benzo[d]oxazole de-
rivatives (1-2) for Mild Steel in 2 M HCl solution by the poten-
tiodynamic polarization, electrochemical impedance spectros-
copy (EIS) and electrochemical frequency modulation (EFM)
techniques. Several quantum-chemistry calculations have been
performed in order to relate the inhibition efficiency to the
molecular properties of the different types of compounds [23–
25].  Molecular  docking  was  used  to  predict  the  binding  be-
tween benzo[d]oxazole derivatives (1-2) and the receptor of
breast cancer mutant 3hb5-oxidoreductase.

2. Experimental

2.1 Measurements
         In the study simulates the actual docking process in
which the ligand–protein pair-wise interaction energies are

A

742

IJSER



International Journal of Scientific & Engineering Research, Volume 7, Issue 10, October-2016
ISSN 2229-5518

IJSER © 2016
http://www.ijser.org

calculated using Docking Server [26]. The MMFF94 Force field
was for used energy minimization of ligand molecule using
Docking Server. Gasteiger partial charges were added to the
compounds (1-2) atoms. Non-polar hydrogen atoms were
merged, and rotatable bonds were defined.  Docking calcula-
tions were carried out on compounds (1-2) protein model. Es-
sential hydrogen atoms, Kollman united atom type charges
and solvation parameters were added with the aid of Auto-
Dock tools [27]. Auto Dock parameter set- and distance-
dependent dielectric functions were used in the calculation of
the van der Waals and the electrostatic terms, respectively.

2.2. Material and Medium
Mild Steel was used for the corrosion measurement. Its

composition (wt%) is 0.20 C, 0.30 Si, 0.53 Mn, 0.055S, 0.045P,
Fe balance. The aggressive solution (2 M HCl) was prepared
by dilution of HCl (analytical grade, 37%) with double dis-
tilled water. The benzo[d]oxazole derivatives used for this
study, whose structures were shown in Table (1) as following
[28]:

TABLE 1
CHEMICAL STRUCTURE, NAME, MOLECULAR WEIGHT AND MOLECU-

LAR FORMULA OF INHIBITORS.

2.3. Methods

2.3.1. Electrochemical Measurements
Electrochemical measurements were conducted in a

conventional three electrodes thermostated cell assembly us-
ing a Gamrypotentiostat/galvanostat/ZRA (model PCI300/4).
A platinum foil and saturated calomel electrode (SCE) were
used as counter and reference electrodes, respectively. The
Mild Steel electrodes were 1x1 cm and were welded from one
side to a copper wire used for electrical connection. The elec-
trodes were abraded, degreased with acetone, rinsed with
bidistilled water and dried between filter papers. All experi-
ments were carried out at temperature (30 ± 1 OC). The poten-
tiodynamic curves were recorded from -500 to 500 mV at a
scan rate 1 mV S-1 after the steady state is reached (30 min)
and the open circuit potential (OCP) was noted. The % IE and
degree of surface coverage were calculated from Eq. (1):

% IE  = q x 100 = [1 – (i°corr/ icorr )] x 100                        (1)

Where i°corr and icorr are the corrosion current densities  of  un-
inhibited and inhibited solution, respectively.
             Electrochemical impedance spectroscopy (EIS) and
electrochemical frequency modulation (EFM) experiments
were carried out using the same instrument as before with a
Gamry framework system based on ESA400. Gamry applica-
tions include software EIS300 for EIS measurements and
EFM140 for EFM measurements; computer was used for col-
lecting data. EchemAnalyst 5.5 Software was used for plotting,
graphing and fitting data. EIS measurements were carried out
in a frequency range of 100 kHz to 10 mHz with amplitude of
5 mV peak-to-peak using ac signals at respective corrosion
potential. EFM carried out using two frequencies 2 and 5 Hz.
The base frequency was 1 Hz. In this study, we use a perturba-
tion signal with amplitude of 10 mV for both perturbation fre-
quencies of 2 and 5 Hz.

2.3.2 Theoretical Study
Accelrys (Material Studio Version (4.4) software for quantum

chemical calculations has been used.

3. Results and Discussion

3.1 Potentiodynamic Polarization
Measurements

              Polarization measurements were carried out in or-
der to gain knowledge concerning the kinetics of the cathodic
and anodic reactions. Figure (1): shows the polarization behav-
ior of Mild Steel electrode in 2 M HCl in the absence and pres-
ence of various concentrations of compound (1). Figure (1)
shows that both the anodic and cathodic reactions are affected
by the addition of investigated benzo[d]oxazole derivatives
and the inhibition efficiency increases as the inhibitor concen-
tration increases, but the cathodic reaction is more inhibited,
meaning that the addition of benzo[d]oxazole derivatives re-
duces the anodic dissolution of Mild Steel and also retards the
cathodic reactions. Therefore, investigated benzo[d]oxazole
derivatives are considered as mixed type inhibitors.

The values of electrochemical parameters such as corrosion
current densities (icorr), corrosion potential (Ecorr), the cathodic
Tafel slope (βc), anodic Tafel slope (βa) and inhibition efficien-
cy (% IE) were calculated from the curves of Figure (1) and are
listed in Table (2). The results in Table (2) revealed that the
corrosion current density decreases obviously after the addi-
tion of inhibitors in 2 M HCl and % IE increases with increas-
ing the inhibitor concentration. In the presence of inhibitors
Ecorr was enhanced with no definite trend, indicating that
these compounds act as mixed–type inhibitors in 2 M HCl.
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Fig.1: Potentiodynamic polarization curves for the corrosion of Mild Steel
in 2 M HCl in the absence and presence of various concentrations of
compound (1) at 30 ± 0.1 °C.

TABLE 2
EFFECT OF CONCENTRATIONS OF THE INVESTIGATED BEN-

ZO[D]OXAZOLE DERIVATIVES (1-2) ON THE FREE CORROSION POTEN-
TIAL (ECORR.), CORROSION CURRENT DENSITY (ICORR.), TAFEL SLOPES
(ΒA& ΒC), DEGREE OF SURFACE COVERAGE (Θ) AND INHIBITION EFFI-
CIENCY (% IE) FOR MILD STEEL IN 2 M HCL AT 30 ± 0.1 °C.

It is obvious from Table (2) that the slopes of the anodic
(βa) and cathodic (βc) Tafel lines remain almost unchanged
upon addition of benzo[d]oxazole derivatives, giving rise to a
nearly parallel set of anodic lines, and almost parallel cathodic
plots results too. Thus the adsorbed inhibitors act by simple
blocking of the active sites for both anodic and cathodic pro-
cesses. In other words, the adsorbed inhibitors decrease the
surface area for corrosion without affecting the corrosion
mechanism of Mild Steel in 2 M HCl solution, and only causes
inactivation of a part of the surface with respect to the corro-
sive medium [29,30]. The inhibition efficiency of these com-
pounds follows the sequence: compound (1) > compound (2).
This sequence may attribute to free electron pair in nitrogen
atom, π electrons on aromatic nuclei and the substituent in the
molecular structure of the inhibitor.

3.2. Electrochemical Impedance Spectroscopy (EIS)
         EIS is well-established and powerful technique in the

study of corrosion. Surface properties, electrode kinetics and
mechanistic information can be obtained from impedance dia-
grams [31-35]. Figure (2) shows Nyquist (a) and Bode (b) plots
obtained at open-circuit potential both in the absence and
presence of increasing concentrations of investigated ben-
zo[d]oxazole derivatives at 30 ± 0.1 °C. The increase in the size
of the capacitive loop with the addition of benzo[d]oxazole
derivatives shows that a barrier gradually forms on the copper
surface. The increase in the capacitive loop size Figure 2(a)
enhances, at a fixed inhibitor concentration, following the or-
der: compound (1) > compound (2), confirming the highest
inhibitive influence of compound (1).

The  Nyquist  plots  do  not  yield  perfect  semicircles  as  ex-
pected from the theory of EIS. The deviation from ideal semi-
circle was generally attributed to the frequency dispersion [36]
as well as to the inhomogenities of the surface. EIS spectra of
the benzo[d]oxazole additives were analyzed using the equiv-
alent circuit, Figure (3), which represents a single charge trans-
fer reaction and fits well with our experimental results. The
constant phase element, CPE, is introduced in the circuit in-
stead of a pure double layer capacitor to give a more accurate
fit [37]. The double layer capacitance, Cdl, is calculated from
Eq. (2):

Cdl = Yo ωn-1 / sin [n (π/2)] (2)

where Yo is the magnitude of the CPE, ω = 2πfmax, fmax is
the frequency at which the imaginary component of the im-
pedance is maximal and the factor n is an adjustable parame-
ter that usually lies between 0.50 and 1.0.

After analyzing the shape of the Nyquist plots, it is con-
cluded that the curves approximated by a single capacitive
semicircle, showing that the corrosion process was mainly
charged-transfer controlled [38-40]. The general shape of the
curves is very similar for all samples (in presence or absence of
inhibitors at different immersion times) indicating that no
change in the corrosion mechanism [41]. From the impedance
data (Table 3), we conclude that the value of Rct increases with
increasing the concentration of the inhibitors and this indicates
an increase in % IE. In fact, the presence of inhibitors enhances
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the value of Rct in acidic solution. Values of double layer ca-
pacitance are also brought down to the maximum extent in the
presence of inhibitor and the decrease in the values of CPE
follows the order similar to that obtained for icorr in this
study. The decrease in CPE/Cdl results from a decrease in
local dielectric constant and/or an increase in the thickness of
the double layer, suggesting that benzo[d]oxazole derivatives
inhibit the Mild Steel corrosion by adsorption at metal/acid
[42, 43]. The inhibition efficiency was calculated from the
charge transfer resistance data from equation (3) [44]:

% IEEIS = [1 – (R°ct / Rct)] x 100 (3) (3)

where Roct and Rct are the charge-transfer resistance values
without and with inhibitor, respectively.

Fig. 2: EIS Nyquist plots (a) and Bode plots (b) for Mild Steel surface in 2
M HCl in the absence and presence of different concentrations of com-

pound (1) at 30 ± 0.1 °C.

Fig. 3: Equivalent circuit model used to fit experimental EIS.

TABLE 3
ELECTROCHEMICAL KINETIC PARAMETERS OBTAINED BY EIS TECH-
NIQUE FOR MILD STEEL IN 2 M HCL WITHOUT AND WITH VARIOUS

CONCENTRATIONS OF BENZO[D]OXAZOLE DERIVATIVES (1-2) AT 30 ±
0.1 °C

.

3.3. Electrochemical Frequency Modulation Technique
(EFM)

           EFM is a nondestructive corrosion measurement
technique that can directly and quickly determine the corro-
sion current values without prior knowledge of Tafel slopes,
and with only a small polarizing signal. These advantages of
EFM technique make it an ideal candidate for online corrosion
monitoring [45]. The great strength of the EFM is the causality
factors which serve as an internal check on the validity of EFM
measurement. The causality factors CF-2 and CF-3 are calcu-
lated from the frequency spectrum of the current responses.

Figure (4) shows the EFM Intermodulation spectrums of
Mild Steel in 2 M HCl solution containing different concentra-
tions of compound (1). Similar curves were obtained for other
compound (not shown). The harmonic and intermodulation
peaks are clearly visible and are much larger than the back-
ground noise. The two large peaks, with amplitude of about
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200 µA, are the response to the 40 and 100 mHz (2 and 5 Hz)
excitation frequencies. It is important to note that between the
peaks there is nearly no current response (<100 nA). The ex-
perimental EFM data were treated using two different models:
complete diffusion control of the cathodic reaction and the
“activation” model. For the latter, a set of three non-linear
equations had been solved, assuming that the corrosion poten-
tial does not change due to the polarization of the working
electrode [46]. The larger peaks were used to calculate the cor-
rosion current density (icorr), the Tafel slopes (βc and βa) and
the causality factors (CF-2 and CF-3). These electrochemical
parameters were listed in Table (4).

The data presented in Table (4) obviously show that, the
addition of any one of tested compounds at a given concentra-
tion to the acidic solution decreases the corrosion current den-
sity, indicating that these compounds inhibit the corrosion of
Mild Steel in 2 M HCl through adsorption. The causality fac-
tors obtained under different experimental conditions are ap-
proximately equal to the theoretical values (2 and 3) indicating
that the measured data are verified and of good quality. The
inhibition efficiencies% IEEFM increase by increasing the inhibi-
tor concentrations and was calculated as from equation (4):

%IEEFM = [1-(icorr /iºcorr)]x 100 (4)                                       (4)

where iocorr and icorr are corrosion current densities in the ab-
sence and presence of inhibitor, respectively.

The inhibition sufficiency obtained from this method is in
the order: compound (1) > compound (2)

Fig. 4. EFM spectra for Mild Steel in 2 M HCl in the abscence and pres-
ence of different concentration of compound (1) at 30 ± 0.1 °C.

TABLE 4
ELECTROCHEMICAL KINETIC PARAMETERS OBTAINED BY EFM TECH-

NIQUE FOR MILD STEEL IN 2 M HCL WITHOUT AND WITH VARIOUS
CONCENTRATIONS OF BENZO[D]OXAZOLE DERIVATIVES (1-2) AT 30 ±

0.1 °C.

3.4. Quantum Chemical Calculations
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Figure (5) represents the molecular orbital plots and Mulli-
ken charges of investigated benzo[d]oxazole derivatives. The-
oretical calculations were performed for only the neutral
forms, in order to give further insight into the experimental
results. Values of quantum chemical indices such as energies
of lowest unoccupied molecular orbitals (LUMO) and energy
of highest occupied molecular orbitals (HOMO) (EHOMO and
ELUMO, and energy gap (∆E) are calculated and given in Table
(5). It has been reported that the higher or less negative EHOMO

is associated of inhibitor, the greater the trend of offering elec-
trons to unoccupied d orbital of the metal, and the higher the
corrosion inhibition efficiency, in addition, the lower ELUMO,
the easier the acceptance of electrons from metal surface [47].
From Table (5), it is clear that ∆E obtained by the three meth-
ods in case of compound (2) is lower than compound (1),
which enhance the assumption that compound (1) molecule
will  absorb  more  strongly  on  Mild  Steel  surface  than  com-
pound (2), due to facilitating of electron transfer between mo-
lecular orbital HOMO and LUMO which takes place during its
adsorption on the Mild Steel surface and thereafter presents
the maximum of inhibition efficiency.

    Also it can be seen that EHOMO increases from compound (1) to
compound (2) facilitates the adsorption and the inhibition by sup-
porting the transport process through the adsorbed layer. Reportedly,
excellent corrosion inhibitors are usually those organic compounds
who are not only offer electrons to unoccupied orbital of the metal,
but also accept free electrons from the metal [48,49]. It can be seen that
all calculated quantum chemical parameters validate these experi-
mental results.

Fig. 5. Molecular orbital plots of investigated benzo[d]oxazole derivatives.

TABLE.4
THE CALCULATED QUANTUM CHEMICAL PROPERTIES FOR INVESTI-

GATED BENZO[D]OXAZOLE DERIVATIVES.
Compound (1) Compound (2)

-EHOMO (a.u) 0.2952 0.3014
-ELUMO (a.u) 0.2253 0.2167
ΔE (a.u) 0.070 0.085
η (a.u) 0.035 0.042
σ (a.u)-1 28.612 23.613
-Pi (a.u) 0.260 0.259
c  (a.u) 0.260 0.259

3.5. Molecular Docking
Molecular  docking  is  a  key  tool  in  computer  drug  design

[50-53]. The focus of molecular docking is to simulate the mo-
lecular recognition process. Molecular docking aims to achieve
an optimized conformation for both the protein and drug with
relative orientation between them such that the free energy of
the overall system is minimized. In this context, we used mo-
lecular docking between compounds (1-2) and receptor of
breast cancer mutant 3hb5-oxidoreductase. The results
showed a possible arrangement between compounds (1-2) and
3hb5 receptor. The docking study showed a favorable interac-
tion between compounds (1-2) and the receptor (3hb5) as
shown in Figure. (6) and the calculated energy is listed in Ta-
ble (6). According to the results obtained in this study, HB plot
curve indicates that the compounds (1-2) binds to the proteins
with hydrogen bond interactions and decomposed interaction
energies in kcal/mol were exist between compounds (1-2)
with  3hb5  receptor  as  shown in  Figure  (7).  2D  plot  curves  of
docking with compounds (1-2) are shown in Figure (8).
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Fig. 6. The compounds (1-2) (green in (a) and gray in (b)) in interaction
with receptor of breast cancer mutant 3hb5-oxidoreductase. (For interpre-
tation of the references to color in this figure legend, the reader is referred
to the web version of this article).

COMPOUND (1)

COMPOUND (2)

Fig. 7. HB plot of interaction between compounds (1-2) and receptor of
breast cancer mutant 3hb5-oxidoreductase.
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COMPOUND (1)

COMPOUND (2)
Fig. 8. 2D plot of interaction between compounds (1-2) and receptor of

breast cancer mutant 3hb5-oxidoreductase.

TABLE 6
ENERGY VALUES OBTAINED IN DOCKING CALCULATIONS OF BEN-

ZO[D]OXAZOLE DERIVATIVES WITH RECEPTOR OF BREAST CANCER
MUTANT 3HB5-OXIDOREDUCTASE

3.6. Chemical Structure of the Inhibitors and Corrosion
Inhibition

          Inhibition of the corrosion of Mild Steel in 2 M HCl
solution by some benzo[d]oxazole derivatives is determined
by potentiodynamic anodic polarization measurements, Elec-
trochemical Impedance Spectroscopy (EIS) and electrochemi-
cal frequency modulation method (EFM) Studies, it was found
that the inhibition efficiency depends on concentration, nature
of metal, the mode of adsorption of the inhibitors and surface
conditions.

The observed corrosion data in presence of these inhibitors,
namely:

The decrease of corrosion rate and corrosion current with
increase in concentration of the inhibitor.

The shift in Tafel lines to higher potential regions.
The inhibition efficiency depends on the number of adsorp-

tion active centers in the molecule and their charge density.
It was concluded that the mode of adsorption depends on

the affinity of the metal towards the π-electron clouds of the
ring system. Metals such as Fe, which have a greater affinity
towards aromatic moieties, were found to adsorb benzene
rings in a flat orientation. The order of decreasing the percent-
age inhibition efficiency of the investigated benzo[d]oxazole
derivatives in the corrosive solution was as follow: compound
(1) > compound (2). Compound (1) exhibits excellent inhibi-
tion power due to its larger molecular size that may facilitate
better surface coverage. Compound (2) comes after compound
(1) in inhibition efficiency. This is due to it has lesser molecu-
lar size, which lower the electron density on the molecule and
hence, lower inhibition efficiency.

4  CONCLUSION

1- All the investigated benzo[d]oxazole derivatives are
good corrosion inhibitors for Mild Steel in 2 M HCl solu-
tion. The effectiveness of these inhibitors depends on
their structures. The variation in inhibitive efficiency de-
pends on the type and the nature of the substituent pre-
sent in the inhibitor molecule.

3- Double layer capacitances decrease with respect to blank
solution when the inhibitor added. This fact may be ex-
plained by adsorption of the inhibitor molecule on the
Mild Steel surface.
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4- EFM  can  be  used  as  a  rapid  and  nondestructive  tech-
nique for corrosion measurements without prior
knowledge of Tafel slopes

5- The order of % IE of these investigated compounds is in
the following order: compound (1) > compound (2).

6- Quantum chemistry calculation results showed that the
heteroatoms of N and O are the active sites of the ben-
zo[d]oxazole compounds. It can adsorb on Fe surface
firmly by donating electrons to Fe atoms and accepting
electrons from 3d orbital of Fe atoms.

7- Molecular docking was used to predict the binding
between benzo[d]oxazole derivatives (1-2) and the receptor of
breast cancer mutant 3hb5-oxidoreductase.
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