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a b s t r a c t

The inhibitive action of some benzimidazole derivatives namely 2-(2-furanyl)-1H-benzimidazole (FB),
2-(2-pyridyl) benzimidazole (PB) and 2-(4-thiazolyl) benzimidazole (TB), against the corrosion of iron
in solutions of nitric acid has been studied using density function theory calculations (DFT), weight loss,
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). The calculated elec-
tronic parameters involved in the activity of the benzimidazole derivatives confirmed that the position of
the side chain in the benzimidazole moiety affects the pattern of activity. The effectiveness of the benzim-
idazole derivatives is following the order TB > PB > FB. The same order is supported by the experimental
chemical and electrochemical measurements. The relationships between inhibition efficiency of iron in
1.0 M HNO3 and the molecular orbitals of the studied molecules as well as number of electrons transferred
�N from the inhibitor molecules to the iron surface were calculated by DFT method. The inhibition effi-
ciency increased with the increase in EHOMO and decrease in ELUMO–EHOMO. TB had the highest inhibition
cid inhibition
efficiency because it had the highest HOMO energy and �N values, and it was most capable of offering
electrons. Molecular modeling was used to evaluate the structural, electronic and reactivity parame-
ters of the selected benzimidazole derivatives in relation to their effectiveness as corrosion inhibitors.
Results obtained from weight loss, dc polarization and ac impedance measurements are in reasonably
good agreement and show increased inhibitor efficiency with increasing inhibitor concentration.

Data obtained from EIS were analyzed to model the corrosion inhibition process through equivalent

circuit.

. Introduction

An extensive review of the literature has shown that very lit-
le attention has been paid to inhibition studies on iron in nitric
cid [1]. In nitric acid solutions, the corrosion of iron is much faster
han in other mineral acids at comparable concentrations. This
s attributed to an autocatalytic process involving some nitrogen
xides, nitrous acid and/or some iron complexes. At high nitric acid
oncentrations, passivation of iron takes place. The factors affecting
he dissolution and the passivation processes are not fully under-
tood [2]. Use of the organic compounds as corrosion inhibitors in
itric acid, has been scarcely attempted because of the presumption

hat organic compounds would not be stable in the acid and would
how very poor inhibition [3]. The effect of various inhibitors on
he corrosion of iron in acid media has been studied. Thus Ammar
nd Darwish [4] have studied the passivation of iron and the effect

∗ Electrochemistry Research Laboratory, Ain Shams University, Faculty of Educa-
ion, Chemistry Department, Roxy, Cairo, Egypt.

E-mail address: khaledrice2003@yahoo.com.

013-4686/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
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of some anions, e.g. Br− and I− on the passive film. The effect of
amides as inhibitors for iron in nitric acid has been reported by
Fouad and Gouda [5]. These authors have found that the corro-
sion process is controlled by the reaction of amides with HNO3
and not by the surface reaction. The effect of some aminopyrim-
idine derivatives on the corrosion of 1018 carbon steel in 0.05 M
HNO3 solution has been reported. These inhibitors are adsorbed
on the steel surface according to Temkin isotherm [6]. Benzimida-
zole (BMZ) and its derivatives are an important class of compounds
present in many chemical structures of great interest in a variety
of biomedical and industrial fields. They form structural elements
of important classes of pharmaceutical drugs including: antiviral
[7], antitumoral [8], antifungal [9] and antihelminthic compounds
[10]. Furthermore, benzimidazoles are used as ligands towards
transition metal ions with a variety of biological molecules includ-
ing ionheme systems, vitamin B12 and its derivatives and several

metallo-proteins. The complexes of transition metal salts with ben-
zimidazole derivatives have been extensively studied as models
of some important biological molecules [11]. Metal complexes of
biologically important ligands are sometimes more effective than
free ligands [12]. Benzimidazole derivatives are used extensively

dx.doi.org/10.1016/j.electacta.2010.06.027
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:khaledrice2003@yahoo.com
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Fig. 1. Optimized geometries, frontier molecular orbitals and

n industrial processes as corrosion inhibitors for metal and alloy
urfaces [13,14].

Recently, density functional theory (DFT) has been used to ana-
yze the characteristics of the inhibitor/surface mechanism and to
escribe the structural nature of the inhibitor on the corrosion
rocess [15–18]. Furthermore, DFT is considered a very useful tech-
ique to probe the inhibitor/surface interaction as well as to analyze
he experimental data. In previous studies [19], the compounds
ontaining benzimidazole groups have been shown to be compe-
ent corrosion inhibitors in acid medium and this accounts for their
pplicability in the petroleum industry, mostly in boiler cleaning
nd heat exchangers [20,21].

In continuation of the work on development of corrosion
nhibitors for acidic solutions [22–27], the author has studied the
orrosion inhibiting behavior of some benzimidazole derivatives,
amely 2-(2-furanyl)-1H-benzimidazole (FB), 2-(2-pyridyl) benz-

midazole (PB) and 2-(4-thiazolyl) benzimidazole (TB), against the
orrosion of iron (99.9999%) in solutions of nitric acid. The aim of
his work is devoted to studying the inhibition characteristics of
hese compounds for acid corrosion of iron 99.9999 by chemical
weight loss), dc polarization and ac impedance measurements and
he impact of their structural and electronic properties on iron sur-
ace by DFT. Also, we attempted to investigate the adsorption of
enzimidazole derivative molecules on the Fe (0 0 1) surface using
olecular dynamics simulations.

. Experimental procedures

The benzimidazole derivatives are obtained from Sigma–Aldrich
hemical co. and their chemical structures are presented in Fig. 1.
ron specimens from Johnson Mattey (Puratronic, 99.999%) were

ounted in Teflon. An epoxy resin was used to fill the space
etween Teflon and iron electrode. The circular cross-sectional
rea of the iron rod exposed to the corrosive medium that used in
lectrochemical measurements was (0.28 cm2). Weight loss mea-
urements carried out using iron coupons of the same composition,

ach of dimensions (2 cm × 2 cm × 0.1 cm). Prior to all measure-
ents, the coupons were etched in a 7.0 M HNO3 solution for 15 s,

hen washed thoroughly with bidistilled water, degreased with
cetone, washed again with bidistilled water, and finally dried at
oom temperature.
i functions for benzimidazole derivatives calculated by DFT.

The coupons were weighed and suspended in 100 ml of stagnant
aerated solutions of 1.0 M HNO3 solution containing the stud-
ied benzimidazole derivatives at the desired concentrations range
(0.03–0.2 mM) at 25 ± 1 ◦C for 3 h immersion. At the end of the
tests, the coupons were taken out, washed with bidistilled water,
degreased with acetone, washed again with bidistilled water, dried,
and then weighed using an analytical balance (precision: ±0.1 mg).
Three measurements were performed in each case and the mean
value of the weight loss has been reported. The standard devi-
ation of the observed weight loss was ±1%. The corrosion rate
which is the weight loss per unit area, A per unit time, h, (w,
mg cm−2 h−1) as well as the inhibition efficiency (IEw (%)) over the
exposure time period were calculated according to the following
equation:

IEw =
(

1 − w

wo

)
× 100 (1)

where wo and w are the weight loss without and with benzimida-
zole derivatives, respectively.

Electrochemical measurements were carried out in a conven-
tional electrochemical cell containing three compartments for
working, a platinum foil (1.0 cm2) counter and reference electrodes.
A Luggin–Haber capillary was also included in the design. The tip of
the Luggin capillary is made very close to the surface of the work-
ing electrode to minimize IR drop. The reference electrode was a
saturated calomel electrode (SCE) used directly in contact with the
working solution. The experiments were conducted in a 300 cm3

cell, open to air, at 25 ± 2 ◦C using a temperature control water bath.
All potential values were reported in volt vs. (SCE).

The potentiodynamic current–potential curves were obtained
by changing the electrode potential automatically from −500 to
−80 mVSCE with a scan rate of 0.1 mV s−1. EIS measurements were
carried out in frequency range from 100 kHz to 10 mHz with an
amplitude of 5 mV peak-to-peak using ac signals at open circuit
potential. EIS spectra were analyzed by Zview impedance analysis
software (Scribner Associates Inc., Southern Pines, NC).
Measurements were performed using Gamry Instrument Poten-
tiostat/Galvanostat/ZRA. This includes a Gamry Framework system
based on the ESA400, Gamry applications that include dc105 for
dc corrosion measurements, EIS300 for electrochemical impedance
spectroscopy measurements along with a computer for collecting
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data. Echem Analyst 5.58 Software was used for plotting, graphing
and fitting data.

3. Computational details

Density functional theory (DFT) calculations were carried out
using the Becke three-parameter nonlocal exchange functional [28]
with the nonlocal correlation of Lee et al. [29] and Miehlich et
al. [30], together with the standard double-zeta plus polarization
6-31G(d,p) basis set [31] implemented in the hyperchem 8.06 pro-
gram package [32].

The calculations were carried out for the three benzimidazole
derivatives. The geometry of all compounds under investigation
was determined by optimizing all geometrical variables without
any symmetry constraints. The harmonic frequencies were com-
puted from analytical derivatives for all species in order to define
the minimum-energy structures. According to DFT-Koopmans’ the-
orem [33–35], the ionization potential, I can be approximated as the
negative of the highest occupied molecular orbital (HOMO) energy,

I = −EHOMO (2)

The negative of the lowest unoccupied molecular orbital (LUMO)
energy is similarly related to the electron affinity A,

A = −ELUMO (3)

Natural bond orbital (NBO) analysis [36] was performed to eval-
uate the electron-density distributions. The electron density plays
an important role in calculating the chemical reactivity parameters.
The global reactivities include electronegativity, �, which is iden-
tified in the finite difference approximation as the negative of the
chemical potential �,

� = −� = I + A

2
(4)

the global hardness �, defined as

� = I − A

2
(5)

and the global softness � as its inverse:

� = 1
�

(6)

During the interaction of the benzimidazole derivatives with the
iron surface, electrons flow from the lower electronegativity ben-
zimidazole derivative to the higher electronegativity iron surface
until the chemical potential becomes equalized. The fraction of the
transferred electron, �N, was estimated according to Pearson [37]:

�N = �m − �i

2(�m + �i)
(7)

where the indices m and i refer to iron atom and benzimidazole
derivative molecule, respectively. Atomic charges were computed
by natural population analysis (NPA), which was carried out in
terms of localized electron-pair ‘bonding’ units [38].

The local reactivity has been analyzed by means of Fukui indices
(FI) [38], which are an indication of the reactive centres within
the molecules. These are measurements of the chemical reactiv-
ity, as well as an indicative of the reactive regions, nucleophilic
and electrophilic behavior of the molecule. The condensed Fukui
functions [39] are found by taking the finite difference approxima-
tions from Mulliken population analysis of atoms in benzimidazole

derivatives, depending on the direction of the electron transfer:

f +
k

= qk(N + 1) − qk(N) (for nucleophilic attack) (8)

f −
k

= qk(N) − qk(N − 1) (for electrophilic attack) (9)
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o
k = qk(N + 1) − qk(N − 1)

2
(for radial attack) (10)

here qk is the gross charge of atom k in the molecule and N is the
umber of electrons.

The FI calculations were performed using Materials Studio
40,41] DMol3 version 4.3.1, a high quality quantum mechanics
omputer program (available from Accelrys, San Diego, CA). These
alculations employed an ab initio, local density functional (LDF)
ethod with a double numeric polarization (DNP) basis set and a

ecke–Perdew (BP) functional. Dmol3 module uses Mulliken pop-
lation analysis [42].

The phenomenon of electrochemical corrosion takes place in
he liquid phase, so it is relevant to include the effect of solvent
n the computations. Self-consistent reaction field (SCRF) theory
43], with Tomasi’s polarized continuum model (PCM) was used
o perform the calculations in solution. These methods model the
olvent as a continuum of uniform dielectric constant (ε = 78.5) and
efine the cavity where the solute is placed as a uniform series of

nterlocking atomic spheres.
Also, the molecular dynamics (MD) simulations were performed

sing Materials Studio software. Iron (0 0 1) surface was chosen for
he simulation study. The MD simulation of the interaction between

olecular benzimidazole derivatives and Fe (0 0 1) surface was
arried out in a simulation box (14.33 Å × 14.33 Å × 28.66 Å) with
eriodic boundary conditions to model a representative part of the

nterface devoid of any arbitrary boundary effects. The iron sub-
trate with (0 0 1) plane was first optimized to minimum energy,
hen the addition of the benzimidazole derivative molecules near to
he surface was carried out and the behavior of the benzimidazole

olecule on the Fe (0 0 1) surface was simulated using the com-
ass force field. The MD simulation was performed at 25 ◦C, NVT
nsemble, with a time step of 0.1 fs and simulation time of 50 ps.

The discover molecular dynamics module in Materials Studio 4.3
oftware from Accelrys Inc. [44] allows selecting a thermodynamic
nsemble and the associated parameters, defining simulation time,
emperature and pressuring and initiating a dynamics calcula-
ion. The molecular dynamics simulations procedures have been
escribed elsewhere [26]. The interaction energy, EFe-inhibitor, of the
e surface with benzimidazole derivatives were calculated accord-
ng to the following equation:

Fe-inhibitor = Ecomplex − (EFe + Einhibitor) (11)

here Ecomplex is the total energy of the iron crystal together with
he adsorbed inhibitor molecule, EFe and Einhibitor are the total
nergy of the iron crystal and free inhibitor molecular, respectively.
he binding energy of the inhibitor molecule is the negative value
f the interaction energy [46], namely:

binding = −EFe-inhibition (12)

. Results and discussion

.1. Molecular orbital energy level calculations

Table 1 presents the calculated energy levels of the HOMO and
UMO for the three selected compounds. Frontier orbital theory is
seful in predicting adsorption centres of the inhibitor molecules
esponsible for the interaction with surface metal atoms [47,48].
erms involving the frontier MO could provide dominative contri-
ution, because of the inverse dependence of stabilization energy
n orbital energy difference [47]. Moreover, the gap between the

UMO and HOMO energy levels of the molecules was another
mportant factor that should be considered. Reportedly, excellent
orrosion inhibitors are usually those organic compounds which
ot only offer electrons to unoccupied orbital of the metal, but also
ccept free electrons from the metal [49].
ta 55 (2010) 6523–6532

Fig. 1 shows the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) of the molecules
under study. From this figure, it can be observed that the com-
pounds FB, PB and TB present a clear contribution of p-orbitals
pertaining to the phenyl and imidazole rings on the HOMO and
LUMO.

The quantum chemistry calculations depicted in Table 1
revealed that TP is expected to be the best corrosion inhibitor
in the three selected organic compounds. The higher the HOMO
energy of the inhibitor, the greater the trend of offering electrons
to unoccupied d-orbital of the metal, and the higher the corrosion
inhibition efficiency for iron in HNO3 acid solutions; in addition,
the lower the LUMO energy, the easier the acceptance of electrons
from metal surface, as the LUMO–HOMO energy gap decreased and
the efficiency of inhibitor improved.

The number of expected transferred electrons (�N) was
also calculated depending on the quantum chemical method
[50,51].

Using a theoretical � value of 4.06 eV/mol according to Pearson’s
electronegativity scale [52] and � value of 0 eV/mol for iron atom
[50], �N, the fraction of electrons transferred from inhibitor to the
iron surface, was calculated. Values of �N showed inhibition effect
resulted from electrons donation. According to Lukovits’s study
[51], if �N < 3.6, the inhibition efficiency increased with increas-
ing electron-donating ability at the metal surface. In this study, the
three selected organic compounds will be expected to inhibit the
iron corrosion through donations of electrons to the iron surface
that will be the electron acceptor as indicated in Table 1. TP has
the highest HOMO energy and �N values, and it has the greatest
ability of offering electrons, while FB expected to have the lowest
inhibition efficiency, for vice versa.

4.2. Local reactivity of the selected corrosion inhibitors candidates

In Fig. 1, a representation of the HOMO and LUMO orbitals cal-
culated in the presence of a solvent (water) as well as active sites
for electrophilic, nucleophilic and radial attack on benzimidazole
derivatives. As can be seen from Fig. 1 that HOMO is located in the
benzimidazole as well as the side chains attached to this moiety.
This would indicate that the preferred actives sites for an elec-
trophilic attack are located within the region around the nitrogen
atoms belonging to the benzimidazole ring.

In the early stage of the reactivity theory, Pearson introduced
the quantities of electronic hardness (�) and softness (S) in his
hard–soft-acid–base principle (HSAB) [53]. The species are clas-
sified as soft (hard) if their valence electrons are easy (hard)
to polarize or to remove and the relationship between hardness
or softness and the chemical reactivity was given through the
HSAB principle, reading ‘hard likes hard and soft likes soft’. In
the past years, the theoretical research efforts in this area made
possible to go beyond the so-called global HSAB principle and
to provide details about its local applications. Fukui functions
make possible to rationalize the reactivity of individual molecu-
lar orbital contributions thus to account for the response of the
whole molecular spectrum and not only of the frontier orbitals.
Several benchmark applications of this protocol describing selec-
tivity and reactivity by means of orbital Fukui indices presented by
Mineva et al. [46]. The reactivity indices are not directly attained
experimentally and only the relative trends between theoretical
data and experimental information can be compared and ana-
lyzed.
With the aim of having a wider knowledge about the local reac-
tivity of the benzimidazole derivatives, the Fukui indices for each
one of the atoms in the molecules have been calculated. An analy-
sis of the Fukui indices along with the distribution of charges and
the global hardness provides a more complete scheme of the reac-
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Table 2
Calculated Mulliken atomic charges and Fukui functions for the three benzimidazole derivatives.

Inhibitor Atom qN qN+1 qN−1 f +
k

f −
k

f o
k

FB C(1) 0.396 0.544 0.3580 0.148 0.038 0.043
N(2) −0.417 −0.245 −0.485 0.172 0.068 0.070
C(3) 0.219 0.220 0.1990 0.001 0.020 0.010
C(4) 0.315 0.321 0.2790 0.006 0.036 0.021
N(5) −0.591 −0.465 −0.607 0.126 0.016 0.021
C(6) −0.270 −0.119 −0.308 0.151 0.038 0.044
C(7) −0.172 −0.061 −0.190 0.111 0.018 0.015
C(8) −0.166 −0.033 −0.212 0.133 0.046 0.039
C(9) −0.284 −0.143 −0.307 0.141 0.023 0.032
O(10) −0.400 −0.361 −0.924 0.039 0.524 0.032
C(11) 0.338 0.375 0.3050 0.037 0.033 0.035
C(12) −0.295 −0.226 −0.351 0.069 0.056 0.063
C(13) −0.191 −0.176 −0.316 0.015 0.125 0.021
C(14) 0.040 0.113 −0.031 0.073 0.071 0.072

PB C(1) 0.382 0.509 0.3150 0.127 0.067 0.047
N(2) −0.395 −0.232 −0.461 0.163 0.066 0.065
C(3) 0.224 0.224 0.1950 0.000 0.029 0.015
C(4) 0.320 0.330 0.2850 0.010 0.035 0.022
N(5) −0.560 −0.349 −0.578 0.121 0.018 0.019
C(6) −0.265 −0.126 −0.313 0.139 0.048 0.043
C(7) −0.171 −0.0590 −0.187 0.112 0.016 0.014
C(8) −0.158 −0.0300 −0.215 0.128 0.057 0.043
C(9) −0.280 −0.1510 −0.311 0.129 0.031 0.030
C(10) 0.233 0.2950 0.2310 0.062 0.002 0.032
C(11) −0.245 −0.2280 −0.272 0.017 0.027 0.022
C(12) −0.135 −0.0940 −0.347 0.041 0.212 0.027
C(13) −0.173 −0.1080 −0.310 0.065 0.137 0.051
C(14) −0.071 −0.0580 −0.089 0.013 0.018 0.015
N(15) −0.332 −0.2670 −0.755 0.065 0.423 0.044

TB C(1) 0.344 0.4060 0.2820 0.125 0.062 0.043
N(2) −0.371 0.4690 −0.435 0.149 0.064 0.057
C(3) 0.189 −0.2220 0.1600 0.001 0.029 0.015
C(4) 0.305 0.1900 0.2640 0.007 0.041 0.024
N(5) −0.575 0.3120 −0.590 0.113 0.015 0.014
C(6) −0.286 −0.4620 −0.328 0.134 0.042 0.038
C(7) −0.211 −0.1520 −0.228 0.112 0.017 0.015
C(8) −0.207 −0.0990 −0.260 0.122 0.053 0.038
C(9) −0.307 −0.0850 −0.334 0.130 0.027 0.029
S(10) −0.106 −0.1770 −0.730 0.195 0.624 0.160
C(11) −0.067 0.0890 −0.299 0.065 0.232 0.048
N(12) −0.273 0.0020 −0.992 0.036 0.719 0.028
C(13) 0.266 −0.2370 0.2560 0.035 0.010 0.022

t
f
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C
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C(14) −0.275 0.3010

ivity of the studied molecules [54]. The calculated Fukui indices
or all the charged species (N + 1 and N − 1) as well as the neutrals
N) of each of the three benzimidazole derivatives are presented
n Table 2. For simplicity, only the charges and Fukui functions
ver the nitrogen (N), oxygen (O), sulphur (S) and carbon atoms are
resented.

The optimized structures for the three selected organic com-
ounds in their ground states are shown in Fig. 1.

The local reactivity are analyzed by means of the condensed
ukui function, the condensed Fukui functions allow us to distin-
uish each part of the molecule on the basis of its distinct chemical
ehavior due to the different substituent functional groups. Thus,
he site for nucleophilic attack will be the place where the value
f f +

k
is a maximum. In turn, the site for electrophilic attack is

ontrolled by the value of f −
k

. The values of the Fukui functions
or a nucleophilic and electrophilic attack are given for the three
elected compounds in Table 2 (only for the nitrogen atom, oxygen
tom, sulphur atom and carbon atoms). For nucleophilic attack,
he most reactive sites of the three derivatives are on the car-

on atoms of the phenyl ring. For electrophilic attack, the most
eactive site of FB is on the O(10) atom of the furan ring and the
(13). For PB, the most reactive sites are N(15), C(12), C(13) and
(14). For TB the most reactive sites are N(12), S(10) and C(11)
toms.
−0.320 0.103 0.045 0.074

Based on the discussion above, it can be concluded that the TB
molecule will have many active centres for adsorption on iron sur-
face. These are areas containing N and S atoms and are the most
possible sites for bonding to iron surface through donating elec-
trons to the iron surface.

4.3. Molecular dynamics simulations

The molecular dynamics simulations are performed to study the
adsorption behavior of some benzimidazole derivatives (FB, PB and
TB) on Fe (0 0 1) surface. The studied system reaches equilibrium
only if both of the temperature and energy of the system reach bal-
ance. The geometry optimization of the studied system is carried
out using an iterative process, in which the atomic coordinates are
adjusted until the total energy of a structure is minimized, i.e., it
corresponds to a local minimum in the potential energy surface.
During the molecular dynamics simulation process the values of
the interaction energy and the binding energy of the three benzim-
idazole derivatives on iron (0 0 1) surface are calculated and listed

in Table 1.

As can be seen from Table 1, the binding energy, in all the cases,
has a positive value. As the value of the binding energy increases,
the more easily the inhibitor adsorbs on the iron surface, the higher
the inhibition energy [55]. It follows from the data presented in
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Table 3
Corrosion rate in (mg cm−2 h−1), inhibition efficiency data obtained from weight loss
measurements for iron in 1.0 M HNO3 solutions without and with various concen-
trations of FB, PB and TB at 25 ± 1 ◦C.

Inhibitor Concentration, M Corrosion rate, mg cm−2 h−1 IEw , %

Blank 6.33 –
FB 3 × 10−5 2.62 58.61

5 × 10−5 2.38 62.40
9 × 10−5 1.99 68.56
2 × 10−4 1.67 73.62

PB 3 × 10−5 2.31 63.51
5 × 10−5 1.89 70.14
9 × 10−5 1.35 78.67
2 × 10−4 1.18 81.36

TB 3 × 10−5 1.82 71.25
−5

T
E
s

ig. 2. Equilibrium adsorption configurations of inhibitors FB, PB and TB on Fe
0 0 1) surfaces containing the solvent molecules obtained by molecular dynamic
imulations.

able 1 that during the simulation process, TB possesses the max-
mum binding energy to the iron (0 0 1) surface (532.3 kcal/mol)
mong the three tested inhibitors. High values of binding energy
ndicate that TB molecules expected to give the highest inhibition
fficiency from the theoretical point of view. From the structure
f iron surface, it is evident that the presence of unoccupied d-
rbital exhibits a tendency to obtain electrons from the adsorbed
olecules. Benzimidazole derivatives studied in this work have a

umber of lone pair of electrons on the S, N and O atoms as well as
he �-electron clouds on the aromatic rings. This will make it pos-
ible to provide electrons to the unoccupied orbitals of iron surface
o form stable co-ordination bonds. Therefore the studied benz-
midazole derivatives are likely to chemisorb on the iron surface,
rotecting it from corrosion. In addition, based on the equilibrium
onfiguration of the three benzimidazole derivatives adsorbed on
e (0 0 1) surface, presented in Fig. 2, we can conclude that the
tudied benzimidazole derivatives can be absorbed on the Fe sur-

ace through the benzimidazole ring and the side chain (furanyl,
yridyl and thiazolyl). In this way, the exposed part of Fe surface
an be reduced by the covering of the benzimidazole moiety and
he side chains, consequently preventing the iron surface from the
itric acid attack.

able 4
lectrochemical kinetic parameters, inhibition efficiencies IEp (%) and rates of corrosion
olutions without and with various concentrations of FB, PB and TB at 25 ± 1 ◦C.

Inhibitor Inhib, M ˇa, V dec−1 Ecorr, V (SCE)

Blank 0.525 −0.255
FB 3 × 10−5 0.640 −0.254

5 × 10−5 0.575 −0.255
9 × 10−5 0.636 −0.254
2 × 10−4 0.485 −0.253

PB 3 × 10−5 0.516 −0.248
5 × 10−5 0.554 −0.250
9 × 10−5 0.492 −0.256
2 × 10−4 0.435 −0.262

TB 3 × 10−5 0.557 −0.254
5 × 10−5 0.519 −0.256
9 × 10−5 0.405 −0.220
2 × 10−4 0.448 −0.247
5 × 10 1.10 82.62
9 × 10−5 0.72 88.63
2 × 10−4 0.35 94.47

4.4. Experimental measurements

4.4.1. Weight loss measurements
Table 3 presents the values of the corrosion rates (in

mg cm−2 h−1) and the inhibition efficiency, IEw (%), derived from
weight loss measurements, for iron corrosion in 1.0 M HNO3
solutions as a function of the concentration of the three tested
benzimidazole derivatives. Data in Table 2 indicate that, in all the
cases, corrosion rate depends on the nature and the concentration
of the benzimidazole derivatives under investigation. The inhibi-
tion efficiency IEw (%) was evaluated using Eq. (1). It is obvious
that the inhibition efficiency values for the three tested benzim-
idazole derivatives increase with increase in their concentration,
and this increase in the inhibition efficiency, at a given inhibitor
concentration, enhances, as will be discussed later, following the
order: TB > PB > FB. Thus, weight loss measurements, in accordance
with theoretical study, demonstrate that all studied benzimidazole
derivatives exhibit inhibition properties, and the most effective one
is the TB derivative.

4.4.2. Potentiodynamic polarization measurements
Fig. 3 shows the cathodic and the anodic polarization plots of

iron immersed in 1.0 M HNO3 at 25 ◦C in the absence and in the
presence of different concentrations of benzimidazole derivatives.
Electrochemical parameters such as corrosion potential (Ecorr),
anodic Tafel slopes (ˇa) and corrosion current density (icorr) are
listed in Table 4. The percentage of inhibition efficiency (IEp (%))

was calculated using the following equation:

IEp (%) =
(

1 − icorr

iocorr

)
× 100 (13)

associated with Tafel polarization measurements recorded for iron in 1.0 M HNO3

icorr, mA cm−2 IEp , % Corrosion rate, mpy

125 – 57.09 e+3
58.4 53.28 26.71 e+3
51.8 58.56 23.72 e+3
44.6 64.32 20.4 e+3
39.3 68.56 17.99 e+3
49.6 60.32 22.68 e+3
42.3 66.16 19.33 e+3
33.1 73.52 15.12 e+3
28.0 77.60 12.81 e+3
39.3 68.56 17.99 e+3
26.8 78.56 12.26 e+3
21.9 82.48 10.03 e+3
12.4 90.08 5.67 e+3
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Fig. 3. Potentiodynamic anodic and cathodic polarization curves recorded for iron
at a scan rate of 0.1 mV s−1 at 25 ± 1 ◦C in aerated stagnant 1.0 M HNO3 solutions
without and with various concentrations of FB, PB and TB.
ta 55 (2010) 6523–6532 6529

where iocorr and icorr are corrosion current densities in the absence
and in the presence of inhibitors, respectively. From the results
in Table 4, it can be observed that the values of corrosion cur-
rent density (icorr) of iron in the inhibitor-containing solutions
were lower than those for the inhibitor-free solution. The corro-
sion current densities at all inhibitor concentrations are decreased
in the order of TB > PB > FB. This indicates on the more beneficial
effect of TB on corrosion inhibition of iron in 1.0 M HNO3 solu-
tion. Also, it is clear from Table 4 that the icorr values decrease,
and therefore the rate of corrosion is suppressed, with increase
in benzimidazole derivative concentration. Anodic Tafel lines of
nearly equal slopes were obtained; indicating that the iron dissolu-
tion mechanism did not changed by addition of the benzimidazole
derivatives.

As can be seen in Fig. 3, it was not possible to evaluate the
cathodic Tafel slope as there is no visible linear region that prevents
linear extrapolation to Ecorr of the cathodic polarization curves.

It is also seen, in all cases, that the anodic branches of the
polarization curves display a typical Tafel behavior. This makes it
possible, to make an accurate evaluation of the anodic Tafel slope
(ˇa) as well as corrosion currents (icorr) by the Tafel extrapola-
tion method. On the other hand, the cathodic polarization curves
presented here do not display the expected linear Tafel behav-
ior over the complete applied potential range. The curvature of
the cathodic branch may be attributed to the deposition of the
corrosion products or impurities on the iron surface to form a non-
passive surface film [56]. In addition, a clear inflection is quite
clear in the cathodic branches, may be due to diffusion control
mechanism. It has been shown that in the Tafel extrapolation
method, the use of both the anodic and the cathodic Tafel regions
is preferred over the use of only one Tafel region [57]. However,
the corrosion rate can also be determined by Tafel extrapolation
of either the cathodic or anodic polarization curve alone. If only
one polarization curve alone is used, it is generally the anodic
curve which usually produces a longer and better defined Tafel
region. Cathodic polarization may sometimes produce concentra-
tion effects, due to diffusion as well as roughening of the surface
which can lead to deviations from Tafel behavior. Thus, extrapola-
tion of the anodic Tafel region back to zero overvoltage gives the
net rate of the anodic reaction at the corrosion potential; this is
also the net rate of the anodic reaction at the corrosion potential
[57]. Detail descriptions of similar results were discussed in our
previous studies [27,58,59]. As can be seen from Fig. 3, corrosion
potential Ecorr shifts with no definite trend indicating that benz-
imidazole derivatives act as mixed type inhibitors in 1.0 M HNO3.
Data in Table 4 shows that the benzimidazole derivatives act as
adsorptive inhibitors, i.e., they reduce anodic dissolution and also
retard the oxygen evolution reaction via blocking the active reac-
tion sites on the iron surface or even can screen the covered part
of the electrode and therefore protect it from the action of the
corrosion medium [60]. In this way, it is expected that the inhi-
bition efficiency (IEp (%)) is increased with the concentration of
inhibitor.

4.4.3. Electrochemical impedance spectroscopy
In order to investigate the adsorption and the inhibition mech-

anism of the studied inhibitors as noted above, electrochemical
impedance spectroscopy measurement is performed to study the
iron/electrolyte solution interface characteristics in the same solu-
tions as used in the polarization curve experiments. Fig. 4 shows the
impedance spectra of iron in 1.0 M HNO3 solution in the absence

and the presence of different concentrations of benzimidazole
derivatives. Inspections of the data reveal that each impedance dia-
gram consists of three time constants, i.e., a large capacitive loop at
high frequency (HF), a small capacitive loop at medium frequency
(MF) and a small inductive one at low frequency (LF) values.
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ig. 4. Nyquist impedance spectra recorded for iron in aerated stagnant 1.0 M HNO3

olutions without and with various concentrations of various concentrations of FB,
B and TB.

Moreover, the diameter of the first semicircle increases grad-
ally in Nyquist plots with the increase of the benzimidazole
erivative concentration from 0.03 to 0.2 mM. Furthermore, the
reatest inhibitor concentration of TB (2 × 10−4 M) gives rise to
uch larger semicircle diameter than other three lower concen-

rations of TB.
As usually indicated in the EIS study, on one hand, the HF
apacitive loop is related to the charge transfer process of the
etal corrosion and the double layer behavior, and the LF induc-

ive loop may be attributed to the relaxation processes obtained
y adsorption of inhibitor on the electrode surface [61]. In other
Fig. 5. Equivalent circuit used to fit experimental EIS data recorded for iron electrode
in 1.0 M HNO3 solutions in the absence and the presence of various concentrations
of the three selected benzimidazole derivatives.

words, the inductive behavior at low frequency is probably due to
the consequence of the layer stabilization byproducts of the cor-
rosion reaction on the electrode surface (for example, [FeOH]ads
and [FeH]ads) involving inhibitor molecules and their reactive
products[62]. It may also be attributed to the re-dissolution of
passivated surface. Contribution to the total impedance at interme-
diate frequencies comes mainly from the charge transfer resistance
and inductive component in parallel. The inductor arises from
adsorption effects of the oxide film and/or thiourea derivatives
and could be define as (L = R�), where � is the relaxation time for
adsorption on iron surface [26,63].

On the other hand, as is seen, the HF capacitance loops in
Fig. 4 enlarge as the concentration of FB, PB and TB increases,
respectively. It means that the inhibition efficiency is propor-
tional to the increment of inhibitor concentration. Namely, the
greater the inhibitor concentration, the higher the inhibition
efficiency.

The effect of inhibitor concentration on the impedance behav-
ior of iron in 1.0 M HNO3 solution at 25 ◦C is presented in Fig. 4.
The curves show a similar type of Nyquist plot for iron in the pres-
ence of various concentrations of FB, PB and TB. As seen from Fig. 4,
the Nyquist plots contain a depressed semi-circle, with the centre
below the real x-axis which sizes are increased by increasing the
inhibitor concentration, indicating that the corrosion is mainly a
charge transfer process [27]. A loop is also seen at low frequencies
which could be arising from the adsorbed intermediate products on
the iron surface [64]. The depressed semi-circles are the character-
istic of solid electrodes and often referred to frequency dispersion
which arises due to the roughness and other inhomogeneities of the
surface [65,66]. It is worth noting that the change in the concen-
tration of benzimidazole derivatives did not alter the style of the
impedance curves, suggesting a similar mechanism of inhibition is
involved.

For the impedance spectra, it is essential to develop the
appropriate physical models which can then be used to fit the
experimental data and extract the parameters which characterize
the corrosion process.

Fig. 5 shows the equivalent circuit model used to fit the
experimental impedance data of iron in 1.0 M HNO3 containing
benzimidazole derivatives. The structure parameters calculated on
the basis of the model in Fig. 4 are presented in Table 5. Low chi-
squared values and percentage errors indicated good fits. In Fig. 5,
Rs represent the solution resistance, Rct is the charge transfer resis-
tance and CPEd represent the capacitance of the high frequency
semicircle that can be attributed to the charge transfer process. Ra

represents the resistance of the adsorbed inhibitor and CPEa is the
capacitance of the inhibitor film that attributed to the inhibitor’s
adsorption on the iron surface. L and RL represent the inductive
elements which may be correlated with a slow low frequency inter-
The capacitive loop was related to charge transfer in corro-
sion process [67], whereas, the inductive loop originated from the
adsorption relaxation of intermediates which covered the reaction
surface [27].
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Table 5
Electrochemical parameters calculated from EIS measurements on iron electrode in 1.0 M HNO3 solutions without and with various concentrations of FB, PB and TB at 25 ± 1 ◦C
using equivalent circuit presented in Fig. 5.

Inhibitor Concentration, M Rs, 	 cm2 Rct, 	 cm2 CPEd,� 	−1 cm−2 Sn nd Ra, 	 cm2 CPEa, m 	−1 cm−2 Sn na L, H cm2 RL, 	 cm2 �, %

Blank 1.5 2.5 40.1 0.95 3 30.2 0.9 2 0.8
FB 3 × 10−5 1.4 8.2 39.2 0.89 3.2 30.2 0.7 2 2.0 60.3

5 × 10−5 2.1 11.5 34.3 0.88 4.1 41.1 0.68 3 2.2 65.3
9 × 10−5 1.12 14.1 36.2 0.88 4.6 42.3 0.68 5 1.5 72.2
2 × 10−4 1.3 17.2 37.5 0.88 5.1 44.1 0.68 5 1.3 76.3

PB 3 × 10−5 1.4 17.3 38.2 0.88 3.8 41.2 0.68 5 1.5 66.8
5 × 10−5 0.9 12.1 45.2 0.88 4.2 25.3 0.72 8 3.2 74.3
9 × 10−5 1.1 18.6 47.2 0.88 7.1 23.2 0.72 9 4.1 82.5
2 × 10−4 1.2 25.3 30.9 0.89 8.4 22.1 0.72 9 6.7 86.4
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TB 3 × 10 1.3 10.2 36.4
5 × 10−5 2.1 35.2 37.6
9 × 10−5 1.5 53.1 41.2
2 × 10−4 4.1 150.3 52.1

It should be noticed that the depression of the large semicir-
les (i.e., rather than perfect semicircles) in the complex impedance
lane of the Nyquist plots, with the centre under the real axis,
ppears in Fig. 4. Deviation of this kind often referred to as fre-
uency dispersion. Therefore, a constant phase element (CPE)

nstead of a capacitive element is used in Fig. 5 to get a more accu-
ate fit of experimental data sets using generally more complicated
quivalent circuits. The impedance, Z, of CPE has the form [68]:

CPE =
[
Q (jω)n

]−1
(14)

here Q is the CPE constant which is a combination of properties
elated to the surface and electro-active species, j2 = −1 the imag-
nary number, ω the angular frequency and n is a CPE exponent

hich can be used as a measure of the heterogeneity or roughness
f the surface. Depending on the value of n, CPE can represent resis-
ance (n = 0, Q = 1/R), capacitance (n = 1, Q = C), inductance (n = −1,
= 1/L) or Warburg impedance (n = 0.5, Q = W) [61].

Table 5 contains all the impedance parameters obtained from
he simulation of experimental impedance data. The inhibition effi-
iency (�%) is calculated from the following equation [69]:

% =
(

1 − 1/R

1/Ro

)
× 100 (15)

here Ro and R represent the uninhibited and inhibited polariza-
ion resistance (intersection of the low frequency inductive loop
ith x-axis), respectively. It can be seen from Table 5 that, with the

ncrease of inhibitor concentrations (FB, PB and TB), the inhibition
fficiencies increase noticeably, especially the situation of increas-
ng concentration of TB. At the same concentration of inhibitors, the
nhibition efficiency of these inhibitors is in the order: TB > PB > PB

hich is in consistence with the experimental results in Fig. 4.
Inspection of Table 5 shows that the solution resistance, Rs, was

n the range of 0.9–4.1 	 cm2, the values of ‘n’ were in the range
rom 0.7 to 0.95, indicating non-ideal capacitive behavior. The val-
es of nd (CPEd) and na (CPEa) can be attributed respectively to
he heterogeneity of the metal surface and to the level of energy
istribution in the adsorbed layer [70]. As nd and na change with
he concentration and with the nature of the inhibitor, it can be
ssumed that there is a relation between the molecular structure
nd the adsorption of the inhibitors. The deviation of ‘n’ values from
nity is very large, reaching the value of 0.72 at the highest con-
entration of TB. So, the energy distribution in the adsorbed layer
n the presence of TB is considerably higher, than for PB and FB [70].

It can also be seen from Table 5 that, Rct and CPEd have opposite

rend at the whole concentration range. It can be supposed that a
rotective layer covers the surface of the electrode. Its nature can
e some solid film, inhibiting species or both [67].

The inhibition efficiencies increase noticeably, especially the sit-
ation of increasing concentration of TB. At the same concentration
9 7.8 25.3 0.75 8 5.6 75.4
7 10.2 20.5 0.8 8 4.3 88.6

13.6 19.3 0.7 8 3.3 91.2
2 20.2 18.1 0.89 10 2.1 96.8

of inhibitors, the inhibition efficiency of these inhibitors is in the
order: TB > PB > FB which is in consistence with the experimental
results in Fig. 4.

As far as the inhibition process is concerned, it is generally
assumed that the adsorption of the inhibitors at the iron/1.0 M
HNO3 solution interface is the first step in the inhibition mecha-
nism [71]. Considering the dependence of inhibition efficiency on
inhibitor concentration as represented in Figs. 3 and 4, it seems to
be possible that these inhibitors act by adsorbing and blocking the
available active centre of iron surface. In other words, the inhibitor
decreases the active centre for iron dissolution.

As we indicated earlier in Sections 4.1–4.3, the establishment
of relationship between inhibition efficiency and molecular struc-
tures of organic inhibitors, especially the adsorption orientation
of the inhibitors on the metal surface, is of high significance [51].
It has been reported that the adsorption is dependent on the fol-
lowing physicochemical properties of the inhibitor molecule, such
as steric factors, functional groups, electron density (i.e., charge
distribution) at the donor atoms and � orbital character of donat-
ing electrons, and on the natures of substrate metals and the type
of interaction between organic molecules and the metallic sur-
face as well [50,71]. In other words, the efficiency of an organic
compound as corrosion inhibitor depends not only on the charac-
teristics of the environment in which it acts, the nature of the metal
surface and electrochemical potential at the interface, but also on
the structure of the inhibitor itself which includes the number of
adsorption active centres in the molecule, their charge density, the
molecule size, the mode of adsorption, the formation of metallic
complexes and the projected area of the inhibitor on the metallic
surface.

Benzimidazole derivatives have proven to be effective inhibitors
for the corrosion of iron in acids [61]. The inhibitive effect of these
compounds has been attributed to the presence of the hetero-
cyclic structure in the benzimidazole moiety as well as in its side
chain. For the three inhibitors (FB, PB and TB) used in Fig. 1, there
exists the same benzimidazole moiety and different side chains in
their molecular structures. Considering the structure of these com-
pounds, the electronic charge density on the N and S atoms in the
thiazole ring will enhance the inhibiting effect of TB. By compari-
son, it can be found that, under the same solutions condition, the
results obtained from the EIS measurement are in good agreement
with those obtained from polarization curves, chemical weight loss
and DFT calculations.
5. Conclusions

1. The inhibitory properties of benzimidazole derivatives were
studied by means of density function theory. The calculated
electronic parameters involved in the activity of the inhibitors
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confirmed that the position of the side chain in the benzimida-
zole moiety affects the pattern of activity. TB shows to be the
most effective corrosion inhibitor, the effectiveness of the benz-
imidazole derivatives following the order TB > PB > FB. The same
order is supported by the experimental measurements.

. The relationships between inhibition efficiency of iron in 1.0 M
HNO3 and the EHOMO, ELUMO–EHOMO, and �N of benzimidazole
derivatives were calculated by DFT method. The inhibition effi-
ciency increased with the increase in EHOMO and decrease in
ELUMO–EHOMO. TB had the highest inhibition efficiency because
it had the highest HOMO energy and �N values, and it was most
capable of offering electrons.

. Molecular modeling was used to evaluate the structural,
electronic and reactivity parameters of the benzimidazole
derivatives in relation to their effectiveness as corrosion
inhibitors.

. Results obtained from weight loss, dc polarization and ac
impedance techniques are in reasonably good agreement and
show increased inhibitor efficiency with increasing inhibitor
concentration.
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