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Abstract

The inhibitive action of some benzimidazole derivatives namely 2-aminobenzimidazole (AB), 2-(2-pyridyl)benzimidazole (PB), 2-

aminomethylbenzimidazole (MB), 2-hydroxybenzimidazole (HB) and benzimidazole (B), against the corrosion of iron (99.9999%) in

solutions of hydrochloric acid has been studied using potentiodynamic polarization and electrochemical impedance spectroscopy

(EIS). At inhibitor concentration range (10�3�/10�2 M) in 1 M acid, the results showed that these compounds suppressed both

cathodic and anodic processes of iron corrosion in 1 M HCl by adsorption on the iron surface according to Langmuir adsorption

isotherm. The efficiency of these inhibitors increases in the order AB�/PB�/MB�/HB�/B. Both potentiodynamic and EIS

measurements reveal that these compounds inhibit the iron corrosion in 1 M HCl and that the efficiency increases with increasing of

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

circuit. A correlation between the highest occupied molecular orbital EHOMO and inhibition efficiencies was sought.

# 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Benzimidazole derivatives; Iron; Polarization; EIS; Acid inhibition

1. Introduction

Acid inhibitors are essentially used in metal finishing

industries, acidizing of oil wells, cleaning of boilers and

heat exchangers [1�/8]. The most effective and efficient

inhibitors are organic compounds having p bonds in

their structures. The efficiency of an inhibitor is largely

dependent on its adsorption on the metal surface, which

consists of replacement of water molecule by the organic

inhibitor at the interface as:

Org(sol)�nH2O(ads) 0 Org(ads)�nH2O(sol)

The adsorption of these molecules depends mainly on

certain physicochemical properties of the inhibitor

molecule such as functional groups, steric factors,
aromaticity, electron density at the donor atoms and p
orbital character of donating electrons [9�/11], the

electronic structure of the molecules [12,13], and so on.

This paper focuses on the efficiency of non-toxic

imidazole derivatives as iron corrosion inhibitors in

hydrochloric acid. Imidazole derivatives are well-known

corrosion inhibitors for metals and alloys [14]. Benzi-

midazole molecule shows two anchoring sites suitable

for surface bonding: the nitrogen atom with its lonely

sp2 electron pair and the aromatic rings.

In continuation of the work on development of

corrosion inhibitors for acidic solutions [15�/17], the

author has studied the corrosion inhibiting behaviour of

some benzimidazole derivatives namely 2-aminobenzi-

midazole (AB), 2-(2-pyridyl)benzimidazole (PB), 2-ami-

nomethylbenzimidazole (MB), 2-hydroxybenzimidazole

(HB) and benzimidazole (B) on iron in 1 M HCl

solutions. The aim of this work is devoted to study the

inhibition characteristics of these compounds for acid

corrosion of iron 99.9999 using both potentiodynamic

polarization and electrochemical impedance spectro-

scopy (EIS). The impedance spectra obtained from this

study are analyzed to show the equivalent circuit that

fits the corrosion data, also the adsorption behaviour of

these series are examined. Correlation between the
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inhibition efficiency and the structure of these com-

pounds are presented.

2. Experimental procedures

Electrochemical corrosion tests have been carried out

on electrodes cut from iron (Puratronic 99.9999%) from

Johnson Mattey Ltd. Iron rods were mounted in Teflon

(surface area 0.28 cm2). The surface preparation of the

specimens was carried out using emery papers of

different grads up to 4/0 grit, rinsed with double distilled

water, degreased with acetone and dried at room

temperature before use. Hydrochloric acid solutions
were prepared from concentrated acid and double

distilled water. All experiments were conducted at

25 8C. The solutions were prepared by mixing hydro-

chloric acid (Fisher Scientific) with the inhibitors

(Aldrich Chemical Co.), which used without any pre-

treatment. Fig. 1 shows the 2D molecular structure of

the investigated compounds. The electrochemical cell

used has described elsewhere [18]. The reference elec-
trode was a saturated calomel electrode (SCE). All

reported potential values are referred to this type of

electrode. Electrochemical experiments were carried out

under static conditions at 25 8C with a fine Luggin

capillary to avoid ohmic resistance.

Measurements were performed on EG&G Princeton

Applied Research potentiostat/galvanostat (PAR model

273) in combination with a Solarton 1250 frequency
response analyzer. These were used for polarization and

capacitance measurements along with a computer for

collecting data. The potentiodynamic current�/potential

curves were obtained by changing the electrode potential

automatically from �/500 to �/250 mVSCE with scan

rate of 1 mV s�1.

EIS measurements were carried out in frequency

range of 100 kHz to 10 mHz with amplitude of 5 mV
peak-to-peak using a.c. signals at open circuit potential.

The software used in this study are corrosion software,

model 352-252 version 2.23, EIS software model 398,

Boukamp software for equivalent circuit analysis 2nd

ed. and Hyperchem ver. 7 for applying molecular

modeling techniques to the studied compounds.

3. Results and discussion

3.1. Polarization curves

Figs. 2�/5 are showing typical polarization curves for

the inhibition characteristics of benzimidazole deriva-

tives. These figures show that the anodic and cathodic

polarization curves recorded on iron electrode in 1 M

HCl at various concentrations in the presence and

absence of benzimidazole derivatives. As would be
expected both anodic and cathodic reactions of iron

electrode corrosion were inhibited with the increase of

benzimidazole derivatives concentration. This result

suggests that the addition of benzimidazole derivatives

reduces anodic dissolution and also retards the hydro-

gen evolution reaction.

Table 1 shows the electrochemical corrosion kinetic

parameters, i.e. corrosion potential (Ecorr), cathodic and
anodic Tafel slopes (bc, ba) and corrosion current density

icorr obtained by extrapolation of the Tafel lines. The

calculated inhibition efficiency, IE% are also reported

from Eq. (1),

IE%�
�

io
corr � icorr

io
corr

�
�100 (1)

where iocorr,icorr are uninhibited and inhibited corrosion

current densities, respectively, the best inhibition effi-

ciency was about 78.28% (AB, 10�2 M). It can be seen

that by increasing inhibitor concentration, the corrosion

rate decreased and inhibition efficiency IE%, increased.

No definite trend was observed in the shift of Ecorr

values, in the presence of various concentrations of
benzimidazole derivatives, suggesting that these com-

pounds behave as mixed-type inhibitors. Moreover,

Fig. 1. Chemical structure of benzimidazole derivatives.
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these inhibitors cause no change in the anodic and

cathodic Tafel slopes, indicating that the inhibitors are
first adsorbed onto iron surface and therefore impedes

by merely blocking the reaction sites of iron surface

without affecting the anodic and cathodic reaction

mechanism [15].

3.2. Electrochemical impedance spectroscopy

The following results can be interpreted in terms of

the equivalent circuit of the electrical double layer

shown in Fig. 6, which was used previously to model

the iron/acid interface [19]. The effects of benzimidazole

derivatives concentrations on the impedance behaviour

of iron in 1 M HCl solutions are given in Figs. 7�/10.

These curves show a typical set of Nyquist plots for iron

in 1 M HCl in the absence and presence of various

concentrations of benzimidazole derivatives. It is clear

from these plots that the impedance response of iron has

significantly changed after the addition of benzimida-

zole derivatives in the corrosive solutions. This indicates

that the impedance of an inhibited substrate increases

with increasing concentration of inhibitor in 1 M HCl. It

is worth noting that the change in concentration of

benzimidazole derivatives did not alter the profile of the

impedance behaviour, suggesting similar mechanism for

the corrosion inhibition of iron by benzimidazole

derivatives, Figs. 7�/10. The impedance parameters

derived from these figures are given in Table 2. The

charge transfer resistance Rct, double layer capacitance

Cdl and inhibition efficiency IE% are calculated from the

following equations,

Fig. 2. Anodic and cathodic Tafel lines for iron in 1 M HCl without and with 0.001 M of benzimidazole derivatives.

Fig. 3. Anodic and cathodic Tafel lines for iron in 1 M HCl without and with 0.005 M of benzimidazole derivatives.
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f (�Zƒmax)�
1

2pCdlRct

(2)

where �/Zƒmax is the maximum imaginary component of

the impedance,

IE%�
1=Ro

ct � 1=Rct

1=Ro
ct

�100 (3)

where Ro
ct and Rct are the charge transfer resistance

values without and with inhibitor, respectively. Table 2
indicates that by increasing the concentration of benzi-

midazole derivatives, the Cdl values tended to decrease

and the inhibition efficiency increased. This decrease in

the Cdl, which can result from a decrease in local

dielectric constant and/or an increase in the thickness

of the electrical double layer, suggesting that benzimi-

dazole derivatives molecules function by adsorption at

the solution/interface [20]. The data obtained from EIS

are in good agreement with that obtained from poten-

tiodynamic polarization.

3.3. Equivalent circuit

All impedance spectra were measured at the respective

corrosion potential and are analyzed in terms of the

equivalent circuit shown in Fig. 6. Generally this circuit

falls into the classic parallel capacitor and resistor
combination. Boukamp’s equivcrt software [21] is used

for impedance data analysis and the fitting parameters

are listed in Tables 3�/8, where R1, R2, CPE, n are

solution resistance, polarization resistance, constant

phase element and exponent term, respectively. The

impedance spectra described by semi-circles in the

complex plane to first approximation. The semicircle is

Fig. 4. Anodic and cathodic Tafel lines for iron in 1 M HCl without and with 0.009 M of benzimidazole derivatives.

Fig. 5. Anodic and cathodic Tafel lines for iron in 1 M HCl without and with 0.01 M of benzimidazole derivatives.
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indicative of a charge transfer process occurring with

charge transfer resistance, Rct in parallel with the

interfacial capacitance. A large charge transfer resis-

tance is associated with a slowly corroding system. The

semicircles are observed to be depressed into the Z\ (real

axis) of the Nyquist plot as a result of the roughness of

the metal surface. This behaviour has been described

and discussed by many authors [22�/24]. It is modeled by

a power law dependent capacity term known as the

constant phase element or CPE. This kind of phenom-

enon is known as the ‘dispersing effect’ [25,26].

Considering the impedance of a double layer does not

behave as an ideal capacitor in the presence of disper-

sing effect, a constant phase element CPE is used as a

substitute for capacitor in Fig. 6 to fit more accurately

the impedance behaviour of the electric double layer.

Constant phase elements CPE have widely been used to

account for deviations brought about by surface rough-

ness.

3.4. Adsorption isotherm

Basic information on the interaction between these

compounds and iron surface can be provided by the

adsorption isotherm. In order to obtain the adsorption

isotherm, the degree of surface coverage, u , for different

concentrations of inhibitor molecules in 1 M HCl has

been evaluated from EIS technique [27,28], by Eq. (4)

u�
Co

dl � Cdl

Co
dl

(4)

where Co
dl and Cdl are double layer capacitance per unit

area without and with inhibitor, respectively. The sur-

face coverage u is tested graphically for fitting a suitable

adsorption isotherm as indicated in Fig. 11. The plot of

Cinh/u versus Cinh yields a straight line with correlation
coefficient more than 0.98 showing that the adsorption

of these inhibitors can be fitted to Langmuir adsorption

isotherm. For a reliable and linear plot, surface coverage

Table 1

Electrochemical parameters of iron in 1 M HCl without and with different concentrations benzimidazole derivatives

Concentration/M icorr/mA cm�2 �/Ecorr/mV bc/mV dec�1 ba/mV dec�1 C.R./mpy P /%

Blank 165.4 507.3 201.1 92.2 75.0 �/

AB 10�3 48.56 504.0 197.6 84.37 22.19 70.64

5�/10�3 43.00 513.8 198.2 92.5 19.65 74.0

10�2 41.7 471.9 200.1 98.96 19.06 74.78

5�/10�2 35.92 492.5 193.3 96.16 16.42 78.28

PB 10�3 61.46 495.9 208.8 87.89 28.09 62.84

5�/10�3 61.02 496.8 209.3 85.36 27.89 63.12

10�2 52.52 469.9 215.1 86.43 24.01 68.24

5�/10�2 49.9 493.0 201.5 84.71 22.81 69.83

MB 10�3 64.88 514.3 195.2 90.68 29.66 60.77

5�/10�3 59.29 520.6 191.5 92.74 27.1 64.15

10�2 58.65 516.2 183.4 92.49 26.81 64.54

5�/10�2 52.52 469.9 205.1 86.43 24.01 68.24

HB 10�3 79.59 429 189.1 95.17 36.38 51.88

5�/10�3 74.85 514.3 207.4 87.55 34.21 54.74

10�2 73.86 504 255.5 88.58 33.79 55.34

5�/10�2 69.38 495.5 208.8 89.43 31.71 58.05

B 10�3 86.69 437.3 198.9 93.78 39.62 47.58

5�/10�3 84.97 514.4 209.9 95.55 38.84 48.62

10�2 83.85 520.6 192.5 91.59 38.33 49.30

5�/10�2 80.93 501.8 204.0 90.97 36.99 51.07

Fig. 6. Equivalent circuit model for the studied inhibitors.
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should fall within the linear window (monolayer) for

inhibitor adsorption, i.e. u�/ 0.2�/0.8 [24]. The strong

correlation for the Langmuir adsorption isotherm plot

for benzimidazole derivatives confirms the validity of

this approach. These results demonstrated that the

inhibition of iron by benzimidazole derivatives was

attributed to adsorption of these compounds on the

iron surface.

Benzimidazole derivatives may adsorb on the iron

surface in the form of (i) a neutral molecule via

chemisorption mechanism [29] involving the sharing of

electrons between the nitrogen atom and iron, (ii)

adsorption of benzimidazole derivatives can occur

through p electron interactions between the benzimida-

zole ring of the molecule and the metal surface and (iii)

can also occur in the cationic form with positively

charges part (ammonium-N�) of the molecule oriented

toward negatively charges iron surface. As chloride ions

are adsorbed on iron surface, the cationic form of

benzimidazole derivatives molecule can adsorb on the

iron surface.

3.5. Molecular orbital theoretical calculations

The relation between quantum chemical properties

and corrosion inhibition is often based on the Lewis

theory of acids and bases, and Parson’s hard and soft

acids and bases. Chemical potential, m , and absolute

hardness, h , are two features to characterize any

chemical system [30]. The approximate definitions are

given by Eqs. (5) and (6), [30]:

�m�x�(I�A)=2 (5)

h�(I�A)=2 (6)

where I , is the ionization potential and A is the electron

Fig. 7. Nyquist plot for iron in 1 M HCl without and with 0.001 M of benzimidazole derivatives.

Fig. 8. Nyquist plot for iron in 1 M HCl without and with 0.005 M of benzimidazole derivatives.
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Fig. 9. Nyquist plot for iron in 1 M HCl without and with 0.009 M of benzimidazole derivatives.

Fig. 10. Nyquist plot for iron in 1 M HCl without and with 0.01 M of benzimidazole derivatives.

Fig. 11. Langmuir adsorption plots of iron in 1 M HCl containing 0.01 M of benzimidazole derivatives.
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affinity and x is the absolute electronegativity for atoms

[30].

Molecular modeling of these corrosion inhibitors was

carried out using Hyperchem version 7, a quantum

mechanical program marketed by Hypercube, Inc. A

full geometry optimization calculations using the PM3

semi-empirical molecular orbital method were per-

formed to obtain the molecular energy and the energies

of frontier orbitals followed by QSAR property calcula-

tions were carried out. Calculations were performed

using PM3 method as implemented in Hyperchem

computer program using standard parameters. All the

data obtained from these calculations are presented in

Table 9. The properties calculated by quantum chemical

approach, give information about reactivity of the

molecules but the reactivity can not directly translated

to corrosion inhibition efficiency, which involves more

processes such as competitive adsorption, film forma-

tion, etc. Therefore the correlations generated were, in

general, poor and of little use for optimizing inhibitor

structure. Data obtained in Table 9 shows that the only

correlation found was between EHOMO and inhibition

efficiency of benzimidazole derivatives.

Regression analysis of EHOMO data given in Fig. 12

and the resulting correlation coefficient (r2) were noted

in Fig. 12. It has been reported that the greater the

energy gap between HOMO and LUMO, the better the

inhibition, the minimum difference should be 30 eV [31].

Table 2

Impedance data of iron in 1 M HCl without and with different concentration of benzimidazole derivatives

Concentration/M Rct/V 1/Rct/V�1 Cdl/F P /% Coverage/u

Blank 595.4 1.67E-3 4.23E-5 �/ �/

AB 10�3 1626 6.15E-4 1.55E-5 63.38 0.63

5�/10�3 2176 4.59E-4 1.15E-5 72.63 0.72

10�2 2223 4.49E-4 1.13E-5 73.21 0.73

5�/10�2 2480 4.03E-4 1.02E-5 75.99 0.75

PB 10�3 1440 6.94E-4 1.75E-5 58.65 0.58

5�/10�3 1482 6.74E-4 1.70E-5 59.82 0.59

10�2 1657 6.03E-4 1.52E-5 64.06 0.64

5�/10�2 2158 4.63E-4 1.16E-5 72.40 0.72

MB 10�3 1362 7.34E-4 1.85E-5 56.28 0.56

5�/10�3 1392 7.18E-4 1.81E-5 57.22 0.57

10�2 1501 6.66E-4 1.68E-5 60.33 0.61

5�/10�2 1580 6.33E-4 1.59E-5 62.32 0.62

HB 10�3 1093 9.2E-4 2.36E-5 45.5 0.455

5�/10�3 1330 7.52E-4 1.89E-5 55.23 0.55

10�2 1351 7.40E-4 1.86E-5 55.92 0.55

5�/10�2 1387 7.21E-4 1.82E-5 57.07 0.57

B 10�3 1015 9.85E-4 2.48E-5 41.33 0.41

5�/10�3 1122 8.91E-4 2.24E-5 46.93 0.46

10�2 1164 8.59E-4 2.16E-5 48.84 0.48

5�/10�2 1199 8.34E-4 4.939E-5 50.34 0.503

Table 3

Circuit elements R1, R2 and CPE values and their error percent for

circuit in Fig. 6 for iron in 1 M HCl

Inhibitor/concentration/M Element Value % Error

Blank R1/V 2.1 7.2

R2/V 5.7E�/3 1.94

CPE 8.6E-5 4.86

n 0.74 0.86

Table 4

Circuit element R1, R2 and CPE values and their error percent for

circuit in Fig. 6 for iron in 1 M HCl and different concentrations of AB

Inhibitor/concentration/M Element Value % Error

AB

10�3 R1/V 1.88 4.12

R2/V 1.45E�/3 5.82

CPE 3.73E-5 6.33

n 0.77 2.59

5�/10�3 R1/V 1.87 4.11

R2/V 1.927E�/3 1.52

CPE 3.766E-5 3.77

n 0.75 0.69

9�/10�3 R1/V 1.01 3.5

R2/V 1.84E�/3 3.32

CPE 2.104 9.45

n 0.826 1.44

10�2 R1/V 2.25 1.97

R2/V 2.14E�/3 1.19

CPE 2.54E-5 3.57

n 0.78 0.68

K.F. Khaled / Electrochimica Acta 48 (2003) 2493�/25032500



HOMO and LUMO energies have been used to predict

corrosion inhibition [32�/34], usually models are pro-

posed, but it seems to have only limited applications.

Benzimidazole derivatives inhibit the corrosion of Fe

in 1 M HCl according to the order:�/NH2�/�/Pyridyl�/

�/CH2NH2�/�/OH�/�/H.

The molecular configuration has been found to have a

profound effect on corrosion inhibition efficiency of

benzimidazole derivatives. Order of inhibition efficiency

of benzimidazole derivatives is as follow: AB�/PB�/

MB�/HB�/B.

This can be explained on the basis that adsorption of

these compound are mainly via the nitrogen atoms in

the benzimidazole ring, in addition to the availability of

p-electrons (by resonance structures) in the aromatic

system. In case of AB, the presence of an amino group

Table 6

Circuit element R1, R2 and CPE values and their error percent for

circuit in Fig. 6 for iron in 1 M HCl and different concentrations of

MB

Inhibitor/concentration/M Element Value % Error

MB

10�3 R1/V 1.269 7.1

R2/V 1.21E�/3 0.76

CPE 6.217E-5 2.55

n 0.72 0.53

5�/10�3 R1/V 1.22 5.6

R2/V 1.19E�/3 1.49

CPE 4.54E-5 4.29

n 0.727 0.83

9�/10�3 R1/V 1.825 6.5

R2/V 1.41E�/3 0.88

CPE 5.04E-5 2.57

n 0.749 0.49

10�2 R1/V 0.756 2.3

R2/V 1.31E�/3 0.95

CPE 4.13E-5 3.02

n 0.762 0.53

Table 7

Circuit elements R1, R2 and CPE values and their error percent for

circuit in Fig. 6 for iron in 1 M HCl and different concentrations of HB

Inhibitor/concentration/M Element Value % Error

HB

10�3 R1/V 5.32 4.43

R2/V 9.14E�/2 1.68

CPE 4.87E-5 4.85

n 0.73 0.86

5�/10�3 R1/V 1.32 12.66

R2/V 1.14E�/3 11.04

CPE 5.05E-5 3.11

n 0.74 0.55

9�/10�3 R1/V 2.48 7.65

R2/V 1.25E�/3 0.59

CPE 4.46E-5 2.02

n 0.65 0.37

10�2 R1/V 1.2 2.2

R2/V 1.1E�/3 1.66

CPE 4.57E-5 4.67

n 0.75 0.81

Table 8

Circuit elements R1, R2 and CPE values and their error percent for

circuit in Fig. 6 for iron in 1 M HCl and different concentrations of

benzimidazole (B)

Inhibitor/concentration/M Element Value % Error

Benzimidazole

10�3 R1/V 0.56 1.2

R2/V 7.39E�/2 1.6

CPE 9.52E-5 4.83

n 0.69 0.95

5�/10�3 R1/V 1.65 8.2

R2/V 9.21E�/2 1.38

CPE 6.89E-5 3.91

n 0.73 0.69

9�/10�3 R1/V 1.75 1.26

R2/V 1.1E�/3 1.2

CPE 4.32E-5 3.67

n 0.76 0.62

10�2 R1/V 7.5 19.65

R2/V 1.1E�/3 1.21

CPE 5.88E-5 3.14

n 0.744 0.56

Table 5

Circuit element R1, R2 and CPE values and their error percent for

circuit in Fig. 6 for iron in 1 M HCl and different concentrations of PB

Inhibitor/concentration/M Element Value % Error

PB

10�3 R1/V 1.35 2.1

R2/V 1.288E�/3 1.42

CPE 5.74E-5 3.68

n 0.705 0.78

5�/10�3 R1/V 7.25 5.2

R2/V 1.35E�/3 0.84

CPE 5.189E-5 2.45

n 0.73 0.47

9�/10�3 R1/V 2.916 8.22

R2/V 1.44E�/3 1.26

CPE 4.96E-5 3.49

n 0.738 0.64

10�2 R1/V 1.72 1.8

R2/V 1.86E�/3 1.37

CPE 3.79E-5 3.99

n 0.72 0.79
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enhances the adsorption of the 2-aminobenzimdazole by

increasing the availability of p-electrons of the ring due

to its repelling power and attachment to iron surface

through the free amino group, this effect also, appears in

case of PB, however the steric hindrance of pyridyl ring
decrease the inhibition of PB. The presence of methylene

group in case of MB decrease the inhibition efficiency

than in case of AB where conjugation is easily formed.

The repelling power of hydroxy group in case of HB is

enhanced the adsorption of HB on iron surface to some

extent than the benzimidazole ring itself.

4. Conclusions

1) All investigated benzimidazole derivatives have

shown good inhibiting properties for iron corrosion

in 1 M HCl.
2) The structure of benzimidazole derivatives influ-

ences their inhibiting efficiency, but it needs further

and extensive study to show this influence.

3) The inhibiting efficiency increases with increasing

electron donating ability of these molecules accord-

ing to the following order, �/NH2�/�/Pyridyl�/�/

CH2NH2�/�/OH�/�/H.

4) Results obtained from potentiodynamic polariza-
tion indicated that the benzimidazole derivatives are

mixed-type inhibitors.
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