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Abstract
In this paper, we report a new surfactant (1-tetradecyl-2-(tetradecylthio)-1H-benzimidazole (T1)) derived from
2-mercaptobenzimidazole acting as a carbon steel corrosion inhibitor was synthesized. The molecule structure
was confirmed by means of chemical ionization of mass spectrometry, 1H and 13C nuclear magnetic resonance.
EIS and potentiodynamic polarization measurements as well as scanning electron microscopy were used to
evaluate the corrosion inhibition of T1 for C-steel in HCl. The results of EIS indicate the increase of transfer
resistance with the increase of inhibitor concentration. Electrochemical measurements indicate that T1 is a
mixed type inhibitor. It has been found that the studied compounds adsorb onto carbon steel according to the
modified Langmuir adsorption isotherm and the kinetic/thermodynamic isotherm of El-Awady. The inhibition
mechanism was explored by the potential of zero charge (Epzc) measurement at the solution/metal interface.
Dynamic simulation indicates the possibility of gradual substitution of water molecules from the surface of iron
surface.
Keywords: 2-mercaptobenzimidazole, hydrocarbon chains, carbon steel, corrosion inhibition, hydrochloric acid.

1. Introduction
Surfactants have been widely used as corrosion inhibitors for different metals in different corroding media.
Their use is discussed for various metals such as C-steel [1-3] Cu [4,5] and Al [6,7]... The surfactants with
double chain have specific properties outcome from the ambivalence of their chemical structure. They consist of
a polar hydrophilic head and two hydrophobic tails that give them an ability to self-organize into a double sheet.
Due to these particular properties of the surface, the double-chain surfactants have several applications both in
the field of chemistry [8], in the biological and biomedical field [9].
Cationic, anionic and non-ionic surfactants [10-12] have been used as corrosion inhibitors for iron and steels in
both HCl and H2SO4 solutions.
The choice of a surfactant as an inhibitor depends both on the metal and the composition of the
corroding medium. Usually, the hydrophilic moiety of the surfactant adsorbs on the metal surface while the
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hydrophobic moiety extend on the solution face. Two modes of adsorption on the metal surface are considered:
Chemical adsorption takes place through charge transfer between certain delocalized π-electrons of the molecule
and the empty d-orbital of the iron surface atom, and/or physical adsorption takes place through Van der Waals
forces or electrostatic attraction [13-15]. The increase in the number of carbon atoms in the hydrophobic part
has its impacts on the inhibition efficiency of the surfactant [16]. The inhibitory effect is generally explained by
the intramolecular synergistic effect of various groups of the inhibitor. Our focus is to combine surfactant with a
large studied molecule, benzimidazole known by their inhibiting action [17-21]. Over the years of active
research, benzimidazole has evolved as an important heterocyclic system due to its presence in a wide range of
bioactive compounds like antimicrobials, antivirals, antiparasites, anticancer, anti-inflammatory, antioxidants,
proton pump inhibitors, antihypertensives, anticoagulants, immunomodulators, hormone modulators, CNS
stimulants as well as depressants, lipid level modulators and antidiabetics [22-28]. Thus, this compound has
more active sites, giving it great responsiveness, making it an excellent precursor for the synthesis of new
compounds may present interesting surfactant properties.
The aim of the present study is to evaluate the corrosion inhibition efficiency of carbon steel in (1M)
hydrochloric acid solution of 1-tetradecyl-2-(tetradecylthio)-1H-benzimidazole (T1) newly synthesized.

2. Experimental details
2.1. Synthesis of inhibitors
To a solution of 2 g (133.10-4 mol) of 2-mercaptobenzimidazole and 80 ml of N,N-dimethylformamide was
added 3.67g (266.10-4 mol) of potassium carbonate, (13.3.10-4 mol) of tetra-n-butylammonium bromide and
5.11g (399.10-4 mol) of 1-bromotetradecane.
The reaction mixture was stirred at room temperature for 24 hours. After filtration, the solvent was removed
under reduced pressure. The residue is taken up in dichloromethane, filtered and the solvent was evaporated
under reduced pressure (Fig 1).
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Fig 1 : Synthesis of 1-tetradecyl-2-(tetradecylthio)-1H-benzimidazole (T1)
Yield = 97%, NMR1H (CDCl3) (δ ppm): 0.86: (t, 6H, –CH3); 1.23-1.81: (m, 48H, –CH2); 3.51: (m, 2H, SCH2);
4.09: (t, 2H, NCH2); 7.23-7.79: (m, 4H, CH benzene). NMR13C (CDCl3) (δ ppm): 14.1: (CH3); 24.22-33.12: (–
CH2): 44.56 (SCH2); 45.19: (NCH2); 109.04-135.07: (CH benzene); 151.95: (C=N). Mass spectrometry present a
pic [MH]∙+ at m/z= 543
2.2. Electrochemical experiments
A three electrode cell assembly containing carbon steel coupons of 1 cm² of surface, embedded in specimen
holder as the working electrode (WE), a large area platinum mesh as counter electrode (CE) and a saturated
calomel electrode as reference electrode (RE) were used. All electrochemical experiments were conducted at
room temperature (308 ± 2 K) using 100 ml of electrolyte (1 M HCl) in stationary condition. Before each
potentiodynamic polarization (Tafel) and electrochemical impedance spectroscopy (EIS) experiments the
electrode was allowed to corrode freely and its open-circuit potential (OCP) was recorded as a function of time
up to 30min. After this time a steady-state OCP, corresponding to the corrosion potential (E) of the working
electrode, was obtained. The potentiodynamic Tafel measurements were started from cathodic to the anodic
direction, between -800 mV and -200 mV with a scan rate of 1.0 mV. s-1. The above procedures were repeated
for each concentration of T1. Electrochemical impedance spectroscopy (EIS) measurements were carried out
using ac signals of amplitude10 mV peak to peak in the frequency range of 100 kHz -10 mHz.
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2.3. Simulation details
Molecular dynamics (MD) simulation was carried with the Metropolis Monte Carlo (MC) simulations
methodology using the adsorption locator and Forcite code simplemented in the Material Studio 7.0 software
commercialized by Accelrys Inc. USA [29]. The methodology and the procedure involved using the MC
simulations can be found elsewhere [30-33]. The molecular dynamic calculation of the simulation of the
interaction between the inhibitor molecule and the iron surface Fe (111) was carried out in a simulation box
(35.17A° x 35.37A° x 40.26A°) with periodic boundary conditions to model a representative part of the
interface devoid of any arbitrary boundary effects. The iron surface Fe(111) was first built and relaxed by
minimizing its energy using molecular mechanics, then the surface area of iron surface Fe(111) was increased
and its periodicity is changed by constructing a super cell (7*7), and then a vacuum slab with 30 Å thicknesses
was built on the iron surface Fe (111) [34]. 30 molecules of water were added to simulate the effect of solvent
since corrosion takes place in aqueous solution.

3. Results and Discussion
1. Electrochemical impedance spectroscopy (EIS)
Figure 2 shows Nyquist plots of C-steel immersed in molar hydrochloric acidic solution containing T1 at
various concentrations at 308 K. Notice from this Figure that the Nyquist impedance semicircles increase with
increasing content of the inhibitor. In other words, the diameter of the capacitive loop increases with increasing
T1 concentration indicating increasing coverage of the metal surface. This implies that T1 adsorb on the metal
surface to retard corrosion process.
The impedance diagram does not show perfect semicircle. This behavior can be attributed to the frequency
dispersion [34-36] as a result of roughness and inhomogeneous of the electrode surface. Increase in the
diameters of the semicircles with the concentration of the additive indicates that an increase of protective
properties of the C-steel surface. Thus, the capacitive semicircle is correlated with the dielectric properties and
the thickness of barrier adsorbed film [36]. Some impedance parameters such, as charge transfer Rt, and the
double layer capacitance Cdl are derived from Nyquist plots and are given in Table 1 for C-steel in 1 M HCl
solution in the presence and absence of T1. The decreased values of double layer capacitance, Cdl, may be due to
the replacement of water molecules at the electrode interface by organic inhibitor molecules of lower dielectric
constant through adsorption [37].
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Fig. 2. Impedance plots of carbon steel in 1 M HCl with or without T1 at 308 K
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The charge-transfer resistance (Rt) values are calculated from the difference in impedance at lower and higher
frequencies, as suggested. The inhibition efficiency got from the charge-transfer resistance is calculated by the
following equation:

E% 

R't  Rt
 100
R't

The Rt and Rt’ are the charge-transfer resistance values without and with inhibitor respectively. Obtained E%
values are also presented in Table 2.
From the impedance data (Table 1), we conclude that the value of Rt increases with increase in concentration of
T1 and this indicates an increase in the corrosion inhibition efficiency. In fact, the presence of T1 enhances the
value of Rt in acidic solution. Values of double layer capacitance are also brought down to the maximum extent
in the presence of inhibitor. The decrease in Cdl is due to the adsorption of this compound on the metal surface
leading to the formation of film from acidic solution [38]
Table 1: Kinetic parameters derived from EIS plots of M-steel in 1 M HCl containing T1 at 308 K
Rt
(Ω cm2)
23.26

Rs
(Ω cm2)
2.02

Ecorr vs SCE
(mV)
-464

Cdl
(µF/cm2)
149.8

10

-3

108

1.9

-460

59.3

78

10

-4

57.75

1.875

-445

92.1

60

10

-5

53.46

0.66

-448

120.3

57

10

-6

44.4

1.87

-443

135.0

47

Concentration (mol/l)
HCl 1M

E (%)
-

2. Potentiodynamic polarization
The polarization measurements are also made to the partial action of inhibitor on separated anodic and cathodic
branches. The results obtained from electrochemical experiments are shown in Fig. 3 and Table 2. Values of
cathodic βc Tafel slopes and corrosion current density Icorr were calculated from the intersection of the anodic
and cathodic Tafel lines of the polarization curves.
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Fig. 3. Tafel plots of carbon steel immersed in 1 M HCl with or without T1.
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The anodic and cathodic Tafel lines were almost parallel upon increasing inhibitor concentrations. This suggests
that the hydrogen reduction at the metal surface is activation controlled and the mechanism is not affected by the
presence of inhibitor [39,40]. The corrosion potential is almost constant and the change in E value is around
40 mV. According to Cao [41], the inhibitor acts by simple blocking the C-steel surface. The anodic and
cathodic current densities are decreased at the presence of inhibitor, indicating that the inhibitor as amixed-type
inhibitor. The inhibition efficiency is calculated by the following expression:
i
i
E%  corr corr / inh  100
i corr
where i corr and icorr/inh are respectively, the corrosion current density of carbon steel with and without T1 in HCl
solutions.
Table 2: Kinetic parameters derived from Tafel plots of M-steel immersed in 1 M HCl containing T1
Ecorr
(mV/SCE)
-464

Icorr
(µA cm-2)
2102.7

-βc
(mV/dec)
220

10

-3

-460

374.2

188

82

10

-4

-445

649.3

177

69

10

-5

-448

1085.2

187

48

10

-6

-443

1108.3

158

47

Concentration (M)
HCl 1M

E (%)
-

Examination of Table 2 reveals the cathodic Tafel slope (βc) show slight changes with the addition of T1, which
suggests that the inhibiting action occurred by simple blocking of the available cathodic sites on the metal
surface, which lead to a decrease in the exposed area necessary for hydrogen evolution. In addition, the
inhibitory action increases with the increasing of inhibitor concentration. At the concentration of 10-3 M or
more, T1 acts as a good hydrochloride acid inhibitor with inhibition efficiency about 82%.
3. Adsorption isotherm and adsorption parameters
Adsorption of the organic compound depends upon the charge and the nature of the metal surface, electronic
characteristics of the metal surface on adsorption of solvent and other ionic species, temperature of the corrosion
reaction and the electrochemical potential at the metal solution interface [42]. Adsorption of the T1 involves two
types of the possible interaction with the metal surface. The first one is weak undirected interaction due to
electrostatic attraction between inhibiting organic ions or dipoles and the electrically charged surface of the
metal. This interaction is termed physical adsorption or physisorption. The second type of interaction occurs
when there is interaction between the adsorbate and adsorbent. This type of interaction involves charge sharing
or charge transfer from adsorbate to the atoms of the metal surface in order to form a coordinate type bond and
the interaction is termed chemical adsorption or chemisorptions [43].
Adsorption isotherms are usually used to describe the adsorption process. The most frequently used isotherms
include Langmuir, Temkin, Frumkin, Hill deBoer, Parsons, Flory-Huggins, Dhar- Flory-Huggins, BockrisSwinkels and thermodynamic/kinetic model of El-Awady et.al. [44-46].The adsorption isotherm provides
important clues regarding the nature of the metal-inhibitor interaction. Inhibitor molecules adsorb on the metal
surface if the interaction between molecule and metal surface is higher than that of the water molecule and the
metal surface [47]. In order to obtain the adsorption isotherm, the degree of surface coverage (θ) for various
concentrations of the inhibitor was calculated using equation below and listed in the Table 3.



R 't  Rt
R 't

Langmuir isotherm was tested for its fit to the experimental data. Langmuir adsorption isotherm is given by
following equation:
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1
 Cinh
K ads

where Cinh is the inhibitor concentration, and Kads the adsorptive equilibrium constant, θ representing the degree
of adsorption.
The plot of the (Cinh /θ) vs Cinh fitted the experimental data did not follow the Langmuir adsorption isotherm. By
testing other adsorption isotherms, it is found that the experimental data fits the El-Awady adsorption isotherm
for concentrations range studied. The characteristic of the isotherm is given by:

 
Ln 
 1


  LnK  yLnCi nh


where, Cinh is molar concentration of inhibitor in the bulk solution, θ is the degree of surface coverage, K is the
equilibrium constant of adsorption process; Kads = K1/y and y represent the number of inhibitor molecules
occupying a given active site. Value of 1/y less than unity implies the formation of multilayer of the inhibitor on
the metal surface, while the value of 1/y greater than unity means that a given inhibitor occupy more than one
active site [48,49]. Curve fitting of the data to the thermodynamic/kinetic model (El-Awady et. al.) is shown in
Figure 4. The plot gives straight lines which show that the experimental data fits the isotherm. The value of Kads
and 1/y calculated from the El-Awady et.al. isotherm model is listed in Table 3.
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Fig. 4. El-Awady et. al. adsorption isotherm model for carbon steel in 1M HCl containing T1 at 308 K.
Table 3. Adsorption Parameters calculated from the El-Alwady isotherm
Inhibitor
Kads (L/mol)
1/y

Gads (kJ/mol)

T1

-43.13

372202.64

5.379



The values of 1/y less than one imply multilayer adsorption. In the current work the value of 1/y obtained was
more than unity which indicates that each molecule of T1 involved in the adsorption process was attached to
more than one active site on the metal surface. The equilibrium constant for the adsorption process was related
to the standard free energy of adsorption by the expression

Gads
  RTLn(55.5Kads )

where R is gas constant and T is absolute temperature of experiment and the constant value of 55.5 is the
concentration of water in solution in mol L-1.
Generally, the energy values of -20 kJ mol-1or less negative are associated with an electrostatic interaction
between charged molecules and charged metal surface, physisorption; those of -40 kJ mol-1 or more negative
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involve charge sharing or transfer from the inhibitor molecules to the metal surface to form a coordinate
covalent bond, chemisorption [50,51]. The value of G is equal to -43.13 kJ mol-1. The large value of G




ads

ads

and its negative sign is usually characteristic of strong interaction and a highly efficient adsorption [52]. The
high value of G shows that in the presence of 1M HCl chemisorption of T1 may occur. The possible


ads

mechanisms for chemisorption can be attributed to the donation of π-electron in the aromatic rings, the presence
of two nitrogen and one sulfur atoms in inhibitor molecule as reactive centers is an electrostatic adsorption of
the protonated inhibitor compound in acidic solution to adsorb on the metal surface.
The result indicated that the increase of inhibitor efficiency with concentration may be attributed to the
formation of a barrier ﬁlm, which prevent acid medium to attack the metal surface, because of the adsorption of
T1 on the mild metal surface involving interactions between the π-electrons of the heterocyclic structure of
benzimidazole and phenyl rings as well as S atom and the vacant d-orbitals of iron surface atoms. We assist
clearly to the intramolecular synergistic effect of various adsorption centers of T1 [53].
Cdl 

 o r
S
d org

Fe atoms

T1

Sulfur atom

H2O

-

Cl

d

Scheme 1: Actions of different ions/molecules at the metal surface
4. SEM investigation
SEM photographs obtained from carbon steel surface after specimen immersion in 1M HCI solution for 6 h in
the absence and presence of 10-3 M of T1 are shown in Fig. 5 (a and b).

a
b
Fig. 5: SEM photographs in the absence “a” and presence “b” of 10-3 M of T1
Fig. 5.a shows that the carbon steel surface was strongly damaged in HCl in the absence of T1, Fig. 5.b shows
that there is a good protective ﬁlm adsorbed on the carbon steel surface against corrosion with 10-3 M of T1.
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5. The potential of zero charge and the inhibition mechanism
All mechanism of corrosion inhibitors are explained by adsorption phenomena. The adsorption mostly depends
on the surface charge of the metal, the charge or dipole moment of the inhibitor ions/molecules and the other
ions that are specifically adsorbed on to the metal surface [54]. The surface charge of the metal is defined by the
position of the open circuit potential with respect to the PZC [55]. The double layer capacitance value depends
on the applied DC potential is graphically denoted in Fig. 6. It can be determined according to Antropov et al.
[56] by comparing the potential of zero charge (PZC) and the corrosion potential of the metal in the electrolytic
medium. As PZC corresponds to a state at which the surface is free from charges, at the stationary (corrosion)
potential the metal surface will be positively or negatively charged. Hence, it is necessary to have reliable data
about PZC. When carbon steel is immersed in acid solution containing (T1), three kinds of species can be
adsorbed on its surface, as described below
(1) If the metal surface is positively charged with respect to PZC, the chloride ions will first get adsorbed on the
metal surface. After this first adsorption step, the steel surface will become negatively charged. Hence, the
positively charged 2-mercaptobenzimidazole derivative cationic forms will form an electrostatic bond with the
Cl- ions already adsorbed on steel surface. Moreover, the excess positive charge on the electrode surface,
Φ (Φ = EPZC - Ecorr) increases as more inhibitor molecules adsorbed on it [57].
(2) If the metal surface is negatively charged with respect to PZC, the protonated water molecules and
2-mercaptobenzimidazole derivative cationic forms would be directly adsorbed on the metal surface. With
increasing negative charge on the metal surface, adsorption of 2-mercaptobenzimidazole derivative molecules
increase and its concentration in solution would decrease.
(3) When the metal attains the potential at which the surface charge becomes zero, none of the ions (neither
cations nor anions) adsorb on the surface through their ionic center. A few indole molecules may however get
physically adsorbed through their planar π orbitals on the metal surface (with vacant π orbitals).
In this study, EPZC = -491 mV, Ecorr = -460 mV, for carbon steel with addition 10-3 M of T1. It can be said that Φ
(Φ = EPZC – Ecorr) potential is positive in this case. From the above result, it follows that anions (Cl - ions) in
aqueous hydrochloric acid solution will be first to get adsorbed on the steel surface. After this first adsorption
step, the steel surface will become negatively charged. Hence, the positively charged of 2mercaptobenzimidazole derivative cationic forms will form an electrostatic bond with the Cl- ions already
adsorbed on steel surface.
220
200

160

-2

Cdl (µF cm )

180

140
120
100

PZC
80
60
-520

-500

-480

-460

-440

-420
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E vs SCE/mV

Fig. 6: Plot of Cdl vs. applied electrode potential (E, V(SCE)) in 1 M HCl containing 10-3 M T1.
6. Molecular Dynamic simulations; adsorption energy calculations.
In the present work, the Molecular Dynamic (MD) simulation Monte Carlo was performed to study the behavior
of the system inhibitor/solvent molecules/iron surface [31,32]. The optimization energy curves for T1 inhibitor
in the neutral and isolated from using Monte Carlo simulations are presented in Figure 7.
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Figure 7 : Optimization energy curves for T1 in the neutral and isolated from using Monte Carlo simulations
The selected T1 inhibitor is placed on the iron surface in the presence of water molecules, optimized and then
run quench molecular dynamics. A typical adsorption energy distribution of T1/Fe (111)/30H 2O system
consisting of the total energy, average total energy, van der Waals energy, electrostatic energy and
intermolecular energy using Monte Carlo simulations are depicted in Figure 8.

Fig. 8. Typical energy profile for T1/Fe (111)/30H2O system.
The Metropolis Monte Carlo method in Adsorption Locator calculation provides four step types for a canonical
ensemble: conformer, rotation, translation and regrowth [58]. Figure 3 shows the most suitable inhibitor
conformation adsorbed on iron surface (111) obtained by adsorption locator module [59]. The most stable low
energy adsorption configurations of T1/Fe (111)/30H2O system using Monte Carlo simulations are presented in
both orthogonal and perspective forms in Figure 9.
According to the equilibrium configuration of the T1/Fe (111)/30H2O system, it is clearly observed that the T1
molecule displaces the water molecules and adsorb onto iron surface (111) in nearly parallel mode (Figure 2).
The measured shortest bond distance (Figure 2) between the closest heteroatoms (-N= & -S-) of the T1 inhibitor
and iron surface (111) in aqueous phase at equilibrium were as follows: T1–Fe interaction :( Fe–S-=3.294˚A,
Fe-N=3.228A° & Fe-N= 3.335A°). All the shortest bond distances were less than3.5˚Aindicating a strong
chemical bond formation between the T1 and iron surface (111). However, van der Waals interactions were also
involved in the adsorption process of the inhibitor with iron surface (111). The outputs and descriptors
calculated by the Monte Carlo simulation, such as the total adsorption, adsorption energy, rigid adsorption and
deformation energies are presented in Table 4.
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a

b

Fig. 9. Perspective (a) & Orthogonal (b) forms of the most stable low energy configuration for T1/Fe (1 11)/30
H2O system obtained using the Monte Carlo simulations.
Table 4: Outputs and descriptors calculated by the Monte Carlo simulation for the lowest adsorption
configurations of T1/ Fe (111)/30H2O system (all in kcal/moL).

The parameters presented in Table 1 include total energy (ETotal ) of the T1/ Fe (111)/30H2O system. The total
energy is defined as the sum of the energies of the inhibitor, the rigid adsorption energy (RAE) and the
deformation energy (Edef). In addition, adsorption energy, in kcal/mol, reports energy released (or required)
when the relaxed inhibitor and water molecules (T1/30H2O) are adsorbed on the iron surface (111). The
adsorption energy is defined as the sum of the rigid adsorption energy and the deformation energy for the
inhibitor T1. The rigid adsorption energy reports the energy, in kcal/ mol, released (or required) when the
unrelaxed inhibitor and water molecules (i.e., before the geometry optimization step) are adsorbed on the iron
surface. The deformation energy reports the energy, in kcal/mol, released when the adsorbed molecule are
relaxed on the substrate surface. Table 1 shows also that (Eads/dNi), which reports the energy, in kcal/mol, of
inhibitor-iron surface configurations where one of the inhibitor has been removed.
It is quite clear from Table 4 that the value of adsorption energies is negative, which denotes that the adsorption
could occur spontaneously. The largest negative adsorption energy value indicate the system with the most
stable and stronger adsorption [60,61]. In all cases, the adsorption energies of the inhibitor are far higher than
that of water molecules. This indicates the possibility of gradual substitution of water molecules from the
surface of iron surface resulting in the formation of a stable layer which can protect the iron from aqueous
corrosion.
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Conclusion
In this work, we have synthesized a new compound derivative of 2-mercaptobenzimidazole susceptive to
present interesting surfactant properties. We have shown that the compound present a good inhibition properties
for the corrosion of carbon steel in (1M) HCl solution; Polarization curves indicated that the inhibitor behave
mainly as mixed-type inhibitor. EIS showed that the charge transfer controls the corrosion process in the
uninhibited and inhibited solutions. Different inhibition mechanisms were proposed for T1 molecules, based on
their PZC value in studied conditions. The adsorption of T1 followed El-Awady’s kinetic-thermodynamic
model. Dynamic simulation agrees the displacement of water molecules by the organic inhibitor.
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