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Abstract

The kinetics of the electropolymerization of 2-mercaptobenzimidazole (2-MBI) on a brass substrate in alkaline solution containing
methanol was investigated using cyclic polarization, chronoamperometry and electrochemical impedance techniques. The polymeric film
was prepared by successive cycles of potential of a Cu–Zn electrode between 0.2 and 2.4 V. During the second cycle, the oxidation peak of
the monomer disappears indicating the formation of the insulating film. We have also shown that the monomer oxidation reaction is
essentially irreversible and controlled by a diffusion process. The protective effect of the film formed on brass has been studied in a 3%
NaCl solution. The results showed an important inhibition efficiency, about 96% for 4 h of testing time.q 2000 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

In 1967, Ross and Kelly [1] obtained polypyrrole by elec-
trochemical means for the first time. Since then, new poly-
mers such as polyacetylene [3], polyparaphenylene,
polythiophene and polyaniline [2] have been prepared elec-
trochemically. Shirakawa et al. [3] have improvised an
application for this type of polymer especially in the domain
of protection against corrosion.

Organic coatings protect metals against corrosion by
various mechanisms [4] that can be summarized as follows:
(i) by suppression of the anodic and/or cathodic reaction, (ii)
by the introduction of a high electrical resistance into the
circuit of the corrosion cell, and (iii) as a barrier to aggres-
sive species (oxygen, water, and ions).

The performance of organic coatings has been investi-
gated through the evaluation of their barrier properties
using electrochemical impedance spectroscopy (EIS).
These properties have been evaluated by monitoring the
uptake of water and ions into the coatings [4–9], and esti-
mating the degree of coating delamination [10,11]. The

uptake of ions has been related to a decrease in electrical
coating resistance [4–7] while the uptake of water has been
related to an increase in coating capacitance [8,9].

2. Experimental

The experiments were performed in a classical three-elec-
trode electrochemical cell. The working electrode was a
rotating disk consisting of cylindrical (60 Cu–Zn)
samples and had a 1-cm2 cross-sectional area. The
samples were first polished with emery paper grade
1000 and rinsed with acetone. The auxiliary electrode
was a large surface area platinum grid and an Ag/AgCl
electrode was used as reference. All potentials presented
are referred to this electrode.

The solution used to deposit polymer was constituted by:

2-mercaptobenzimidazole (monomer) — 98%, ACROS;
potassium hydroxide (supporting electrolyte) — 85%,
GPR; methanol (solvent) — 99.8%, SOCHILD.

The experiments were carried out at 208C. The voltam-
mograms, I–t transient curves and the electrochemical
impedance measurements were performed using an EG &
G potentiostat (model 6310) driven by a computer.
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3. Results and discussion

3.1. Electrochemical properties of 2-mercaptobenzimidazole

3.1.1. Cyclic polarization
In Fig. 1 typical voltammograms are presented. They are

recorded on a Cu–Zn electrode for potentials ranging from
0.2 to 2.4 V in the presence of 2-MBI.

The obtained voltammograms show only one peak around
E � 1 V: This peak may be assigned to the oxidation of the
monomer.

As shown in Fig. 1, the density of the current decreases
when the number of cycles increases. The final value after
three cycles is 0.5mA cm22, attributed to the film formation
on the electrode surface. The film efficiency may be eval-
uated by theIp1=Ip2 ratio, whereIp1 and Ip2 are the peaks of
the current for the first and the second cycle, respectively.
This ratio was compared with those recorded for Pt, Fe and
Cu electrodes [12], and we found that the inhibiting effi-
ciency increases following the order Pt, Fe, Cu< Cu–
Zn. This is in agreement with work carried out by various
authors showing that monomer is a remarkable corrosion
inhibitor for copper [13].

3.1.2. Current–time curves
Fig. 2 shows the variation of the current density with time

at different potentials localized before and after the peak
corresponding to the oxidation of the monomer. A smooth
current was observed while a thick polymer coating was
formed. This improved the formation of the isolated organic
layer on the electrode surface. The low value of the current
obtained at the end of the electrolysis is attributed to the
oxidation of the monomer through defect of the organic
layer.

Current–time curves show that the homogeneous and
adhesive film depends on the electrolysis potential value.
At higher voltages, the fissured film is due to the oxidation
of the electrolyte during the process of film formation [14].
At lower voltages, the film is formed but this requires a long
time.

3.1.3. Electrochemical impedance
The impedance diagrams shown in Fig. 3 were obtained

for a Cu–Zn electrode at different potentials localized
before and after the peak corresponding to the oxidation
of the monomer (Fig. 1). Two capacitive loops were
observed.

The capacitance value for the high frequency (HF) loop
varies between 4 and 10mF cm22; this value is too low to
correspond to a double layer (<50mF cm22). The asso-
ciated parameters presented in Table 1 show that the product
R× I (where R is the diameter of the capacitive time
constant in the HF range andI is an anodic current density)
is not constant, which makes it difficult to ascribe this loop
to the charge transfer process.

These observations lead to the fact that the first time
constant obtained on the impedance diagrams may be attrib-
uted to the charge transfer process coupled with a second
process, which may correspond to mass transfer.

For lower frequencies, the value of capacity is lower than
1 mF cm22. This result could be explained either by the fact
that the measured capacitance does not have the physical
character of an interfacial one and/or by the presence of
dissolution products on the metallic surface.

3.1.4. Scan rate
The influence of the scan rate on the cyclic voltammetry

behavior of brass in the electropolymerization solution is
shown in Fig. 4. The effect of scan rate (n ) on Ip and Ep

characteristic of the oxidation monomer peak can be quan-
titatively analyzed (Table 2). Fig. 5 shows the relationship
betweenIp andn 1/2. The plot is in the form of a straight line
with the ordinate at its origin equal to zero.

Additionally, it is also found that theEp value for the peak
shows a linear variation with logarithmic scan rate (Fig. 6).
These findings suggest that the anodic processes, in the
monomer oxidation potential range, are under diffusion
control, and the corresponding system is completely irrever-
sible [15].

The peak currentIp is related to the scan rate with relation
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Fig. 1. Voltammograms of Cu–Zn substrate performed in methanol alkaline
solution at a scan rate of 10 mV s21, pH� 12.5 andT � 208C with 2-MBI
(0.1 M). (a) First cycle, (b) second cycle, and (c) third cycle.

Fig. 2. Current–time curves of Cu–Zn substrate performed in methanol
alkaline solution, at different potentials localized before and after the
peak corresponding to the oxidation of the monomer.



[15,16]:

Ip � �2:99× 105�n�ana�1=2ACD1=2
0 n1=2

:

A, D0, C, n, na, a and n represent the electrode area, the

diffusive species coefficient, the concentration of the diffu-
sive species, the number of exchanged electrons, the appar-
ent number of electrons transferred, the transfer coefficient
and the scan rate, respectively.

The expression of the current of the peak becomes [15,16]

Ip � 0:227nFAC0k0 exp 2
anaF
RT

� �
�Ep 2 E0�

� �
This equation predicts that log(Ip) is linear vs.Ep with a
slope equal to2�anaF=�RT��; the electron transfer rate
constant (k0) can be calculated from the intercept (Fig. 7).
We found: E0 � 287 mV; ana � 0:55; k0 � 5:57×
1024 cm s21 and D0 � 1:9 × 1028 cm2 s21

: Experiments
were carried out using the conditions favored by Matsuda
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Fig. 3. Electrochemical impedance diagrams obtained on the Cu–Zn alloy at different potentials localized before and after the peak corresponding tothe
oxidation of the monomer.

Table 1
Effect of anodic polarization on HF parameters

Points RHF (V cm2) fHF (Hz) CHF (mF cm22) 2.3RHFIA (mV)

A 187 100 8.5 115
B 135 185 7.5 184
C 264 63 9.5 483
D 429 39.81 9.3 621
E 588 39.81 7 667



and Ayabe, i.e.k0 # 2 × 1025n1=2cm s21 [15,17]. The coef-
ficient of the 2-MBI diffusive species found by this method
is in agreement with the one found for copolymer polypyr-
role–polyazulene (Ppy/Paz) [18].

3.2. Evaluation of corrosion resistance of poly(2-
mercaptobenzimidazole) films in sodium chloride 3%
solutions

The purpose of this study was to improve our understand-
ing of the mechanism of protection offered by poly(2-MBI).
Impedance measurements were performed as described
earlier.

3.2.1. 3% NaCl solution
The impedance diagrams shown in Fig. 8 were obtained

for the Cu–Zn electrode atEcorr in the absence of a poly-
meric film. Two capacitive loops were observed.

At low frequencies, the electrochemical impedance
diagram is representative of charge transfer and mass trans-
port. So, when the rotation speed increases, the polarization
resistance decreases (Fig. 9). This effect was reversed in
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Fig. 4. Cyclic voltammograms of brass in electrodeposition medium at
given scan rates, mV s21.

Table 2
Effect of scan rate onIp andEp

Scan rate (mV s21) Ip (mA cm22) Ep (mV)

10 3 907
20 3.7 1040
30 4.83 1139
40 5.86 1246
50 7 1318

Fig. 5. Linear dependence ofIp on n 1/2 for brass in electrodeposition
medium.

Fig. 6. Linear dependence ofEp on log(n 1/2) for brass in electrodeposition
medium.

Fig. 7. Relationship between ln(Ip) and�Ep 2 E0� for brass in electrodepo-
sition medium.

Fig. 8. Electrochemical impedance diagrams of brass in 3% NaCl obtained
at Ecorr after 1 h of immersion.



view of the fact that immersion time increases (Fig. 10)
indicating the diffusion through a porous layer of corrosion
product [19–21].

At high frequencies, we have suggested that this loop was
associated with a mixed kinetics because we cannot distin-
guish between the charge transfer and the diffusion process
(the polarization resistance decreases when the rotation
speed increases) (Fig. 9). In summary, the mass transport
seems to take place in the corrosion processes of brass in 3%
NaCl [22–24].

3.2.2. Polymer coated metals
Application of models for the impedance behavior.Most

authors agree that the simple AC impedance shown in Fig.
11 can be used for the analyses of impedance data for poly-
mer coated metals that have been exposed to corrosive
media [25–30]. At low frequencies we would expect to
find the impedance response owing to the contact between
the aqueous solution (at the bottom of the defects) and the
metal. This concept of film porosity has been used recently
by Walter [31].

Impedance data were interpreted using the equivalent
electrical circuit of Fig. 11, whereCfilm, Rfilm andfc(film) repre-
sent the coating capacitance, the resistance related to the
electrolyte passing through the coating defects and the char-
acteristic frequency at the maximum of the imaginary part,
respectively. According to Wong et al. [32]Cdc is the double
layer capacitance, andRct is the charge transfer resistance.

In the present work, EIS of the polymer film formed on
Cu–Zn electrodes was performed as a function of immer-
sion time (Fig. 12). This is the typical behavior, which is
expected from a metal-coating–electrolyte system. In the
first hours of exposure to solution, the coating was slightly
penetrated so that it presents predominantly a capacitive
behavior. After 4 h of exposure, the diagram revealed a
semicircle shape because the uptake of solution creates
conductive pathways throughout the film, so that the system
behaves like an association of capacitors and resistors. For
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Fig. 9. Electrochemical impedance diagrams of brass in 3% NaCl deter-
mined for different rotation speeds after 1 h of immersion.

Fig. 10. Electrochemical impedance diagrams of brass in 3% NaCl deter-
mined for different immersion time.

Fig. 11. Nyquist impedance spectrum of Cu–Zn/coating/NaCl 3% and the equivalent electrical circuit.

Fig. 12. Electrochemical impedance diagrams of brass with poly(2-MBI)
coating in 3% NaCl determined for different immersion time.



longer times the resistance decreases gradually as the film
becomes more penetrated by the solution. However, for 22 h
of exposure the resistance increases again owing to the start
of reaction at the metal–polymer interface (Table 3).

4. Conclusions

The I � f �E� and I � f �t� permitted us to carry out the
polymeric film properties as well as the optimal conditions
of its formation. In this work, we have also studied the
kinetics of electropolymerization of 2-MBI in methanol
and alkaline solution by the EIS measurements.

The protective effect of organic coatings submitted to 3%
NaCl solution has been evaluated. The results showed that
the inhibition efficiency was very high (around 96% for 4 h
of testing time).
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Table 3
Effect of brass electrode immersion time on characteristic parameters evaluated in high and low frequency ranges

t (h) Rfilm (kV cm2) fc(film) (Hz) Cfilm (mF cm22) Rct (kV cm2) fc (Hz) Cdc (mF cm22)

1 12 1.5 8.84 91 0.08 21.8
4 20 1 7.96 200 0.01 79.6
7 15 2 5.3 261 0.01 61

22 12 3.16 4.21 100 0.03 53.1


