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Abstract

Corrosion kinetics of low-carbon steel in hydrochloric acid was studied at various concentrations of mimosa tannin
inhibitor. This system was subjected to impedance spectroscopy and quasi steady-state polarization. The inhibition
efficiency, g was derived from the corrosion current, icorr and charge transfer resistance, Rct data. The fractional
surface coverage as a function of the inhibitor concentration was calculated from the rate of hydrogen evolution
reaction (h.e.r.) at constant cathodic potential. Based on the theoretical model and the observed experimental
relationship between the ratio of the corrosion current densities in the uninhibited and the inhibited systems and the
surface coverage, the relative influences of the geometric blocking action and the energy effect of the inhibitor on the
corrosion process were estimated. Fitting of the nonlinear model to the experimental data was carried out by the
Levnberg–Marquardt nonlinear fit method implemented into the programming system Mathematica�. Restruc-
turing of the adsorbed layer and change in the orientation of adsorbed inhibitor molecules upon the increase of
surface coverage was assumed on the basis of the experimentally observed functional relationship of the double
layer capacitance and the surface coverage. The results were explained with respect to the molecular properties of
the inhibitor – geometry and size of the molecule, electronic orbital structure and dipole moment.

List of symbols

ba anodic Tafel slope (V dec)1)
bc cathodic Tafel slope (V dec)1)
b0 constant equal to RT/F (V)
Cdl double layer capacity (F m)2)
C1 specific capacity in the base electrolyte (F m)2)
C2 specific capacity of the surface covered by the

flat-lying molecules (F m)2)
C3 specific capacity of the surface covered by the

perpendicular molecules (F m)2)
cinh inhibitor concentration (mol m)3)
Eocp open circuit potential (V)
ESCE electrode potential vs. saturated calomel elec-

trode (V)
I imaginary constant
ia partial anodic current density in the uninhibited

system (A m)2)
i0a partial anodic current density in the inhibited

system (A m)2)
ic partial cathodic current density in the uninhib-

ited system (A m)2)
i0c partial cathodic current density in the inhibited

system (A m)2)
icat cathodic current density (A m)2)

icorr corrosion current density in the uninnhibited
system (A m)2)

i0corr corrosion current density in the inhibited system
(A m)2)

k constant
k1 cathodic reaction rate constant (A m)2)
k2 anodic reaction rate constant (A m)2)
m dimensionless model parameter
N Avogadro’s constant (mol)1)
n dimensionless model parameter
Q capacitance model parameter (W)1 sn m)2)
R universal gas constant (J mol)1 K)1)
Rct charge transfer resistance (W m2)
Rs solution resistance (W m2)
T temperature (K)
Ztotal impedance of the equivalent circuit (W m2)
c ratio of the corrosion currents in the noninhi-

bited and inhibited systems
cimp c from impedance measurements
cpol c from polarization measurements
gimp inhibitor efficiency from impedance measure-

ments (%)
gpol inhibitor efficiency from polarization measure-

ments (%)
a transfer coefficient of the cathodic reaction
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b transfer coefficient of the anodic reaction
/ potential (V)
/corr corrosion potential in the uninhibited system

(V)
/0
corr corrosion potential in the inhibited system (V)

h surface coverage
w1 potential drop in the diffusion part of the

double layer (V)
Dw1 change of the potential drop in the diffusion

part of the double layer (V)
w0
1 w1 of the uninhibited system (V)

1. Introduction

The proposed mechanism of most organic inhibitors in
aggressive acid media is adsorption [1–5]. The adsorp-
tion process depends on the electronic characteristics of
the inhibitor, the nature of the surface, the temperature
and pH of the corrosion media, steric effects, multilayer
adsorption and a varying degree of surface-site activity
[6–8]. In principle, adsorption of an organic inhibitor
can affect the corrosion rate in two ways: by decreasing
the available reaction area (geometric blocking effect)
and by modifying the activation energy of the anodic
and/or cathodic reactions occurring on the inhibitor-free
surface in the course of the inhibited corrosion process.
The electrochemical behaviour and the interpretation of
the measured data will not be the same for all modes.
In acidic solutions, in the presence of an adsorbed

substance on the electrode surface, the following ex-
pressions are valid for the cathodic evolution of hydro-
gen and anodic dissolution of metals [9, 10]:

i0c ¼ k1½H3O
þ�ð1� hÞe� F

RT ½a/þð1�aÞw1� ð1aÞ

i0a ¼ k2ð1� hÞe F
RT2bð/�w1Þ ð1bÞ

where w1 is the potential drop in the diffuse part of the
double layer. All the factors that influence the potential
w1 will likewise alter the corrosion rate. The surface
blocking effect expressed through the factor (1)h) and
the energy effect expressed through the change in
w1 ¼ w0

1 þ Dw1 may act in the same or opposite direc-
tions. For example, the adsorption of substances of
cationic type or neutral polar molecules with the positive
side of their dipoles oriented towards the electrode will
induce a positive change in w1 or Dw1 > 0 and conse-
quently impede the corrosion reactions. On the other
hand, adsorption of anions and/or neutral polar mole-
cules with the negative side of their dipoles oriented
towards the electrode will induce a negative change in w1

or Dw1 < 0 and the overall retarding or accelerating
effect on the rate of corrosion reactions will depend on
the relative influences of h and w1, respectively. Addi-
tionally, stimulation of corrosion in the presence of
adsorbed organic substances may be caused by factors
other than the shift in w1, for example: the formation of

soluble complexes by metal ions with the adsorbed
substance lowering the overpotential of the anodic
reaction, or the reduction of organic substance, or the
catalytic action of the adsorbed substance on hydrogen
evolution lowering the overpotential of the cathodic
reaction.
In the limit of Dw1 ! 0 and h ! 0, the Equations (1a)

and (1b) reduce to those valid for the inhibitor-free
system. By making use of the equality of the anodic and
cathodic currents at the corrosion potential, both in the
inhibited and the uninhibited systems, the following
variation in the steady-state potential may be derived [10]:

/corr � /0
corr ¼ Dw1

babc
b0ðba þ bcÞ

� 1

� �
ð2Þ

where ba and bc are the anodic and the cathodic Tafel
slopes in the inhibitor-free solution, and b0 ¼ RT/F. For
the case of the geometric blocking action, Dw1 ¼ 0, and,
theoretically, no shift in the corrosion potential will be
observed upon addition of the inhibitor to the system.
It is apparent from the above considerations that it

is difficult in each specific case to calculate which part
of the inhibiting effect is connected to the geometric
blocking action and which part is connected to the
energy effect. A comparison of either of the two current
components, anodic or cathodic, in the uninhibited and
inhibited systems at the corresponding corrosion poten-
tials, with the assumption that w1 changes linearly with h
(i.e. w1 ¼ w0

1 þ kh), the ratio of the corrosion current
densities c ¼ icorr=i0corr is obtained [10–15]:

c ¼ icorr
i0corr

¼ 1

1� h
emh ð3Þ

Pure geometric blocking action of the inhibitor may be
described by the relationship c ¼ 1/(1�h), or g ¼ 100h,
where g is the inhibitor efficiency expressed as a
percentage of the corrosion rate decrease in the system
containing the inhibitor with respect to the inhibitor-free
system. It is worth stressing at this point that only in the
case of pure geometric blocking of the electrode surface
by the inhibitor can the efficiency, g, be treated as
equivalent to the surface coverage h [16].
On the other hand, with the stipulation that the

blocking action term in Equation 3 can be neglected,
exclusive influence on the kinetics of the dissolution
reaction is expressed by the equation ln c ¼ mh, where
m is a constant.
Here, we present the analysis of corrosion inhibition

properties of mimosa tannin on low-carbon steel in
hydrochloric acid based on the results obtained from
polarization and impedance spectroscopy measure-
ments. The results are discussed, in particular, with
respect to the inhibitor influence on partial anodic and
cathodic reactions as well as with respect to the
molecular properties of mimosa tannin obtained previ-
ously by the method of molecular modelling.
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2. Experimental details

Polarization measurements were performed on cylindri-
cal electrodes machined from low-carbon steel, sealed in
epoxy resin, with a circular cross section exposed to the
electrolyte. The electrolyte was 5% hydrochloric acid
alone and with different inhibitor concentrations (10)5–
10)2 mol dm)3), at a temperature of 40 ± 1 �C. The
electrodes were cleaned by grit 600 emery paper,
degreased in methanol, rinsed by doubly distilled water
and immersed in test solutions for 3 h at the open circuit
potential.
The polarization curves were recorded in the potential

range ±200 mV EOCP, at a scan rate of 1 mV s)1.
Impedance measurements were performed at the open
circuit potential, EOCP with a.c. voltage amplitude
±5 mV in the frequency range 10 mHz to 100 kHz.
Electrochemical measurements were performed using

the SI 1287 Electrochemical Interface and SI 1255
Frequency Response Analyser. The reference electrode
was a saturated calomel electrode and the counter
electrode was a platinum foil.
Commercial mimosa tannin extract was used in this

study. The structure of the mimosa tannin has been
previously described by Seawell [17].

3. Results

Potentiodynamic polarization characteristics for low-
carbon steel in 5% HCl containing various concentra-
tions of mimosa tannin are shown in Figure 1. The open
circuit potential EOCP, the corrosion current density
jcorr, the anodic and cathodic Tafel slopes, ba and bc,
calculated by the Tafel extrapolation method are listed
in Table 1.
The inhibitor addition decreases the anodic Tafel

slopes and slightly increases the open circuit potential
recorded after the three-hour-long electrode stabiliza-
tion in solution.
A negligible change in the cathodic Tafel slopes

indicates that hydrogen evolution is diminished exclu-
sively by the surface blocking effect of the inhibitor. In
this case, as proposed by Vračar and Dražić [18, 19], the
surface coverage h may be calculated using the following
equation:

hðcinhÞ ¼ 1�
ðicatÞcinh
ðicatÞcinh¼0

ð4Þ

where icat is the cathodic current density at constant
potential, i.e. the rate of hydrogen evolution reaction
(h.e.r). The values of h calculated by applying Equation
4 at the potential of )0.6 V are also shown in Table 1.
The influence of inhibitor concentration on the

impedance spectra of the investigated system is depicted
in Figures 2 and 3. In all cases, the Nyquist plots in
Figure 2, are not perfect semicircles, and in the Bode
plots, in Figure 3, the slopes of the log Z against log f
curves are not )1. Deviations of this kind are often
referred to as the frequency dispersion of interfacial
impedance. This anomalous phenomenon can be attri-
buted to the inhomogeneity of the electrode surface
arising from surface roughness or interfacial phenomena
[20]. The equivalent circuit containing solution resis-
tance, Rs, in series with the parallel network of charge
transfer resistance, Rct, and a constant phase element
(CPE) substituted for the double layer capacitance, was
used to model the experimental data. The corresponding
transfer function of the total impedance, Ztotal, for this
circuit is given by

Ztotal ¼ Rs þ
1

Rct
þ Qxn cos

np
2
þ I sin

np
2

� �� ��1

ð5Þ

where Q is the capacitance parameter, n is the parameter
which characterizes the deviation of the system from
ideal capacitive (n ¼ 1) behaviour and I is the imaginary

(i / A cm-2
-4 -3 -2 -1

E
/ m

V
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Fig. 1. Potentiodynamic polarization curves for low-carbon steel in

5% HCl at 40 ± 1 �C with various concentrations of mimosa tannin

(d – 0, n – 10)5, m – 10)4, s – 10)3, h – 10)2 mol dm)3).

Table 1. Potentiodynamic polarization parameters, inhibitor efficiency and surface coverage of low carbon steel by mimosa tannin in 5% HCl at

40 ± 1 �C at various inhibitor concentrations

cinh
/mol dm)3

Eocp

/V

icorr
/lA cm)2

ba
/V dec)1

bc
/V dec)1

gpol
%

h

0 )0.501 3109.1 0.175 )0.110 – –

10)5 )0.500 2508.2 0.163 )0.102 19.3 0.11

10)4 )0.496 1645.9 0.142 )0.108 47.1 0.41

10)3 )0.493 1050.9 0.122 )0.110 66.2 0.65

10)2 )0.484 612.9 0.116 )0.110 80.3 0.85
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constant. When used instead of the double layer
capacitance, CPE causes a rotation of the centre of the
capacitive semicircle below the real axes by a frequency
independent constant phase angle / ¼ (1�n)p/2. For a
perfect capacitor, / ¼ 0 (n ¼ 1), and for a perfect
resistor, / ¼ p/2 (n ¼ 0).

The parameters Rs, Q, n and Rct, determined for each
set of experimental data, are shown in Table 2. An
increase in the inhibitor concentration is accompanied
by a decrease in Q and an increase in Rct.
The inhibitor efficiencies, g, were calculated from the

equation:

gðcinhÞ ¼
ðmcorrÞcinh¼0 � ðmcorrÞcinh

ðmcorrÞcinh¼0

ð6Þ

where (mcorr)cinh and (mcorr)cinh¼0 are the rates with and
without the presence of the inhibitor obtained from
polarization measurements and impedance spectroscopy
measurements. The corresponding inhibitor efficiencies
were denoted as gpol and gimp, respectively, and are listed
in Tables 1 and 2.

4. Discussion

The action of mimosa tannin as a corrosion inhibitor
has been investigated previously in aqueous solutions of
various pH [21–28]. In our previous investigations [28–
30], it was found that mimosa tannin acts as an
adsorption inhibitor in acidic solution. In particular,
on the grounds of the energetic parameters deduced
from the adsorption isotherms at pH O 1, mimosa
tannin was shown to be capable of forming a strong
chemisorptive bond with the low-carbon steel electrode
surface.
In order to establish the relationship between adsorp-

tion and corrosion inhibition, obtained from kinetic
data, the logarithm of the coefficient c is presented as a
function of the surface coverage h (Figure 4). The
coefficient c was calculated from polarization experi-
ments by the equation cpol ¼ ðicorrÞcinh¼0=ðicorrÞcinh and
from impedance measurements by the equation
cimp ¼ ð1=RctÞcinh¼0=ð1=RctÞcinh . Equation 3 was fitted to
these data by the Levnberg–Marquardt nonlinear fit
method implemented into the programming system
Mathematica� and the resultant curve is shown in
Figure 4. The value of m was found to be equal to
)0.116 yielding the exponential factor in Equation 3 to
vary between 1 for h ¼ 0 and 0.89 for h ¼ 1. This would
mean that the energy effect expressed by the exponential
term opposes the inhibitive effect introduced by the
geometric blocking of the surface. According to Equa-
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Fig. 2. Nyquist plots of impedance spectra of low-carbon steel in 5%

HCl at 40 ± 1 �C with various concentrations of mimosa tannin (s –

0, m – 10)5, n – 10)4, j – 10)3, h – 10)2 mol dm)3).
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Fig. 3. Bode plots of impedance spectra of low-carbon steel in 5%

HCl at 40 ± 1 �C with various concentrations of mimosa tannin (s –

0, m – 10)5, n – 10)4, j – 10)3, h – 10)2 mol dm)3). Solid lines

represent the fits.

Table 2. Impedance parameters and the corresponding inhibitor

efficiency of mimosa tannin as an inhibitor of low carbon steel

corrosion in 5% HCl at 40 ± 1 �C.

cinh
/mol dm)3

Rs

/W cm2
Q · 106

/W)1 sn cm)2
n Rct

/W cm2
gimp

%

0 0.222 3407.3 0.75 5.84 –

10)5 0.226 2720.5 0.76 7.48 21.92

10)4 0.195 1874.9 0.77 11.60 49.65

10)3 0.211 1791.9 0.68 19.77 70.46

10)2 0.202 242.7 0.82 50.61 88.46
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tion 1b, this kind of behaviour could originate from the
lowering of the overpotential of the anodic reaction due
to inhibitor adsorption and is in accordance with the
observed decrease of ba by inhibitor addition. In addition
to the energy effect, the pronounced decrease in ba could
partly be due to electrochemical desorption of the
inhibitor from the metal surface during dissolution [31].
The prevalance of the geometric blocking effect over

the energy effect for the anodic reaction is, however,
apparent from Figure 1, as the shift of anodic curves to
lower current values is observed with the inhibitor
addition.
The positive shift in EOCP (Table 2) may be explained

in terms of Equation 2. The term in square brackets
calculated with the values of ba and bc from Table 1 is
positive for the present system, therefore, the negativity
of the parameter m and the corresponding negativity of
Dw1, indicate that a shift to positive values of EOCP

should be expected.
Concerning the adsorption and/or corrosion inhibi-

tion processes, the orientation of the adsorbed organic
molecules at the metal surface is of special interest. It
has been reported that the adsorption of heterocyclic
compounds occurs with the aromatic rings sometimes
parallel but mostly perpendicular with respect to the
electrode surface [32, 33]. A similar system in which
linoleic acid might be adsorbed at the mercury electrode
in two different positions (parallel or perpendicular to
the surface) was observed [34]. The method of scaling of
a mercury electrode, used in this work, to obtain the
fractal dimension of the adsorbed layer provides a
sensitive means for the detection of phase changes in
adsorption processes of linoleic acid, as dependent on
fractional electrode coverage. In order to represent a
system in which the organic substance is adsorbed at the
electrode in two different positions, fractional coverage
with flat (h1) and perpendicularly oriented (h2) molecules
was given by:

h1 ¼ hð1� hÞ and h2 ¼ h2 ð7Þ

where h ¼ h1 + h2 is the fractional electrode surface
coverage.
Consequently, the double layer capacitance should

reflect the reorientation behaviour of the inhibitor very
well if the molecules that adsorb are polar, with their
dipole moment oriented preferably parallel or perpen-
dicular to the longest molecule axes. The dipole moment
of the four types of flavonoid molecules that comprise
mimosa tannin, is almost perpendicular to the longest
axis of the molecule [29]. The molecules with their
longest axis oriented parallel to the surface would then
have the dipole moment perpendicular to the surface
and preferentially oriented in the direction of the electric
field contributing to the microscopic value of the
dielectric constant. The value of the tannin dipole
moment varies between 1.91 and 2.81 D (depending on
the type of the flavonoid molecule). It is comparable to
the dipole moment of water of 1.85 D, indicating that
the inhibitor influence on the double layer capacitance
should be noticeable.
The double layer capacitance of the investigated

system Cdl, has been calculated from the parameters Q
an Rct (Table 2), using the equation:

Cdl ¼
ffiffiffiffiffiffiffiffiffiffi
Q

Rn�1
ct

n

s
ð8Þ

Cdl is shown as a function of h in Figure 5. The overall
capacitance of the electrode | solution interface may be
represented by three capacitors in a parallel connection:

Cdl ¼ C1ð1� hÞ þ C2hð1� hÞ þ C3h
2 ð9Þ

where C1, C2 and C3 denote the specific capacities of the
electrode | solution interface in the supporting electrolyte
(C1) and the surface completely covered by the flat-lying
molecules (C2) and by the perpendicularly lying mole-
cules (C3), respectively. It is readily observed from
Equation 9 that if there is no contribution from the
adsorbed inhibitor layer to the interfacial capacity, the
capacity decreases linearly with surface coverage as
shown by the dashed line in Figure 5. By fitting
Equation 9 to the experimental data in Figure 5, it
was concluded that physically reasonable parameters
(C1 ¼ 875 lF cm)2 and C2 ¼ 226 lF cm)2) could be
obtained if only the first two terms of Equation 9 are
taken into account. This means that the capacitance
contribution from the inhibitor covered surface is solely
due to the flat-adsorbed molecules at low surface
coverage. The effect is relatively weak and indicates
that the molecules probably change their position to a
perpendicular one against the electrode surface, upon
increase of the surface loading by the inhibitor. This
finding corresponds to those obtained by the application
of substitutional isotherms that has shown that on the
average, one tannin molecule replaces four water mole-
cules in the process of adsorption indicating the vertical
orientation of the molecules on the surface, while the
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Fig. 4. Logarithm of the ratio of the corrosion current densities in the

uninhibited and inhibited systems as a function of the surface coverage

of low-carbon steel by mimosa tannin in 5% HCl at 40 ± 1 �C.
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parallel orientation would yield a number of substituted
water molecules between 7 and 10.
The prevailing parallel orientation of the dipole

moment to the surface of the metal also explains why
the energy effect exerted by the inhibitor, is relatively
weak, since, according to the theory, only the dipole
moments oriented vertically should alter thew1 potential.

5. Conclusions

The treatment of corrosion inhibition data using ad-
sorption isotherms and kinetic models is not an unam-
biguous procedure. Various measurable quantities
deduced for the corrosion system with and without the
inhibitor reflect the microscopic surface state of the
system. Integral analyses of corrosion systems, as shown
by the present study, would have to include both the
adsorption and kinetic parameters analyses as well as
system interfacial and inhibitory molecular properties,
as indispensable means of elucidation of an inhibitor’s
protective action.
A theoretical model used in this work, based on the

combined geometric surface blocking effect and the
energy effect on partial anodic and cathodic reactions,
enabled the correct interpretation of corrosion data
characteristic of mimosa tannin action as an inhibitor of
low-carbon steel corrosion in acidic solutions.
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