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CARBON STEEL CORROSION INHIBITION BY PLANT EXTRACT
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ABSTRACT. The inhibition effect of several plant extracts on the corrosion
of carbon steel in 0.5 M H,SO, has been investigated by potentiodynamic
polarization and electrochemical impedance spectroscopy (EIS). One has
attempted to determine the corrosion characteristics in the absence and in
the presence of natural plant extracts obtained from Allium Sativum and
Juglans Regia using VoltaLab 40 potentiostat.

Potentiodynamic polarization curves were plotted at a scan rate of
20 mV/min. The EIS investigations have measured the response of the
electrochemical system using a 10 mV a.c. potential excitation within a
frequency zone ranging from 100 kHz to 50 mHz. Equivalent circuit model
was proposed based on fitting the impedance data and hence the main
parameters of the corrosion system were obtained.

The potentiodynamic polarization curves were employed to represent
the Tafel lines and to evaluate the corrosion potential E.,; and the kinetic
parameters namely the corrosion current density i, and the anodic, b, and
cathodic b, Tafel slopes. The corrosion current densities have lower values in
the presence of plant extracts. The inhibition efficiency calculated from the
potentiodynamic polarization parameters and from EIS measurements were
in agreement, the best results were obtained for the mixtures containing
400 ppm AS for all AS/JR concentration ratios.

Keywords: Inhibitors, Electrochemical impedance spectroscopy, Corrosion,
Sulphuric acid, Steel

INTRODUCTION

Nowadays intensive researches are accomplished to find new natural
environmental friendly products, the so-called “green products”. These may be
able to substitute, up to a certain limit, the synthetic products, considered
harmful for the environment, and no longer acceptable taking into account the
environmental impact and also the true cost of using the synthetic products
with serious side effects. Natural plant extracts may show inhibiting effects,
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these products presenting the advantage of biodegradability, being able to
replace synthetic inhibitors phased out due to increased enforced stringent
environmental legislation.

The cost of corrosion is very high for any country. Corrosion never
stops but its damages can be decreased. The use of inhibitors is one of the
best-known methods of corrosion protection [1, 2]. The importance of inhibitive
protection in acidic solutions is increased by the facts that steels, that are
more susceptible to be attacked in aggressive media, are the commonly
exposed metals in industrial environments. Numerous works have been
dedicated to corrosion inhibiting effects of different plant extracts in acidic
aqueous solutions on metallic materials [3-6]. Their choice is based on their
low-cost and stability as corrosion inhibitors for metallic materials in acidic
media and because these compounds are environmental friendly.

Among other methods of corrosion investigation, the application of
electrochemical impedance spectroscopy technique (EIS) as a new tool for
the study of corrosion research has resulted in information concerning the
methods of corrosion protection [7], which were difficult to study with traditional
dc techniques; EIS has provided useful information concerning corrosion
protection by anodic films and by inhibitors [8-13]. In addition to specification
of the physical properties of the system, the technique leads to important
mechanistic and kinetic information [14-16]. Some advantages of ac impedance
techniques are the use of only very small signals which do not disturb the
electrode properties to be measured, the possibility of studying corrosion
reactions and measuring corrosion rates in media where traditional dc methods
fail, and the fact that polarization resistance as well as double layer capacitance
data can be obtained in the same measurements.

The authors have previously investigated [17] the effect of the addition
of single plant extract as inhibitor for steel corrosion in sulphuric acid. This
paper shows the results obtained on the corrosion inhibition of steel in 0.5 M
sulphuric acid by combining the studied plant extracts at different ratios. It was
analyzed the interaction between the plant extracts by calculating the synergism
parameter, and also the authors have proposed an electrical equivalent circuit
model by using EIS results.

RESULTS AND DISCUSSION
Polarization measurements

The potentiodynamic curves were recorded in the absence (blank
test solution) and in the presence of various plants extract concentration.
Figure 1 shows some of the potentiodynamic polarization curves carried out
at 25° after 30 minutes of immersion time in 0.5 M H,SO, in the presence
and absence of Allium Sativum (AS) and Juglans Regia (JR). By using the
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experimental data important parameters were extracted: corrosion current
density, i, corrosion potential, E., anodic b, and cathodic b, Tafel slopes,
which are listed in Table1. These values were calculated from the intersection
of the anodic and cathodic Tafel lines of the polarization curve at E..;. The
inhibition efficiencies were calculated by the following expression:

i
[E = | 12 <100, % (1)

corr

were i’ and i__ are respectively, the corrosion current densities without
and with addition of plant extracts in 0.5 M H,SO, solution.
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Figure 1. Polarization curves for steel in 0.5 M H,SO, with mixtures of
different concentrations of Allium Sativum and Juglans Regia
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Although the addition of AS and JR does not affect the general shape
of the curves, it can be seen (Figure 1) that both cathodic and anodic curves
are affected by the inhibitor presence. The results presented in Table 1 indicate
that the presence of AS and JR inhibit the corrosion process by reducing
the corrosion current densities to lower values.

Tafel plots in 0.5 M H,SO, revealed that the presence of the plant
extracts generally shifted the corrosion potential towards positive values
with reference to the blank 0.5 M H,SO,. This signifies that the addition of
AS and JR has an inhibitor effect on the corrosion process. The presence of
plant extracts lead to a decrease of anodic Tafel slopes, indicating that the
inhibitor acts mainly on the anodic reaction. Based on these results AS and JR
are considered as mixed-type inhibitor, meaning that it reduces the anodic
dissolution of steel and also retards the cathodic reaction.

Table 1. Tafel polarization parameters for steel corrosion in 0.5 M H,SOy, in the
presence of different concentrations of Allium Sativum and/or Juglans Regia

AS conc. JR conc. icorr Ecorr bc ba IE%
(ppm) (ppm) | (mA/em®) | (mV) | (mV/dec) | (mV/dec) °

0 0 0,738 -483 110 74 -

0 20 0.611 -470 115 69 17.22
20 0 0.424 -465 111 53 42 .58
20 20 0.387 -477 111 58 47.62
40 20 0.331 -463 114 50 55.09

200 20 0.265 -470 109 46 64.09
400 20 0.158 -478 103 51 78.60
40 0 0.549 -480 107 54 25.69

0 40 0.500 -463 120 59 32.22
20 40 0.651 -469 98 63 11.87
40 40 0.625 -471 99 50 15.39

200 40 0.268 -469 109 43 63.66
400 40 0.114 472 113 44 84.63
200 0 0,211 -462 115 47 71.42

0 200 0.376 -457 119 54 49.03
20 200 0.369 -466 113 51 50.02
40 200 0.587 -465 115 57 20.49

200 200 0.301 -469 115 40 59.30
400 200 0.177 -477 104 53 76.01
400 0 0.216 -459 101 45 70.79

0 400 0.438 -452 119 57 40.69
20 400 0.300 -469 110 51 59.33
40 400 0.617 -465 116 55 16.47

200 400 0.207 473 111 44 72.02
400 400 0.134 -486 109 51 81.90
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The inhibition efficiencies from Table 1 are calculated with equation (1),
and show highest values for 400 ppm AS, the highest efficiency value being
obtained for the mixture 400 ppm AS + 40 ppm JR. For the same concentration
of JR the inhibition efficiency is generally increasing with the increase of AS
concentration.

Electrochemical Impedance Spectroscopy

The impedance diagrams are given in the Nyquist (Figure 2) and Bode
(Figure 3) representations.

The data processing was based on a non-linear least squares fitting
procedure. In this case inhibition efficiencies IE% were calculated through
the following expression:

RO
IE = {LR—P}AOO , % 2)

p

where Rg and R are the polarization resistance values observed in absence

and presence of inhibitor, respectively.

The polarization resistance (R;) values are calculated from the
difference in impedance at lower and higher frequencies [12].

To obtain the double layer capacitance (C4) one must found the
frequency at which the imaginary component of the impedance is maximum
(Zmax) and the capacitance is represented by the equation

b
m-Rp

Ca = €)

were o=2-n-f__, is the angular frequency.

All Nyquist diagrams of steel exposed for 30 min at free corrosion
potential in inhibited and uninhibited acidic solution containing different
concentrations of AS and JR plant extracts consist of a depressed capacitive
semicircle at high frequencies and a small inductive one at low frequencies
(Figure 2). The low frequency inductive loop may be attributed to the relaxation
process of the adsorbed species.

The intersection of the capacitive loop with the real axes at the highest
values of frequencies gives the value for the resistance of the solution (Rs)
enclosed between the working electrode and the counter electrode. The
point of intersection between the inductive loop and the real axis represents
the sum (Rs + Rp) where R, is the polarization resistance defined as the dc
limit of the impedance.

The highest values of polarization resistances were generally obtained
for the mixtures containing 200 and 400 ppm AS.
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Figure 2. Nyquist plots for steel corrosion in 0.5 M H,SO, with different
concentrations of Allium Sativum and Juglans Regia

It is essential to develop the appropriate model for the impedance,
which then can be used to fit the experimental data and to evaluate the
parameters that characterize the corrosion process.

The Nyquist plots in Figure 2 are not perfect semicircles, and in the
Bode plots, in Figure 3, the slopes of the log I1Z] against log f curves are lower
than -1. This kind of deviations can be attributed to the non-homogeneity of the
electrode surface arising from surface roughness or interfacial phenomena.
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The impedance parameters obtained from electrochemical spectroscopy
investigations are mentioned in Table 2.

The presence of AS and JR compounds (Table 2) enhances the value
of R, in acidic solution indicating that a charge transfer process is mainly
controlling the corrosion of steel, also the increase of R is generally interpreted
by the adsorption of inhibitor molecules [18].

The decrease of the double layer capacitance Cq is due to the
adsorption of plant extract on the metal surface leading to the formation of film
from acidic solution [19]. More the inhibitor is adsorbed, more the thickness
of the deposited film is increased according to the expression of the layer
capacitance presented in the Helmholtz model [20].
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Figure 3. Bode plots of impedance spectra for steel in 0.5 M H,SO, at 25°C
with various concentrations of Allium Sativum and Juglans Regia
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Table 2. Electrochemical parameters of impedance for the corrosion of steel

in 0.5 M H,SO, in the presence of different concentrations

of Allium Sativum and/or Juglans Regia

AS conc. JR conc. Rop, Ca, Prmaxs IE%
(ppm) (ppm) Qxcm? uFxcm™ degree °

0 0 11.35 350.4 -43 -

0 20 27.82 326.1 -47 59.20
20 0 31.76 220.0 -55 64.26
20 20 22,80 195.4 -50 50.22
40 20 34.13 165.9 -55 66.74

200 20 66.86 266.5 -62 83.02
400 20 134.10 149.4 -63 91.54
0 40 60.23 797.7 -55 81.15
40 0 44.75 157.3 -54 74.64
20 40 16.22 490.5 -46 30.02
40 40 13.12 242.5 -48 13.49
200 40 64.55 345.1 -53 82.42
400 40 172.70 92.1 -59 93.43

0 200 25.28 588.8 -55 55.10
200 0 90.11 228.2 -62 87.40
20 200 20.66 308.1 -52 45.06
40 200 20.19 441.2 -52 43.78
200 200 57.56 221.1 -60 80.28
400 200 107.00 296.6 -63 89.41

0 400 23.68 521.8 -53 52.07
400 0 71.46 291.9 -62 84.12
20 400 25.92 245.6 -54 56.21
40 400 13.82 230.2 -48 17.87
200 400 86.70 130.6 -64 86.91
400 400 136.90 36.7 -64 91.71

Figure 3 shows the influence of concentrations on modulus spectra
of steel and on phase angle in absence and presence of the inhibitor. In all
cases the figures show that the IZ| against f logarithmic curves exhibit three
distinctive segments. In the higher frequency region, the IZI tends to become 1
with the phase angle values falling rapidly towards 0 with increasing frequency.
This is a typical response of resistive behavior and corresponds to the solution
resistance [21]. In the medium frequency region, a linear relationship between
IZI against f, with a slope lower than -1 and the phase angle being in the range
-43 in blank acidic solution to -64 degree in the presence of plant extracts, can
be observed (Table 2). This response is characteristic for a capacitive behavior.
An ideal capacitive response would result in a slope of -1 and a phase angle of
-90 degree. In the low-frequency region, the resistive behavior of the electrode
increases.
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The phase angle for the double layer in the presence of AS and JR
inhibitors were shifted toward higher degrees comparing to the case of acidic
solution, because these extracts may have effects on the frequency dispersion
of the double layer capacitance.

The equivalent circuit used to fit the experimental data, in the absence
and in the presence of inhibitor, is shown in Fig. 4. The components of the circuit
are R, the electrolyte resistance (Qxcm?), R, the polarization resistance (Qxcm?)
and CPE, a constant phase element. As mentioned before, the presence of CPE
in the electrical circuit instead of a capacitance is due to the non-homogeneity
of the electrode surface.

Rs CPE
W >
R1

Figure 4. The equivalent electrical circuit of the impedance spectra obtained for
steel in the absence and presence of the investigated mixtures of inhibitor

With this proposed model a very good fit was obtained with our
experimental data, the fitted data matching the experimental, with an average
error of about 2.5%.

For studying the joint effect of Allium Sativum and Juglans Regia, the
synergism parameter, s was calculated, as proposed by Hosseini et al [22]
which is describing the combined inhibition behavior of the studied extracts.
Generally, for the interaction of two inhibitors A and B, the synergism parameter
is defined as [23]:

S:[l—lEA—IEBHEAxIEBj @)

1-1E,;
where |E5 and |IEg are the inhibition efficiencies evaluated for compound A
and B respectively acting alone, and IExg is the experimentally observed
inhibition efficiency for the mixture AB, the concentration of the compounds
A and B in the mixture being the same as in the corresponding separate
situations. The expression compares the theoretically expected corrosion
rate based on the condition where either A or B are present or on the condition
that they do not interact, with the experimentally observed rate in the presence
of the inhibitor mixtures [23]. In the case where inhibitors A and B have no
effect on each other and adsorb at the metal/solution interface independently,
s = 1 as in that case the predicted behavior is experimentally confirmed.
Alternatively, the effect would be synergistic if s > 1 or antagonistic if s < 1.
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Figure 5. Synergism parameter s for the combined effect of AS and JR
on the corrosion of steel in 0.5 M H,SO,

In Figure 5 the values of synergism parameter, s, for the investigated
concentrations of AS and JR are presented. This 3D graph shows that
antagonism occurs in many of the studied mixtures. It can be observed that
the mixture 200 ppm AS + 20 ppm JR is characterized by a very moderate
synergism (1< s <1.2) whereas for the mixtures 40 ppm AS+ 20ppm JR and
200ppm AS + 40ppm JR a more pronounced synergistic effect is found.

The antagonistic and synergetic effects observed can be due to the
electrostatic interaction between the oppositely charged ions that prevents
their co-adsorption on the metal surface. The forces involved in that case enable
interfacial adsorption to occur at a higher extent (resulting in a higher value
of surface adsorption for the same concentration) than in the case if only one
inhibitor is present.

CONCLUSIONS

Tafel polarization and EIS measurements were accomplished in the
present study to increase the possibility of using plant extracts as green type
inhibitors for the corrosion of steel in 0.5 M H,SO,4. The inhibitive and the
combining effect of Allium Sativum (AS) and Juglans Regia (JR) were studied.

Tafel measurements showed that the presence of AS and JR mixtures
lowered the corrosion current densities and shifted the corrosion potential
towards positive values. This fact signifies that the addition of AS and JR
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inhibitive mixture has an inhibitor effect on the corrosion of steel in 0.5 M
sulphuric acid solution. The anodic Tafel slopes decrease in the presence of plant
extracts and the cathodic Tafel slopes has a generally increasing tendency.

The electrochemical impedance spectroscopy studies have shown that
the impedance response consists of large capacitive depressed semicircles
for high frequencies values and small inductive loops for the low frequency
values. The presence of AS and JR compounds increases the polarization
resistance values indicating that a charge transfer process is mainly controlling
the corrosion of steel. The decrease of the double layer capacitance is due to
the adsorption of plant extracts on the metal surface. A Randles type equivalent
circuit was proposed for the studied system and the fitting data matched the
experiment with an average error of about 2.5%.

The best inhibition efficiencies were obtained for the mixtures containing
400 ppm AS and also for the mixture 200 ppm AS + 400 ppm JR.

For studying the joint effect of Allium Sativum and Juglans Regia, the
synergism parameter, s was calculated, and the mixture 200 ppm AS + 20 ppm
JR was found to be characterized by a weak synergism (1< s <1.2) whereas
the mixtures 40 ppm AS+ 20ppm JR and 200ppm AS + 40ppm JR has a more
pronounced synergistic effect. For the other studied mixtures the data showed
that antagonism occurs.

The study showed that Allium Sativum and Juglans Regia can act
as corrosion inhibitor for steel in sulphuric acid media.

EXPERIMENTAL SECTION

Working electrodes consist of steel sheets with the following chemical
composition, wt.%, C: 0.21, Mn: 2.5, S: 0.04, P: 0.04, Si: 0.35, Fe: to balance.
H,SO, reagent used was of analytical grade without previous purification.
Double distilled water was used for solution preparations. The plant extracts are
commercially available, being purchased from different manufacturers: Allium
Sativum (AS) supplied by HOFIGAL S.A. Romania (50% vol in ethylic alcohol),
reference no. 93 GMP and Juglans Regia (JR) supplied by PlantExtract®,
Romania (50% vol in ethylic alcohol), reference no. 05170807A. For the
experiments containing plant extracts, the appropriate quantity was added to
blank solutions to reach final concentrations of 20, 40, 200 and 400 ppm.

The methodologies used to investigate steel corrosion inhibition of Allium
Sativum and Juglans Regia in aerated 0.5 M H,SO, included potentiodynamic
polarization (Tafel polarization) and electrochemical impedance spectroscopy
techniques. Thermostated double-walled (50 mL) Metrohm glass cell was used
for all the electrochemical tests.

Prior to all measurements, the steel samples were polished with different
emery paper grades up to 1000, washed with bidistilled water and dried. The
base solution (0.5 M H,SO,) was prepared by dilution of analytical grade (Merck)
98% H,SO,, used without further purification, with bidistilled water.
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Impedance spectroscopy measurements were carried out in the same
three electrodes glass cell, with a square steel sheet with the exposed area
0.5 cm? as the working electrode. A silver/silver chloride immersed directly
into the solution and a platinum disc with the surface of 1.13 cm? Radiometer
Analytical electrodes are used, as reference and auxiliary electrodes, respectively.
All potentials in the text are referred to this reference electrode (Ag, AgCl).
The temperature was thermostatically controlled and set up at 25+1°C and
the electrolyte solutions were in equilibrium with the atmosphere (i.e., aerated
solutions).

All the measurements were carried out using a Voltalab 40, Radiometer
Analytical potentiostat/galvanostat interfaced with a computer using VoltaMaster
4.0 software. Experiments were performed in duplicate; data reported are the
average.

Before polarization and EIS measurements, the working electrode was
introduced in the test solution and left for 30 min to attain the open circuit
potential. Polarization curve measurements were made at a scan rate of
20 mV/min starting from cathodic potential towards anodic direction.
Electrochemical impedance spectroscopy was carried out at the open-circuit
potentials in the frequency range 100 kHz— 50 mHz with a sinusoidal potential
perturbation of 10mV amplitude. The data of impedance spectra results were
fitted on equivalent circuits, a Randles type circuit, using ZView software.
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