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Abstract As Anise oil (AO) is considered a green inhibitor of
carbon steel (CS) corrosion, the electrochemical behavior of CS was
examined by electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization to calculate its corrosion resistance
in 0.5 M hydrochloric acid containing different concentrations of
AO before and after irradiation with γ -rays (5 kGy and 15 kGy).
Potentiodynamic polarization proved that the highest value of
inhibition efficiency is 95.3% obtained by 50 ppm AO after irradiation
with γ -rays at 298 K. The EIS results indicate that the changes
in impedance parameters are related to the adsorption of AO and
its coverage of the CS surface. A scanning electron microscope
(SEM) was used to distinguish between the corroded surface and the
unharmed surface due to the irradiated AO inhibitor. All the present
results emphasize the power of using AO as a green inhibitor with
γ -rays that can protect the CS surface, which will extend its industrial
applications with high efficiency.
Keywords potentiodynamic polarization; carbon steel; anise oil;
gamma irradiation; EIS; FT-IR; SEM

1. Introduction
Carbon steel (CS) is widely used in marine applications,
chemical processing, petroleum production and refining,
construction and metal-processing equipment. They have
been found to be very useful and economical [1, 2] despite
its high corrosion susceptibility. These applications usually
induce a serious corrosive effect on equipment, tubes, and
pipelines made of iron and its alloys [3]. The investigation
of corrosion of iron and its alloys is a subject of enormous
experimental preoccupation due to the economic losses and
environmental pollution caused by this phenomenon during
the manufacture of metal alloys [4, 5].
The use of chemical inhibitors is an important method
of protecting metallic materials against dissolution owing
to the corrosion phenomenon [6, 7, 8, 9]. However, toxicity
and the high cost of chemical compounds led researchers
to look for other alternatives such as using green inhibitors
extracted from various plants [10]. The green or eco-friendly
inhibitors exhibited excellent efficiency as corrosion inhibitors for different metals and alloys in acidic media [11,

Table 1: Chemical composition (wt%) of the investigated
CS sample.
C

Mn

S

P

Fe

0.22

0.9

0.03

0.03

Balance

12]. Some tested the effect of oil compounds [13, 14, 15],
while others studied the use of extract compounds [16, 17].
To the best of our knowledge, little research is reported
in literature about using irradiation of Anise oil (AO) with
various doses of γ-rays (5 kGy and 15 kGy) as a corrosion
inhibitor for CS in hydrochloric acid medium. This work
aims to study the effect of AO as a green economic
inhibitor before and after various doses of γ-rays on the
inhibition of the corrosion rate of CS in 0.5 M hydrochloric
acid solution [18, 19, 20]. In this respect, potentiodynamic
polarization and electrochemical impedance spectroscopy
(EIS) methods were used to evaluate the electrochemical
behavior of CS in an acid medium. The surface morphology
was studied by scanning electron microscopy (SEM) under
different studying conditions.
2. Materials and methods
2.1. Samples and solutions
Samples in the present study were composed of a CS rod
with a cross-sectional area of 1 cm2 and its chemical composition was analyzed by X-ray fluorescence as shown in
Table 1. These samples act as a working electrode (WE).
All the chemicals were analytical grade Aldrich products.
Hydrochloric acid solution with 0.5 M and triple distilled
water were used in all the investigations. Before performing
the experiments, the working electrode was abraded with
emery paper of different grades up to 1,200 grit, then rubbed
with a smooth polishing cloth, washed with triple distilled
water, and transferred to the three-electrode electrochemical
cell.
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Figure 1: Trans-1-methoxy-4-(1-propenyl)benzene, transp-propenylanisole.
2.2. Inhibitor
AO (trans-p-propenylanisole (anethole), trans-1-methoxy4-(1-propenyl)benzene) with molar mass 148.2 g/mol and
molecular formula C10 H12 O was used in an analytical grade
from El-Captain Company (CAP PHARM); see Figure 1.
AO, obtained from star anise native to China or Pimpinella
anisum native to the Mediterranean region, is an aromatic
pale yellow oily liquid composed mainly of anethole
(propenylanisole). The star anise is unrelated botanically to
the anise of the Bible but has a very similar taste and aroma.
It is used in medicinal cough drops, dentifrices, perfumes,
flavorings, beverages, candies, and embedding materials for
microscopy [21]. AO was irradiated by various doses of γrays (i.e., 5 kGy and 15 kGy, resp.) before being used as an
inhibitor. So, AO can be considered as an environmentally
safe and economically reasonable green inhibitor.

Figure 2: FTIR spectra of AO irradiated with various doses
of γ-rays.
potential, the corrosion current density, and the anodic and
cathodic slopes,
IE% =

Icorr − Icorr (inh)
x100,
Icorr

(1)

where Icorr and Icorr (inh) represent the corrosion current
density values without and with inhibitor, respectively.
Before impedance or polarization measurements, the
working electrodes were immersed in the test solution until
a steady state of the OCP was reached. Each experiment
was performed at least twice with a new surface for each
run.

2.3. Electrochemical measurements
All the electrochemical measurements, including potentiodynamic and electrochemical impedance spectroscopy
(EIS), were conducted using Gamry PCI300/4 Potentiostat/Galvanostat/Zra analyzer. EIS is a nondestructive
sensitive technique that enables the detection of any changes
occurring at the electrode/electrolyte interface. Impedance
data were presented as Nyquist plots. The impedance
measurements were carried out at the open circuit potential
(OCP) in a frequency range from 0.01 Hz up to 100 kHz with
a superimposed AC-signal amplitude of 5 mV peak to peak.
EIS can measure directly the impedance, Z, and the phase
shift of the electrochemical system. All electrochemical
tests were carried out using a three-electrode cell composed
of carbon steel, with an exposed surface area of 1 cm2 , used
as a working electrode, platinum as the counter electrode,
and saturated calomel electrode (SCE) (ESCE = 0.242 V
vs. the normal hydrogen electrode (NHE)) as a reference
electrode, respectively. Potentiodynamic measurements
were carried out at a scan rate of 3 mV/s at 25 °C. The
Echem Analyst 5.21 statistically fits the experimental
data to the Stern-Geary model for a corroding system.
The routine automatically selects the data that lies within
the Tafel region (±250 mV with respect to the corrosion
potential). The Echem Analyst calculated the corrosion

2.4. Examination of surface morphology
A JEOL (5400 Japan) SEM was utilized to examine the
surface morphology of various specimens of CS after being
immersed in 0.5 M hydrochloric acid in the absence and
presence of the inhibitor at 50 ppm for 1 h. This instrument
was operated in a secondary electron imaging mode with
an accelerating voltage of either 10 KeV or 20 KeV. In the
present investigation, the magnification was selected, 100×.
All the experiments were carried out at room temperature
298 K unless otherwise stated. The experimental details are
described in Section 3 [22].
2.5. Functional groups detection
The functional groups of AO were proved by infrared spectroscopy (FTIR). Inspection of Figure 2 shows that the characteristic band appeared at 519 cm−1 for stretching vibration
of the aliphatic straight-chain −C−C− skeleton; the bands
appeared at 1,135 cm−1 and 3,217 cm−1 for stretching vibration of −CH(OH)− group.
3. Results and discussion
3.1. OCP measurements
Figure 3 illustrates the potential-time curves of CS electrode
in 0.5 M HCl solution against saturated calomel electrode
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Figure 3: Potential-time curves for CS in 0.5 M HCl in the
absence and presence of 50 ppm concentrations of the AO
inhibitor before and after being radiated.
Figure 5: Nyquist for the corrosion of CS in 0.5 M HCl
in the absence and presence of different concentrations of
radiated AO inhibitor at 5 kGy.

Figure 4: Nyquist for the corrosion of CS in 0.5 M HCl in
the absence and presence of different concentrations of AO
inhibitor at 25 °C.
(SCE): the blank curve was tending towards more negative
value firstly, which represents the breakdown of the preimmersion, air formed oxide film present on the surface of
working electrode. This oxide film was breakdown and soluble in the solution so that the potential was shifted to a more
negative direction until a steady-state potential was established at 500 V. Additions of the inhibitor molecules produce a negative shift Ecorr potential; these results indicated
that the corrosion inhibitor may act as cathodic protection
before and after being radiated.
3.2. EIS measurements
The impedance results for the stainless steel in physiological solution after the immersion for two different times are
shown in Figures 4–6. EIS spectra illustrated typical Nyquist
impedance plots obtained for the CS electrode at an OCP.
The best fit using the equivalent circuit shown in Figure 7
and Table 2 illustrated that the data of this equivalent circuit
showing the increasing inhibitor concentrations raised the
polarization resistance (Rp ). It also has been reported that
the semicircles at high frequencies were generally associated with the relaxation of electrical double-layer capacitors,

Figure 6: Nyquist for the corrosion of CS in 0.5 M HCl
in the absence and presence of different concentrations of
irradiated AO inhibitor at 15 kGy.

Figure 7: Equivalent circuit diagram used to fit the
impedance data.
and the diameters of the high-frequency capacitive loops
can be considered as the charge-transfer resistance. Table
2 illustrates the inhibition efficiency, η%, of AO inhibitor,
being or without being radiated, for the CS electrode; and it
was calculated by the following equation:


(2)
η% = Rp − Rpo /Rp x100,
where Rpo and Rp were the charge transfer resistance in in
absence and presence of AO inhibitor, respectively.
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Table 2: Impedance parameters for the corrosion of CS in 0.5 M HCl without and with various concentrations of AO at
298 K.
Electrode

Inh. Conc.

Alpha

Y0 (S*sˆa)

Rp (ohms)

Ru (ohms)

η (%)

CS

Blank
50 ppm
50 ppm + 5 kGy
50 ppm + 15 kGy

7.87E−01
8.47E+02
7.98E+02
6.86E+02

0.003734
0.009148
0.009525
0.009857

46
140
161
148

4.61E+00
1.56E+01
5.02E+00
3.51E+00

0
67
71
69

Figure 8: Potentiodynamic polarization plot for the corrosion of CS in 0.5 M HCl in the absence and presence of
different concentrations of AO inhibitor at 25 °C.
3.3. Electrochemical polarization measurements
The potentiodynamic polarization technique was used to
investigate the electrochemical behavior of CS in 0.5 M
HCl solution. Representative polarization curves from the
potentiodynamic polarization measurements are displayed
in Figures 8–10. The quantitative corrosion parameters of
corrosion potential (Ecorr ), and corrosion current density
(Icorr ) obtained through the polarization curves were calculated and presented in Table 3. However, the differences in
values of the inhibitors from those of the free acid solution
were not up to 85 mV; hence they are not sufficient to
categorize the inhibitor as either of cathodic or anodic type.
Therefore, AO can be considered as a mixed type inhibitor
which inhibits the corrosion process by geometric blocking
of both cathodic and anodic surface active sites of the CS.
Also, corrosion current density was reduced in the presence
of the inhibitors and with increasing the AO concentration
(Table 3), demonstrating the inhibitive effects of AO.
The inhibition efficiency also increased with the increase
in inhibitor concentration, similar to EIS. Figures 8–10
illustrate the potentiodynamic polarization curves for CS in
0.5 M HCl solution and in the presence of 50 ppm of the AO
radiated and without being radiated. The electrochemical
parameters, namely, corrosion potential (Ecorr ), cathodic
(bc ) and anodic (ba ) Tafel slopes, corrosion current density
(Icorr ) and inhibition efficiency (η%), were given in
Table 3. The data in Table 3 showed that the Icorr values
decreased considerably with the increase of the inhibitor
concentration, Ecorr were shifted to more negative values;

Figure 9: Potentiodynamic polarization plot for the corrosion of CS in 0.5 M HCl in the absence and presence of
different concentrations of radiated AO inhibitor at 5 kGy
at 25 °C.

Figure 10: Potentiodynamic polarization plot for the
corrosion of CS in 0.5 M HCl in the absence and presence of
different concentrations of radiated AO inhibitor at 15 kGy
at 25 °C.
therefore these inhibitors acted predominantly as cathodic
inhibitors and consequently adsorption mechanism was
much more likely at the cathodic sites. The effect of inhibitor
type and concentration was observed on the values of ba
and bc , so that these inhibitors obstruct the available surface
area; it seems that the film formed on the metallic surface
became more uniform with concentration, while molecular
structure may affect film resistance due to chemical bonding
nature with metallic surface. The inhibition efficiency, η
(%), was calculated and it was obvious that the η (%)
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Table 3: Polarization data of CS in 0.5 M HCl without and with various concentrations of AO at 298 K.
Electrode

Inh. Conc.

Ecorr. (mV)

Icorr. (μA/cm2 )

CS

Blank
50 ppm
50 ppm + 5 kGy
50 ppm + 15 kGy

−499
−497
−505
−506

4,000
228
210
201

Tafel slopes
βa (V/decade)

βc (V/decade)

0.225
0.178
0.147
0.147

0.198
0.153
0.114
0.151

Corrosion rate (CR) (mpy)

η (%)

550
118
108
104

0
94
95
95

Figure 11: Scanning electron micrographs of CS: (a) CS after polishing; (b) CS immersion in 0.5 M HCl; (c) CS immersion
in 0.5 M HCl + 50 ppm of inhibitor; (d) CS immersion in 0.5 M HCl + 50 ppm radiated inhibitor at 5 kGy; (e) CS immersion
in 0.5 M HCl + 50 ppm radiated inhibitor at 15 kGy.
increased with increasing the inhibitor concentration. The
mechanisms of the inhibiting effect of these derivatives were
attributed to the formation of a chemical bonding between
inhibitor and metallic surface according to oxygen-atoms.
Adsorption of AO compound through oxygen molecules
result from its capability of shearing lone pair electrons. It is
noteworthy that the results obtained from potentiodynamic
measurements matched with those obtained from Nyquist
impedance determinations (Figures 4–6).

3.4. Surface morphology
Scanning electron microscopy was used to examine the
surface morphology of the CS specimens immersed in
0.5 M HCl solution in the absence and presence of 50 ppm
of AO inhibitor and also before immersion in acid medium
and inhibitor. Figure 11(a) shows a characteristic surface
of CS after polishing. Figure 11(b) shows the immersion
of CS without AO inhibitor in 0.5 M HCl for 2 h. Scanning
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electron micrographs reveal that the surface was strongly
damaged by corrosion (i.e., corroded surface), which is
shown as black and white area on the surface of specimen.
On the other hand, Figure 11(c) shows the surface of CS
specimen after immersion in 0.5 M HCl and 50 ppm for 2 h.
Scanning electron micrographs reveal that the surface was
much less damaged. Figures 11(d) and 11(e) show that the
formation of protective film of the inhibitor on the metal
surface under the effect of gamma rays. The results were
obtained from the (SEM) technique explain those obtained
from all electro chemical data.
4. Conclusions
AO as a friendly corrosion inhibitor was examined for the
first time in this study at concentrations 0.0 ppm, 10 ppm,
20 ppm, 30 ppm, 40 ppm, and 50 ppm in 0.5 M HCl as electrolyte solution with two doses of gamma radiation at 5 kGy
and 15 kGy. The evaluation of the AO as an inhibitor was
carried out by using electrochemical investigation. The net
results indicated the excellent effect of inhibitor on the corrosion phenomena and its complete coverage of the surface
of specimens under irradiation. Potentiodynamic polarization proved that the highest value of inhibition efficiency is
95.3% obtained by 50 ppm AO after being irradiated with
γ-rays at 298 K. The η% values are in good agreement with
those obtained from the EIS measurements.
Conflict of interest The authors declare that they have no conflict of
interest.
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