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(AD) in an acid solution hydrochloric 1 M. The experiments revealed that the MA and
o GO behaved as mixed type inhibitors. This study was performed using the weight loss
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Inhibition of corrosion of steel  Inhibition efficiency increases with increasing inhibitor concentrations to reach a
in I M HCl solution by maximum value of 95.7% for steel AHLE and a maximum value of 95.50% for mild steel.
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the automotive industry in CCIeNCy increases wit increasing inhi itor concentrations to reac a maximum value o
Morocco, Mor. J.Chem.,14(3), 96.68% for AD and a maximum value of 95.23% for AHLE. According to the Langmuir
623-644 isothermal model, the inhibitors MA and GO were adsorbed on the steel surfaces AHLE
and AD by physical and chemical bonds. SEM and EDX examinations have proven the

formation of a protective layer of inhibitors adsorbed on the steel surface.
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1. Introduction

Everything around us is susceptible to deterioration. When the irreversible deterioration of a metal
takes place by chemical or electrochemical reaction with its environment, it is called corrosion. It is a
constant and continuous problem, often difficult to completely eliminate. Corrosion affects most
industrial sectors. It represents 5% of the manufacturing cost for the automotive sector (Akandi et al.,
2023). In fact, corrosion limits the lifespan of materials, causing numerous replacement costs and high
productivity losses, which strongly penalizes several industrial sectors. As a result, predicting the
behavior of metal structures in the face of corrosion represents an important scientific and technological
challenge. The study of corrosion in the automotive sector is of paramount importance due to the direct
and indirect losses caused by this scourge. Indeed, even if the car manufacturers have made great
progress in protecting the hull and the paint from this damage via surface treatments and choice of
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materials, the vehicles nevertheless remain exposed. Depending on the atmospheric conditions and the
environmental environment, the materials are affected and lose the properties of their uses. The
warranty period of a vehicle is an increasingly strong selling point. However, poor risk management
can lead to considerable financial losses for a car manufacturer, so the duration of guarantees against
bodywork perforation in Europe (Chami et al., 2021), successively extended to 6, 8 and 12 years at the
end of the 1990s , has led manufacturers to accelerate research into problems related to the appearance
and development of corrosion. The bodywork protection methods are well known: galvanized sheets,
generous application of glues and sealants, injection of wax into the hollow bodies (Li et al., 2023).
However, the sum of all these protections has two major drawbacks, which are the increase in
manufacturing costs and the weight of the vehicles: the weight of the vehicles must indeed be controlled
to comply with European anti-pollution standards. To avoid these disadvantages and achieve 12 years
of protection against corrosion, it is necessary to rationalize the technical choices, and therefore to
work on the protection of steels by the use of environmentally friendly and inexpensive solutions.
Indeed, the requirements of respect for the environment by the reduction of CO> emissions on the one
hand and the continuous desire to reduce costs pushes manufacturers to seek inventive solutions (Leach
et al., 2020). The green inhibitors used to fight corrosion are the ideal candidates to meet this need,
apart from the fact that they are inexpensive and respectful of the environment. In terms of protection
against corrosion, it is possible to act on the material itself (judicious choice, suitable shapes,
constraints depending on the applications, etc.), on the surface of the material (coating, paint, any type
of surface treatment, etc.) or on the environment with which the material is in contact (corrosion
inhibitors). The use of inhibitors to prevent the dissolution process of metals remains an inevitable and
widespread application. In fact, inhibitors are chemical substances which, when added in small
quantities to the environment, reduce the rate of corrosion of materials. Beyond its protective power,
the choice of an inhibitor must take into consideration the health and safety constraints, the impact on
the environment, as well as order criteria. economic (availability and cost) (Mbamalu et al., 2023;
Elmsellem et al., 2014; Zerfaoui et al., 2014). Most of the inhibitors known today are organic
compounds that adsorb onto the steel surface and decrease the rate of corrosion by blocking the active
sites, but the majority of these compounds are expensive, toxic, and pose a fundamental problem for
the environment. Thus, the use of natural products as barriers against the spread of harmful synthetic
chemicals has become an ecological necessity that is gaining great interest in the world. This type of
inhibitors does not contain heavy metals or toxic compounds, they are biodegradable and renewable.
Several studies show that the use of these products (oils and plant extracts) as a source of green
inhibitors for the protection of metals makes it possible to achieve a very high rate of effectiveness (Al-
Mazaideh et al., 2018; Torres et al., 2023; Chaubey et al., 2014). It is in this context that this work
complements previous work and focuses on the inhibition of the corrosion of steel used in automobile
bodywork in an acid medium of 1M HCI by molecules derived from plants in a process of compliance
with environmental standards (Chami ez al., 2020; 2021; 2022).

This study was carried out with the aim of studying the inhibition efficiency of the polyphenol
extracted from vegetable waters and olive pomace using electrochemical techniques, and confirmed by
a surface analysis characterization approach.

2. Experimental
2.1 Materials and methods

In our previous research work we carried out a statistical study and a survey of 100 professionals
in the Moroccan automotive industry to identify the steel most affected by corrosion in the car and the
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area of the bodywork most damaged. The results of this investigation show that the corrosion of
automotive bodies depends on several variables: the area of the vehicle, the type of vehicle, the cause
of corrosion, the type of corrosion and the region. The combination of these variables shows that
localized pitting corrosion in the engine compartment accounts for the majority of vehicle corrosion
cases. The statistical study shows that the high yield strength steel (AHLE) and mild steel (AD) are the
most affected by corrosion in the car body.
Therefor the steel samples that are used for this study are (AHLE) and (AD). The steel samples intended
for the tests were taken from the engine compartment of a vehicle over 5 years old; this choice follows
the results of a survey of 100 professionals in the automotive industry in Morocco (Chami ez al., 2021).
The electrolyte used is a molar solution of hydrochloric acid (1M HCI) is obtained by diluting the
concentrated acid 37% by weight in distilled water. The steel specimens used in the experiments
measured 15 mm % 10 mm. In addition, (AD) has the following chemical composition by weight:
(0.09% P, 0.38% Si, 0.01% Al, 0.05% Mn, 0.21% C, 0.05% S and the balance iron). And (AHLE) has
the chemical following composition: (0.03% P, 0.04% Si, 0.02% Al, 0.40% Mn, 0.08% C, 0.03% S,
0.15 (Nb+T1i) and the balance iron).
In order to obtain reliable results, the samples (AD) and (AHLE) are prepared before the test by
polishing with grit sandpaper (grade 100-400-800-600-1200), followed by rinsing with distilled water,
then dried under a stream of air.

2.2 Polyphenol usage protocol

This study concerns two types of inhibitors: the polyphenol extracted from olive water and the
polyphenol extracted from pomace. The extraction of the polyphenol was carried out at the Laboratory
of Engineers in Electrochemistry, Modeling and Environment, Faculty of Sciences Dhar El Mahraz,
University Sidi Mohamed Ben Abdellah, Fez, Morocco (LIEME). The method used for the extraction
of polyphenols is the same as that used by E. Marco (2007) with some modifications. It consists of
putting 10 ml of sample in a centrifuge tube and then adding 15 ml of hexane. The solution obtained is
stirred and then centrifuged for 5 min at 3000 (4000) rpm. The solution obtained consists of two phases
which have been separated by elimination of the lipid part (upper phase). The same operations are
repeated twice. Then a sample of 10 ml of the solution obtained is taken and then washed. Then 10 ml
of ethyl acetate are added to the solution. The solution obtained is then stirred and centrifuged for 5 to
10 min at 3000 (4000) rpm. At the end the two phases are separated by recovering the upper phase.
The operations are repeated 3 times. The ethyl acetate is evaporated and finally the residue is diluted
in 3 ml of methanol.

2.3 Measurement method

In this study we used standard methods to measure the effectiveness of inhibitors. First the
gravimetric method which is the first approach to the study of corrosion inhibition. It has the advantage
of being easy to implement and requires only simple equipment. This method is based on the
measurement of the loss of mass undergone by the steel samples which have been immersed in a
solution of hydrochloric acid HCI 1 M at a given temperature. The second method is the stationary
method (electrochemical polarization), it allows to obtain information on the slowest stage of the
electrochemical process characteristic of the metal-solution interface in a relatively fast time compared
to non-electrochemical methods. The third method is the transient electrochemical method based on
the determination of the electrochemical impedance. It makes it possible to approach the various
processes which can intervene during the inhibition of the corrosion of steel in acid medium.
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2.3.1. Gravimetric study

The gravimetric test was carried out by immersing the mild steel sample and the HLE steel in a solution
of 100 ml 1 M HCI without and with variable concentrations of the two inhibitors at 25°C in the
thermostat. The dimensions of the steel samples are (1.5 cm x 1.5 cm) They are immersed vertically
for 6 h in the 1 M Hcl solution at 25 °C. After 6 h of immersion the samples are washed with water and
acetone, dried and weighed again. The corrosion rate (CR) is given by the relationship Eqn. 1:

CR=W/At Eqn. 1
With W is the weight loss in (mg) and A is the surface of the sample in (Cm?) and t the immersion time
(h-1). The inhibition efficiency of a compound is determined by the formula Eqn. 2:

EW (%) = (12 x 100% Eqn. 2

Where CR and CRinn denote the obtained corrosion rates in the nonexistence and existence of inhibitors.

2.3.2. Electrochemical measurements

Electrochemical experiments were recorded using a potentiostat (Biologic SP 200), coupled to a
computer equipped with EC-Lab software. The working electrode is made of steel with an adjacent
area value of 1.5 cm?2. Before each experiment, the electrode is polished using emery paper to grade
1200. After that, the electrode is cleaned with distilled water. An Ag/AgCl electrode is used as a
reference. All potentials are given with reference to this electrode. The counter electrode is a platinum
plate. The aggressive medium used here is a 1M HCI solution prepared with concentrated HCI and
distilled water (Salhi et al., 2016; Ugi et al., 2021; Rbaa et al., 2019; El Faydy et al., 2019; Laabaissi
et al., 2019; Ouakki et al., 2019).

2.3.2.1. Polarisation measurements.

All potentials are with reference to the Ag/AgCl electrode. The counter electrode is platinum. The
working electrode is immersed in the test solution for 30 min until a steady state open circuit potential
was obtained. The polarization curve is recorded by polarization from —800 mV to -200 mV under
potentiodynamic conditions corresponding to 1 mV/s (scanning speed) and under an air atmosphere.
E% is calculated using equation Eqn. 3:

EI(%) = (eer—teorrint) 5 100% Eqn. 3

ICOTT

where Icorr and Leor inn are the corrosion current density values without and with inhibitor, respectively.

2.3.2.2. Impedance spectroscopy measurements.

The electrochemical impedance spectroscopy measurements were carried out using a transfer function
analyser (Biologic SP 200), with a small amplitude ac. Signal (10 mV), over a frequency domain from
100 KHz to 10 mHz at 25 °C and an air atmosphere. The transfer resistance R, is obtained from the
diameter of the semicircle in Nyquist representation. In this case, the inhibition efficiency is calculated
using charge transfer resistance from Equation Eqn. 4:

ER% = =<t 5 100% Eqn. 4

ct

where Reginny and R are the charge transfer resistance in the presence and absence of inhibitor
respectively (Saraswat et al., 2022; Tan et al., 2022; Bouayad et al., 2017; Ghazoui et al., 2017).
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3. Results and Discussion
3.1 The effect of inhibitors MA and GO on HLE steel
3.1.1 Polarization method: inhibitor MA

Table 1 groups together the electrochemical parameters deduced from the polarization curves: the
corrosion potential (Ecorr), the corrosion current density (Icorr), the cathodic slope of Tafel (Bc) and the
inhibition efficiency E (%) for different concentrations of the inhibitor.

Table 1. Electrochemical parameters derived from polarization curves for steel HLE in 1.0 M HCI
solution with and without the addition of different concentrations of MA inhibitor.

Medium Concentration (M) -Ecorr Leorr -Be IE%
(mV/ECS) (npA.cm?)  (mV.dec)
1M HCl1 - 406 791 151
M /HLE 1 416 34 128 95.70
0.75 406 57 135 92.27
0.5 402 78 143 90.13
0.25 383 264 133 66.62

As the concentration of the inhibitor increases, the corrosion density value (Icorr) decreases and the
inhibition efficiency increases and reaches a maximum value of 95.70 % at 1g/1 for the inhibitor MA.
This can be justified by the increase in the rate of coverage of the surface by the adsorption of the
inhibitor studied. In the presence of the inhibitor, the anodic and cathodic region exhibit a wide range
of linearity, indicating that Tafel's law is well verified in both domains (Figure 1). Analysis of the
cathodic slope values reveals a slight modification induced by the addition of the inhibitor. This
suggests that the inhibitor studied acts on the cathodic reaction by simply blocking the available surface
without affecting the reduction mechanism.
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Figure 1. Polarization curves of steel in 1 M HCI solution containing different concentrations of MA inhibitor

at 25°C

3.1.1.2Impedance method: inhibitor M A

The impedance measurements were carried out using electrochemical impedance spectroscopy
(EIS) at the corrosion potential, the frequency range chosen is from 100 KHz to 100 mHz with a
sinusoidal excitation of 10 mV amplitude. The Nyquist representation consists in carrying on an
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orthonormal reference the imaginary part -Zim according to the real part of the impedance Zg. for the
different frequencies. HLE steel is studied in a 1 M HCI solution in the absence and presence of the
inhibitor MA by EIS after emersion for 30 min at 25C°. The Figure 2 shows the Nyquist plot. The
open circuit potential equivalent is shown in Figure 3. It should be noted that the plot is in the form of
a semi-circle centered on the real axis which shows that the corrosion of HLE steel is caused by the
load transfer of the corrosion mechanism (Bourichi ez al., 2016; EL Aoufir et al., 2016; El Ouali et al.,
2013; Belghiti et al., 2017; El aoufir et al., 2017).

In the Figure 2, it can be seen that the Nyquist diagram shows an increase in the size of the
semicircles with the increase in the concentration of the inhibitor MA. This increase shows that an
absorption of the inhibitor MA on the surface of HLE steel. The equivalent circuit shown in the Figure
3 can be modeled. In this equivalent circuit, a constant phase element CPE is used to replace a
capacitive element to acquire a more accurate fit of experimental data. The CPE impedance is defined
by two values, Q and n:

CPE = Q(iw)"
Where Q and n (0 <n < 1) are frequency independent.

The equivalent circuit (Figure 3) allowed us to determine the parameters associated with the

Nyquist plots (Rs, Ret, Cai, nai, Q, IEgrs) the results are presented in Table 2.

Table 2. Electrochemical parameters derived from impedance curves for HLE steel in 1.0 M HCl solution
with and without the addition of different concentrations of MA inhibitor at 25°C.

Medium C (g/l) R Rt Ca Nq) Q IEgis
(Q.cm?)  (Q.cm?)  (uF em™?) (uF.sn) (%)
HCI 1M - 0.739 37.29 103.9 0.777 249.2
M/AHLE 1 3.516 493.6 39.8 0.870 74.32 92.44
0.75 0.727 328.4 42.26 0.842 109.6 88.64
0.5 0.902 248.4 43.85 0.841 113.9 74.22
0.25 1.044 86.64 81.04 0.788 154.1 56.95

It is clear from the results of Table 2 that the increase in the concentration of the inhibitor MA is
followed by the increase in the value of the resistance (R¢i), while the values of Cq decrease. The
increase in R is related to the absorption of the inhibitor on the surface of the HLE steel, and therefore
Trelated to the formation of a protective layer (Chetouani et al., 2002; Verma et al., 1917; Guo et al.,
2013; Laabaissi et al, 2019; Chai et al., 2019). Moreover, the values of n increase with the
concentration of inhibitor, which could be related to the decrease in surface heterogeneity resulting
from the formation of an effective barrier against the aggressive medium and adsorption on the sites of
most active adsorption. The order of inhibition efficiency from EIS measurements is in good agreement
with those obtained from polarization.

3.1.1.3 Representation of impedance diagrams in the Bode plane

In order to acquire more information on the corrosion mechanisms and improve the previous
results, the bode plots of the HLE steel in 1.0 M HCI without and with different concentrations of MA
inhibitor at 25°C are shown in The Figure 4. It is clear from the Figure. 4 the Bode representation
shows the logarithm of the impedance modulus log|Z| and the phase angle as a function of frequency
in a log f logarithmic scale. The phase angle plots become significantly broader in the high frequency
range with increasing MA concentration. In any case, it is clear that the Bode phase angle plots have
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only a single maximum, i.e. a time constant corresponds to a corrosion process by adsorption on the
steel/solution interface
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Figure 2. Nyquist curves of HLE steel in 1 M HCI solution containing different concentrations of MA
inhibitor at 25°C.
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Figure 3. Equivalent electrical circuit proposed to model the steel interface HLE / HCI IM + 1g/I of MA.
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Figure 4. Bode representation of HLE steel in a 1 M HCI solution containing different concentrations of
M inhibitor at 25°C

3.1.2 The effect of the inhibitors GO on HLE steel

A second study of the effect of the GO inhibitor on HLE steel in the same corrosive environment
was carried out. The same previous techniques and methods were used. The results are presented in
Figures 5 &6 and Tables 3 & 4

3.1.2.1 Polarization method: inhibitor GO

The electrochemical parameters deduced from the polarization curves are presented in the Table 3: the
corrosion potential (Ecorr), the corrosion current density (Icorr), the cathodic slope of Tafel (Bc) and
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the inhibition efficiency E (%) for different concentrations of the inhibitor.c) and the inhibition
efficiency E (%) for different concentrations of the inhibitor. The polarization curves of steel in 1 M
HCI solution containing different concentrations of GO inhibitor at 25°C is shown in Figure 4.

Table 3. Electrochemical parameters from polarization curves for HLE steel in 1.0 M HCI solution with and
without the addition of different concentrations of GO inhibitor

Medium Concentration(M) -Ecorr Leorr -Be IE%
(mV/ECS) (nA.cm™) (mV.dec™)
IM HCI -—- 406 791 151
GO /HLE 1 416 37 127 95.23
0.75 400 55 153 93.04
0.5 401 58 149 92.66
0.25 395 178 129 7749
~ ok
5
E _ f —s—1g.L"
D -k
o
- ——05g.L"

E (V/Ag/AgCl)
Figure 5. Polarization curves of HLE steel in 1 M HCI solution containing different concentrations of GO
inhibitor at 25°C.
3.1.2.2 Impedance method: inhibitor GO
The electrochemical parameters derived from impedance curves for HLE steel in 1M HCI solution with
and without the addition of different concentrations of GO inhibitor at 25°C.is shown in the Table 4.

Table 4. Electrochemical parameters from impedance curves for steel HLE in a 1.0 M HCI solution
with and without the addition of different concentrations of I GO inhibitor at 25°C

Medium C (g/) R, R Ca Nai Q IEEIS
(Q.cm?) (Q.cm?) (uF cm™) (uF.sn-1) (%)
HCI 1M - 0.739 37.29 103.9 0.842 249.2
M/AHLE 1 3.516 493.6 39.8 0.841 74.32 92.44
0.75 0.727 328.4 42.26 0.777 109.6 88.64
0.5 0.902 248 .4 43.85 0.788 113.9 74.22
0.25 1.044 86.64 81.04 0.870 154.1 56.95

It is clear from the results of the Table 4 that the increase in the concentration of the inhibitor GO is
followed by the increase in the value of the resistance (Rc). In the Figure 5, it can be seen that the
Nyquist diagram shows an increase in the size of the semicircles with the increase in the concentration
of the inhibitor GO. This increase shows that an absorption of the inhibitor GO on the surface of HLE
steel.
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Figure 6. Nyquist curves of HLE steel in 1 M HCI solution containing different concentrations of GO
inhibitor at 25°C.

On the basis of the study results of the effectiveness of the GO inhibitor on HLE steel in the corrosive
medium HCI1 1M Figures (4 & 5) and Tables (3&4), it is noted that the inhibitor GO has a maximum
efficiency of 95.23 and its behavior is similar to that of the inhibitor MA.

3.1.2.3 Representation of impedance diagrams in the Bode plane

In order to acquire more information on the corrosion mechanisms and improve the previous results,
the bode plots of the HLE steel in 1.0 M HCI without and with different concentrations of GO inhibitor
at 25°C are shown in the Figure 7. It is clear from the Figure 7 that the phase angle plots become
significantly broader in the high frequency range with increasing GO inhibitor concentration. In any
case, it is clear that the Bode phase angle plots have only a single maximum, i.e. a time constant
corresponds to a corrosion process by adsorption on the steel/solution interface.
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Figure 7. Bode representation of HLE steel in a 1 M HCl solution containing different concentrations of GO
inhibitor at 25°C
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3.2 The effect of the inhibitors MA and GO on mild steel

3.2.1 The effect of MA inhibitor on mild steel
3.2.1.1 Impedance method
In order to better understand the phenomenon occurring at the metal-solution interface in the

presence of different concentrations of inhibitor, and in order to have more information on the
phenomenon of corrosion inhibition of mild steel in the solution 1M HCI acid, we carried out
impedance measurements in the Nyquist planes (Figure 8), in the absence and in the presence of MA
compound at different concentrations under the same experimental conditions. These measurements
make it possible to shed light on certain reaction mechanisms in the elementary processes (charge
transfer, diffusion, adsorption) and from the impedance diagrams, we have access to the charge transfer
resistance (R¢¢) and to the capacitance of the double layer (Ca) and therefore to the inhibition rate
(inhibitory efficacy) under the operating conditions used (Table 5). Re is calculated from the
impedance difference at high and low frequencies on the real axis, as suggested by Tsuru and Haruyama
(Musa et al., 2012; Dermeche et al., 2013; El Faydy et al., 2021). In our case, the electrochemical
impedance spectroscopy (EIS) measurements were carried out in potentiostatic mode at the corrosion
potential at 25 C° after 30 min of immersion. The capacitance of the double layer Cq is determined at
the frequency at which the imaginary part of the impedance is maximum. Measurements by
electrochemical impedance spectroscopy carried out at the steel/IM HCI interface without and with
addition of MA inhibitor at different concentrations result in the Nyquist diagrams shown in the Figure
6. These plots show that the curves have a well-defined capacitive loop that only increases in size
(diameter) with increasing inhibitor concentration, indicating an increase in inhibitory capacity. The
presence of a single capacitive loop indicates that mild steel corrosion is primarily controlled by an
electronic charge transfer process. The results show the formation of a single capacitive loop for all
impedance patterns by forming a protective layer on the metal surface, leading to the corrosion
inhibition process. In practice, the impedance diagrams obtained are not centered on the real axis (the
semi-circles are imperfect), and this is attributed to the difference in frequency dispersion (About et
al., 2021; Popoola et al., 2014). To which heterogeneity can be linked. of the metal surface that
generates a reaction rate distribution. The decrease in Caqi value with the addition of our inhibitor
indicates the formation of a protective layer due to the adsorption of the inhibitor to the metal surface
as a result of the displacement of molecules from the surface by MA.

300 L m  HCI 1M
® 1g.L
v 05g.L”
200 - Data fitting

m

-Z | W.cm?

100

0 N 1 R 1
0 100 200 300 400 500
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Figure 8. Nyquist curves of mild steel in a 1 M HCl solution at different concentrations of MA inhibitor at 25°C
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The electrochemical impedance spectroscopy study is in good agreement with the result obtained
by the weight loss measurements and polarization curves. the effectiveness of the studied MA shows
that with the increase in concentration, there will be a decrease in the Cg value and an increase in the
values of R¢t and E (%). The efficiency reaches its maximum value of 94.30%.

Table 5. Electrochemical parameters from impedance curves for mild steel in 1 M HCI solution with and
without the addition of different concentrations of MA inhibitor at 25°C

Medium C (g/l) R Rt Ca Nq) Q IEgis
(Q.cm?) (Q.cm?) (uF cm™) (uF.sn™) (%)
IMHCl - 0.808 27.55 105.4 0.843 263.2
M/ AD 1 1.079 495.4 53.25 0.788 114.7 94.43
0.75 1.036 370.7 64.65 0.799 136.8 92.56
0.5 0.889 245.5 71.95 0.880 116.5 88.77
0.25 2.15 93.43 77.61 0.895 129.8 70.51

3.2.1.2 Representation of impedance diagrams in the Bode plane

In order to acquire more information on the corrosion mechanisms and improve the previous
results, bode plots of mild steel in 1 M HCI without and with different concentrations of MA inhibitor
at 25°C are shown in the (Figure 7).
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Figure 9. bode representation of mild steel in a 1 M HCI solution containing different concentrations of MA
inhibitor at 25°C.

It can be seen from the Figure 9 that the phase angle plots become significantly broader in the
high frequency range with increasing MA inhibitor concentration. In any case, it is clear that the Bode
phase angle diagrams have only one maximum, i.e. a time constant corresponds to an adsorption
corrosion process on the steel/solution interface.

3.2.1.3 Polarization method

The effect of the MA inhibitor on the anodic or cathodic reactions was analyzed more precisely
by performing a potentiodynamic polarization test. Figure 8 shows the polarization curves after 30
min of immersion in the solutions containing the inhibitor and blank. Using the Tafel extrapolation
method, polarization parameters including Ecorr, icorr, Ba and B¢ are measured and reported in Table 6.
Corrosion inhibition effectiveness was derived as shown below:
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ICOTT’,O_ I

COTTOMA. % 100% Eqn. 5

corr,0

Ei%:

where lcorr, 0, and Icorr, Ma represent the corrosion current densities without counting and by means of
the existence of MA can be observed from the Figure 8 and Table 6 that anodic and cathodic corrosion
current densities decrease in the presence of MA inhibitor, suggesting inhibition of anodic
electrodissolution and cathodic progression of hydrogen. This shows a reduction in the rate of
electrochemical reactions, which can be attributed to the adsorption of MA inhibitor molecules and the
formation of a protective film on the metal surface (Abdulbasit et al., 2023), (Abubakar et al., 2019),
(Ezeh, et al., 2023). It can also be observed that cathodic processes are suppressed to a greater extent
compared to anodic processes, indicating a cathodic predominance of MA inhibitor.
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Figure 10. Polarization curves of mild steel in a 1 M HCI at different concentrations of MA inhibitor

Moreover, the cathode branches of Tafel represent parallel lines (Figure 10), suggesting that MA
inhibitor does not alter the mechanism of hydrogen evolution and suggests that the reduction of
hydrogen ions proceeds mainly via a transfer mechanism charging (Abdulbasit et al., 2023). The
inhibitory efficacy (Ei (%)) increases with the MA inhibitor concentration reaching its maximum
95.50% at 107> M (Table 6). The polarization data are in agreement with the gravimetric ones; This
allows us to have more information on the inhibitory action of the molecule tested.

Table 6. Electrochemical parameters derived from polarization curves for mild steel in 1.0 M HCl solution
with and without the addition of different concentrations of MA inhibitor.

Medium Concentration(M) -Ecorr Leorr -Be IE%
(mV/ECS) (nA.cm—2) (mV.dec—1)
1M HCI1 -—- 403 978 138
M /AD 1 414 44 140 95.50
0.75 390 72 136 92.63
0.5 399 116 139 88.13
0.25 397 263 132 73.10

3.2.2 The effect of GO inhibitor on mild steel
3.2.2.1 Impedance method

The corrosion behavior of mild steel in the presence of GO has also been studied by EIS. A
typical set of Nyquist diagrams is shown in Figure 8. The values of the associated electrochemical
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parameters and the corrosion inhibition efficiency E% are given in Table 7. In the Figure 11, it can be
seen that the Nyquist diagram shows an increase in the size of the semicircles with increasing
concentration of GO inhibitor. This increase indicates an absorption of the GO inhibitor at the surface
of the mild steel.
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Figure 11. Nyquist curves of mild steel in 1 M HCI solution containing different concentrations of GO

inhibitor at 25°C.

It appears from the results of Table 7 that the increase in the concentration of the GO inhibitor
is followed by the increase in the value of the efficiency to reach a maximum value of 96.68%.

Table 7. Electrochemical parameters from impedance curves for mild steel in a 1.0 M HCI
solution with and without the addition of different concentrations of GO type II inhibitor at 25°C.

Medium C(gh Rs Ret Cdl ndl Q IEEIS
(Q.cm2) (Q.cm2) (uF cm-2) (nF.sn-1) (%)
HCI 1M - 0.808 27.55 105.4 0.843 263.2 -
1 1.126 831 52.55 0.835 88.01 96.68
GO/AD 0.75 0.970 566.4 56.14 0.806 109.6 95.13
0.5 0.894 267 59.69 0.831 119.7 89.68
0.25 0.670 80.15 73.85 0.846 162.3 65.62

3.2.2.2 Representation of impedance diagrams in the Bode plane

In order to acquire more information on the corrosion mechanisms and improve the previous
results, bode plots of mild steel in 1.0 M HCI without and with different concentrations of GO at 25°C
are shown in (Figure 12). It appears from the Figure 12 that the phase angle plots become significantly
broader in the high frequency range with increasing MA inhibitor concentration. In any case, it is clear
that the Bode phase angle diagrams have only one maximum, i.e. a time constant corresponds to an
adsorption corrosion process on the steel/solution interface.

3.2.2.3 Polarization method

The polarization curves of mild steel in a 1 M HCI solution without and with different
concentrations of GO inhibitor are given in the Figure 10. It can be seen from the Figure 13 that with
increasing inhibitor concentration, there is a decrease in corrosion current (Icorr), Which means that
compound GO can affect both cathodic and anodic reactions.
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Figure 13. Polarization curves of mild steel in 1 M HCI solution containing different
concentrations of GO inhibitor at 25°C.

Electrochemical parameters were determined and listed in Table 8. Based on the results reported
in Table 8, the icorr decreased from 978 pA cm™ to 36 pA cm after addition of 1 M GO inhibitor.
Also, it was noted that the %IEPDP increased with an increase in the concentrations of inhibitors to
reach a maximum value of 96.31%, which is explained by a better adsorption of the molecules studied
on the metal surface. Study of the inhibitory efficacy of polyphenol on HLE steel and Mild Steel in a
corrosive medium of 1M HCI, is given on the Table 9 and the Table 10. Based on the results obtained
we could conclude that the efficiency of the two inhibitors is high, exceeding 92%. It is clear from
Table 9 and Table 10 that the GO inhibitor is more effective than the MA inhibitor on mild steels and
HLE steels.
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Table 8. Electrochemical parameters derived from polarization curves for mild steel in 1.0 M
HCI solution with and without the addition of different concentrations of GO inhibitor.

Medium Concentration(M) -Ecorr Leorr -Be IE%
(mV/ECS) (pA.cm—-2) (mV.dec—1)
1M HCI -—- 403 978 138
GO /AD 1 392 36 141 96.31
0.75 396 56 135 94.27
0.5 380 102 138 89.57
0.25 404 275 146 71.88

Table 9. Inhibitor Effectiveness on Mild Steel

Inhibitory efficiency %

MA GO
Gravimetry method 95% 95%
Impedance method 94.43% 96.68%
Polarization method 95.50% 96.31%

Table 10. Inhibitor Effectiveness on HLE Steel

Inhibitory efficiency %

MA GO
Gravimetry method 95% 95%
Impedance method 92.44% 94.86%
Polarization method 95.70% 95.23%

3.3 Surface analysis (SEM-EDX)
3.3.1 SEM for HLE steel with and without addition of MA and GO.

SEM analysis was used to observe the surface morphologies of HLE steel after 6 h of immersion
in a 1.0 M HCI solution in the presence and absence of MA and GO. SEM images were obtained using
the SEM quanta 200 scanning electron microscope. The scanning electron microscope (SEM) image
of the polished HLE steel surface is shown in Figure 11- (A, B, C).

Figure 14 SEM morphology of the HLE steel surface: the steel after immersion in the 1 M HCI without
inhibitor (A) the steel after immersion in the 1 M HCI acid solution in the presence of 10-3 M of MA
(B). the steel after immersion in the 1 M HCl in the presence of 10 M GO (C).

The Figure 14-A reveals that the surface is badly corroded in the absence of the inhibitors due to the
direct etching of the acid solution compared to the image obtained in the Figure 14-B which contains
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the MA inhibitor and the Figure 14-C which contains GO inhibitor. This is due to the formation of a
thin protective film of the inhibitor on the metal surface, which explains the effectiveness achieved by
both MA and GO inhibitors.

3.3.2 SEM for mild steel with and without addition of MA and GO.

Surface analysis of the samples immersed in the uninhibited and inhibited solution for 6 h at 25°C was
carried out to show the morphology and the nature of the atoms adsorbed on the surface of the mild
steel. First, it can be observed from Figure 15 A that the sample after immersion in the acid medium
showed remarkable damage to the steel surface compared to the surface morphology before the
immersion time.

Figure 15 SEM morphology of the Mild steel surface: the steel after immersion in the 1M HCl solution
without inhibitor (A) the steel after immersion in the 1 M HCl acid solution in the presence of 10-3 M
of MA (B). the steel after immersion in the 1 M HCI solution in the presence of 10> M GO (C).

On the other hand, the samples obtained after their immersion in the inhibited solution were smoother
compared to the morphology of the sample immersed in acidic media, which may be due to the
formation of a heterogeneous protective layer formed by the adsorption of the studied MA and GO
thus forming coordination bonds with the steel surface Figures. 15 (A, B, C).

3.3.3 EDX for HLE steel with and without addition of MA and GO.

The EDX technique based on the analysis of X-rays emitted during the electron-matter interaction was
also carried out in order to understand the active sites responsible for the adsorption of the inhibitors
studied. The EDX makes it possible to characterize the chemical element adsorbed on the surface of
the steel after immersion in the corrosive medium with and without inhibitors.

3.3.3.1 EDX for HLE steel with and without addition of MA and GO inhibitors.

The EDX spectra of the steel after immersion in 1.0 M HCI without any inhibitors (Figure 16) show
the major component of the existing elements on the surface. However, it can be noticed from the EDX
recorded in the presence of GO that new peaks appear of manganese atoms (Mn) which act as active
centers of these inhibitors for the adsorption and the formation of the film on the surface. steel. It is
also assumed from The Table 11 that the percentage of oxygen atomic content remarkably decreased
for MA and GO and disappeared due to surface coverage by these compounds.
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Figure 16. EDX spectra of HLE steel after immersion in 1.0 M HCI solution (A), after immersion in
1.0 M HCI solution containing 1.0 X 10-3 M of MA inhibitor (B), and after immersion in 1.0 M HC1

solution containing 1.0 X 10-3 M of GO inhibitor (C).

Table 11. Percentage by weight of elements in HLE steel obtained from EDX analysis
Fe C 0) Cl Mn % Fe
AHLE without MA et GO 76.57 6.73 14.68 2.02 47.18
with MA 87.03 9.58 3.4 60.68
WithGO 86.36 13.35 0.29 5807
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3.3.3.2 EDX for Midl steel with and without addition of MA and GO inhibitors.

It is observed from the Figure 17 and the Table 12 that various elements were detected by EDX
analysis. In addition, a small percentage of manganese and carbon atoms was demonstrated in the
presence of GO, which leads us to suggest that these atoms could be responsible for the interaction
with the Mild Steel surface. Moreover, the percentage of iron atoms obtained from the solutions
inhibited with MA is greater than that obtained from the aggressive solution (1.0 M HCI).
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Figure 17. EDX spectra of Mild steel after immersion in 1.0 M HCI solution (A), after immersion in
1.0 M HCI solution containing 1.0 X 103 M of MA inhibitor (B), and after immersion in 1.0 M HCI
solution containing 1.0 X 10> M GO inhibitor (C).
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Thus, it can be concluded from the EDX microanalysis that the MA and GO studied are adsorbed on
the surface of the samples by the manganese atom and the C = C bonds forming a layer of protective
film and confirming the good behavior of these molecules. when in contact with the aggressive
solution.

Table 12 Percentage by weight of elements in HLE steel obtained from EDX analysis

Fe C [0) Cl Mn Fe %

AD without MA and GO 87.69 4.01 83 64.81
with MA 96.15 3.85 84.31

with GO 83.37 12.18 3.97 0.48 54.01

Conclusion

The experiments revealed that the polyphenol extracted from vegetable water MA and extracted from
pomace GO behaved as mixed type inhibitors. This study was performed using the weight loss method,
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). The polyphenol
extracted from vegetable waters inhibits the corrosion of HLE steel and mild steel in 1M HCI. The
efficiency of inhibition increases with increasing inhibitor concentrations to reach a maximum value
of 95.7% for HLE steel and a maximum value of 95.50% for mild steel. For the polyphenol extracted
from olive pomace, it inhibits the corrosion of HLE steel and mild steel in IM HCI. The efficiency
increases with increasing inhibitor concentrations to reach a maximum value of 96.68% for mild steel
and a maximum value of 95.23% for HLE steel. According to the Langmuir isothermal model and the
thermodynamic parameters, the inhibitors MA and GO were adsorbed on the surfaces of HLE and mild
steels by physical and chemical bonds. SEM and EDX examinations proved the formation of a
protective layer of adsorbed inhibitors on the steel surface. At the end of the results obtained during
this work we propose a contribution of solution to two major problems which are on the one hand the
management of the waste sources of pollution of the various mediums and their valorization in
alternative materials of the organic inhibitors synthesized for inhibition of corrosion. And on the other
hand, to fight against the corrosion of steels by the use of green inhibitors in order to increase the life
of the steels used in the Moroccan automotive industry.
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