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Abstract

Corrosion inhibition of aluminum in 1 M hydrochloric acid solution by aqueous extract of
Pimpinella anisum was studied using linear polarization, electrochemical impedance spectroscopy
(EIS) and Density Functional Theory (DFT). Pimpinella Anisum plant was used. The results show
an excellent performance of the aqueous extract as a corrosion inhibitor for aluminum. The
inhibition efficiency was found to increase with increasing concentration of Pimpinella Anisum
aqueous extract. The electrochemical measurements showed that the Pimpinella Anisum extract
acts as a mixed-type inhibitor. The inhibition is due to adsorption of the extract molecules on the
aluminum surface according to the Langmuir adsorption isotherm. DFT calculations and MD
simulations were used to explain the adsorption mode on the metal surface and to determine the
adsorption centers of this inhibitor. DFT, MC, and MD calculations show a strong adsorption
interaction between the extract molecules and the metal surface. Scanning electron microscopy
(SEM) coupled with energy dispersive spectroscopy (EDS) study confirmed that the corrosion
inhibition of aluminum occurs through adsorption of the extract’s molecules on the metal surface.
The theoretical calculations are in good agreement with the experimental results.
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1. Introduction

Aluminum and its alloys have an exceptional industrial and economic importance due to
their exceptional inherent properties such as low density, high strength-to-weight ratio,
excellent electrical and thermal conductivity, and high ductility. The most important feature
of this metal is its corrosion resistance owing to the formation of a protective film on the
surface when it is in contact with a corrosive environment (atmosphere or water) [1-4].
Usually, the film is stable in solutions with pH 4.5-8.5, but it has a high solubility in strong
acid and alkaline media, consequently, the metal presents a high rate of corrosion [5].

Generally, hydrochloric acid solutions are used for pickling, industrial cleaning,
chemical and electrochemical etching of aluminum, where corrosion is uniform and the
dissolution rate is very high. So, it is important to protect aluminum to achieve lower
dissolution [2]. Diverse methods are suggested for protection against corrosion in acid
media. The most common one is the use of corrosion inhibitors [6]. In the majority of cases,
organic molecules containing electronegative atoms such as N, O, S, unsaturated bonds
and/or aromatic rings are used [7]. The use of chemical inhibitors stays a good anticorrosive
method, as it is most cost-effective, convenient and practical. Unfortunately, these chemical
inhibitors are hazardous for health, and for security and safety reasons, the search and
development are oriented to use natural products of plant origin (extract of some plant seeds,
leaves, stems, fruit) as anti-corrosion agents which are non-toxic, environmentally friendly,
and harmless [4, 5, 8—-16]. Al-Hosary et al. [17] were among the first researches who used
natural products of plant origin as corrosion inhibitors. They studied the inhibition of Al and
Zn dissolution in HCI and NaOH by aqueous extract of Hibiscus Sabdariffa, which was
effective to decrease the dissolution of the two metals.

Pimpinella Anisum is an annual herb and a grassy plant with white flowers and small
green to yellow seeds that grows in India, Yemen, Morocco, Turkey, and many other warm
regions of the world. The extract from the seeds of Anisum contains anethole and it is
valuable in cosmetic and medicine domains [18-23].

The aim of this work was to study the corrosion inhibition of aluminum in acid solution
by aqueous extracts of Pimpinella Anisum using potentiostatic polarization, electrochemical
impedance spectroscopy techniques, and density functional theory calculations. The state of
aluminum surface was examined by scanning electron microscopy coupled to EDX.

2. Materials and Methods

2.1. Plants material

Pimpinella Anisum or aniseed is locally known as “anis vert”, an annual herb belonging to
the Umbelliferae family, 30—50 cm high, with white flowers and small green to yellow
seeds. It is one of the oldest medicinal plants; it grows in the east of the Mediterranean region,
the Middle East, and the west of Asia. This plant is mostly grown for its fruits which are
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used for flavoring and for various purposes. In traditional medicine, anise seeds are used as
an analgesic, disinfectant and to increase milk production. It is also effective in polishing of
teeth [24—29]. The aniseed contains volatile oil (1.5-6.0 mass%), lipids (8—11 mass%),
carbohydrates (= 4 mass%), and proteins (18 mass%) [29].

2.2. Samples preparation and extraction

The grains of Pimpinella Anisum were dried in laboratory at room temperature and finally
grinded. The extraction was performed by the maceration technique in hot distilled water
(60°C) for two hours. An aqueous extract of the grains was prepared and afterward used as
a corrosion inhibitor at various concentration in this study.

2.3. Working electrode and corrosive solution

The working electrode had the shape of a disc of the aluminum alloy and embedded in epoxy
resin to allow the cross-section of 1 cm? to be immersed in the corrosive solution.

The corrosive solution utilized was set up by dissolution of analytical reagent 37% HCI
in distilled water.

2.4. Electrochemical measurements

The electrochemical measurements were performed in a conventional electrochemical three
electrode cell with a platinum wire as a counter electrode (CE), a saturated calomel electrode
(SCE) as a reference electrode (RE), and an aluminum electrode as a working electrode
(WE). The working electrode surface was abraded successively with fine grade emery papers
(1000, 1200, 2000) and then the metal surface was rinsed with bidistilled water.

For all stationary and transient measurements, a Voltalab 301 PGZ potentiostat
controlled by a PC and Voltamaster 4.0 software was used to run the tests, collect, and
evaluate the experimental data. The electrode potential was allowed to reach a steady value
after 60 min before starting the measurements.

To obtain the polarization curves, the potential was varied from —1200 to —200 mV
versus SCE at a scanning rate of 1 mV/s. The inhibition efficiency IE% was calculated from
the following equation (1) [30, 31]:

0

|[E0p = —cor __corr beor — leorr .100 (1)
N

corr

where i and i, are the uninhibited and inhibited corrosion current density values,
respectively.

To obtain electrochemical impedance curves, the frequency is varied in the range from
100 kHz to 10 mHz. The inhibition efficiency IE% was calculated from the following

equation (2) [32]:
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where Rpgnny and Rp are the polarization resistance in the presence and in the absence of the
inhibitor, respectively.

2.5. Scanning electron microscopy

Scanning Electron Microscope coupled with EDX was used to monitor surface
morphological changes. The analysis by SEM/EDX was carried out on the surface of
aluminum samples before and after immersion for 24 h in 1 M HCI acid solutions with and
without the optimal concentration of 3 g/L of the plant extract. The specimens were cleaned
with distilled water and used for the analysis.

2.6. DFT calculation

DFT calculations were finalized using the Dmol?® software from Biovia [33, 34]. Generalized
Gradient Approximation [35, 36] employing the M06-L [37—-39] and the Double Numeric
quality basis set (DNP) [40] were used for geometry optimizations. Self-consistent-field
(SCF) convergence norm was set to be smaller than 1-10°% eV. The energy minima were
proven by doing a vibrational analysis and confirming the absence of any imaginary
frequencies [41].

2.7. Monte Carlo (MC) and Molecular Dynamic (MD) simulation

The interaction between aluminum surface and anethole, fenchone, limonene and p-
allylanisole inhibitors was performed in the simulated corrosion milieu by using the 4 atom-
thick layer unit cell of Al(111) surface (under Periodic Boundary Condition). The sizes of
the slab model were: 20.044 Ax20.044 Ax7.064 A with an enclosed addition of 30 A
vacuum layer at the C axis that was inserted with: 1 inhibitor molecule (anethole, fenchone,
limonene or p-allylanisole)/350 H,O molecules/5 chloride + 5 hydronium ions. Beforehand
the MD step, the geometry of the simulation boxes was optimized (energy converges with a
tolerance of 1-107° kcal/mol; the atom-based summation method was applied for both
Electrostatic and van der Waals interaction with a cutoff distance of 15.5 A, a spline width
of 1 A and a 0.5 A buffer) using the Forcite module fused in the Biovia software package
[42, 43, 44].

MD was performed over the canonical constant volume/constant temperature (NVT)
ensemble at 25°C [43] with a simulation time of 500 ps (1 fs time step) [45]. The T parameter
is retained back by the Berendsen thermostat. MC and MD calculations are done using the
Condensed Phase Optimized Molecular Potential 11 (COMPASSII) forcefield [43, 46, 48].
Radial Distribution Function (RDF) analysis is done on the second half of the MD trajectory
[32, 49, 50].
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3. Results and Discussion

3.1. Chemical composition of Pimpinella Anisum extract

The chemical composition was determined by CPG-MS, the most widespread technique
used in the field of essential oils and extracts. In most cases, it makes it possible to find the
molecular mass of a compound and to obtain structural information relating to a molecule
from its fragmentation.

The chromatogram obtained from the extract of Pimpinella anisum is shown in
Figure 1.
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Figure 1. Chromatogram of the Pimpinella anisum extract.

Chromatogram of the Anise aqueous extract showed 4 peaks corresponding to 4 major
compounds. The allocation of the different peaks is shown in Table 1.

Table 1: Data obtained by CPG-MS of Anise aqueous extract.

Noun Empirical formula Structure

Limonene CioH16 4@{

o
Fenchone C10H160 A#
=
p-Allylanisole C10H120 @N
CH;0
Anethole C10H120 J_QO/

3.2. Electrochemical experiments
3.2.1. Polarization curves

The inhibition of the Pimpinella Anisum extract on aluminum samples immersed in 1 M HCI
was studied by measuring the modification of the cathodic and anodic behavior of the
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samples. Figure 2 shows the anodic and cathodic polarization curves of aluminum in 1 M
HCI solution in the absence and in the presence of the Pimpinella Anisum extract. The
electrochemical parameters: corrosion potential (Ecor), corrosion current density (icor),
cathodic and anodic Tafel slopes (Bc and Ba) were calculated from the intersection of the
cathodic and anodic Tafel lines at Eco. All the parameters obtained from the polarization
measurements are listed in Table 2.
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Figure 2. Polarization curves of aluminum in 1 M HCI in the absence and in the presence of
Pimpinella Anisum extract.

Table 2. Parameters of polarization curves for aluminum corrosion in 1 M HCI solution containing different
concentrations of the inhibitor.

Concentration Ecorr icorr Bc PBa IE
(9/L) (mV/sce) (MmA-cm~?) (mV/dec) (mV/dec) %
Blank —789 13.51 —267 55 -

0.5 —780 1.76 -216 29 86.97
772 1.37 -214 26 89.85

2 -766 1.34 -299 23 90.08
3 —750 1.21 -299 26 91.04

According to the results obtained (Figure 1 and Table 1), both anodic and cathodic
current decrease with increasing concentration of the extract with a slight displacement of
the corrosion potential to cathodic values. This behavior translates the capacity of extracts
to inhibit aluminum corrosion in 1 M HCI solution. In acid medium, the cathodic process
represents the reduction of hydrogen ions to produce hydrogen molecules or reduction of
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oxygen, while the anodic corrosion process is the passage of metal ions from the solid metal
to the solution (dissolution of aluminum). As seen previously, icr decreases in the presence
of inhibitor, and this decrease results in an increase in the inhibition efficiency IE%. This
may be due to the adsorption of the inhibitor molecules of the extract on the active sites of
the aluminum surface and formation of an inhibitor film on the metal surface, therefore the
corrosion reactions (anodic and cathodic) of aluminum are hindered. The inhibition
efficiency of the extract (3 g/L) reached a maximum of 91.04%, indicating that this extract
Is a good inhibitor of aluminum in 1.0 M HCI. Addition of the extract to 1.0 M HCI solution
did not result in a remarkable shift in the Ecor value from the blank. This observation clearly
shows that this inhibitor can be classified as a mixed-type inhibitor at all its concentrations.
However, since the cathodic current densities decrease much more than those of the anodic
current, the extract acts as a mixed-type inhibitor with cathodic priority [51].

3.2.2. Electrochemical impedance spectroscopy

The purpose of using the electrochemical impedance diagrams at the corrosion potential and
at different inhibitor concentrations is to complete and study the corrosion mechanism of the
aluminum alloy in 1 M HCI medium,

Figure 3 shows the EIS Nyquist diagrams at different concentrations of the extract, and
the associated electrochemical parameters are shown in Table 3.
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Figure 3. EIS Nyquist diagrams of aluminum in 1 M HCI without and with different
concentrations of Pimpinella Anisum extract.
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Table 3. Electrochemical parameters of aluminum corrosion in 1.0 M HCI solution at different inhibitor
concentrations.

Concentration Rs Ret CPE L Ri Rp IE
(9/L) (Ohm) (Ohm) (uF) (H) (Ohm) (Ohm) %
Blank 2.52 8.59 50.95 16.47 0.58 0.54 -

0.5 2.17 44.78 45.78 23.36 2.85 2.67 79.72
1 2.29 60.71 39.93 37.50 3.08 2.93 81.56

2.77 75.88 34.51 19.71 3.23 3.09 82.52
3 2.86 94.76 31.92 24.64 5.58 5.26 89.34

Analysis of Figure 3 shows that as the inhibitor concentration rises, the semi-circle
diameter rises indicating that the charge transfer process is the primary factor controlling
aluminum corrosion. In the presence of the inhibitor, the shape is maintained for all
concentrations tested, indicating that there is no change in the corrosion mechanism, to be
precise the whole diagram appears as an elliptical shape which agrees with a recent work on
aluminum in HCI [52]. A similar form is also found for aluminum in the acid solution
inhibited by oxime compounds [53].

According to numerous studies [54—-56], in the absence of an inhibitor, the capacitive
loop at high frequency (HF) could be attributed to the formation of an oxide layer on Al. It
Is reasonable to assume that the electrode surface is covered with an oxide layer during the
ex situ pretreatment of the electrode, but it is difficult to produce the oxide on the surface of
aluminum since it is re-passivated very quickly in the presence of oxygen. The capacitive
loop at HF corresponds to the interfacial reactions, exactly, the oxidation of aluminum at the
metal/oxide/electrolyte interface [57]. In the present system, the oxide layer formed is
dissolved in the acid medium, therefore the formation of Al* ions at the metal/oxide interface
and their migration through the oxide/solution interface where they oxidize to AI®* is the
principal dissolution process of aluminum. In the presence of the inhibitor, the [metal—
oxide—hydroxide—inhibitor].ss complex could also be formed. The fact that all these
processes are illustrated by only one loop can be attributed either to the supposition that one
process dominates and therefore, excludes the other processes or to the overlapping of the
loops of processes [58]. The origin of the inductive loop is unknown, different research was
done to give an exact explanation for the source of this loop. Adsorbed charged intermediates
could be a cause of this loop [59], also it can be related to adsorbed H* according to the
research that was done by W. Lenderink et al. [60]. Other researchers considered that the
inductive part can be determined by the relaxation process of ClI- or dissolution of Al [54].
It may be similarly attributed to the redissolution of the oxide on the surface of aluminum at
low frequencies [10].

The electrical circuit shown in Figure 4 was employed to simulate the results of EIS. It
was composed by five elements: Rs, Re;, and R; are the solution resistance, charge transfer
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resistance, and inductive resistance respectively. L is the inductance that is associated with
the inductive part. It is important to hint that the double layer capacitance Cq value is affected
by imperfections and inhomogeneous of the surface and to have a good simulation, the use
of a constant phase element CPE is necessary [52].

CPE
L

Es Bt

Figure 4. Equivalent circuit used to model the impedance diagrams.

3.3. Adsorption isotherm

To get more information on the interaction between the aluminum surface and the inhibitor,
various adsorption isotherms were applied to fit the coverage 6 values, but the best fit was
found to obey the Langmuir adsorption isotherm which is represented in Figure 5.
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Figure 5. Langmuir adsorption isotherm of Pimpinella Anisum extract on aluminum surface
in 1 M HCI acid solution.

3.4. Scanning electron microscopy

The characterization of the metal surface was carried out by SEM/EDX technique to
reinforce the results; the obtained results are recorded in Figures 6 and 7 before and after
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immersion in 1 M HCI solution for 24 hours in the absence and in the presence of 3 g/L of
the inhibitor.
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Figure 6. SEM images of aluminum surface after immersion in 1 M HCI (a) and inhibited by
Pimpinella Anisum extract (b).
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Figure 7. EDX elemental analysis spectra for aluminum alloy after immersion in 1 M HCI
(8a) and inhibited by Pimpinella Anisum extract (8b).

After immersion in uninhibited 1 M HCI solution for 24 h, an aggressive attack of the
corrosive medium appears on the surface of aluminum (Figure 6a). Moreover, the corrosion
products resemble cubic morphology and are very uneven. The corroded layer is very porous
and rough, and demonstrates some black holes. Through these black holes, the aggressive
ions can penetrate deep into the fresh aluminum surface and then attack it to form corrosion
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products. On other hand, the micrograph of an inhibited specimen shown in Figure 6b reveals
that there is much less damage on the aluminum surface, which further confirms the
inhibition ability of our extract.

The EDS of the aluminum alloy after immersion in 1 M HCI (Figure 7a) showed clear
O and Al peaks, which indicates that the film formed on the alloy surface was mainly
composed of aluminum oxides and hydroxides. The spectra in Figure 7b show a decrease in
the aluminum signal intensity.

3.5. DFT results

The HOMO and LUMO (Figure 8) distribution and their symmetry have renowned as
fundamental parameters for determining the activity of a molecule and guessing on the
development of chemical reactions [47, 61]. The HOMO renders the parts of the molecule
that have a liability to donate electrons to electrophilic species while the LUMO points to
the molecule areas with a high predilection to receive electrons from nucleophilic species.

Anethole Fenchone Limonene p-allylanisole
—
e
) i
S
§ AE =3.784 ¢V AE = 4.548 eV
o AE =5.510 eV
: |
ESP

Figure 8. HOMO, LUMO surfaces, and ESP of the anethole, fenchone, limonene, and p-
allylanisole inhibitors

The HOMO and LUMO OM and MEP of the anethole, fenchone, limonene, and p-
allylanisole inhibitors are shown in Figure 8 and frequent DFT indices are given in Table 5.
The boundary MQO’s show that the HOMO is distributed mainly over the central ring
and the nearby oxygen atoms in the anethole inhibitor; in the case of fenchone, the HOMO
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density is concentrated mainly near the O atom; for limonene HOMO is uniformly
distributed throughout the system and for p-allylanisole, most of the HOMO density is in the
central part of the molecule. On the other hand, in the anethole the LUMO is distributed
throughout the structure of the molecule; for fenchone, the LUMO is concentrated near the
O atom; for limonene, it is focused on a part of the attached methyl groups, while for p-
allylanisole the LUMO density is centered in the middle part of the molecule. The solid
significant value of HOMO for the inhibitor molecules points toward their ability to interact
with Al(111) surface by electron donation and acceptance [43, 62—65].

Table 5. Calculated theoretical chemical parameters for anethole, fenchone, limonene and p-allylanisole
inhibitors.

Theoretical parameters Anethole Fenchone Limonene p-Allylanisole
HOMO —4.9890 —5.6960 -5.5300 -5.3550
LUMO —1.2050 —1.2080 0.0270 -0.8070
AE (HOMO-LUMO) 3.7840 4.4880 5.5570 4.5480
lonization energy (1) 4.9890 5.6960 5.5300 5.3550
Electron affinity A) 1.2050 1.2080 -0.0270 0.8070
Electronegativity () 3.0970 3.4520 2.7515 3.0810
Global hardness (1)) 1.8920 2.2440 2.7785 2.2740
Chemical potential () -3.0970 -3.4520 —2.7515 -3.0810
Global softness (o) 0.5285 0.4456 0.3599 0.4398
Global electrophilicity (o) 2.5347 2.6551 1.3624 2.0872
Electrodonating (o—) power 4.3197 4.6616 3.0854 3.9119
Electroaccepting (w+) power 1.2227 1.2096 0.3339 0.8309
Net electrophilicity (Aw+-) 0.9912 0.9951 0.0098 0.5753

Fraction of transferred

electrons (AN) 0.3073 0.1800 0.2715 0.2592

Energy from Inhibitor to 0.0204 0.0200 0.0649 0.0193
Metals

AE back-donation -0.4730 -0.5610 -0.6946 —0.5685

This activity is also evident from the relatively low electron affinity and high values of
ionization potential, leading to a similar capability in electron exchange capacity. In
agreement with this, the relatively high value of chemical softness and low value of hardness
are also probable values supporting that the inhibitors are highly reactive entities that possess
adsorptive tendency when adjacent to metal surfaces [66—69].



Int. J. Corros. Scale Inhib., 2022, 11, no. 1, 402—-424 414

Limonene p-allylanisole

Figure 9. Optimized structures of the anethole, fenchone, limonene and p-allylanisole
inhibitors and their Mulliken atomic charges (MAC).

MAC are trustworthy, according to the sites (atoms) of inhibitors responsible for
adsorption to metals. The interaction between the AIl(111) surface and the inhibitor
molecules is routinely considered to be fruitful at the atom with the highest negative charge
[68]. The MAC for all the studied inhibitors is shown in Figure 9. The maximum negative
charges are located at the O atoms of the inhibitors, which means that these centers have the
highest electron density and interact with the metal surface. This is also evident in Figure 9,
where the molecular electrostatic potential (MEP) for the inhibitors is shown (area in red).

3.6. Monte Carlo and Molecular dynamic simulations

Figure 10 shows the lowest energy configurations for the inhibitors anethole, fenchone,
limonene and p-allylanisole at the metal surface in the simulated corrosive media (as chosen
above). The adsorption geometries of the inhibitors (supported by Mulliken charges) indicate
that this process is assisted by nitrogen and oxygen atoms. This adsorption behavior is
responsible for the formation of an anticorrosive layer on the metal surface that protects the
material.
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Anethole

Fenchone

Limonene

Figure 10. Final MC poses of the lowest adsorption configurations for anethole, fenchone,
limonene and p-allylanisole inhibitors onto the Al(111) surface.

The assessment of the interaction of the inhibitor molecules anethole, fenchone,
limonene and p-allylanisole with the metal surface is done by calculating the adsorption
energies using the following equation (5):

Eads = Etotal - [E(surface + water) + E(anethole,fenchone,Iimonene or p-allylanisole)] + Ewater (5)
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where: Ewm IS the total energy of the system as a result of inhibitor-metal interaction;
Esurface + water N0 Eanethole, fenchone, limonene or p-allylanisole + water 1S System energy in the absence and
presence of anethole, fenchone, limonene and p-allylanisole inhibitors.
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Figure 11. Distribution of the adsorption energies for anethole, fenchone, limonene and p-
allylanisole inhibitors onto the Al(111) surface obtained using MC.

The Monte Carlo calculations (Figure 11) are in good line with the experimental results.
The negative value of the adsorption energy supports the spontaneity of the adsorption
process [68]. All of the inhibitors interact strongly with the Al(111) surface: Anethole (Eags =
—61.92 kcal/mol) > Fenchone (Eags =—54.56 kcal/mol) > Limonene (E.gs=—52.21 kcal/mol) >
p-allylanisole (Ea.gs = —50.30 kcal/mol) (energy terms during MC search and the 10 most
stable energies values obtained from MC are presented in Supporting Information).

MD simulations possess the ability to trail and seizure the dynamics of the adsorption
of the studied inhibitors on the metal surface. Figure 12 illustrates the latest configurations
of inhibitors on the metal surface.

From Figure 12 (MD) and Figure 11 (MC), the inhibitors are strongly adsorbed on the
surface. From the drawings of adsorbed inhibitors, it is evident that the inhibitors are
adsorbed flatly on the surface by orienting their oxygen atoms towards the surface (as
directed by Mulliken charges). This conclusion is also supported by the analysis of the Radial
Distribution Function (RDF), which calculates the oxygen atoms from the horizontal of the
metal surface and is shown in Figure 13.
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Figure 12. Final MD poses of the lowest adsorption configurations for anethole, fenchone,
limonene and p-allylanisole inhibitors onto the Al(111) surface.
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Figure 13. RDF oxygen atoms of anethole, fenchone, limonene and p-allylanisole inhibitors
onto the Al(111) surface obtained by means of MD.

It is agreed that if the peak appears in the RDF curve of certain atom(s) and the surface
in the range of 1 and 3.5 A, it is a strong suggestion that chemisorption is taking place, while
in the case of physisorption RDF peaks, the presence at larger distances (typically larger than
3.5 A) is to be expected [45, 62]. The RDF of the oxygen and carbon atoms (Figure 6) for
anethole, fenchone, limonene and p-allylanisole inhibitors is under 3.0 A describing a
chemisorption of the inhibitor on the metal surface. The results obtained from MD and the
corresponding RDF analysis confirm once again (as the obtained experimental results and
MC calculations show) the robust predisposition of the inhibitors to adsorb and protect the
metal due to their extraordinary attraction to bring and take electrons to the metal surface
[64, 66].

4. Conclusion

The results obtained show that the aqueous extract of Pimpinella Anisum is an effective and
potential inhibitor of aluminum in 1 M HCI. The inhibition efficiency increases with the
increase in the extract concentration to reach 92% for a concentration of 3 g/L of the
inhibitor. The polarization curves illustrate that the extract acts as a mixed inhibitor. The
inhibition is normally caused by adsorption of molecules from the aqueous extract to the
aluminum surface. These results are confirmed by the electrochemical impedance plots.
SEM/EDX results show that the aluminum surface is covered with an inhibitor film; this
film is responsible for hindering the reduction of H* ions and for inhibiting the dissolution
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of aluminum in 1 M HCI. The DFT calculations were able to determine the adsorption
centers of the inhibitors. Moreover, the MC and MD calculations indicate the strong
adsorption interaction of anethole, fenchone, limonene and p-allylanisole inhibitors towards
the metal surface and provide molecular facts about the adsorption behavior (geometry) and
adsorption energy of these inhibitors on aluminum surface. The theoretical results offered
(DFT, MC and MD) are in general agreement with the experimental results.
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