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A B S T R A C T

In the present research, the ability of Ranunculus arvensis (RA) and Glycine max (GM) extracts as green corrosion
inhibitors of mild steel (MS) in 1 M HCl was investigated. The inhibiting potential of RA and GM was analysed
employing electrochemical impedance spectroscopy (EIS), polarization curves, potentiometry, and theoretical
investigations. An enhancement in the inhibition efficiency (I.E) with increasing inhibitors concentrations indi-
cated by EIS data and polarization curves. According to obtained results both extracts indicated inhibitory effect,
with their effectiveness following the order of RA > GM. In addition, the interactions between the inhibitors on
the MS surface were assessed using B3LYP/6-311g(d,p) theory level in liquid water phase. The interaction en-
ergies for three orientations of RA and GM depicted that inhibitors have located parallel to the alloy surface. The
preferred complex orientation is one in which the maximum number of inhibitor donor atoms interacted with the
alloy surface. Finally, experimental and theoretical results were in accordance which confirmed the inhibition
effect of RA and GM extracts.
1. Introduction

The inherent procedure of corrosion leads to the deterioration of
exposed surfaces of refined metals to a form with more chemical stability
in contact with gas or liquid due to the chemical reaction of oxidation
between metals and their surroundings. Corrosion mainly results in sig-
nificant economic losses, making it a dangerous phenomenon. The
collapse of buildings and bridges, fracture of oil pipes, and flooding of
sewerages are some consequences of corrosion [1]. The construction,
nuclear, and petroleum industries use carbon steels as they are highly
strong and cost-effective while also fabricated easily [2, 3, 4]. An
aggressive media, including acidic solutions, used in different industrial
processes to clean, pickle, and descale are challenging. Inhibitors can be
used to efficiently decrease the corrosive effects on metals [4, 5, 6].
Organic compounds are typically considered as inhibitors of corrosive
attacks in acidic solutions. The adsorption of organic compounds on the
surface of metals is possible via heteroatoms, including N, S, P, and O,
preventing the interaction of corrosive media with the active surface of
metals [5, 6, 7, 8]. Yet, researchers seek to find more cost-effective,
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environmentally friendly, and natural inhibiting factors because of the
high costs and health-related problems brought by organic inhibitors [9,
10].

Inhibitors derived from natural products as well as renewable sources
have been recently used by researchers to impose the minimum adverse
environmental impacts [11, 12, 13, 14, 15]. According to Shahidi Zandi
et al. [13], antibacterial medications can inhibit corrosion effectively
concerning corrosion of steel in hydrochloric acid solutions, increasing
their inhibitory effects when the concentration of the inhibitor increases.
As depicted by them, these inhibitors had a maximum inhibitory effi-
ciency of 98.4% when a concentration of 10 mM was considered.
Ramezanzadeh et al. [14] considered Urtica dioica as an efficient corro-
sion inhibitor for mild steel (MS) in 1 M HCl solution, indicating the
maximum inhibition efficiency of around 92% following a 2-hour im-
mersion. As Golshani et al. [15] revealed, the extract of thyme affected
corrosion of MS in acidic solutions substantially, achieving a 98% inhi-
bition effectiveness in an inhibitor concentration of 200 ppm. According
to Verma et al. [16], the leaves of Glycine max (GM) have the highest
protection potential out of the extracts of GM, Cuscuta reflexa, and
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Table 1. Chemical composition of the MS specimens.

Elements Amount (wt. %)

Fe 97.84

Mn 1.4

Se 0.5

C 0.17

P 0.045

S 0.045

Table 2. Materials used in this study.

Materials Ethyl alcohol Hydrogen
chloride acid

RA extract GM extract

Purity
percentage

96 37 – –
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Spirogyra extracts in an acidic environment. Given the acceptable
inhibitory effects of GM leaves extract, the current research has used the
extracts of GM seeds to investigate its inhibition effectiveness.
Figure 1. The Nyquist spectra of the MS alloy exposed in 1 M HC

Figure 2. The electrical equivalent cir
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Researchers across the world are interested in soya bean due to the po-
tential association of their consumption with decreased cancer risk as
shown by epidemiologic investigations [17] while also reducing the risk
of different diseases such as cardiovascular complications, menopause
symptoms [18], and type II diabetes mellitus [19]. The extract obtained
from the soya bean includes different flavonoids, including daidzein,
glycitein, genistein, and so on as primary phytoconstituents [20].

Reports show that Ranunculus has had a long history of application in
medical field due to biological functions, including anti-cancer, anti-
inflammation, antioxidant, antibacterial, and anti-hypertension features
[21]. Different members of Ranunculus show a variety of bioactivities
primarily due to their bioactive phytochemical content [22]. Besides,
Ranunculus arvensis (RA) possesses a moderate antiradical function [23].

We already investigated [24, 25, 26, 27, 28] the inhibitory effects of
several organic inhibitors on metal corrosion behaviors; however, the
current work aims to examine the impacts of RA and GM extracts on the
alloy corrosion behavior in 1 M HCl to address the drawbacks of other
broadly used corrosion inhibitors, including their high costs and envi-
ronmentally adverse effects. The electrochemical impedance spectros-
copy (EIS), potentiodynamic polarization, and potentiometry were
employed to evaluate the performance of the inhibitor. The optical
l with varies concentrations of (a) RA and (b) GM inhibitors.

cuit used to obtain the EIS values.



Table 3. Corrosion quantities obtained from Nyquist plot of the MS in HCl in presence of different concentrations of RA and GM extracts.

Inhibitors C/ppm Rs/Ω. cm2 CPE Rct/Ω.cm2 Cdl/F.cm�2 X2 IE%

Y0 (μF cm�2) n

Blank – 1.79 399 0.857 15.1 69.32 0.105 –

RA 100 1.31 363 0.813 45.8 62.26 0.018 67.03

200 1.33 353 0.822 48.9 51.54 0.046 69.12

300 1.18 217 0.838 72.1 18.70 0.019 79.05

400 1.28 91.3 0.878 109 5.80 0.009 86.14

500 1.44 64.7 0.891 184 2.72 0.012 91.79

GM 100 1.37 126.277 0.861 56.88 16.43 0.037 73.45

200 1.19 95.030 0.880 73.5 9.86 0.027 79.45

300 1.19 78.802 0.872 98.8 6.87 0.035 84.71

400 1.45 66.706 0.879 122.5 6.14 0.041 87.67

500 1.25 83.920 0.868 109.44 7.87 0.036 86.20

Figure 3. The impedance plots of the MS alloy exposed in 1 M HCl with different concentrations of RA extract; (a) Bode-magnitude, (b) Bode-phase plots.

Figure 4. The impedance plots of the MS alloy exposed in 1 M HCl with different concentrations of GM extract; (a) Bode-magnitude, (b) Bode-phase plots.
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microscopy (Leica zoom 2000 model) was also employed to investigate
the function of RA and GM extracts in corrosion inhibition. Finally, the
performance of the both extracts as corrosion inhibitors was investigated
3

by quantum chemical methods, which has been expanded the relation-
ship between inhibition efficiency of inhibitors with their molecular
characters [29, 30, 31, 32, 33, 34].



Figure 5. Langmuir adsorption isotherms of (a) RA and (b) GM inhibitor extracts from the EIS results on MS in 1 M HCl.

Table 4. Parameters obtained from Langmuir adsorption isotherms of RA and
GM inhibitors on MS in 1 M HCl.

Inhibitors Adsorption isotherm Slope Kads R2 ΔGads (kJ/mol)

RA Langmuir 0.966 13.23 0.9858 �16.35

GM Langmuir 1.101 37.88 0.9988 �18.95
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2. Material and methods

2.1. Preparation of the sample

All experiments were performed using MS samples with a 1-cm2 area,
along with chemical compositions represented in Table1. Mechanical
abrasion of the samples was performed with 100–3000 grades of sand
papers prior to experiments to achieve a considerable smooth surface,
followed by ultrasonic degreasing with ethyl alcohol and then rinsing by
deionized water.
Figure 6. Potentiodynamic polarization curves of MS in 1 M HCl solution with
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2.2. Preparation of inhibitors

2.2.1. Ranunculus arvensis
RA extract prepared by the evaporation method. The healthy RA plant

were collected from gardens around Kerman State-Iran. To eliminate
dust, the plant was gently washed, dried in the shade at room tempera-
ture. In the next step, 100 g of dried RA plant were soaked in methanol
for 72 h. After the filtration the surplus solvent was evaporated under
reduced pressure in a rotary evaporator at 40 �C. The recovered residue
had a consistent weight of 2.0 g [35].

2.2.2. Glycine max
GM seed purchased from the local markets in the Kerman, which are

completely designated for commercial usage. To eliminate dust, GMwere
gently washed, dried in the shade at room temperature, then grounded
and changed to powder form. At first, hexane and then methanol used for
soaking. After evaporation of solvent by evaporator rotary device under
low temperature and pressure, the remainder is used as a methanolic
extract of GM [35].
and without of varies concentrations of a) RA and b) GM extract inhibitors.



Figure 7. An instance of the non-linear fitting of potentiodynamic polariza-
tion curves.

Table 5. Electrochemical parameters obtained from polarization curves for mild
steel in HCl in presence of different concentrations of RA and GM inhibitor
extracts.

Inhibitors C/ppm icorr/
μA.cm�2

Ecorr/
mv

βa/
mVdec�1

βc/
mVdec�1

IE%

Blank – 1256 �511.3 136.3 90.70 –

RA 100 393.3 �435.6 150.7 92.38 68.68

200 392.2 �434.8 164.0 94.44 68.77

300 254.5 �431.4 164.2 96.62 79.73

400 123.0 �437.7 165.6 96.21 90.20

500 43.2 �438.5 165.7 97.51 96.56

GM 100 260.6 �439.2 117.6 77.0 79.25

200 240.7 �441.0 127.1 81.86 80.83

300 239.8 �436.2 127.6 82.1 80.90

400 124.0 �437.4 130.1 137.1 90.13

500 151.1 �440.0 103.6 80.54 87.96
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2.3. Preparation of the electrolyte

Dilution of 37% HCl (supplied from Merck Co.) in deionized water
was used to prepare the electrolyte for corrosion investigations, 1 M HCl.
Figure 8. OCP against time plots of MS in 1 M HCl with
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The both extracts as the inhibitor in the current study were added in the
acidic solution, while electrolyte with no inhibitor was called blank so-
lution. Concentrations of the inhibitor included 100, 200, 200, 400, 500
and 600 ppm/weight. All the materials used in this study along with
purity percentage listed in Table 2:
2.4. Electrochemical analyses

An Autolab (302N Potentiostat model) device which had three-
electrode system including Ag/AgCl electrode as a reference electrode
(RE), platinum as a counter electrode, and MS as a working electrode
(WE), was used to perform the electrochemical tests. A potential ampli-
tude and frequency rate of 10 mV peak-to-peak and 10 mHz to 100 kHz
were used, respectively, to measure the Alternate Current (AC) imped-
ance. The polarization scan rate of 1 mV/s was considered for Tafel po-
larization curves, prepared through automatic changes in the electrode
potential at a range of �250 to þ250 mV versus Ecorr at a temperature of
25 � 1 �C. The measurement of the open circuit potential as a time
function with and without the extract of inhibitors took place in 30-min-
ute period. Besides, NOVA software was used to prepare the proper
equivalent circuit and the respective EIS parameters. Three repetitions of
experiments were performed to obtain reproducible results.
2.5. Characterization of the surface

Optical microscopy (Leica zoom 2000model) and scanning electronic
microscope (Sigma-Zeiss) were used to observe the morphologies and the
EDX (energy dispersive X-ray spectroscopy) analysis of specimens prior
to and following the addition of the both extracts to examine their per-
formance as corrosion inhibitors. Accordingly, the immersion of working
electrode was performed in 1 M HCl solution when the optimum con-
centrations of inhibitors were absent and present for around 24 h at
ambient temperature. Removal and drying were the following steps.
2.6. Computational methods

Fully optimized geometries were done by the B3LYP/6-311G(d,p)
level as performanced in the Gaussian 09 suite of the program [36].
The basic structures of theMild steel surface-RA and GM complexes, Only
the 1:1 stoichiometric ratio are considered. The extracts were manually
placed on the mild steel surface in three orientations. Physical and
chemical properties such as, chemical potential (μ), hardness (η) and
global electrophilicity index (ω) corresponding extracts, were studied.
out and with (a) RA and (b) GM inhibitor extracts.



Figure 9. Optical microscopy images of MS surface in 1 M HCl solution in the
(a) absence, (b and c) presence of RA and GM inhibitors, respectively.
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After geometrical optimization step, the vibrational spectral analysis
are done to ensure that the obtained optimum structures are at the level
of potential energy.

2.7. Statistical analysis

After investigating the normal dissemination utilising Kolmogrov-
Smearnov test, the data was subjected to One Way ANOVA and Tukey
Post Hoc tests (sd ¼ 0.05).

3. Results and discussion

3.1. Electrochemical corrosion behaviors

Different electrochemical procedures can be typically employed to
evaluate the effectiveness of corrosion inhibitors.

3.1.1. Electrochemical impedance spectroscopy (EIS)
Information on the working electrode and HCl solution interface was

provided using the EIS as a procedure with sufficient accuracy [37].
Figure 1(a) and (b) indicates the Nyquist plots derived from EIS of the MS
in 1 M HCl solution when varies concentrations of RA and GM inhibitor
extracts were used. According to this Figure, the Nyquist plots of the alloy
in solutions with and without inhibitors indicated a single semi-circle
characteristic. When inhibitors are added to the solution of HCl, the
semi-circle diameter increases considerably, indicating the potential
foundation of the protective layer on the surface of MS by the inhibitors
and subsequent possibility of improving corrosion resistance in this so-
lution [38].

Figure 1(a) and (b) indicates that the EIS data were matched by the
electrical equivalent circuit presented in Figure 2. Rs, Rct, and Q represent
the electrolyte resistance, the charge transfer resistance, and the constant
phase element developed because of double-layer (dl) presence, respec-
tively in this equivalent circuit (Randles). The double layer capacitance
(Cdl) values are computed by using Eq. (1) [39]:

Cdl ¼
�
QCPE � R1�n

ct

�1=n (1)

where Q, Rct and n are the constant phase element, the charge transfer
resistance, and the phase shift as regards the extent of surface in-
homogeneity, respectively. The Q value can be calculated by admittance
Y0 and power n using the following formula [40]:

QCPE ¼Y0ðjωÞn (2)

In Eq. (2), j is the imaginary number (j2 ¼ �1), ω is the angular fre-
quency in rad s�1, n is the phase shift, for n ¼ 0, CPE shows a resistance,
for n ¼ 1, a capacitance and for n ¼ �1 an inductance. The dimension of
Y0 is sn/Ω, while that of a capacitance (C) is s/Ω or F. Despite this dif-
ference, Y0 is often employed as if it were the capacitance of the
corroding media [40]. Calculations of the protection efficiency (%IE) by
Rct in absence (Rct,blk) and presence (Rct,inh) of inhibitor extracts were
performed using Eq. (3) [15]:

%IE¼
�
Rct;inh � Rct;blk

Rct;inh

�
� 100 (3)

Table 3 indicates the results of the EIS data fitting, the Randle circuit is
best fitted over there providing good (χ2) values, according to which
adding the both extracts to the HCl solution led to an increase in the
values of charge transfer resistance as well as inhibition effectiveness. At
inhibitor concentrations 500 ppm for RA and 400 ppm for GM, Rct rea-
ches its maximum value, showing adsorption of more inhibitors and
blockage of more active sites on the surface of the steel [41]. Also, by
adding inhibitors, the value of Rs has not changed much. In addition, the
value of Cdl, decreased by increasing concentration of extract, that can be
related to decrease of local electric dl constant. The electrical double
6

layer value capacitance decreases with through increasing varies inhib-
itor concentrations, that is associated with the inhibitors molecules
replacing the those of water adsorbed on the alloy surface, being indic-
ative of a thicker layer between metal and solution [42].

Figures 3(a) and 4(a) illustrate MS Bode magnitude plots, that in-
hibitor concentrations of 500 ppm for RA and 400 ppm for GM show
higher impedance values at low frequencies, indicating considerable
resistance of the alloy in 1 M HCl solution [42]. Figures 3(b) and 4(b)
illustrate Bode-phase plots for inhibited and uninhibited conditions, in
which the single peak represents a single time-constant for the process of
corrosion at the metal and solution interface [10]. Furthermore, when
the extracts of RA and GM are added to the HCl solution, wider peak in
the Bode-phase plots shifted to the higher frequency because the mole-
cules of the inhibitor are adsorbed and a protective layer is formed on the
alloy surface. Accordingly, the 500 ppm concentration of RA extract



Figure 10. The spectrum of EDX for MS surface in 1 M HCl solution in the (a) absence, (b and c) presence of RA and GM inhibitors, respectively.

Table 6. EDX analysis values of MS surface in 1 M HCl without and with in-
hibitors, corresponding to Figure 10.

Inhibitors Fe O C Cl Other

Blank 0.6 88.1 2.7 6.5 2.1

RA 54.4 40.0 3.6 1.8 0.2

GM 52.9 36.8 7.6 2.3 0.4
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shows the highest inhibition effectiveness to diminish the corrosion rate
of MS in hydrochloric acid solution [42, 43].

3.1.2. Adsorption isotherms
The inhibition of corrosion through RA and GM extracts is investi-

gated according to adsorption of molecular. Previous researches [15, 44,
45] have illustrated adsorption isotherms to show the electron sharing
between the molecules of inhibiting and the surfaces of alloy. To explain
adsorption isotherms, the surface coating degree (θ) is calculated at
various concentrations of RA and GM in the acidic media. The Temkin,
Frumkin and Langmuir isotherm are the most frequently employed
7

models for recognizing adsorption; in this research, the Langmuir
adsorption isotherm (derived from Eq. (4)) indicated the best achieve-
ment [44, 45].

C
θ
¼ 1
Kads

þ C (4)

In Eq. (4), θ shows the surface coating degree, C is the concentration
of inhibitor, and Kads is the constant of adsorption equilibrium. There-
fore, considering C/θ plot in C, obtained by employing the EIS results
(Figure 5a and b). A straight line in the graphs shows that the corrosion of
MS alloy inhibited by RA and GM extracts.

The free energy of adsorption (ΔGads) is related to the Kads and
adsorption equilibrium of water. In addition, Eq. (5) is employed to ob-
tained ΔGads [46, 47].

ΔGads ¼ � RTLnð55:5KadsÞ (5)

55.5 is the water molar concentration in the 1 MHCl solution, R is the
gas constant (8.314 J mol�1 K�1), and T is the absolute temperature (K).
The spontaneous inhibitors adsorption on the alloy surface can be
revealed by the negative ΔGads value. Physical adsorption happens for



Figure 11. The structures of RA, B, D, G and the surface of MS that optimized by functional B3LYP.
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ΔGads within the range 0 and �20 kJ/mol, while chemical adsorption
happens when ΔGads is below �40 kJ/mol [48]. The ΔGads values in
Table 4, �16.35 and �18.95 kJ/mol, representing that charge sharing
between the both of extracts and the MS surface involve physical
adsorption, which determines transfer from the inhibitor molecules on
the alloy surface and the formation of a physical link.

3.1.3. Potentiodynamic polarization
Figure 6(a) and (b) represents the potentiodynamic polarization

curves for MS in a solution of 1 M HCl for blank and different concen-
trations of RA and GM extracts. Accordingly, when the inhibitor extract is
8

present, the corrosion current density decreases, but there are no
remarkable effects on the corrosion potential. Figure 7 shows an example
of the non-linear fitting to obtain the kinetic parameters obtained from
the potentiodynamic polarization.

Table 5 indicates the values of the corrosion potential (Ecorr), corro-
sion current density (icorr), cathodic and anodic Tafel slopes (βc and βa)
and inhibition efficiency (%IE). Eq. (6) is used to calculate the %IE [15]:

%IE¼
�
icorr � iinh

icorr

�
� 100 (6)

In which, icorr and iinh represent the corrosion current densities taken



Figure 12. The important interaction between the surface of MS with RA, B, D and G in orientations (1), (2) and (3).
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from blank and inhibited solutions, respectively. As shown in Figure 6
and Table 5, the inhibitor has higher effectiveness when concentration of
inhibitor reaches a peak of 500 ppm RA and 400 ppm GM extracts,
correspondingly, with respective inhibitor effectiveness of 96.56% and
90.13%.

The results of Table 5 indicate that as the concentration of inhibitors
in blank solution increases, there is a gradual increase in ßa and ßc.
Therefore, both of the extracts had some effects on both anodic and
cathodic reactions. There is a minimum effect of RA and GM inhibitor
extracts on corrosion potential. Nevertheless, adding the inhibitors to the
HCl solution led to a considerable decrease in the MS corrosion rate.
According to the polarization findings, in 500 ppm of RA and 400 ppm of
GM extract concentrations, the least corrosion rate can be observed.
Therefore, the development of adsorption film of the extracts indicates
activation of the blocking effects while reducing alloy corrosion rates
9

[49]. These results are in accordance with the findings obtained from EIS
analysis, indicating the effectiveness of the two extracts as corrosion
inhibitors.

3.1.4. Potentiometry
Various values of OCP over time are given in Figure 8 for MS in blank

solution, as well as respective RA and GM inhibitors concentrations.
Obviously, the primary surge in the OCP of blank and solutions including
inhibitor concentrations is because of the oxide film formation and the
inhibitor molecules adsorption on the metal surface, respectively. When
RA and GM inhibitors are present in the solutions, the potential in steady
state shifts towards more positive values with no changes in the overall
characteristics of the Potentiometry curve. Hence, inhibitor's protecting
film is formed and thickened on the alloy surface, the cathodic exchange
current density decreases which consequently increases the Ecorr [50, 51].



Table 7. The interaction energy of G, D, B and RA with the MS surface in eV.

complexes G-MS surface D-MS surface B-MS surface RA-MS surface

Orientation 1 �0.15 �0.16 �0.14 �0.16

Orientation 2 �0.17 �0.11 �0.18 �0.17

Orientation 3 �0.54 �0.46 0.41 �0.22
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3.2. Surface morphology of MS

RA and GM extract adsorbed on MS surface leads to inhibition of the
alloy in the solution and this was investigated by optical microscopy
analysis. The inhibitor films comprised of RA or GM molecules are
accomplished on the surface of the alloy, which are spontaneous physical
adsorption. The optical image of MS sample exposed in 1 M HCl media
illustrated harmed and atypical surface because of the chloride ions
aggressive attack in acidic media (Figure 9a). In addition, the metal
surface in present of RA and GM inhibitors showed in Figure 9b and c,
respectively with comparatively smooth surface, which validated the
present of an effective film of RA and GM on MS surface that protected
the MS surface from the aggressive acidic solution [15].

3.3. EDX analysis of MS

According to EDX spectra, it is available to find the corrosion
composition of elements on the surface of MS by aggressive media. The
EDX spectra of the alloy surface after 24 h immersion in 1.0 M HCl so-
lution without, and with optimum concentrations of inhibitors are shown
in Figure 10, the composition of elements is given in Table 6. Figure 10(a)
shows corrosion product of MS, and illustrated a signal value of iron
(0.6%). Although in solution with inhibitors the value of Fe atom
enhanced strongly, and the carbon peak increased clearly due to the
molecules adsorption of inhibitor on the alloy surface. The signals of
oxygen detected in HCl, and solution with inhibitors, were taken from the
complex oxides, and/or hydroxides formed on the alloy surface. In
presence of inhibitors in acid solution, the chlorine peak was obviously
decreased and chlorine value was distinctly depressed (Figure 10b and c).
From the obtained results, it is validating that the molecules of inhibitor
were adsorbed on the alloy surface, hence the MS corrosion successfully
inhibited in 1 M HCl by the both of extracts [52].

3.4. Theoretical analysis

3.4.1. Molecular geometry and energy analysis
The purpose of this work is to describe the electronic and structural

nature of the interactions between mild steel surfaces with different
orientations of RA and GM extracts. The functional B3LYP was chosen to
review its adequacy to the relevant structures. Supercell MS was selected
in the size of ð4 � 4 � 2Þ. All the considered structures are shown in
Figure 11. Major constituents of soya beans contain large amounts of
nutrients, such as proteins and flavonoids, including genistein (G),
daidzein (D) and biochanin A (B). Oxygen atoms from the G, D, B and RA
can react to the surface of alloy (Figure 11).

The oxygen atoms of the hydroxyl and ketone groups of inhibitors
interact in various directions with the steel surface. Three perpendicular
Table 8. Frontier molecular orbital Energies HOMO–LUMO gap and global
reactivity descriptors for interactions between RA, B, D, and G with the MS
surface.

Eg (eV) Dipole moment η (eV) μ (eV) ω (eV)

Mild steel surface 0.1124 0.4252 0.0561 �5.8731 307.4269

RA 6.0632 5.9972 3.0316 �4.4240 3.2279

G 4.2841 3.7685 2.1420 �3.3867 2.6772

D 4.1110 2.1741 2.0555 �3.5810 3.1192

B 4.2403 3.2411 2.1201 �3.3346 2.6223
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(1, 2), and parallel (3) orientations are proposed for inhibiting molecules
as shown in Figure 12. In Table 7, the inhibitor molecules interactions
were given. From Table 7 and Figure 12 it is observed that all inhibitory
molecules are adsorbed on MS surface with approximately parallel or flat
locations. Strong interactions between iron surface atoms and inhibitors
occur when the inhibitors are adsorbed parallel with the alloy surface.
The most important interactions are among the oxygen atoms of the
hydroxyl and ketone groups of GM molecules in orientation 3, and so
oxygen atoms of the hydroxyl groups of RA in orientation 3.

3.4.2. HOMO-LUMO parameters
For analysing the electronic transitions nature in GM and RA/MS

surface complexes, molecular attributes such as orbital energies can be
used, HOMO the ionization potential (I) can be defined as: I ¼ �EHOMO
and electron affinity (A) and A¼�ELUMO. The attributes of molecular, for
intance chemical potential, are computed by using Eq. (7) [31]:

μ¼ðI þ AÞ
2

(7)

The hardness ðηÞ as Eq. (8):

η¼ðI � AÞ
2

(8)

And indicator of global electrophilicity ðωÞ as Eq. (9):

ω¼ μ2

2η
(9)

The energy levels of frontier molecular orbitals are an valuable in-
formation, which can be employed as an index of consistency and
chemical reactivity of the inhibitors. Therefore, one can discover how
GM and RA molecules with MS surface interact and where the are active
sites in inhibitors. The gap energy of the frontier molecular orbitals
EHOMO and ELUMO (Eg), Dipole moment (D), electronic potential (μ),
hardness (η) and global electrophilicity index (ω) for the inhibitors and
complexes are computed and listed in Table 8.

Table 8 shows the values of molecular descriptors indicating the
electron charge transfer from HOMO to the orbital LUMO, that has an
impact on the activity and structure of the inhibitory electron molecule.
The μ values indicate that the alloy surface is electron accepting. These
outcomes are in accordance with the values in Table 8, and μ less than
zero indicates a spontaneous reaction. The larger global electrophilic
index (ω > 2 eV) illustrates that the interaction among the inhibitors and
the alloy surface is of interest.

4. Conclusion

In this research, RA and GM extracts as cost-effective green inhibitors
were prepared by the easy extraction-evaporation technique. The inhi-
bition ability of the inhibitors assessed via both experimental and theo-
retical (DFT simulations) methods, corrosion inhibiting mechanism of
the extracts for MS were investigated as well. EIS and Tafel results
indicated that RA and GM are acceptable inhibitors, which could sus-
tainably inhibit the anodic and cathodic reaction of the alloy.

- EIS findings indicated a considerable inhibition efficiency equal to
91.79% and 87.67% in 500 ppm of RA and 400 ppm of GM extract
concentrations, respectively because of the extract molecules
adsorption on the alloy surface.

- The adsorption of the both inhibitors on the alloy surface followed the
Langmuir isotherm. And, the extracts on the metal surface showed
physical adsorption.

- Based on polarization methods, the extracts were mixed type in-
hibitors for MS in an acidic environment that could significantly
decrease the current density of the MS surface and further decrease
the dissolution rate of the alloy in the HCl.
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- The results of surface morphology analysis were in accordance with
electrochemical data and confirmed the inhibition ability of extracts.

- According to the theoretical investigation, values of electronic po-
tential validate that the electrons were accepted by the surface of MS.
This result is consistent with the complexation energy, and electronic
potential.

- There is the specific correlation between the experimental and
empirical results through theoretical calculations of quantum chem-
ical parameters.
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