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Abstract The essential oil obtained from the aerial parts
of Aaronsohnia pubescens plant (AP oil) was extracted by
hydrodistillation, and then, its composition was analyzed
by gas chromatography (GC) and GC-mass spectrometry
(GC/MS). The corrosion inhibition and adsorption perfor-
mance of the AP oil on the corrosion mild steel in 1 M
hydrochloric acid was evaluated by weight loss analysis,
electrochemical methods both stationary [Potentiodynamic
polarization (PDP)] and transient [Electrochemical impe-
dance spectroscopy (EIS)]. The weight loss outcomes
indicate that AP oil shows a worthy inhibitory efficiency of
83.22% reached at 1.5 gL' and 343 K. The charge
transfer process mainly controls the results of EIS mea-
surements; PDP measurements showed that the studied AP
oil performs as a mixed-type inhibitor. Furthermore, the
adsorption on the steel is made according to the Langmuir
model. The computational chemistry calculations by den-
sity functional theory, the electrostatic potential surface
and Metropolis Monte Carlo methods were performed to
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acquire a greater understanding of adsorption mechanism
for each compound among the third major compounds of
AP oil on the Fe (110) surface. The finding results exhib-
ited that the E-anethole will be considered as the best
inhibitor against mild steel corrosion.
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Introduction

Recently, mild steel corrosion has turned the interest of
corrosion scientists for discovering new materials which
have the capability to protect it from corrosion [1, 2]. In
other words, to eliminate the undesirable scales and cor-
rosion which occur on the mild steel surface; the two acids
hydrochloric and sulfuric are frequently used for this topic
[3] . Nevertheless, due to the thermodynamic instability of
mild steel, especially in contact with the aggressive solu-
tion medium, it becomes very disposed to corrosion [4].
Hence, the reduced corrosion resistance of mild steel in
acidic solutions requires corrosion inhibitors which act by
chemical and/or physical adsorption to limit its attack [4].
Organic compounds act as good corrosion prevention due
to the existence of unsaturated bonds and/or hetero atoms
such as oxygen, nitrogen and sulfur as well as the reactive
functional groups, for example, -NH, -N=N-, —-C=C-,
C=0, —CN, -OH, =S, aromatic collection, etc., in their
structures [5, 6].

Many corrosion inhibitors are obtained from the syn-
thesis chemical process [7-9], but these compounds are
often considered as highly toxic species and not friendly
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with the environment. At this time, using non-hazardous
(e.g., non-toxic synthetic compounds as dyes, drugs, etc.)
and natural (e.g., extracts of some plants) inhibitors has
become important because of their environmentally
friendly nature [10, 11]. In our laboratory, a great deal of
research has been carried out to study the inhibitive effects
of several plant extracts on the corrosion of steel in 1 M
HCI [12-15]. In this work, our focus is chiefly put on the
essential oil of Aaronsohnia pubescens (Fig. 1).
Aaronsohnia pubescens (Desf.) K. Bremer & Humphries
is botanically a synonym of Matricaria pubescens (Desf.)
Schultz (Asteraceae). It is a pleasant-scented annual plant
endemic to North Africa [16] and the Canary Islands [17].
It is primarily found in non-saline wadis on preferably
sandy-loamy soils. Parts of the plant are used in local folk
medicine: In Morocco, this species is known locally as
“Taraght,” and decoctions of the aerial flowering parts of
the plant are used as mouthwash against toothache [18].
The plant is also used as a food additive for flavoring and
preservation purposes [16, 18]. In both Algeria and Mor-
occo, infusions of the aerial parts are used against gastric
ulcers and flatulence, respiratory disorders, dysmenorrhea,
skin inflammation, fever and rheumatic diseases [19]; to
our knowledge, no study has been published to study the
inhibitive action of AP oil on corrosion of MS in 1 M HCI
solution. Computational approaches have been widely used
to gain a deep understanding of the adsorption mechanism
between the metal surface and inhibitor, elucidating the
chemical and physical properties of structures and some-
times proving the adsorption behavior of inhibitor
compounds toward the metal surface [20, 21]. Therefore,
the goals of this study are (1) a determination of the
chemical composition of AP oil using gas chromatography
(GC) and GC-mass spectrometry (GCMS), (2) an investi-
gation on the inhibitory action of AP oil using the monitory
techniques such as weight loss measurements and
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Fig. 1 Aaronsohnia pubescens in its native habitat in southeastern
Morocco
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electrochemical methods and (3) the modeling approaches
such as DFT, ESP and MC were used to evaluate the
corrosion inhibition and adsorption (CIA) behavior of the
major compounds of AP oil on the surface (110) of iron
metal Fe (the main constituent of MS) in 1 M HCI as
corrosive solution medium. This computational finding
provides supportive highlights to choosing one of the most
major constituents of AP oil which will be considered as a
good inhibitor to prevent mild steel corrosion in 1 M HCI.
The corrosion inhibition process was carried out in acidic
solution, and consequently the protonation of inhibitors
with both lone pair of electrons and the more nucleophilic
sites of carbon atoms will be possible; for this, the calcu-
lations of non-protonated forms will be discussed and then
compared to those of the protonated forms.

Experimental Procedure
AP Oil Isolation

The aerial parts of Aaronsohnia pubescens were collected
in May and June 2018 (full bloom) from Errachidia,
Morocco. Coupon specimens were deposited in the
herbarium of the Faculty of Sciences and Technology of
Errachidia . After that, 100 g of fresh plant material
(100 g) was subjected to hydrodistillation (3 h) using a
Clevenger-type apparatus according to the method recom-
mended in the European Pharmacopoeia [22], and the
essential oil yield was 0.9%.

AP Oil Characterization

The analysis of AP oil was carried out by GC and GC-MS
according to the described methodologies in our previous
work [12], using a Perkin-Elmer Autosystem XL GC
apparatus. Fused-silica capillary columns
(60 m x 0.22 mm, i.e., film thickness 0.25 pm), Rtx-1
(polydimethylsiloxane) and Rtx-wax (polyethyleneglycol).
Temperature program: from 60 to 230 °C at 2 °C/min and
then held isothermally at 230 °C for 35 min. Injector and
detector temperatures were held at 280 °C. Samples were
injected in the split mode (1/50), the carrier gas was H,
(1 ml/min); the volume injected was 0.2 pl of pure oil. MS
conditions: Turbo  mass  detector  quadrupole,
EI+ = 70 eV, acquisitions scan mass range of 35-350 Da,
split: 1/80, injection volume: 0.2 pl of pure oil.

Preparation of MS Segments, Corrosive Solutions
and Inhibitors

Corrosion tests were conducted on the MS segments with
dimension of 2 cm x 2 cm x 0.05 cm; the MS metal
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presents the subsequent composition with mass percentage
(%): P 0.09, Si 0.38, Al 0.01, Mn 0.05, C 0.21, S 0.05 and
Fe 99.21. Before each corrosion test, the MS segments
were mechanically ground with sequential grades of emery
papers (400, 600 and 1200 grit) and as a result rinsed and
degreased with distilled water and acetone, then dried and
weighed. The corrosive acid solution was a molar
hydrochloric acid (1 M of HCI) prepared from concen-
trated commercial acid of HCl (37%) by dilution with
distilled water.

Corrosion Monitoring Techniques
Weight Loss (WL) Measurements

The prepared MS samples were weighed; then, they were
immersed in 1 M HCI with and without different concen-
trations from 0.25 to 1.5 g L™" of AP oil under different
temperatures of 308-343 K for an exposure time of six
hours [23]. Inhibitory efficiency (IE%) was determined
basing on the MS corrosion rates W (mgcm >h™")
according to the subsequent relationship [24] (Eq 1 and 2):
mg — m;

W= Eq 1
S (Eq 1)

where m; and m; (mg) is the MS sample weight before and
after immersion in the tested solution. S is the area of the
MS sample (cmz), and ¢ is the exposure time (h).

w—-w

IE% = x 100

(Eq 2)

where W and W' are the MS corrosion rates in both unin-
hibited and inhibited solution, respectively. The extent of
the surface coverage (0) is defined as follows [25] (Eq 3):

1E%
- . Eq 3
100 (Eq 3)

Electrochemical (PDP and EIS) Measurements

Before conducting each electrochemical corrosion test, the
sample was immersed in the test solution during 30 min at
the open circuit potential (Eqcp) to find a steady state. Both
PDP and EIS tests were performed from utilizing an
assembly of electrochemical cell containing three elec-
trodes: a disk cut form of MS as working electrode (1 cmz),
a saturated calomel electrode as a reference electrode and a
platinum electrode as counter electrode. All electrochemi-
cal measurements were carried out using a
potentiostat/galvanostat (Model 263A), and the electro-
chemical parameter values were determined using the
Volta Master 4 software. We note that all potentials mea-
surement in this study were obtained with respect to the
potential value of the reference electrode.

The PDP tests were conducted in 1 M HCI (without AP
oil) and in different concentrations of AP oil (0.25-
15gL™") in the temperature range of 308-343 K,
simultaneously. Furthermore, the cathodic and anodic
curves were plotted by varying the electrode potential
between — 800 to + 800 mV versus reference electrode at
open circuit potential with a scan rate of 0.5 mV/s. Inhi-
bitory efficiency (IE %) was calculated based on the
current corrosion i of MS at the above conditions according
to the ensuing relationship: (Eq 4).

i—1

— x 100 (Eq 4)

IE% =

where i and i are the corrosion current densities in the
absence and the presence of inhibitor, respectively. Total
charge transfer resistances R; (without inhibitor) and R/
(with inhibitor) were calculated from Nyquist plots by
measuring the impedance difference at low and high fre-
quencies. We maintained the above experiment conditions,
and then, we conducted the EIS tests in the frequency range
of 100 KHz to 10 mHz at open circuit potential with signal
amplitude of 10 mV. The inhibitory efficiency (IE%) was
calculated according to (Eq 5).
/
IE% = Rt};R‘ x 100 (Eq 5)

t

According to constant phase element (CPE) that
accounts for the heterogeneities surface via the n
coefficient [26], ZCPE impedance is calculated according
to the following equations (Eq 6-8):

ZCPE = Qil(ia))in (Eq 6)

where Q is the constant of the CPE, w is the angular fre-
quency, and 7 is the phase shift

L
Ca = (Q xRy

W = 2TEfmax

(Eq 7)
(Eq 8)

Jfmax 18 the frequency for which the imaginary part of the

impedance is maximum.
The Cq4 (capacity of the double layer) is determined
from the CPE as following (Eq 9):
1

Co=——"-——"7".
¢ 2'7":'fmax 'Rt

(Eq 9)
Computational Methodology

DFT and ESP Calculations

Gaussian 09 program, Revision-D.01 [27]was employed to
obtain the optimized geometries of the main components of

AP oil such as E-anethole, (E)-heptadeca-10,16-dien-7one
and Z-B-Ocimene using DFT method [20] combined to the
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basis 6-311G++(d,p) [28] and the functional B3LYP [29].
For these inhibitors, the distribution densities of HOMO
(occupied molecular orbital) and LUMO (low unoccupied
molecular orbital) were produced. Then, we have calcu-
lated quantum parameters (QPs) such as the energy of
HOMO (EHOMO)s the energy of LUMO (ELUMO)v the
energy gap AEj,, between Eyomo and Epymo energies
(AEinh = Erumo — Enomo) [30, 31], the global chemical
potential pinn (finn = 0.5(Enomo — ELumoy [32, 33], the
hardness #inn (Hinh = AEinn) [32, 33], and the fraction of
electrons transferred AN from each compound as
inhibitor to bulk iron surface (110) is calculated according
to the Pearson relationship as follows: 0.5(¢rec110) + Hinn)
(reci10) + Minn) ' [34], where @pei10) and nreciio) are
known as the working function and the absolute hardness
of bulk iron surface (110), and then, #;,, and p;,, are the
global chemical potential and the global hardness of the
inhibitor. The values of @ge(110) and 1ge(110y are 4.82 and
0 eV, respectively [35-37]. Furthermore, electron back
donating character of the inhibitor (AEyq.i,n) is another
descriptor which is used to describe reactivity between
metal surface and adsorbent; this parameter is expressed as
— Ninn/4 [38]. Additionally, the reactive centers of the
compounds were estimated from three approaches as the
analysis of spreading of HOMO and LUMO densities
(FMO) and then from the analysis electrostatic potential
surface (ESP) on which the red color signifies a strong
negative electrostatic potential distribution (EP), yellow
moderately negative EP, blue strong positive EP and green
moderately positive EP [39].

Metropolis Monte Carlo (MC) Simulations

Adsorption simulation of each inhibitor onto iron surface
(110) with corrosive solution medium (200 of H,0, SH;0"
and 5C17) was explored using an adsorption locator mod-
ule and the COMPASS 1II force field integrated to the
Materials Studio version 8 program package [40, 41]. The
single-crystal Fe (110) surface is built using sketching tools
and optimized with the smart minimizer using DMol”3 at
the DNP+ basis and B3LYP functional. Then, the single
crystal plane (110) was extended to the multi-surface area
of Fe (110) using the super cell containing 10 layers with a
vacuum layer of 30 A along the C-axis. The system
inhibitor/solution/Fe (110) was simulated in a simulation
box of 17.89 x 17.89 x 38.34 A with periodic boundary
conditions. The crystallographic Fe (110) plane was chosen
because is a densely packed surface [42].

@ Springer

Results and Discussion
Chemical Composition of AP Oil

The chemical composition of AP oil was obtained from GC
and GC-MS techniques. Fifty components were charac-
terized, which accounted to 83.2 % of the total oil
(Table 1). Hence, the dominant components of AP oil were
established with mass percentage as follows: nine hydro-
carbon monoterpenes (14 %), eighteen oxygenated
monoterpenes (29.4%), seven hydrocarbon sesquiterpenes
(7.3%), eight oxygenated sesquiterpenes (18%), three
nonterpenic oxygenated compounds (12.4%) and five other
compounds (2.1%). Among them, E-anethole (15.4%), (E)-
heptadeca-10,16-dien-7-one (11.1 %) and Z-B-Ocimene
(8.6%) were identified as major constituents of AP oil
(Table 1). The structures of the main compounds are
shown in Fig. 2.

Corrosion and Adsorption Behavior of AP Oil on Mild
Steel Surface in 1 M HCI

Weight Loss Analysis, Kinetic and Thermodynamic
Parameters

Effect of AP Oil Concentration and Media Tempera-
ture This part aimed to study the influence of inhibitor
concentration and media temperature on the progress of
corrosion rate of mild steel (MS) and the inhibitory effi-
ciency related to the AP oil in corrosive media (1 M HCI)
in temperature range of 308 to 343 K without and with
different concentrations of inhibitor (AP oil). The results
are portrayed in Table 2. From this table, it appears that the
AP oil has an inhibitive behavior to limit corrosion on MS
surface. We notice that the corrosion rate of MS decreases
when the concentration of inhibitor increases and conse-
quently the inhibitory efficiency of AP oil increases up to
the concentration of 1.5 g L™'; reaching a high value of
IE% varies from 82.11% at 308 K to 83.22% at 343 K.
This is due probably to the increase of the surface coverage
0 for the studied adsorption. In other words, we observed
that the inhibitory efficiency of AP oil is slightly increased
when the media temperature increases, which probably
affects the chemisorption behavior of AP oil onto MS
surface.

Kinetic and Thermodynamic Parameters

Based on the famous rule of Arrhenius, we calculated the
standard activation energy E, in the temperature range of
308-343 K, with and without of AP oil using relationship
(Eq 10) [43]. Then, we calculated the standard activation
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Table 1 Chemical composition of the AP oil from southeastern of Morocco

No.* Components Ir Lit° Ir apo® Ir pol? %°
1 a-Pinene 928 1018 936 1.7
2 a-Phellandrene 995 1159 1002 0.5
3 a-Terpinene 1007 1174 1013 0.2
4 P-Cymene 1010 1262 1015 0.5
5 Limonene 1019 1195 1025 1.4
6 Cineole 1.8 1019 1205 1024 2.1
7 Z-B-Ocimene 1024 1227 1029 8.6
8 E-B-ocimene 1035 1243 1041 0.6
9 v-Terpinene 1047 1239 1051 0.4
10 Terpinolene 1077 1276 1082 0.1
11 Linalol 1082 1535 1086 0.8
12 B-Thujone 1096 1425 1103 0.5
13 Cis-p-menth-2-en-1-ol 1105 1550 1108 0.5
14 Camphre 1119 1502 1123 1.6
15 Trans-p-menth-2-en-1-ol 1122 1613 1123 0.3
16 Allo-ocimene 1128 1385 1126 0.4
17 Terpinen-4-ol 1160 1588 1164 0.6
18 a-Terpineol 1171 1687 1176 0.5
19 Estragole 1174 1653 1175 1.6
20 Cuminaldehyde 1211 1762 1.0
21 Pulegone 1213 1630 1215 0.6
22 E-cinnamaldehyde 1230 2016 1234 0.3
23 Perillaldehyde 1244 1760 1260 1.2
24 Lyratyl acetate 1252 1634 0.2
25 E-anethole 1262 1807 1262 154
26 Thymol 1269 2158 1267 0.7
27 Carvacrol 1277 2193 1278 0.5
28 o-Terpinyl acetate 1331 1656 1335 0.9
29 a-Copaene 1373 1485 1379 0.6
30 E-caryophyllene 1415 1588 1421 2.8
31 v-Nonalactone 1423 0.3
32 E-B-farnesene 1447 1641 1446 0.3
33 o-Humulene 1456 1653 1455 0.3
34 a-Curcumene 1468 1757 1473 0.9
35 Germacrene-D 1473 1696 1479 0.3
36 Zingeberene 1484 1710 1489 1.3
37 B-Sesquiphellandrene 1512 1759 1516 1.1
38 Caryophyllene oxide 1567 1962 1578 22
39 ar-turmerol 1575 0.3
40 t-Cadinol 1623 2149 1633 0.6
41 ar-turmerone 1634 2229 1643 53
42 o-Turmerone 1644 2156 1649 5.6
43 B-Turmerone 1675 2217 33
44 B-Atlantone 1747 2277 0.4
45 (E)-heptadeca-10,16-dien-7one 1825 2213 46 11.1
46 E-phytol acetate 1835 0.5
47 Hexadecanoic acid 1968 1951 0.8
48 Tetracosane 2397 2370 2400 0.2
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Table 1 continued

No.? Components Ir Lit° Ir apo® Ir pol? %°
49 Pentacosane 2498 2487 2498 0.9
50 Hexacosane 2598 2592 2598 0.4
Total identified 83.2
Hydrocarbon monoterpenes 14.0
Oxygenated monoterpenes 294
Hydrocarbon sesquiterpenes 73
Oxygenated sesquiterpens 18
Nonterpenic oxygenated compounds 12.4
Others 2.1

“Retention indices from literature on the apolar column
PRI 1 = Retention indices on the apolar column (Rtx-1) in literature

°RI a = Retention indices on the apolar column (Rtx-1)

4RI p = Rtention indices on the polar column (Rtx-Wax)

°Relative percentages of components(%) are calculated on GC peak areas on the apolar column(Rtx-1)

(0]

\V\/\/\/\/U\/\/\/

3 4

Fig. 2 The main compound structures of AP oil

energies of enthalpy AH, and AS, using the relationship
(Eq 11) and (Eq 12), respectively [44].

InW=1InA"+ {_RT] (Eq 10)
R-T [AS, AH,
W—Nahexp{R}exp[— RT} (Eq 11)
114 R\ AS AH'
ln{T} hl[(Nah) + R ] + { RT} (Eq 12)

where W, R, T, h, N, and A’ signify the corrosion rate, the
universal constant of the ideal gas, the absolute tempera-
ture, the Plank constant, Avogadro is number and the
Arrhenius pre-exponential factor, respectively.

The plot displayed in Fig. 3 corresponds to the variation
of In(W) versus (1000/T) for mild steel corrosion in 1 M
HCI1 with and without various concentrations of AP oil. The
variation of In(W/T) as function 1000/T for mild steel
corrosion in 1 M HCI with and without various inhibitor

@ Springer

Table 2 Weight loss results from different concentrations of AP oil
in 1 M HCI at different temperatures

C@EL™ W@mgem2h') IE% 0
T =308 K 0.00 0.942 - -
0.25 0.297 3501  0.3501
0.50 0.282 50.33  0.5033
1.25 0.177 6543 0.6543
1.50 0.160 82.11  0.8211
T=313K 0.00 1.751 - -
0.25 0.548 36.06  0.3606
0.50 0.512 5079 0.5079
1.25 0.322 65.61  0.6561
1.50 0.290 8297  0.8297
T=323K 0.00 2.836 - -
0.25 0.886 36.18  0.3618
0.50 0.825 50.89  0.5089
1.25 0.514 6577  0.6577
1.50 0.465 83.03  0.8303
T=333K 0.00 3.641 -
0.25 1.134 36.51  0.3651
0.50 0.984 5091  0.5091
1.25 0.655 66.29  0.6629
1.50 0.591 83.11  0.8311
T =343 K 0.00 6.301 - -
0.25 1.893 36.65  0.3665
0.50 1.670 5097  0.5097
1.25 1.085 66.62  0.6662
1.50 1.010 8322 0.8322

concentrations is shown in Fig. 4. Based on Fig. 3, we have
calculated the standard activation energy E,, and then,
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Fig. 3 Arrhenius plots for MS corrosion rates (W) in 1 M HCI with
and without of different concentrations of AP oil
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Fig. 4 Transition-state plot for MS corrosion rates (W) in 1 M HCl
with and without of different concentrations of AP oil

Table 3 Kinetics thermodynamic for mild steel in corrosive media
(1 M HCI) in the absence and the presence of different concentrations
of AP oil

C (g E, AH, AS, E, — AH,
L) (kJmol™") (kImol™") (@ mol 'K (kJ mol ™)
Blank
0.00 4335 40.65 —112.29 2.70
025  43.09 40.38 — 116.90 270
0.50  43.03 40.32 — 11922 270
1.00 4247 39.77 —123.10 2.70
1.50  42.11 39.42 — 130.83 2.70

according to Fig. 4, we have calculated standard activation
enthalpy AH,°, entropy AS,° energies and the difference
E, — AH,° (Table 3).

Accordingly, we observed that the activation energy
attained in HCI (corrosive media) in the presence of AP oil
inhibitor is lower than that when the HCI is added alone,
indicating clearly the chemisorption behavior of adsorption
between mild steel surface and inhibitors species of AP oil
[45]. In other words, we found that the average difference
E, — AH,° (2.7 KJ mol™ ") is almost equal to the average
value of RT at the average temperature of 324°K calculated
in the studied domain which indicates that the corrosion
process is a unimolecular reaction by the known of a per-
fect gas [46].

Additionally, the positive values of standard activation
enthalpy indicate the endothermic dissolution phenomenon
of mild steel [47]. The negative values of the standard
activation entropy exhibited a low disorder of the species
well-thought-out in the studied adsorption [48]. Moreover,
the addition of AP oil to the solution has caused a
noticeable decrease of the standard activation entropy,
revealing clearly the important role of AP oil inhibitor to
reduce the disorder property related to the species which
enter in adsorption system.

Adsorption Isotherm

The adsorption behavior of the inhibitor onto the metal
surface is mainly due to its electronic and physical struc-
tures, type of the metal and the conditions within the media
on which the adsorption occurred. In this respect, two types
of adsorption could be considered: chemisorption reflects a
stronger bonding of metal surface-inhibitor (e.g., covalent
bonds), whereas physisorption involves weak bonding
interactions between metal surface and inhibitor (e.g., van
der Walls). To get information about the adsorption
mechanism of the AP oil on the MS surface, adsorption
isotherm models were used such as Langmuir, Temkin,
Frumkin and Freundlich (Eq 13, 14 and 15).

C 1
Langmuir : — = +C Eq 13
g 0~ K (Eq 13)
. C
Temkin : In ol = InKygs —g-0 (Eq 14)
Frumkin : In [C~ (ﬁ)] =InKy+g-0 (Eq 15)

where K,q4s and g are the adsorption/desorption equilibrium
constant and the adsorbate parameter, respectively.
Accordingly, we observed that the adsorption of AP oil on
the MS surface follows a Langmuir adsorption isotherm
(Fig. 5).

Figure 5 shows the straight lines of C/0 with respect to
AP oil concentration, C, at different temperatures (308—
348 K). The linear regression factor R* values are shown in
Fig. 5. The values of R* are almost equal to 1, indicating
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Fig. 5 Langmuir adsorption isotherm of AP oil on the MS surface in
1 M HCI at 308 K

that the adsorption on the MS surface follows the Langmuir
adsorption isotherm [49]. This result suggests that the
adsorbed molecules of AP oil occupy only one protective
layer and that there are no interactions between the
adsorbed species [25].

Electrochemical Measurements (EIS and PDP)
EIS Study

The evaluation of inhibition of AP oil to protect against
corrosion of MS surface was carried by using EIS analysis.
Figure 6 displays the Nyquist plots of MS after 30 min of
immersion in 1 M HCI in both the absence and presence of
various concentrations of AP oil at 308 K. As shown in
Fig. 6, we perceived that the addition of the AP oil (0.25—
1.5 g L") to the corrosive medium causes the increase of
the size of the capacitive loops, highlighting the good
inhibitory action of AP oil. This inhibitory action of AP oil
increases with the increase in its concentration, the same
trends as those obtained from the weight loss measure-
ments. Moreover, the presence of a unique capacitive loop
indicated that the studied adsorption is governed through a
charge transfer process [50].

In addition, we noticed that the outputted impedance
loops are not ideal semicircles, which mainly results from
to the surface irregularity, presence of corrosion products,
formation of spongy lattices, etc.

An analysis of EIS leads us to calculate several
parameters as solution resistance (R;), charge transfer
resistance (R), double layer capacitance (Cq;) and inhibi-
tory efficiency (IEgis%); these parameters are listed in
Table 4.
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Fig. 6 Nyquist plots of MS in 1 M HCI without and with different
concentrations of AP oil at 308 K

According to the results reported in Table 4, we noted
that the values of the transfer resistance, R, increase with
the increase of the inhibitor concentration. However, the
values of the capacitance of the double layer Cy have
decreased in comparison with that of uninhibited solution.
This can be attributed to an adsorption of the inhibitor
molecules of AP oil on the MS surface forming a layer
between the metal and the corrosives solution [51]. This
result suggests that the increase in the inhibitor concen-
tration increases the number of molecules adsorbed onto
steel surface and reduces the surface area that is available
for the direct acid attack on the metal surface. The highest
inhibition efficiency 87.51 % was attained at 1.5 g L™' of
AP oil. Figure 7 shows the Bode plots of MS in 1 M HCl in
both uninhibited and inhibited solutions. Referring to
Fig. 7a, either at low, intermediate or high frequencies, we
observed that the impedance plot increases with the
increasing of inhibitor concentration of AP oil and thus the
above trends of inhibitory efficiency of AP oil are again
confirmed. Figure 7b confirms the existence of a single
time constant and thus reconfirms the appearance of a
single capacitive loop which was observed in the Nyquist
diagrams [52].

Figure 8 illustrates reveal an equivalent electrical circuit
(EEC) of the MS/HCI/AP oil interface in wholly frequen-
cies studied using the Ec-Lab software. EEC incorporates a
constant phase element (CPE), the solution resistance (Rg)
and the charge transfer resistor (R.).

PDP Study
Both anodic and cathodic potentiodynamic polarization

curves of MS in 1 M HCI out carried without and with
different concentrations of AP oil are shown in Fig. 9.
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Table 4 Parameters of EIS of MS in 1 M HCI without and with various concentrations of AP oil at 308 K
C (g/L) R, (Q cm?) R (Q cm?) Cqi (LF cm™?) na Q(@Q 'S em™?) 0 IEgss (%)
Blank
0.00 1.80 40.00 65.60 0.888 127.90 — -
AP oil
0.25 1.80 55.80 42.00 0.864 96.70 0.283 28.31
0.50 1.90 61.96 36.00 0.866 82.50 0.354 35.44
1.00 2.30 93.40 35.00 0.838 82.20 0.578 57.17
1.50 2.00 320.40 20.00 0.788 58.20 0.875 87.51
2,7 -80
2,4 f l Blank - Blank
" * +025gL +0.25 g/L
2,1 ’ A +0.50 g/L -60 H A +0.50 g/L
* +1.00 g/LL o *  +1.00 g/L
o 18 % +1.50 g/L 3 x +1.50 gL
g 15 bk —— Fitting curves @ 40H Fitting curves
) &0
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20 09 | s
2 7 =
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Fig. 7 Bode plots of MS in 1 M HCI with and without different concentrations of AP oil at 308 K
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From Fig. 9, we remarked that both anodic and cathodic O'l'g —m— Blank
parts of the polarization curves shift to lower currents s :fIL
densities as the AP oil concentration increased. This result v+ 100 g/L

. I . 0,01 S + 1.50 g/L
can be attributed to an inhibition power of AP oil to stop s . @ @ @ @
oxidative and reductive reactions which cause the corro- -900 -800 -700 -600 -500 -400 -300 -200

sion phenomenon on the MS surface.

The calculated PDP parameters such as corrosion
potential (E.,), cathodic Tafel slope (Pc), anodic Tafel
slope (Ba), corrosion current density (/o) and inhibitory
efficiency IEppp (%) are reported in Table 5.

According to the Table 5, the corrosion current density
decreases with increasing of AP oil concentration. Simi-
larly, the inhibition efficiency IEppp (%) increases with
increasing of inhibitor concentration to reach its maximum
value of 82.58% at 1.5 g/L. These results suggest that AP

E (mV/SCE)

Fig. 9 Polarization curves of MS in 1 M HCI with and without AP
oil at various concentrations at 308 K

oil is toughly adhered to the MS surface, forming a pro-
tective layer, which retards electrochemical reactions on
metal surface. Therefore, the maximum displacement for
potential corrosion is 11 mV which indicates that the AP
oil acts as mixed-type inhibitor [53]; in this study, we have
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Table 5 PDP parameters of MS in 1 M HCI without and with
different concentrations of AP oil at 308 K

C (g/ — Ecorr Leor - B Ba [Eppp
L) (mV/SCE) (pA cm™2) (mV dec™)) (mV dec™ (%)
Blank
0.00 477 333 158 77 -
AP
oil
0.25 466 240 142 61 28.00
0.50 483 200 128 73 39.93
1.00 488 140 111 65 57.95
1.50 484 58 73 68 82.58

noticed that the applied techniques for corrosion tests of
mild steel in 1 M HCI as corrosive medium with AP oil
concentration of 1.5 gL' and media temperature of
308 K were significantly conducted to the high inhibitory
efficiencies of AP oil, with all techniques approximately
equal one to another. This indicates that these techniques
are all suitable to evaluate the inhibition action of AP oil on
the corrosion of mild steel at the above conditions.

Computational Study of CIA Behavior for the MAJOR
Components of AP Oil

Concerning the computational calculations, corrosion sci-
entists have turned their interest to describe corrosion
inhibition and adsorption (CIA) behavior of organic com-
pounds on metal surfaces using several theoretical
approaches; among them we find DFT and Monte Carlo
(MC) methods [6, 20]. The importance of these methods
focus on good correlation between molecular structure and
inhibition efficiency of organic molecules. In this respect,
the modeling approaches such as DFT and Monte Carlo
were used to evaluate the CIA behavior of the major
components of AP oil toward the iron surface (110) in 1 M
HCI as aggressive solution; in this current work, we
showed that there are no interactions between molecules of
AP oil, and the adsorbed molecules occupy only one pro-
tective layer during adsorption (Langmuir adsorption
isotherm). The adsorption behavior is governed by a charge
transfer process (evidenced from EIS and Bode diagrams).
Hence, the computational study aimed to acquire support-
ive evidence for the major components of AP oil and to
choose one among them which will be considered as a
better inhibitor. The major components of AP oil such as
(E)-heptadeca-10,16-dien-7one (EHD), E-anethole (EA)
and Z-B-ocimene (ZO) and their protonated forms
EHD.. H+, EA...H+ and ZO...H+ were optimized and
are displayed in Fig. 10. The optimization calculations
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were confirmed by the presence of zero negative frequency
in the outputted z-matrix.

Density Functional Theory Calculations
QPs Parameters of Structures

The HOMO and LUMO orbitals are very important tools to
describe global reactivity for the systems which contain
unsaturated bonds and/or hetero atoms such as oxygen,
nitrogen and sulfur as well as reactive functional groups,
for example, -NH, -N=N-, -C=C-, C=0, -CN, -OH, =S,
aromatic moiety, etc. In this respect, a molecule having a
higher value of Eyomo, the lower value of Ej ypmo, and the
lower value of AE;,, is more polarizable and is generally
associated with a high chemical reactivity and low kinetic
stability. It is noted that when AN is positive and lower
than 3.6 this implies that the compound has a tendency to
donate electrons (m and/or lone pair electrons) to the
unoccupied orbitals (3d) of the iron surface to form coor-
dinate covalent bonds. A negative value of AFEpgimn
indicates that the compound is ready to accept free elec-
trons (3d) from the metal to form retro-donating bonds.

Therefore, high value of AN and ,, and lower value of
AE;,;, reflect that the compound has a strong capacity to
share their electrons with the iron surface and consequently
more adsorption between inhibitor and iron surface. Fur-
thermore, a lower negative value of AEyq;,, means that the
compound has a stronger ability to receive electrons from
the metal. In this study, the calculated QPs aimed to
evaluate global reactivity of EHD, EA and ZO, and also
their protonated forms (EHDH+, EAH+ and ZOH+); the
QP parameters are listed in Table 6 accordingly; the pro-
tonation of the studied compounds leads to increasing of
AN and p;,, and to decreasing of AEj,,. This result sug-
gests that the transfer of electrons from the studied
compounds to the iron surface is very easy when these
compounds are in their protonated forms, indicating the
prominent role of the protonation to ensure the formation
of adsorptive bonds. It is also worth noting that the retro-
donating character of these compounds becomes very
important in their protonated forms. All these results point
to the fact that the E-anethole is considered to be more
effective adsorbent onto the iron surface because of its high
value of AN (1.021 e), lower value of AE;,, (1.896 V) and
lower negative value of AEyq.inn (— 0.474 eV). Consider-
ing all the QPs for the studied protonated compounds, we
conclude that the strength of adsorption can be ordered as
follows: EA...H+ > ZO...H+ > EHD...H4.  These
results can be attributed to the fact that EA...H+ contains
the sp” oxygen atom of alkoxy group (—OCH3) and aro-
matic ring which have a high affinity toward accepting and
donating electrons to the iron surface atoms.
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Fig. 10 Optimized structures of
the major components of AP oil

3 70...H+

nC1-C2...H+
¢
(,,'
EA 20
Table 6 Calculated QPs for the major components and their protonated forms of AP oil
QPs EHD EHD...H+ EA EA...H+ Z0 Z0...H+
Enomo (€V) — 8.661 — 6.743 — 6.086 — 3.200 — 8.690 — 4.769
Evumo (€V) —4.135 — 2.636 — 1.135 — 1.304 — 4.746 — 1.884
AEiy, (eV) 4.726 4.107 4.951 1.896 3.944 2.885
Hinh (€V) 2.263 — 2.054 — 2476 — 0.948 — 1972 — 1.443
Ninn (€V) 4.726 4.107 4.951 1.896 3.944 2.885
AN (e) 0.271 0.337 0.237 1.021 0.361 0.585
AEyginn (€V) — 1.182 — 1.027 — 1.238 — 0474 — 0.986 - 0.721

Local Reactivity Study

To define active regions of the studied compounds, the
distribution of HOMO and LUMO densities (FMO) as well
the depiction of the electrostatic potential surfaces (ESP)
has been calculated. The ESP analysis has been broadly
used to provide valuable information about the overall
molecular charge distribution as well as predicting reactive
positions of nucleophilic and/or electrophilic attacks. Fig-
ure 11 shows the depictions of FMO and ESP surfaces
associated to the protonated compounds. From Fig. 11, for
EA...H+, we observed a high density of HOMO is shaped
on the benzene ring, while the LUMO is highly fashioned
around H+ proton directly linked to the oxygen atom of
EA. In other words, strong negative charge (red color) is
mainly located around the benzene ring and oxygen atom
of EA...H4, while the strong positive charge is located

only at the benzene ring; further, we perceived that the
EA...H+ presents a moderate positive charge (green color)
on the H4 proton and as well throughout all atoms of the
benzene ring. This result indicates clearly that EAH+ has
strong nucleophilc and electrophilic sites on which the
EAH+ can interact with the iron surface through a donor—
acceptor interaction process to form chemical coordination
bonds. Similarly, the ESP pictures of EHD...H+ and
Z0...H+, given in Fig. 11, exhibited a predominance of
moderate positive charge for both EHD...H+ and
Z0...H+, alittle positive charge for EHD...H+ and a little
negative charge for ZO...H+, suggesting a low reactivity
of these compounds toward the iron surface. It must be
noted that this observation cannot be produced from the
plots of HOMO and LUMO densities.

Combining with the above results, we concluded that the
strong interaction between AP oil and the iron surface will
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Fig. 11 Analysis of HOMO, LUMO and ESP for EHD...H+, EA...H+ and ZO...H+

be related to the protonated form of E-anethole (EA...H+),
which results from its high tendency to donate electrons (1
and/or lone pair electrons) to the unoccupied orbital (3d) of
the iron atoms to form coordinate covalent bonds and at the
same time to accept free electrons (3d) from the iron sur-
face to form retro-donating bonds. Consequently, the E-
anethole can be considered as the best inhibitor among the
compounds under study to protect corrosion of mild steel
surface.

Monte Carlo Simulations of EHD...H+, EA...H+
and ZO.. . H+

For the adsorption phenomenon, both surface coverage and
adsorption energy are competing factors that should be
considered to understand the strength of the adsorbed
molecules onto the metal surface. In this study, the
adsorption behavior of protonated compounds (PC) toward
an iron surface (110) was studied by the Monte Carlo
method. This technique was performed to predict the both
strength and nature of adsorption for each compound. Side
and top views of stable adsorption configurations of the
studied interfaces (PC/200 water/10H;01/10C1/Fe (110))
using adsorption Locator modules are given in Fig. 12.
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From this figure, we suggest that the adsorption regions of
all compound on Fe (110) are unsaturated double bonds
C=C, polarized bonds O -H™ and/ or oxygen atom (-O-).
Furthermore, we found that all dihedral angles of EA...H+
are close to & 0° or &+ 180°, whereas for EHD...H+ and
Z0...H+ the majority of their dihedral angles are not near
to £ 0° or £ 180°, signifying high planarity of EA...H+
which maximizes its surface coverage and contact with the
iron surface.

To estimate the most adsorption between each com-
pound and iron surface (110), such energies are calculated:
the total energy (Et) reports the global energy for the
systems under study (inhibitor/solution/Fe(110)); this
parameter is calculated by optimizing the whole system;
therefore, the adsorption energy (E,qs) displays the energy
required when the relaxed inhibitor compounds are adsor-
bed on the Fe surface (110). This parameter is commonly
used to evaluate the strength and mechanism of adsorption.
The rigid adsorption energy (Egra.qs) reflects the energy
released when the unrelaxed inhibitor molecule before its
optimization step are adsorbed on the Fe surface (110). The
deformation energy (Ep.y) is the energy released when the
adsorbed inhibitor molecule is relaxed on the Fe (110)
surface . Another term of energy, namely the desorption



J Fail. Anal. and Preven. (2020) 20:1939-1953

1951

Fig. 12 Side and top views of
stable adsorption configurations
of inhibitors in their protonated
form on the Fe (110) surface in
solution (200 molecules of H,O,
10H30+ and 10 C17) at
temperature of 308 Kelvin

Top view

Side view

Top view

Side view

energy dE,4/dNi, reports the necessary energy where one
of the inhibitor molecules is removed to the system of
inhibitor/solution/Fe (110) surface [54].

Table 7 shows that the system of (EA...H+/solution/Fe
(110)) is the most stable (lowest value of Et) among the
three systems under study. Further, the negative values of
E.qs mean that the studied adsorption is spontaneous [54].
Moreover, we observed that the system of EA...H+/solu-
tion/Fe(110) has a maximum negative value of E,4
(— 72.569 kcal/mol) comparing to the other systems under
study, indicating a stronger interaction between the
EA...H+ and the iron surface (110) in the acidic solution
(200 H,0, 10H;0", 10C17). This is mainly due to the
presence of oxygen atom —O—, polarized bond -O-H+ and
benzene ring as well as the extraordinary planarity of this
compound. In addition, it appears that the EHD...H+ is
more poorly adhered with the metal surface (inferior value
of E,4), outstanding to the presence enormously of the
steric effect caused by the presence of the methyl group as
well to the non-planarity of this compound and thus

Table 7 Total energy ET, adsorption energy E,q, rigid adsorption
ERags, deformation energy EDef and necessary energy to exclude
inhibitor from the iron surface dE,q/dNi, in kcal/mol, are given in
solution (200 of H,0, 10 H;0™, and 10 C17)

EHD..H" EA..H* ZO..H*
Er — 35230 — 39.066 — 37.841
Enas — 38.022 — 72.569 —39.930
ERads —36.013 — 39.508 — 38785
Eper —99.718 — 33.041 — 56324
dE,q,/dNi — 210950 — 36516 — 174.897

certainly provides a weakened interaction between the
EHD...H+ and the iron surface. Consequently, we can
conclude that the E-anethole compound will be considered
as the best corrosion inhibitor among the three compounds
under study.
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Conclusion

In this current work, we conclude that essential oil extracted
from aerial parts of Aaronsohnia pubescens is a worthy
inhibitor to prevent mild steel corrosion in 1 M HCI. This
essential oil attained its average high inhibitory efficiency of
82.11% at essential dose of 1.5 g L' and temperature of
308 K. The essential oil adsorption obeys a Langmuir
adsorption isotherm, which shows that the inhibition of
corrosion can be attributed to the adsorption of essential oil
main compounds such as E-anethole (15.4%), (E)-hep-
tadeca-10,16-dien-7-one (11.1 %) and Z-B-Ocimene (8.6%).
The Nyquist and Bode diagrams showed that the adsorption
mechanism of AP oil is governed by a charge transfer pro-
cess. Furthermore, the PDP measurements revealed that
essential oil acts as mixed type inhibitor with both anodic and
cathodic tendencies. According to these results and high
availability and climatic resistance of Aaronsohnia pub-
escens plant as well as its ecological properties, we conclude
that this plant can be used as a high eco-friendly-corrosion
inhibitor to prevent against corrosion of mild steel. Com-
putational studies indicated that the E-anethole acts as the
best corrosion inhibitor with respect to other main com-
pounds of AP essential oil under study.
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