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temperature on the corrosion behaviour of mild steel in 1 M HCIl with addition of
v’ Corrosion inhibitor, essential oilwas also studied. The obtained results indicated that AAEO has a good
v Mild steel, inhibiting effect. The protection efficiency increases with increasing AAEO
v GC-MS, concentration reaches up to 83.9 %. However, the inhibition efficiency of essential oil
v Polarization, slightly decreases with the rise of temperature. Tafel polarization examination indicated
v EIS, that AAEO acts as a mixed type inhibitor with predominance anodic action. The
v’ Adsorption isotherms. Nyquist impedance plots presented a depressed capacitive loop at high-frequency range
followed by a well-defined inductive loop at low-frequency range. However,the Nyquist
bensouda@yahoo.com ; plots were analyzed by fitting the experimental data to an appropriate equivalent circuit.
Phone: +212654649017 The adsorption of AAEO on mild steel surface obeyed to Langmuir isotherm model.

SEM micrographs confirmed the existence of a protective adsorbed film on the mild
steel surface.

1. Introduction

Currently, the investigation of mild steel corrosion mechanisms has become a principal academic and industrial
subject, particularly in acidicsolutions[1]. This is because of enlarged industrial applications of the acidic media.
The principal fields of utilization are industrial acid descaling, acid pickling, cleaning of boilers and heat
exchangers, the petrochemical processes, and so on. Operations which are usually accompanied by acid
consumption and considerable dissolution of the mild steel. The hydrochloric acid solution is one of the most
aggressive media and frequently used in industry [2]. Consequently, the rate of corrosion at which mild steel is
ruined in HCI solution is very important, particularly when soluble corrosion products are formed, necessitating
the usage of corrosion inhibitors to reduce the corrosion attack on the metal surface. A corrosion inhibitor is a
chemical compound or combination of compounds that, when introducing in the appropriate concentration and
forms in the environment, reduces corrosion [3].Various of synthetic compounds used in industry has been
referred as successful corrosion inhibitors which mainly contain multiple bonds in the molecule, long alkyl
chains, aromatic rings and heteroatoms such as oxygen, sulfur, and nitrogen which they act by adsorption on the
metallic surface [4—7]. Besides, the molecular weight of synthetic inhibitors, the project surface area and the
number of heteroatoms performed an essential role in calculating their inhibition -efficiency [8].
Althoughnumerous synthetic compounds presented good anticorrosive action, the majority of them are
consideredpoisonous to humans and the environment. [9]. However, as a result of ecological risks,
expandingconsciousness of health and their high cost, consideration is being drawn towards discovering novel,
cheaper, highly efficient, environmentally friendly and non-poisonous inhibitors. In recent years, vegetal
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inhibitors also called “eco-friendly or green inhibitors”, has revived more attention because they are
ecologically and environmentally acceptable, renewable sources of materials, inexpensive, and readily available.
Indeed, eco-friendly inhibitors can be used as purified substance [10—12], plant extract [13,14], and essential oil
[15-17]. All of this green corrosion inhibitors have been considered to be efficient corrosion inhibitors for
metals in acidic media.

The object of this study is devoted to investigating the inhibition effect of the Artemisia Abrotanum Essential
Oil, denoted hereafter (AAEO), and not reported to our knowledge, on the mild steel corrosion inhibition in
normal hydrochloric solution (1 M HCI). In this regard, the aerial parts of Artemisia Abrotanum collected from
Tinghir (south of Morocco), was chosen for this investigation. The extraction of AAEO is realized by
hydrodistillation utilizing a Clevenger-type apparatus. The chemical composition of AAEO has been established
utilizing gas chromatography (GC) and gas chromatography-mass spectrometry techniques (GC-MS). The
present work describes the detailed investigating of the inhibition effect of AAEO on the corrosion behavior of
mild steel surface in the corrosive environment (1 M HCI) at 303 K utilizingweight loss, electrochemical as well
as Scanning Electron Microscopy (SEM) techniques. The effect of temperature on the corrosion rate and the
adsorption were also studied in detail.

2. Materials and methods

2.1. Material and specimens preparation

The mild steel was used as a study material with the following weight percentage chemical composition: (0.21%
C, 0.01% Al 0.09% P, 0.38% Si, 0.05% S, 0.05% Mn and rest Fe) are used. For gravimetric measurements,
corrosion inhibition study was performed using coupons measuring with a rectangle form 3x1x0.05 cm’
prepared from mild steel whereas coupons measuring of size 6x1x0.05 cm® with 1 cm® exposed surface were
utilized as Working Electrode (WE) for electrochemical measurements. The mild steel specimens were grinding
progressively with emerge paper SiC, from 60 to 2000 grade. Then, the samples were cleaned by washing with
bidistilled water, defatted by absolute ethanol and dehydrated with acetone at 303 K before being immersed into
the corrosive media so that all samples were in similar condition.

2.2. Inhibitor

The aerial parts dry of Artemisia Abrotanum were altogether washed with bidistilled water, split into small
portions, then extracted utilizing a Clevenger-type apparatus as indicated in the European pharmacopeia[18].
AAEO yield was expressed in mL/ 100 g of dried vegetal material. The yield of the essential oil was approx.
1.16%.

About 2 pL of the essential oil with n-hexane was analyzed to Gas Chromatography - Mass Spectrometry (type
QP2010 Shimadzou®™) analysis by Trace gas chromatography /Polaris Q (Gas Chromatography - Mass
Spectrometry, Thermo-Electron®). The column of gas chromatographic used the helium as mobile phase, it is a
95% dimethyl-polysiloxane and 5% phenyl with a length of 30 m, a layer thickness of 0.25 pm, and an interior
diameter of 0.24 um.

2.3. Medium
The corrosive solution, 1 M HCI was obtained by dilution of an analytical chemical reagent grade 37% HCI
(Merck™) with doubly distilled water. The concentration ranges of AAEO used was 0.5t0 2 g L™".

2.4. Gravimetric method

The gravimetric experiments were realized in a double-walled glass cell containing 50 mL of the corrosive
solutionwith and without diverse concentrations of essential oil. The double-walled glass cell was conserved in
an air thermostat maintained at 303 K. The apparent surface area of coupons used was of 6.4 cm” and the
immersion time was 6 h.The gravimetric results of each coupon were determined before and after experiments
in the inhibited and uninhibited medium using an analytical balance (exactness 107 g). Every value is the means
of triplicate tests. The inhibitionefficiency (#y.%) for the gravimetric method is studied using corrosion rates
(W.or) according to following Equation 1:

W, -W,
Ny Yo = —2—11 | x100 (1)

where W, and W,,,are the corrosion rates of a sample in the absence and presence of AAEOQ.

2.5. Morphological investigation
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Morphology of metal surface after its exposure to the corrosive solution (1 M HCI) with and without 2 g L™ of
AAEOQ for 24 h was observed by Scanning Electron Microscopy (SEM)technique. The SEM micrographs were
taken using a FEI Quanta® 200 instrument.

2.6. Electrochemical techniques

Electrochemical Impedance Spectroscopy (EIS) measurements and the Potentiodynamic Polarization (PP)
study, were utilized using a Bio-Logic® potentiostat piloted by EC-Lab" software. All electrochemical tests
were realized in a conventional three electrodes electrochemical cell at 303 K with a coupon of metalutilized as
WE, a Saturated Calomel Electrode (SCE) was used as the reference electrode and a platinum electrode as
the auxiliary electrode. Moreover, WE is the same nature astheir used for gravimetric
measurements.However, WE was vertically immersed in the study solution and after starting anOpen Circuit
Potential (OCP) for a period of 0.5 hours to achieve stable corrosion potential (E.,,) value., the
electrochemical measurements were performed.

PP curves were carried out from -900 mVgcg to -100 mVscg with respect to E,,,, at a scan rate of 1 mV/s. The
calculated anodic Tafel lines (,) and the linear Tafel segments of the experimental cathodic curves (f.) were
extrapolated to the point of intersection to obtain E.,and corrosion current density (i.,,)[10]. The inhibiting
efficiency (#r4:) value for the Tafel method is calculated as according toEquation 2:

l

7/]thfe/ % = (1 - Lcorr inh )X 100 (2)
wherei,,,, represent the corrosion current density values without AAEO and i.o.m, 1S the corrosion current
density values with AAEO.

icorrinn and i, have been determined by only the cathodic polarization curve S, at points 200 mV more negative
than E.,,[19].

The Linear Polarization Resistance (LPR) was done by recording WE in different inhibitor concentrations from
—15 to +15 mVgcg around corrosion potential (open circuit potential) by 1 mV/min scan rate. The R, values can
be measured by calculating the slope of the linear part of current-potential plots (Stern & Geary) [20] according
to the following Equation 3:

dE
R, =Sx| 3
() >

where dE is the difference in applied potential,S is the surface area of mild steel, and di is the difference in the
current density. However, the protection efficiency (ys5¢¢%) for LPR technique is calculated byR,using the
relationship 4:

% =|1-—" |x100 )
Ns&c /0

p/inh

where R,;is the polarisation resistance values in the presence of essential oil, and R,is is the polarisation resistance
values in the absence of essential oil.

EIS measurements were realized utilizing a transfer function analyzer (Bio-Logic® potentiostat), by a minor
amplitude ac. signalsof 10 mV rms, over a frequency spectrum from 100,000 Hz to 0.01 Hz at 303 K on air
atmosphere with ten points per decade. However,alaptop controlled the measurements conducted at rest
potentials after 0.5 h of immersionat E.,,. The impedanceplots were given in the Bode and Nyquist
representations. Furthermore, EIS data were analyzed and fitted with ZView" 2.80 software.

3. Results and discussion

3.1. Essential oil composition

In the present study, 30 volatile organic components from AAEO were identified through GC-MS analysis
(Figure.1).
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Figurel: Gas chromatography and gas chromatography - mass spectrometry AAEO spectre.

Characteristics of the identified components such as their chemical name and percentage among the total
compounds of AAEO are presented in Table 1.

Table 1:Composition of AAEO.

Constituent % Constituent %

Chrysanthenone 28.10  Thujyl neo-3-acetate 0.57
Camphor 26.67  Trans myrtanol 0.56
a-thujone 9.26 a -terpin-7-al 0.46
a-pinene 6.07 a-thujene 0.45
B-thujone 5.60 a-acetateterpinyl 0.42
B-elemene 3.86 Trans piperitol 0.40
Trans-B-terpineol 3.17 D-germacrene-4-ol 0.37
Germacrene 3.15 Myrcene 0.31
Trans-B-dihydroterpineol 1.80 a-terpinene 0.25
a-munrolene 1.41 a-caryophyllene 0.25
Terpin-4-ol 1.39 a-terpineol 0.24
Limonene 1.17 y-terpinene 0.21
Davanone 1.13 Camphene 0.16
B-pinene 1.09 Cis-B-dihydroterpineol  0.15
Neo-iso-acetate isopulegol 0.61 Tricyclene 0.14

It is clear from Table 1 that among the total compounds, Chrysanthenone was the major compound identified in
the essential oil (28.10%). Figure.2 presented the chemical structures of the major abundant compounds
containing in the essential oil.

Bensouda et al., J. Mater. Environ. Sci., 2018, 9 (6), pp. 1851-1865 1854



CHs

H,C i HaC
HyC 2
CHs

(,)/ O
Chrysanthenone:(C;0H40). 28.10% Camphor : (CyH160) 26.67%
CHg . Hso
Hs3C
HsC CHz CH3
o-thujone C;yH;609.26% a-pinene C9H56.07%

Figure 2: Chemical structures of the major compounds of AAEO.

3.2. Gravimetric and SEM study

The gravimetric monitoring by W.,,and 5y, is advantageous because of the simplicity of the method and it does
not do require very expensive equipment. Indeed, the weight loss experiments have been utilized by many
researchers[5,10]. The values of W,,,and nurhave givenby the gravimetric method using Equation 1 at diverse
concentrations of AAEO and after six hours of immersion incorrosive solution(1M HCI) at 303 K are shown in

Figure 3.
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Figure3:Relationship between corrosion rateW,,,and inhibiting efficiencyny,, of electrode exposed for 6 h in 1
M HCI at different concentrations of AAEO and at 303 K.

It is evident from Figure.3 that, W, decreases sharply with the rise in AAEO concentration, whereas the values
of yprameliorating with increasing AAEO and the maximum value reaches 83.14%. These results designate that
AAEO maysuccessfully protectmetal from dissolving in the aggressive media and the essential oil is an
effective corrosion inhibitor for mild steel in 1 M HCI solution. However, the productivity effect of essential oil
may be ascribed to the adsorption of essential oil compounds at the metal surface [21]. Elements as Oxygen
with a free pair of electrons as well as the m-electrons in the major compounds of AAEO (Figure.2) might
support electron contribution to the vacant d-orbital of iron atoms, and so, the adsorption of the essential oil is
favoured [22]. Moreover, the existence of the protonated elements, for example, oxygen can receive the electron
from iron atoms [19]. The adsorption of the essential oilcompounds on the liberated sites or new sites produced
by corrosion kinetics of metal results in the creation of the protective film on the metal surface, which isolates
metal surface from the aggressive solution[23]. Additionally, a covering phenomenon mightlikewise occur
between AAEO molecules and corrosion products, which can obstruct the diffusion processes of the corrosive
substances to the surface of mild steel[24]. However, it is difficult to identify a particular component of AAEO
responsible for the observed inhibition of the inhibitor but the adsorption can do a synergistic effect of all
molecules. The combined effect of all the compounds of AAEO contributes to this effective protection of the
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corrosion of metal surface in aggressive solution(1M HCI)[25].The high-resolution SEM images (50 um) of a
metal surface in 1 M HCI solution with and without2 g L' of AAEO after 24 h of immersion are given in
Figure. 4.

Figure 4:SEM images of the electrode surface: (a) electrode surface non - treated (after being polished only),
(b) electrode surface for 24 h immersion in 1 M HCI and (¢) electrode surface for 24 h immersion in 1 M HCI
+2 gL of AAEO.

The surface morphology given in Figure.4a showed the SEM micrograph for the non-treated specimen of the
metal surface. This result is recorded hither for the comparison with those of corroded specimen. Moreover, we
have observed mechanical damage probably produced by abrading scratcheson the electrode surface. Indeed, as
it has appeared in Figure. 4b, the metal surface is extremely damaged, due to the electrode dissolution in 1 M
HCIl. Therefore, the surface of the metal is greatly porous. However, the morphology of metal
surfaceisconsiderably changed when addition essential oil to the aggressive medium[26]. As shown in Figure. 4
¢ the dissolution rate of metal surface significantly reduced, a relatively smoother and less corroded attack show
up by the presence of a protective film on the electrode surface[27]. Thebest protection is seen in the presence 2
g L of AAEO (Figure. 4c) compared to that observed in Figure. 4b. Sothat, the electrode surface is protected
counter the attack of the aggressive environment by this adsorption film and W, is considerably reduced, in the
presence of AAEO. However, these results could support higher inhibition efficiency of AAEO [28].

3.3. Potentiodynamic polarization study

PP measurements have been utilized in order to obtained more information about the kinetics of the anodic and
cathodic reactions. The influence of essential oil concentration on the anodic and cathodic polarization
behaviour of working electrode in a normal hydrochloric solutioncontaining various amounts of corrosion
inhibitor has been investigated by PP measurements and the registered Tafel plots are given in Figure. 5.As a
matter of fact, the anodic curves represent the iron dissolution reaction whereas the cathodic curves representthe
hydrogen evolution reaction[29].As can be seen from Figure.5, the addition of AAEO reduces thecathodic and
anodic current density in the concentration areafrom 0.5 to 2 g L and consequently hinders the acid attack of
electrode in the aggressive medium[30]. The reduction in 7., and related W, pronounces more and more with
the increasing AAEO concentration [31]. However, E.,, of mild steel nearly remains constant at the
concentration range studied, there is a slight shift towards more positive potentials at higher concentrations with
respect to the corrosion potential detected in the blank.
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FigureS:PP curves of mild steel in the corrosive solution (1M HCI) containing various concentrations of
AAEOQ.

On the one hand, the cathodic Tafel curves offering rise to parallel lines designate that the introduction of
essential oil to the corrosive medium doesn't change the mechanism of the hydrogen evolution reaction and the
reduction of H" ions at the metal sites takes place principallyby a charge transfer mechanism [32]. On the other
hand, the anodic polarization curves don't display a considerable Tafel curve, maybe because of the existence of
the impurities or corrosion products to form a non-passive filmonthe electrode surface. The presence of such
impurities and the deposition of corrosion products don'tresult in a well-defined experimental anodic
Tafelcurves[33]. Therefore,the cathodic polarization curves are favored, versusto the anodic ones for
obtainingi,.,, utilizing the Tafel extrapolation method. It can be remarked from Figure 5 that the forms of the PP
curvesin presence of inhibitor are not considerably different from thisin absence ofinhibitor. The presence of
AAEO decrease W, but doesn't modify other aspects of the behavior. This implies that AAEO doesn'tmodify
the electrochemical reactions responsible for corrosion. Based on the positive shift inE,,, and the decrease of
the cathodic and anodic current density after addition AAEO in aggressivemedium, we canconclude that the
inhibitor compounds can be considered as a mixed type inhibitor with predominance anodic action[33].

Table 2:Electrochemical data evaluated from Tafel and LPR methods for metal in 1 M HC1 with and without
AAEO at 303 K.

AAEO concentration Tafel data LPR data
-1

/ g L Ecorr icorr 'ﬂc 77Tafel Rp Hs&G

mV/sce uA cm 2 mV dec”’ % Q.cm’ %

Blank -479.51 623.73 168.5 - 594 -
0.5 -451.12 182.38 210.5 70.75 226 73.71
1 -448.08 126.47 207.1 79.72 307 80.65
1.5 -436.95 122.17 211.6 80.41 311 80.90
2 -439.67 111.68 206.2 82.09 344 82.73

As seen from Table 2 E.,,was displacedto less positive potential while i, was displacedto the lower current
density region. It has been reported in the literature that inhibitor can be classified as ananodic or cathodic type
when the displacement inFE,,,is superior to 85 mVgscg with reference to the uninhibited solution, otherwise
inhibitor is considered as a mixed type. From Table 2 maximum displacement in E,,, value was around 43
mVsce and the cathodic Tafel slopesf.values show a slight change with the addition of AAEO. The small
variation of ., and the parallel cathodic Tafel linesare shown in Figure. 5 suggest that the hydrogen evolution
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reaction is underactivation control. These results indicate that essential oilact as corrosion inhibitorretardsthe
cathodic and anodicreactionsand blocking the active sites by getting adsorbed on the metal surface[34].That
way, the surface area of mild steel accessible for H' ions are reducedwhile the actual reaction mechanism stays
unaffected[9].For that reason, the addition of essential oil reduces the anodic dissolution and also retards the
cathodic hydrogen evolution reaction, designating that AAEO exhibit anodic and cathodic inhibition effects
[35]. Consequently, AAEO can be classified as mixed type inhibitor with anodic predominance effect[36].
Besides, 777, values increased with increase in AAEO concentration reaches to 82.09% at only 2g L™ and it is
in agreement with 7y givenbygravimetric measurements.

The LPR experiments were used to ignore the effect of the electrode surface changes which canhappen during
PP at higher over-potentials in the potentiodynamicstudy[37].The inhibition efficiency #s¢c % of AAEO on the
electrode in the aggressivemedium (1M HCI) was also studied using LPR technique. It is clear from Table 2,
which R, considerably increases with the rising in AAEO concentration, reaches to 344 Q cm’in presence of 2 g
L'of inhibitor, while it is only 59.4 Q cm? for the blank solution. Besides, the increase in R, values, suggests the
development of adsorption phenomenon of AAEO compounds on the metal surface and blocking the surface
against the corrosive attack more efficiently [38]. Moreover, the agreement between 7s¢c and 7y, .are pretty
good.

3.4. EIS study

For obtained more information concerning the kinetics of mild steel processes and simultaneously the surface
properties of the studied systems, EIS measurements were used. Figure. 6 shows the obtained Nyquist and Bode
diagrams of metalin aggressivesolution (1 M HCI) in the presence and absence of various concentrations of
essential oil.
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Figure6:Complex plane impedance diagrams (Nyquist)of a mild steel in 1 M HCI containing different
concentrations of AAEO.

It is clearlyapparent in Figure.6 that EIS response of metal electrode in corrosive solution was considerably
modified after the addition of AAEO concentrations. Moreover, the EISspectrain presence of inhibitor increase
with an increase inAAEO concentration, which indicates the amelioration in protection effect on metal
corrosion surface. Indeed, theEIS spectra in the Nyquist diagrams illustration one depressed capacitive loop at
high frequency (HF) range and one small inductive loop at low frequency (LF) range. The same behavior is
shown in the literature [30,39]. At this point, the depressedcapacitive loop was associated to charge transfer
resistance in corrosion process and time constant of the electric double film[40]. So that, the depressed form of
the capacitive loop reflects the surface inhomogeneity of interfacial origin. On the other hand, the small
inductiveR,-Lloop can be related to the relaxation of adsorbed species like H' s andCl 4 on mild steel
surface[35]. Indeed, it perhapsassociated to the redissolution of the passivated surface at LF. Furthermore, for
EIS spectra two equivalent circuits models were utilizedto fitting the experimental results (Figure. 7). In this
equivalent circuits modelR,is the solution resistance, CPE is the constant phase element, R;is the polarization

Bensouda et al., J. Mater. Environ. Sci., 2018, 9 (6), pp. 1851-1865 1858



resistance, R,= R;+R, corresponds to the charge transfer resistance. Besides,resistance R, and inductivity
Lmight be associated with a slow LF process. Best fittingof experimental results is obtained utilizing the
equivalent circuits models given in Figure .7[41]. Moreover, CPE utilized to elucidate the depression of the
capacitance semicircle, which corresponds to surface inhomogeneity resulting from electrode surface roughness,
dislocations, impurities formation of a porous film, adsorption of inhibitors[35].

(a) (b)
Rs CPE Rs CPE
>— >
R1 R2
Rl

Figure 7:The equivalent circuits utilized for the fitted EIS spectra.

For characterization of depressed semicircles, a CPE was utilized according to the following Equation 5:
Zepp =Q7"x(jxw)™ (5)
where O is proportionality coefficient of CPE (uF s""), j is an imaginary number with ;° = -1,wis the angular

frequency in rad S Omax= 2 XX fppar, Wherefds the frequency at which the imaginary part of the impedance is
maximal (- VA immax) and nrepresents the deviation from the perfect behavior (O=n<1).

The double layer capacitance(C,;) can be mathematically calculated utilizing the Equation 6 [40]:

n-1
X
c, =X (6)
. JU
Sm|nx—
The relaxation time constant (1) can be calculatedaccording the following Equation 7:
7=C, xR, (7)

The EIS parameters and the quality of fitting x>, are presentedin Table 3.

Examination of data archived in Table 3 indicates that in the whole concentration range, R. increase with
AAEO concentration.This effect is correlated with the simultaneous diminution of Cgz.Moreover, the value of
Qdiffers in a regular manner with AAEO concentration. However, the differences in Q and R.may be associated
to the gradual displacement of H,0 molecules by essential oil compounds on the mild steel surface, that’s swhy
conduct to reduction in the number of active sites essential for the corrosion reaction[42].

Table 3:EIS parameters of electrode in corrosive solution (1 M HCI) containing different concentrations of
AAEOQO at 303 K.

Cinn Rs R, R; R.. Cu T 10°0 n L P a 22 s
gL’ Qem’ Qem’ Qem’ Qem’  pFem? ms uF s Hcem? 9%
Blank 1.42 61.15 - - 113.1 0.0069 2.673 0.827 - -0.622 58.12 0.0017 -
0.5 2.37 201.3 19.06 61.15 46.63 0.0102 0.971 0.840 21.62 -0.692 62.90 0.0058 72.24
1 3.15 246.4 41.5 220.3 34.50 0.0100 0.692 0.844 38.31 -0.693 63.24 0.0031 78.75
1.5 5.16 3144 28.43 287.9 34.17 0.0116 0.690 0.845 57.29 -0.704 61.92 0.0011 82.16
2 2.64 342.4 38.01 342.8 26.49 0.0100 0.514 0.859 86.23 -0.731 67.42 0.0021 83.92

Moreover, the increase of n value after addition AAEO in aggressive solution (0.840-0.859) when compared to
that achieved in the blank (0.827) can be explicated by some reduction of the initial surface
inhomogeneity.However, the value of tobserved in the blankequal to 0.0069 s. After addition of inhibitor in 1M
HCl results in an increase in t value (t =0.0116 s) which remains approximately unchanging. After increasing of
essential oil, T becomes considerably higher which means slow adsorption process. Besides, the obtained
values (0.0017-0.0058) in Table 3 indicates a good fitting to the proposed circuits models.

Bensouda et al., J. Mater. Environ. Sci., 2018, 9 (6), pp. 1851-1865 1859



3.0 r T T T

8 Blank
0o5glL"
---- : v 1gL’
15gL"
4 2gL"
—— Fitting data

o
1

- 20

logZ/Qcm’
2aiba( / a|bue aseyd

0.0 T T T

Figure 8:Bode plots for electrode in aggressive solution (1M HCI) containing variuous concentrations of AAEO
at 303 K.

Figure.8 exemplified the corresponding the Bodeimpedance magnitude andthe phase angle plots.It is clear from
the phase angle plots that the single narrow peaks designate a single t© for the corrosion process at the mild
steel/solution interface in both cases. The increase in the peak altitudescorresponds to an additional capacitive
response to the mild steel/solution interfacebecause of the presence of essential oil compounds at the interface
[10]. On the one hand, the EIS at HF limits (= 10* Hz) associatedto the ohmicresistance of the adsorbedfilm
andR;. Moreover, at HF the phase angle («) decrease quickly to 0°and the Bode impedance magnitude (log |Z|)
values tend to come nearto zero. Its correspond to solution resistance. On the other hand, at amiddlefrequency, a
linearrelation between log |Z| against. log f with a slope of Bode impedance magnitude plots (¢) close to -1 and
o approaching to -62° can be remarked (Table 3). A true capacitive behavior is rarely obtained (o =90° and ¢ =-
1). It is apparent from Figure.8 at amiddle frequency, thatpdiverge from -1 and the maximum of a diverge
from90°. These different resultsare related to the deviation from the true capacitive behavior. Moreover, it can
be associatedwith the rising of the standard rate constant of the protective film dissolution [43,44]. Similarly, the
regular approach of a and ¢ to the true capacitive values after the addition of essential oil may be associatedwith
decreasing the rate of a dissolution of mild steel.

The inhibition efficiency 7z % was determined by Equation 8:

nEIS% — (Rct/inh Rct )X 100 (8)
ct/inh

where R.is the charge-transfer resistance values for 1M HCIl andR..is the charge-transfer resistance values

withdifferent concentration of AAEO. The values of g5 % increase with increasing concentration of essential

oilarriveat 83.92% when essential oil concentration reaches 2 g L.

3.5. Comparison of the overall results

Comparison of the protection efficiencyn %values for the examined concentration of AAEO achieved by four
various techniques, namely gravimetric, PP curves (Tafel and Stern &Geary extrapolation) and EIS techniques
for the metal in aggressive solution (1M HCI) were realized. Figure.9 showsa histogram of all results which can
identify the gaps when comparing the obtainedn% values.
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Figure 9:Comparison of % for 1 M HCI solution with various concentrations of essential oilachieved by four
various techniques at 303 K.

It is obvious from Figure.9 that the protection efficiency 7 %, determined from all methods illustrates a similar
tendency and # % is high at all concentrations study of essential oil. The greatesty % was detected in the case of
2g L"'of AAEO concentration (cca 100%).

3.6. Effect of temperature

It is clear that the temperature can change the interaction between the acid medium and the mild steel surface.
Moreover,the effect of temperatureon the protection efficiency of AAEO was also investigated by gravimetric
experiments in the temperature ranges 303-353 K in aggressive solution (1 M HCI) at 2 hours ofimmersion
timewith and without essential oil.

Table 4: Weight- loss data of the metal corrosion in absence and presence of 2 g L™ of essential oilstudy at
various temperatures after 2 h of immersion period.

Temperature / K Corrosion rateW,,,. / mg h'lem? Ewi%
Blank AAEO
303 1.3567 0.2287 83.14
313 2.3217 0.4435 80.89
323 4.8517 1.1576 76.14
333 9.9035 2.6357 73.38
343 13.8185 4.0764 70.50
353 26.3414 8.4345 67.98

Inspection of results presented in Table 4 reveals that WV,,,rise with rising temperaturein absence and presence
of essential oil. We likewise noted that Ey;% depends on the temperature.The diminutionsof Ey;% with the
increase of temperature from 303 to 353 K, can be interpreted in term of physisorptioncharacter of essential oil
compounds on the mild steel surface. However, it is obvious that the gravimetric is circa 19 and 36 times
greater, at 353 K when compared to 303 K, in the blank and protective media, respectively. Though, it is
necessary to note that the presence of essential oil slows down the average W, at all the investigated
temperatures, by 4 times by comparison to the blank solution. Moreover, Ep;% seems little sensitive to the
effect of temperature.

For the calculating the activation parameters including E,,4S" and AH for the corrosion reaction, the Arrhenius
equation and its alternative Equation named the transition state equation was employed according to the
following Equations 9 and 10:
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W, =Pe'" ©)
AS* - AH*
et e (10)

where E, is the activation corrosion energy, Pis a constant term, Ris the universal gas constant, Tthe absolute
temperature, /is the Plank’s constant, Nis the Avogadro’s number. AH and 4S” the enthalpy and entropy of
activation, respectively.

E,was calculated from the slopes of In W,,,against//T provides straight lines as exposedin Fig.10. Moreover,
Figure.11shows the plots of In (Wcorr/T) against 1/T of inhibitor at different concentrations of essential oil.
Straight lines are acquired with a slope of (-4H/R) and an intercept of In(R/(Nxh))+ AH /R from which the
values of 4H and A4S are determinate, respectively.

m  Blank
e 2gL"of AAEO

Y=21.363-6.393X
R™=0.9925

Y=24.277-7.812X
R*=0.9928

30 33
Temterature, 1000/T (K"

Figure10:Transition state plots of metal in aggressive solution(1 M HCl)in absence and presence 2 g L' of
AAEO.

= Blank
e 2gL"of AAEO
k- Y=14.573-6.066X
= 4 R’=0.9917 i
£
o
=2
£
- Y=17.487-7.485X
T R™=0.9921
8 6 i
g
£
T T T
238 3.0 32

Temterature, 1000/T (K™)

Figurell:modified Arrhenius plotsin(#,,,/T) vs. I/Tin 1 M HCl in absence and presence 2 g L' of AAEO.

The corresponding results of P, E,, AH "and 4S" are summarized in Table 5.
Table 5:Activation parameters P, E, AH , AS" for mild steel in aggressive solution 1 M HCI with and without
2 gL' of AAEO.

Blank AAEO
Constant, P 1897114719 34964531538
/mgem?h!
E,/kJ mol” 53.15 64.95
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AH"/ kJ mol™! 50.43 62.23
48"/ Jmol ' K! -76.37 -52.15

Figure.10 showed that all the linear regressions coefficient (R?) is very close to unity. Popova [45] has
mentioned that the diminution of the protection efficiency with increasing of temperature, which corresponds to
a higher value of E,, when compared to that in the blank, is considered as an indication of physisorption. From
Table 5, we remark that £, changes slightly with AAEO. The higher value of £, and P in essential oil presence
when compared to that in the blank are explained with the processing of specific interaction between AAEO and
the mild steel surface. On the other hand, AH’it is positively reflecting the endothermic reaction of
metalcorrosion process [25] and indicated that the dissolution of metal was slow in the presence of AAEO[46].
Consequently, 45" in with and without of essential oil was larger and negative. However, this result suggests
that a diminution in disorder takes place, move pass from reactant to the activated complex [22].

3.7. Adsorption isotherm

For obtained additional knowledge concerningthe mechanism of adsorption of AAEO on the mild steel, the
experimental data have been investigated with various adsorption isotherms[47]. However, the adsorption of
AAEO compounds at the mild steel/aggressive solution (1M HCl)interfaceinvolves of the substitution of H,O
molecules by essential oil compounds which can be expressed as(Equation 11)[2]:

Com(mz) +xH 20(ads) had Com(ads) +xH 20(soz) (11)

where Comyisthe essential oil compounds containing in the aggressive solution, Com ) is AAEO compounds
adsorbed on the mild steel surface, and x is the numeral of H,0 molecules displaced by AAEO compounds.The
experimental data were fitting to a some of the adsorption isotherms, i.e., Langmuir, El-Awady, Flory-Huggins,
Temkin, Freundlich, and Frumkin. It is noted that the surface coverage (8) values are obtained from
gravimetric,potentiodynamic polarization methods (Tafel, Stern & Geary), and EIS measurements at various
concentrations of essential oil. according to the following Equation 12:

g% (12)
100
Indeed, 4 is associated to the essential oil concentration C,,;, via the Equations [7,48-51]:
. ﬁ = L +C
Langmuir 0 K., inh (13)
0
El-Awady log —e =ylogK , +ylogC,, (14)
0
Flory-Huggins IOg(C_) =log K, + xlog(l - 6) (15)
inh
. 1 1
Temkin f=-——MmhK , -——InC,, (16)
2xa 2xa
Freundlich Inf=InK,, +zInC,, (17)
1-6
Frumkin In th(?) =-InK,, +2d0 (18)

where. xconstitutes a measure of the value of adsorbed H,O molecules replaced by a given AAEO molecules.
1/ygives the number of H,O molecules removed by 1 compound of essential oil. Zis the parameter describing
the nature of mild steel/medium interface, where0<Z< 1. The parametersaanddrepresent the interactions factors
among adsorbed molecules (these interaction parameters may be positive or negative:a or d <0 indicates
repulsion force, a or d >0shows the lateral attraction among adsorbed organic molecules.
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Figurel2: Langmuir isotherm model of essential oil onto the mild steel at 303K obtained from four undertaken
methods.

The experimental results and the fitting data were observed in Figure.12. To select the isotherm that good fit to
experimental results, R* was utilized. The best fitting was calculated with the value of R’reaches to 0.999 and
the fitted line givesa slop very close to one, which suggests that the experimental results canobtainby Langmuir
isotherm[27]. This isotherm postulates that the energy of adsorption is independent of 6 and itis no interaction
among the adsorbed compounds contained in the essential oil. Moreover, Langmuir isotherm accepts that the
mild steel surface contains a fixed number of adsorption sites, and each holds one adsorbed species [17]. It is
essential to note that the investigation of the adsorption isotherm comportment, utilizing eco-friendly inhibitors,
in terms of the standard Gibbs energy (4,G’.) value, is impossible because the compoundstotal of AAEO
isunknown. different researchers[1,9,38,50], in their investigation on acid corrosion with eco-friendly inhibitors,
noted similar limitation.

Conclusion

Chemical and electrochemical examinationusing AAEO as eco-friendly corrosion inhibitor concluded that:

1. The protection efficiency rise with the risingof AAEO concentration reaches to 8§3.92%, but diminutions
with the rise of temperature.

2. SEM examination of the mildsteel surface supported well the presenceof protective adsorbed film.

3. The adsorbed film blocks the reduction of hydrogen ions and protects the mild steel against corrosion in
IM HCL

4. Tafel polarization revealed that AAEO acts as a mixed type inhibitor.

5. Nyquist curves for AAEO concentrations contained a capacitive loop at HF follow up by a small
inductive loop at LF and the bestequivalent circuit was used for fitting the experimental data.

6. The protection efficiency obtained from different measurements such as gravimetric, Tafel, LPR and
EIS are in good agreement and in similar trends.

7. The constant term and the apparent activation energy value considerably increased after addition of the
essential oil, suggesting that AAEO undergoes physisorptionmechanism on the metal surface.
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