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Abstract

Thymus Sahraouiaessential oil (TSEO), as a new corrosion eco-fiigmhibitor, has
been used to protect mild steel in 1 M HCIl. Weidbds, three potentiodynamic
polarization methods (Tafel, Stern and Stern-Geaagyl electrochemical impedance
spectroscopy measurements were undertaken to &valoiosion inhibition by TSEO.
TSEO acted as an efficient corrosion inhibitor foild steel in 1 M HCI, and its
inhibition efficiency increased with a concentratiof 77.82 % at 2 g L The
polarization curves revealed that TSEO acted as igedntype inhibitor, with
predominant anodic action. The EIS studies wetedito a suitable equivalent circuit
model, at 293 K, only reflecting a one-time constamracteristic of a charge transfer
process. Besides, the higher is the temperaturéotirest is the inhibiting efficiency.
The kinetic parameters were in favour of an eletiic character of TSEO components
adsorption onto the mild steel surface, and adsorgollowed the Langmuir isotherm
model. Micrographic scanning electron microscopyd amnergy dispersive X-ray
spectroscopy analyses confirmed the formation pfatective adsorbed film upon the
mild steel surface.

Keywords acid corrosion; mild steel; green inhibitor; pdtation curves; EIS;
SEM/EDX.
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Introduction

Corrosion is a set of electrochemical and/or chamreactions between a
material, usually a metal, and the environmentciigroduces a deterioration of
its characteristics. The three main reasons for ithgortance of corrosion
investigations are economy, conservation, and wdfdt In diverse forms of
corrosion, there is practically no visible weightaoge or degradation, but
properties change, and the metal may fail withoatning, because of certain
changes within it. Such changes may defy normalatiexamination or weight
change determinations [2].

Nowadays, acid solutions are commonly used in imglushe most important
fields of application being industrial acid cleagiracid pickling, acid descaling,
oil-well acid in oil recovery, and the petrochentigaocess. Because of the
specific corrosiveness of acid solutions, corrosmmnbitors are commonly used
to reduce the corrosive attack on metallic matefiay.

A corrosion inhibitor is a chemical element or comaltion of elements that,
when added, at small concentrations, to an aggeessivironment, effectively
reduce the corrosion rate of the metal exposet tdineral compounds such as
chromates, phosphates and molybdates act as anbitiitors [4].

Organic compounds containing heteroatoms such ygeox phosphor, nitrogen,
sulfur and multiple bonds in their molecules fornpratective film through the
adsorption of their potential sites onto the mestafface [5 and 6]. The use of
organic and mineral corrosion inhibitors has bessiricted, due to their toxicity
to both human beings and the environment. In fwjr synthesis is often
expensive and insufficiently efficient at low dosag[7], which limits their
application.

Currently, research in corrosion is focused on “E@ndly corrosion inhibitors”
that show a low risk of environmental pollution thvgood inhibition efficiency
[8]. The term “eco-friendly inhibitor” or “greennhibitor” refers to substances
that are biocompatible, such as essential oilgesihey are of biological origin
[9]. Eco-friendly inhibitors can be used in therfoof pure compounds [10-11],
essential oils [5, 12-13], or plant extracts [14-16

Plant extracts can be used in chemical cleaningpakding processes, and all of
them have been found to generally exhibit goodhuiion efficiencies. The yield
of eco-friendly inhibitors and their corrosion ibkion capacity widely vary,
depending on the used plant parts, harvest timenatt conditions and
geographic location [17].

In the last decade, wide research has been masienom essential oils dhymus
derivatives as potential corrosion inhibitors foffetent metals in various acid
solutions [18-24]. For instance, the protectionmiid steel, tinplate and copper
in HCI, Ho.SQs and HNQ solutions byThymusderivatives essential oils, based
on gravimetric and electrochemical techniques, basn reported by some
researchers [18, 20, 22, 24].

Results indicate that the inhibition efficiency ieased with the higher essential
oil concentrations, and decreased with the risetemperature. Similarly,
Elbouchtaoui et al. [21] have investigated the aftg Thymus pallidugssential
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oil on carbon steel in HCI. The obtained resultgeeded that the essential oil
reduced the corrosion rate.

El Hajjaji et al. [19] showed thathyme vulgariessential oil is a good corrosion
inhibitor for mild steel in 1 M HCI. According tdlaesults, Thymederivatives
essential oils acted as mixed type inhibitors @nrtietal surface.

The aim of the present work is to study the effettThymus Sahraouian
essential oil(hereafter denoted TSEO), as a corrosion inhifgomild steel in
molar hydrochloric acid.Thymus S.plant is cultivated in the southeast of
Morocco, for application in the pharmaceutical isoly, and for medicinal
purposes.

TSEO was obtained by hydro distillation techniqueng a Clevenger type
apparatus, and analysed by gas chromatography asma@hgomatography-mass
spectrometry techniques. Examination of mild ste@rosion parameters in a
molar hydrochloric solution was achieved by meank gravimetric,
potentiodynamic polarization and electrochemicgleatance spectroscopy (EIS)
methods.

The mild steel surface morphology was recorded lman8ing Electron
Microscope (SEM), associated to Energy Dispersiv@y)Xspectroscopy (EDX).
The mechanism of mild steel corrosion inhibitionhisrein deeply discussed,
based both on the confrontation of the adsorptgmtherm with temperature
dependence.

Experimental procedure

Plant material and its extraction

Specimens ofThymus Splant came from the city of Tighremt N'Imgounen
(located in the southern of Morocco in the DraaH@kdt region). They were
collected in the late spring, during the plant fesimg period, and only the aerial
parts (flowers, leaves, stems) were gathered. TSEOS obtained by hydro
distillation realized by boiling the aerial part ®hymus Splant for 3 h. The
mean yield of this inhibitor was 1.49 mL/100 g oy dubstance.

TSEO was dehydrated over 1$£. The obtained essential oil was analysed by
Gas Chromatography - Mass Spectrometry (type QP&itadzofi) and by
Trace gas chromatography / Polaris Q (Gas Chromapby - Mass
Spectrometry, Thermo-Electrt®n The column of gas chromatography used
helium as mobile phase, and it had 95 % dimethiggiloxan and 5 % phenyl,
with a length of 30 m, a layer thickness of 0\2B, and an interior diameter of
0.24um.

Coupons preparation

The chemical composition of mild steel specimens. &) used for all the

experiments was as follows: P = 0.013, Mn = 0.4 8.1, S = 0.02, C = 0.16
and Fe balance. The used mild steel specimens hactangular form (length

= 3 cm, width = 1 cm, thickness = 0.05 cm). Thizesivas used for weight-loss
measurements and SEM analyses, whereas specimégnthwisize of length =

6 cm, width = 1 cm and thickness = 0.05 cm, withyoh cn? of exposed
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surface, were used as working electrodes for poyramic polarization and
EIS measurements.

The metal specimens were pre-treated previouslyth® experiments by
mechanically polishing with SCI emery-papers, sssoeely from 180 to 2000
grades. The samples were completely washed withistiled water, defatted
by absolute ethanol, and dehydrated with acetomeaah temperature, before
being immersed into the corrosive media, so thaly tivere all in similar

conditions.

Test solutions

The aggressive solution (1 M HCI) was prepared bytidn of analytical
reagent grade, 37% HCI, with bi-distilled water.| Mte test solutions were
freshly prepared before every experiment, by diyeatiding TSEO into the
aggressive solution. The concentration of the d&deril used ranged from 0.5
to 2 g L, and the solution volume was 50 mL in every experit.

Gravimetric and electrochemical measurements

The gravimetric measurements were realized in aladoglass cell equipped
with a thermostat cooling condenser. Hence, theigretric results expressed
in (mg cm? h'l) were given after 6 h immersion time at room terapgre (293
+ 1 K), by weighting the cleaned specimens befar@ after immersion in the
corrosive solution, using a digital balance witld@. g of sensitivity. The
exposed area of used samples was 6.4 Three experiments were performed
in each case, and the mean value was reported.

The electrochemical workstation was VoltaLab Radite® PGZ100
potentiostat controlled by a Portable Computer, sufgported by Voltamaster 4
software. The electrochemical measurements wereompeed using a
conventional three-electrode cell with a thermdsthtdouble wall. The mild
steel specimen was used as working electrode;uaatatl calomel electrode as
reference electrode; and a platinum electrode asliay electrode. The
working electrode was the one used for weight-lmessurements, embedded
in polytetrafluoroethylene (PTFE), to avoid anyattelyte infiltration.

The polarization curves acquired from potentiodyitanpolarization
experiments were recorded in the potential range 900 to -100 mV (SCE),
with 1 mV s! scan rate. The potentiodynamic Tafel measuremamsse
scanned starting from cathodic to the anodic dopfadm -200 m\4ce to +200
mVsce The linear Tafel segments of the cathodic cualEsved providing the
cathodic Tafel slopes¢), and their extrapolation toc.d= gave the corrosion
current density €br).

The polarization resistance {)Rof mild steel in the test solutions was calcudate
by performing linear polarization experiments ire thotential range of £ 10
mVscg, apart from ko, with a scan rate of 1 mV/s. The slope of the inleic
current versus potential curves yielded the poddran resistance value.

The impedance experiments were realized using resfeea function analyser
(Voltalab PGZ 100), in the frequency range domaamf 100 kHz to 100 mHz,
with a small perturbation amplitude of 10 mV peakpeak, at the open circuit
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potential. The working electrode was immersed for 1Bin in the acidic
solution, before starting the EIS measurements.

The steady-state current voltage characteristioe werformed by using Ec-
Lab software, where all EIS data were fitted andlgsed with the Ec-Lab
simulation, as well as ZVieéWw2.80, with respect to an appropriate equivalent
circuit.

Morphological investigation

In order to examine the changes in surface morgholaf the corroded and
inhibited samples, SEM model FEI Quaht2z00, equipped with EDAX probe
microanalysis of surfaces, was used. The micrograplere taken after
immersion of the samples for 24 h in the corros@kition, without and with 2 g
L™t of TSEO.

Results and discussion

Characterization and chemical composition of TSEO

Fig. 1 shows the spectre of gas chromatographygasdchromatography-mass
spectroscopy of the essential oil dissolved in hexa

703
3 15.95 2775
60 13.52

3012

Relative Abundance
i

3 484 o953 4D.57 4540 4987 5586
07 LR R R R R ]
0 5 10 15 20 25 30 35 40 45 50 55 60

Time (min)

Figure 1. Spectrum of gas chromatography and gas chromatograp mass
spectrometry of TSEO

Table 1 summarizes the obtained component percesitaf TSEO. The total
detected for this essential oil was of 99.98 %.

Table 1.Chemical composition of TSEO.

Constituent % Constituent %
Durenol 37.6  3-Carene 1.9

2-[4-(Benzylsulfonyl)-3- . 1.6

mt[a(t{hyl[cyt(:lohegyl]prop;ll}?sulfonyl)methyl]benzene 9.72 Epizonarene 3

3-Carene 9.3 1,2,3,4Tetramethylfulvene 1.5
Isodurene 8.99 Bicyclosesquiphellandrene 1.4
Cyclohexanone, 2-(2-nitro-2-propenyl) 7.52 Isoarderedrene epoxide 1.3
Phosphoric acid, tribornyl ester 6.3 a-Cubebene 0.9
Dysokusone D 4.03 o-Farnesene 09
a-Muurolene 3.83 Terpinolene . 0.4
p-tertio-Butylcatechol 2.24
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The chemical structures of the major abundant camgs are presented in
Fig. 2.

OH o=£=o: HsC CHg
H4C CH, ’ ? \E>LCH3

- . 0
HsC CHj 3-Carene:GoH169.3 %

DurenoI:CloH14O 37.6%0
[({2-[4-(Benzylsulfonyl)-3-
methylcyclohexyl]propyl}sulfonyl)
methyllbenzeneC,4H3.04S,

9.72 %
CH o
3 §N+/OH e - o
HiC HiC
CHgz ——CH, 3
CH, N °
0o %\O/P\O e
H 3 C C H 3 HsC CHy

Isodurene:GoH14 8.99% Phosphoric acid, tribornyl ester

Cyclohexanone,2-(2-nitro-2- - CacHe1O4P 6.3%
propenyl): GH1sNOs 7.52% It

Figure 2. Chemical structures of the major molecules in TSEO

Gravimetric study

The effect of TSEO, at different concentrations,tbe corrosion inhibition of
mild steel in 1 M HCI solution, was calculated bsing the gravimetric method
at 293 K, after an immersion period of 6 h. Therasion rate (Wor) and the

inhibition efficiency wL%) are calculated by Equation (1) [25]:

% :(1—%) <100 (1)

0

where W, and W, are the values of corrosion weight-loss in inkitbitand

uninhibited solutions, respectively.

The evolution of both \& andnw.% versus TSEO concentration is shown in
Fig. 3.

It can be concluded that the corrosion rate deeckawhile the inhibiting
efficiency increased with the rise of TSEO concamtn in the aggressive
solution. The maximunmw.% of 78.31% was achieved at 2 g bf TSEO, and
any additional increase in TSEO concentration did modify the inhibitor
performance. These results imply that this esdenilais a good corrosion
inhibitor for mild steel in a 1 M HCI solution, artat the corrosion inhibition
can be imputed to the adsorption of some TSEO coems onto the mild
steel/hydrochloric acid solution interface [16].
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Indeed, the adsorption of TSEO components, invgivihe displacement of
water molecules from the mild steel surface, catupbecause of the eventual
formation of links between the vacant d-orbitaliroih atoms, and the free lone
pair electrons present on O, S, N and P atomsgakath the n-orbital’s of the
major TSEO components (cf. Fig. 2). Similar reswitse reported by Rani and
Basu [26], and Hussin et al. [27]. Nevertheless, itthibiting character of this
essential oil can also be ascribed to a synergatiotherwise, effect of its various
active components, despite minor compounds (TapleBaumhara et al. [5]
revealed that the inhibitive nature Aftemisia Mesatlanticanay be attributed to
the synergistic intermolecular effect of the diffet active constituents present in
the essential oll.
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Figure 3. Corrosion rate and inhibiting efficiency of miltesl exposed for 6 h in 1 M
HCI, at different concentrations of TSEO at 293 K

Electrochemical measurements

Potentiodynamic polarization study

Potentiodynamic polarization measurements have lbaemed out, in order to
gain information about the kinetics of the catho@dind anodic reactions.
Potentiodynamic polarization curves of mild steelliM HCI, without and with

different concentrations of TSEO at 293 K, are giweFig. 4.
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Figure 4. Polarization curves of mild steel in 1 M HCI, afferent concentrations of
TSEO at 293 K.
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This figure shows that both cathodic and anodicenuirdensities in the presence
of the TSEO inhibitor have been significantly dexsed with respect to those of
the 1 M HCI solution. In addition, the shift in tle®rrosion potential achieved
more positive potentials when TSEO was added, wtachesponds to a manifest
anodic inhibition. The cathodic current-potentiahald steel, in the absence and
presence of different TSEO concentrations, gave tes parallel Tafel lines,
which means that the hydrogen evolution reactiors &etivation controlled.
Thus, the reduction of H at the mild steel interface, essentially tookcpla
through a charge transfer mechanism [28-29]. Furibee, in the anodic region,
TSEO inhibition mode depended on the applied p@knbhdeed, TSEO acted as
a corrosion inhibitor only at low anodic over-pdiafs below B =~ 0.362 \&ck,
whereas current densities sharply increased impthsence of TSEO at higher
potentials than &[30-31]. Thus, the mechanism of the metallic disson
reaction was changed. This behavior may be thdtmafsa significant dissolution
of iron, leading to the removal and/or deformatadrthe TSEO film at the mild
steel surface; this potential is generally defiasdhe desorption potential. It is
then concluded that TSEO molecules adsorption dméo mild steel surface
creates a film that protects it at low anodic opetentials. This film loses its
protection when the potential is augmented to higlodic regions. Similar
results have been reported in the literature [30-33

The corrosion inhibiting efficiency values obtainffdm the Tafel method are
calculated, as according Emuation (2):

D 0 = (1_ |c(.)rr/inh J x100 (2)

ICOI’I’

where torfinh @and torr represent the corrosion current density valued) aitd
without TSEO, respectively.

Table 2. Electrochemical data evaluated from the cathodiareotvoltage
characteristics for the mild steel/1 M HCI systewithout and with TSEO at 293 K.

Concentration Tafel data Stern-Geary data
Cinh Ecorr I corr —PBc MNrafel Rp Ns&G
glL? mV/sce MA cm? mV dec! o Qcn? %

Blank -581.2 307.5 93.7 - 60.38

0.5 -576.7 153.4 100.8 50.11 143.59 57.94
1 -555.6 138.15 119.9 55.07 184.08 67.19
15 -563.1 94.77 109.6 69.15 241.47 74.99
2 -556.2 68.20 97.5 77.82 262.18 76.97

From Table 2, it is clear that TSEO addition nailtly decreased.r, and that
Ntafe® considerably increased from 50.11 to 77.82 %s W®uggests that the
corrosion rate was reduced, due to the formatioa bérrier film onto the mild
steel surface, by adsorption of TSEO moleculethémpresence of TSEO¢dz is
anodically shifted in the range of 5-23 mV, complate the blank solution, but
all values were lower than 85 mV. This displacemgrdatness is not clear
enough to determine the type of inhibitor: cathaai@nodic, as given elsewhere
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[16, 34]. Hence, the obtained results imply thaEDSacted as a mixed-type
inhibitor with anodic predominance, as reportedther researchers [35].

In addition, B values show a slight change with increasing TSEO
concentrations, indicating that the mechanism afrbgen evolution discharge
was not affected by the inhibitor; thereby, thectimam mechanism remained
unchanged, as explained by Solmaz et al. [36]. ddsorbed protective film of
TSEO onto the mild steel surface blocked the reacsites of the mild steel. In
this way, the actual surface area, accessible fooh$, was decreased.

The polarization resistance valuesp)Rnd the related percentage corrosion
inhibition efficiency value{ssc%) of mild steel in 1 M HCI, in the absence and
presence of various TSEO concentrations (whicldatermined from the Linear
Polarization Resistance — LPR — method, also naBteth-Geary (S-G) [37]),
are listed in Table 2. Howeverp B determined from the current-potential curves
slope in the vicinity of Err 10 mV, according to Equation (3):

g, [t
di

p

3)

i-0

wheredi is the difference in the current density aitelis the difference in the
applied potential. The inhibition efficiencydec%) is calculated from Rusing
the following equation:

n %:[1— R, Jxloo 4)
S&G

p/inh

whereR, andRyinn are the polarization resistance values withoutwaititl TSEO,
respectively.

It can be seen from Table 2 thatec% increased with a higher TSEO
concentration, and achieved a maximum value of726.at 2 gL=.

The Stern method, derived from potentiodynamic na#don curves, has also been
used as a third method to investigate in detailctreosion kinetic parameters [38].
To do that, the data fitting for the experimentgults was made according to
Equation (5):

2303 2303
x(E=Ecorr) x(E=Econr)

i=i, +i, =i, x| exp” —exp * (5)

¢~ ‘corr

wherep. is the Tafel slope of cathodic reaction #hads the Tafel slope of anodic
reaction.

Hence, for this approach, the potentiodynamic jmdéion studies were carried
out over a potential window from -100 to +100 sa¥ with respect to & [39].
The potentiodynamic polarization plots (experimérgad fitting) using the
Stern method are illustrated in Fig. 5. A very gammhcordance between the
experimental and fitting polarization values is etv&d.
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Figure 5. Comparison of experimental (scatter) and fittilige) data using a nonlinear

fitting by Stern equation for a mild steel elecwadlith various TSEO concentrations at
293 K.

The Stern parameterscort, Ecor, Bc and Pa, were calculated from the
experimental data using the graphical data analgsétsvare (Origin pro and
Origin-Lab). The fitting quality, according to Edian (5), is judged by two
parameters: the coefficient of determinatiorf)(Rnd chi-square valueg?j, in
which R reflects how close the experimental data are, wtmmpared to the
fitted regression curve, and, given by Equation (6), represents a measurement
of expectations compared to the experimental dat@ording to the Stern
equation:

1 N
XZ = N\/Z(Anesi - Atal,i)z (6)
i=1
whereAnmes,i are the measured experimental d&ta, designates the calculated

model data andll corresponds to the freedom degrees.

Table 3. Stern data obtained from the polarization curvesnddl steel in a 1 M HCI
solution at different TSEO concentrations.

Cinh Ecorr icorr - Bc ﬁa RZ 2 Tstern
gLt mV/sce UA cm? mV dec? mV dec? X %
Blank  -577.9+0.6 304.77+£11.67 96.53+5.80 86.665 0.968 0.0374 -

0.5 -572.4+0.5 164.19+ 5.94 113.6x 499 107.685.2 0.973 0.0040 46.12
1 -553.3+0.6 96.88+ 3.33 102.7+ 5.33 79.5%4.8 0.976 0.0032 68.21
15 -561.1+0.6 73.43+ 2.58 99.7+ 5.32 83.14 0.974 0.0018 75.90
2 -554.2+0.5 67.23+ 2.03 101.9+ 5.13 75.3%3.8 0.985 0.0013 77.94

The percentage inhibiting efficiency derived frohe tStern methodn§er0) is
calculated by using corrosion current densities;oeding to Equation (7),
identical to Equation 3:

nstem% - (1_ |c(.)rr/inh J x100 (7)

corr

Referring to Fig. 5 and Table 3, it is revealed: ttme TSEO inhibitor addition
reduced both cathodic hydrogen evolution and anadietal dissolution
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reactions. The obtained inhibiting efficiency reagla maximum of 77.94 % at 2
g Lt of TSEO. It is obvious thatsern followed the same trend as those of
Ntafe% andnssc%. The deviation was registered in the potentigiam® from
which the electrochemical parameters were extrégblaFurthermore, the
obtained chi square-values from 0.0374 to 0.001@, supported by the °R
values greater than 0.968, indicate that the exygerial data were well described
by the Stern method. In addition, the differentcelechemical parameters
extracted from the Stern method are in good acooelavith those obtained
from Tafel, and Stern-Geary methods.
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Figure 6. (a) Nyquist (Z’, -Z”) and(b) Bode (log f, log |Z]) and (log f, phase) diagrams
of mild steel in 1 M HCI at different TSEO conceatitons at 293 K.

EIS measurements

To confirm the potentiodynamic polarization resuld to investigate the
corrosion process, in terms of resistive as welt@sacitive behaviour at the
mild steel/solution interface, EIS technique wa®disFigs. 6a-b show the
impedance diagrams of mild steel in the Nyquist Bode representations at the
open circuit potential, after an exposure period3@fmin, for 1 M HCI, in the
absence and presence of different TSEO concemisatio

The Nyquist diagrams consist of a depressed sesteciwith a single
capacitive loop, of which centre is under the rasis. The deviation from a
perfect semicircle is usually referred to the fieary dispersion, as well as to the in-
homogeneity impurities, grain boundaries and massport resistance of the mild
steel [40-42]. Furthermore, only one-time constgpyears in log(f) -log |Z| plot
(Fig. 6b), showing that the corrosion process waserplly charge transfer
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controlled. The diameter of Nyquist diagrams inseshafter adding TSEO into a
1 M HCI solution, which clearly shows an enhanceimen the corrosion
resistance of mild steel, and indicates the adsorpf the inhibitor molecules onto
the mild steel surface. The difference in real idgree at higher and lower
frequencies is commonly considered as the chaagefar resistance {Rwhile the
electrolyte resistance {Ris obtained from the abscissa axis intercept haf t
semicircle at high frequencies.

All the impedance spectra were analysed in ternthefimple modified Randles
circuit (Fig. 7), which is a parallel combinatiohR and the constant phase element
of the double layer (CPE), both in series wit{43].

CPE
M
4 —
. S
R,

Figure 7. Equivalent circuit for the fitted impedance spectra

A CPE was used, instead of a pure capacitor, topeasate for the non-ideal
interface capacitive response, and to get a ma@ate fit of the experimental data
set [44]. CPE was calculated as follows:

Zepe = Ql(jxw)™ (8)

whereQ is the proportional factor (UFPY, n is the CPE exponent associated to
the phase shift, which can be used as a measuwsarfaice irregularityj is an
imaginary number, and is the angular frequency in rad.s

The double layer capacitance or the pseudo capaeitéGi) values and the
relaxation time constant)( of the charge transfer process were obtainedgusin
Equations (9) and (10), respectively.

Cy = ( X Rxl_n)% 9
r=RxC, (10)

The middle frequency region of log(f) -log |Z| glqFig. 6b) should report slopes
(9) that reflect the gap compared to an ideal capadihe chi-square(¢) was used
in the EIS method to measure the quality of fittiogthe proposed equivalent
circuit, in order to evaluate the precision of fiteed data. It was calculated as
follows [45]:

35C



Z. Bensouda et al. / Port. Electrochim. Acta 361@&339-364

n i) — 2
X-Z — z |Pmea(|) F)modezl( fi ! para)| (ll)
=1

Di
whereD;j is the standard deviatioRmedi) is the measured impedance at the
frequency,Pmode(fr para) depends on the chosen model, gada is the model
parameter Rt RsandQ).
The low values of? in Table 4 indicate that the fitted data were dodjagreement
with the experimental results. Thereafter, the bittrig efficiency ¢eis%) was
evaluated using the following equation:

quS%:(l— R jX1OO (12)

/inh

whereR: andRyinh Stand for the charge-transfer resistance of tie steel in TSEO
absence and presence, respectively.

Table 4. EIS data of mild steel in 1 M HCI containing diféet TSEO concentrations
at 293 K.

Cinh Rs Rt Cal T Q n 0 X2 nEis
gL? Q cn? Q cn? UF cm2 ms uF ™t %
Blank 1.667+0.229 55.99+0.45152.60 8.54 357.00£36.42 0.8215 -0.62.093(
0.5 1.703+0.223 130.40+0.46 75.86 9.89 163.00+ 7.14 0.83430.67 0.997: 57.06

1 1.951+0.220 168.40+0.45 69.80 11.75 141.60+ 4.67 0.8408 -0.70.521! 66.75
15 2.153+0.215 217.40+0.44 60.66 13.18 109.80+ 2.81 0.8629 -0.7@.707( 74.24
2 2.239+0.213 240.70+0.44 57.08 13.74 98.69+ 2.29 0.8723 -0.76.211« 76.73

Table 4 presents the different electrochemical aapee parameters acquired from
the experimental data fitting; the evaluation oé ttmargins of error for certain
parameters is also indicated. Indeed, by increaBBtfO concentration&: values
tend to increase and reach a maximum value of ZA&iA? at 2 g L* of TSEO.
The increase ik values demonstrates the protection effect of thibditor, due to
the gradual replacement of water molecules and lignthe adsorption of TSEO
components onto the mild steel surface, hence asog the degree of mild steel
dissolution [46-47]. The value of the proportiofattor Q) of CPE conversely
varies with TSEO concentration. Moreoveg @alues decrease with the increase
in TSEO concentration. This result is a consequeh@ increase in the surface
coverage by the essential oil compounds, whichioosfthe increase imeis%.

On the other hand, in TSEO absence, the calculatkr of the relaxation time
constant €) is found to be 8.54 ms. In its turn, TSEO additio a 1 M HCI
solution caused an increaserimalue at 1.5 g £(7 =13.18 ms), which remained
approximately unchanged, suggesting that charge dascharge rates to the
metal/solution interface, considered as an eledtgapacitor, were significantly
decreased.

The adsorption of TSEO molecules onto the surfaeeredses its electrical
capacity, because they displace the ions and thierwaolecules initially
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adsorbed onto the mild steel surface [48]. Howetlds, decrease in electrical
capacity may be attributed to the formation of at@ctive film on the mild steel
surface. Hence, the thickness of the formed fin i6 related to @ according to
Helmholtz model given by Equation (13) [49]:

5= £X&

xS (13)

di

whereS is the surface areg, is the protective film thicknessy is the medium

relative dielectric constant, ands the vacuum permittivitye§= 8.85 104 F cm?).
However, when the inhibitor concentration increasksdecreases and, thus, the
thickness ) of the protective film increases, which meang thereasingly more
TSEO compounds can be adsorbed onto the mildssidatce [50].

The n parameter can be utilized as a gauge obtighness or heterogeneity of the
mild steel surface; it has a value ranged betweg&nThis result indicates a more
homogenous surface. In Table 4, the value of agbhst ranges from 0.8215 to
0.8723, and does not significantly vary, which ®sjg that the charge transfer
controlled the dissolution mechanism of mild sieedn aggressive solution, with
and without TSEO [51]. On the other hand, Bode iiats show that the slope
(¢) (Fig. 6b), ranges from -0.62 to -0.76, whichetated to the imperfect structure
of the metal/solution interface [52].

Comparison of the performance of some Thymus detives

The use of essential oils as corrosion inhibitoas been widely reported by
several authors [5, 12-13]. Table 5 reports thegr@age inhibition efficiency for
some selected essential oilsTdfymusderivatives, used as corrosion inhibitors
for various materials in acidic media [18-23]. TWadues of corrosion inhibition
efficiency, given in Table 5, derived from EIS ma@snents.

The comparison of the inhibitory efficiencies ®hymusderivatives [18-19]
revealed that the major organic compounds of esdenils have the same
skeleton, and only differ by the -OH substituerggance. Thus, the difference in
the observed protective properties is predominaddtiybuted to the electronic
effect of the substituent type. Indeed, the infohitefficiency was increasingly
pronounced in the presence of a hydroxide funcltiggraup in pCymene
molecule [19]. In addition, the presence of elattdensity in the phenyl ring
with the hydroxide group led to an easier electmamsfer from the functional
groups to the metal surface, which provides greatksorption, as reported by
some researchers [53-54]. The obtained resultsakatat, with an increasing
donor property of the substituent, the inhibitioificeency of the inhibitor is
increased.

On the other hand, inspection of Borneol chemitaicture [20-21] reveals that
the compound is easily hydrolysable, and that n ealsorb onto the metal
surface via the lone pair of electrons presentxygen atoms, making a barrier
for charge and mass transfer, which leads to aedserin the interaction of the
metal with aggressive solutions. The formation ddiyer essentially blocked™H
discharge and metal dissolution, so that the ptioteefficiency increased, even
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at low inhibitor concentrations (1 g [26,55]. However, the observed effect
may not be due to the major constituents alonesvas the minor constituents
may act to potentiate the inhibitive effects.

Table 5 Percentage of corrosion inhibition for some esakmils obtained from
Thymugderivatives in acidic media on different matrices.

Essential Test Optimum Inhibition  Geographic Major

. Material . . . X " Structure Reference
oil solution concentration efficiency location composition
Thymus Mild 1M 5mLL? 65.5% North-East p- Cymene R [18]
capitatus  steel HCI of Morocco H C@ °
3
CHj3

Thyme Mild 1M 2glL? 93% South of Thymol o [19]
; CH
vulgaris steel HCI Morocco 3
H3C—< >/—<
CHj
Thymus Mild 1M 1glL? 91% Eastern of Borneol HaC [20]
algeriensis  steel HCI Morocco E

Thymus Mild 1M 2glL? 76.73% South of Durenol HaC OH
sahraouian steel HCI Morocco
HyC CHg
CHj3

Thymus  Carbon 1M lglL? 88.75% South of Borneol HaC [21]

pallidus steel HCI Morocco E

Thymus Tinplate 0.5M 6glL? 87% South of Borneol HaO S [22]
satureioides HCI Morocco E

Thymus  Carbon 0.5M 2glL? 95.97% South of Borneol HaC [23]
satureioides steel H2SOy Morocco E

From Table 5, it is clear that the major compouh@loymusderivatives essential
oils [18-20] is variable according to the harvestaaand the development stage
[26]. Thus, it is logical to assume that the adg8orp mechanism is mainly
responsible for the good protective propertiesssieatial oils for various metals
in different acidic media [18-23]. It can be easdgncluded that corrosion
inhibition occurs by a synergistic effect of thdfelient active molecules present
in each essential oil.

By comparing these results, we can see that TSEO #&fective inhibitor in 1 M
HCIl. The best value of inhibition efficiency was taimed even at lower
concentrations (76.73% at 2 ¢)L

Comparison of the overall results issued from diéat methods

Fig. 8 shows the histogram of the comparative stidye inhibition efficiency
(m%) data for all investigated concentrations of TSERQrazted from the
different undertaken weight loss, potentiodynamatapzation (Tafel, Stern-
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Geary, and Stern) and EIS methods. It is noted ftben histogram tha%
increased with higher concentrations of esseniiahdhe same manner from all
the five methods. A good correlation was observetvben the weight loss
measurements and potentiodynamic polarization, galsith electrochemical
impedance spectroscopy studies. The h#stvas achieved at 2 gilof TSEO.

Inhibiting Efﬁciency, n%

Figure 8. Comparison of the inhibition efficiéncm%) values obtained by weight loss,
Tafel, Stern, Stern-Geary and EIS methods.

Effect of temperature
In order to have more information about TSEO penfamce and the nature of

adsorption and activation processes, the effetémperature was studied using
gravimetric experiments in uninhibited and inhiditenedia, after 2 h of
immersion in the temperature range of 293-333 K.

Fig. 9 shows that the corrosion ratec(W increases with a rise in temperature,
and it is more pronounced for the blank solutidnislobvious that the weight-
loss was approximately 13 and 17 times superioB3a&t K, when compared to
293 K, in the absence and presence of 2@ TSEO, respectively. Besides, the
inhibition efficiency fiwL%) decreased with a rise in temperature from 293 to
333 K, indicating the increased rate of the digsmiuprocess and the partial
desorption of TSEO from the mild steel surfaceregorted elsewhere [56]. This
fact clearly means a decrease in the strengtheohtisorption process at higher
temperatures. Meanwhile, we can propose a physisarmode of TSEO onto

the mild steel surface.
The dependence of 3 on temperature can be expressed by the Arrhenius

Equation (14). An alternative formulation of Arrhes is called transition state,
given by Equation (15).

E
InW,,,, =InF —=2 (14)
RXT
in Weor = [ _R_ ], AS%)|_ AH (15)
T Nxh/ R | RT

In Equation (14)Ea is the apparent effective activation enerByis the general
gas constant is the absolute temperature, dh the frequency factor.
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In Equation (15)N is the Avogadro’s numbeh, is the Planck’s constamS' is
the entropy of activation antH" is the enthalpy of activation.

—e— Corrosion rate for Blank .

—u— Corrosion rate at 2 g L™* of TSEO
274 Inhibiting efficiency n,,, %
o
5 18 /
o n
/
l/
I/

) /

T T T T
290 300 310 320 330 340

©
=]

/' mgcm Zht

~
a

.
3
%"l “Aouaioyy3 Bumaiyu

Corrosion rate , W

Temperature T/ K

Figure 9. Evolution of the corrosion rate and inhibitionie#ncy for mild steel in 1 M
HCI, with and without 2 g & of TSEO at different temperatures.

Fig. 10 shows the variations of the logarithm ofoWin TSEO presence and
absence, against the reciprocal temperature. Allth&f kinetic parameters
extracted from Fig. 10 are given in Table 6.

It is obvious that the linear regression coeffitsefR®) are close to unity,
indicating that mild steel corrosion in 1 M HCI cée elucidated using the
kinetic model. In literature, the decrease of tit@hition efficiency quwiL%) with

a rise in temperature (which refers to a superamuey of apparent activation
corrosion energy (& when compared to the blank), is interpreted as
physisorption phenomenon. In its turn, the inferialue of the apparent
activation corrosion energy in an inhibited solation comparison with the blank
solution, is often interpreted as an indicationaothemisorption phenomenon
[57].

®  Blank ®  Blank
N ® 2gL'of TSEO e 2gL'of TSEO
34 =
- ~ Y=22.82774-6.43807X x N :;,1 60'2215;6'1260%
=2 S R’= 0.99896 1 b ~ -
§ g § I
=3 ~
g ~_ E o
= 14 Y=23.60259-7.11993X ~ Y=16.85840-6.80787X
5 R’= 0.99896 E 59 Rr=099880 .
2 . 35 ~
£ ~ = ™ ~e.
o
\\ § < . -
S .
-1 T T T T T T T T T T
3.0 31 32 33 34 3.0 31 32 33 34
Temperature, 1000/T (K %) Temperature, 1000/T (K ™)
(@) (b)

Figure 10.Arrhenius equation(a) linearized form andb) transition state of mild steel
in 1 M HCI, with and without 2 g £ of TSEO.

Furthermore, Egiven in Table 6 is found to be 53.52 and 59.1%9nkJ* for the

corrosion process, in TSEO absence and preserspeate/ely. In addition, the
frequency factor (Fincreased by more than twice, whitgv.% decreased.
However, the rise in temperature, which goes tagethth a slow increase inaE

35¢



Z. Bensouda et al. / Port. Electrochim. Acta 361@&339-364

by 6 kJ mot, can be interpreted as an indication of a colunabiphysical type
of adsorption [58].

Table 6. The values of activation parameté&isEa, AH" andAS' for mild steel in 1 M
HCI, in the absence and presence of 2'gpf TSEO.

Kinetic parameters Blank TSEO

F / mg cm? bt 8.202 16 17.80 16
E,/kJ mot* 53.52 59.19
AH / kI mott 50.93 56.60
AS'/J K molt -63.82 -57.37
E,-AH /kymorr 259 259

The positive sign of the activated enthalpyH{) means that the dissolution
phenomenon is of endothermic nature, and the highlere, in TSEO presence,
reveals that the metal dissolution becomes slowb@7 The higher values of the
entropy of activation AS) in an inhibited solution can be interpreted as an
increase in disorder, as the reactants are comvirtthe activated complexes [6-
60]. We note that the activated enthalpyH({) value and the apparent effective
activation energy Ha) value vary in similar way, allowing to verify the
corresponding thermodynamic equation [6]:

AH" =E, - (RxT) (16)

Adsorption isotherm

The adsorption isotherm can be used to determitigeifTSEO effect is mainly

due to the adsorption onto the mild steel surfaee;to its blocking. Hence, the
type of adsorption isotherm can offer additionalormation concerning the

properties of the studied inhibitor. The adsorpgwacess of TSEO components
is a permutation reaction where the adsorbed watdecules are being displaced
from the mild steel surface, and replaced by TSE@eaules, according to the
following equation [49]:

Org(so,) +nHZO(ad$ o Org(ads) +nHZO( @an

sol)

where Orgisoy is the organic molecule in a aggressive solutiOnyads) is the
adsorbed organic molecule onto the electrode seirfEleOnas) is the water
molecule onto the electrode surface, and the coefficient that represents water
molecules replaced by a TSEO molecule unit.
It is well established that the inhibition efficen(y%) depends on the number
and type of active sites at the mild steel intexfathe molecular size of the
inhibitor, the charge density, the metallic complesmation, and the mild steel-
inhibitor interaction [61]. The fractional surfaceoverage ) values are
calculated from weight-loss, EIS measurements anotenpiodynamic
polarization methods (Tafel, Stern-Geary, and 3Jteah different TSEO
concentrations and at 293 K, using the followingattpn [62]:
_n%

T (18)
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The most frequently used isotherms are LangmuimKkiie, and Frumkin [63]. It
has been shown that the best suitable isothernT&&O adsorption onto the
mild steel surface in a 1 M HCI solution is the baruir model.

The straight lines were traced using the least regumethod. The experimental
data (points) and fitting data (lines) for the ls&tm model are plotted in Fig. 11.

244

——C,,/9=0,3300+1,1251C,
——C,,/8=0,6207+1,0140C,,,
C,,/8=0,3079+1,1436C,
——C,,/9=0,5341+0,9912C,
C,,/8=03137+1,1460C,

T T T
06 12 18
Inhibitor Concentration, C /g L™

Figure 11.Plots of the Langmuir adsorption isotherm model$£0 onto the mild
steel surface at 293 K, obtained at the five urdter methods.

The results of linear regression are given in Tahldt is noticeable that the
obtained fit quality refers to )Rwhich reached 0.99. The data fitting lines have
slopes very close to unit, which suggests thatedkgerimental data are well
explained by the Langmuir adsorption isotherm [€onsequently, it is
concluded that a single-layer inhibitor film forroa the electrode surface, and
that there are no interactions between the adsospedies onto the electrode
surface [64-66].

Table 7. Parameter values issued from the Langmuir adsaorpsiotherm model for
TSEO adsorption onto the mild steel surface in H® at 293 K.

Method R? Slope

Weight-loss 0.9962 1.1251
Tafel 0.9577 1.0140
S&G 0.9986 1.1436
Stern 0.9911 0.9912
EIS 0.9988 1.1460

SEM and EDX results

The high-resolution SEM micrographs (50 pum) of muteel strips are
recorded, in order to examine the changes occudwihg the corrosion
process, before and after immersion in 1 M HClhett and with TSEO (Figs.
12a-c).

A parallel description of the polished mild steetface before immersion in the
corrosive solution is linked to the abrading sdnetc (Fig. 12a). Figs. 12 b-c
show the mild steel surface after 24 h of immersmh M HCI, with and without
TSEO. The SEM micrograph (Fig. 12b) shows thatrthikel steel surface was
strongly damaged in TSE@bsence, due to an excessive mild steel dissolution
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the corrosive solution, and to the increased nurabefor depth of pits. On the
other hand, in TSEO presence (Fig. 12c¢), the méelsurface was remarkably
improved, and fewer corrosion attacks, except hoigs lines, were observed in
comparison to the mild steel surface in TSEO albmseinclicating a considerable
reduction in the corrosion rate. This improvemeantsurface morphology was
probably due to the formation of a protective fiinTSEO components onto the
mild steel surface, which was responsible for thieasion inhibition [7].

Figure 12. -' icrographs of the mild steel surface: (a)dmsteel surface after
being polished, (b) mild steel surface after 24nmiersion in 1 M HCI, and (c) mild
steel surface after 24 h immersion in 1 M HCI watly L'* of TSEO.

" mm PR = am 2w m.oo e o oy waou w.on a0

Figure 13.EDX spectra of mild steel surfade) before immersion in 1 M HCI,
(b) after 24 h of immersion in 1 M HCI, ac) after 24 h of immersion in 1 M HCI +
2 g L' of TSEO.
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Table 8.Percentage of atomic contents of elements obtdmoed EDX spectra.

Mild steel sample Element (% at)
o] N S P
Polished 1.98 - 0.02 0.01
1 M HCI 2.56 - -
2gLtof TSEO 10.78 15.12 0.98 1.30

Thereafter, an EDX qualitative analysis (Fig. 18y auantitative spectra (Table
8) are given to determine the principal potentit¢ss present in the different
TSEO components, and responsible for the adsorptiocess.

Fig. 13 presents an EDX panorama recorded for d stdel specimen exposed
for 24 hin 1 M HCI, in the absence and presenc2 @i-! of TSEO.

In the blank solution, EDX spectrum (Fig. 13a) skdhe characteristic peaks of
some of the elements constituting the mild steelcspen. In TSEO presence
(Fig. 13c), EDX spectrum shows an additional liharacteristic of the existence
of N [65]. In addition, O, S, and P signals arengigantly enhanced upon adding
TSEO into 1 M HCI. This indicates that TSEO molesjlas major components
of the essential oil (Fig. 2), are adsorbed oneorthild steel surface. These results
confirm those derived from weight loss, potentioaiymc polarization and EIS
measurements, suggesting that a surface film ishtbe mild steel dissolution,
and hence retards both cathodic and anodic reaction

Conclusions

According to the experimental results, the follogvronclusions can be drawn:

1. The potentiodynamic polarization curves indicatat thSEO acts as mixed
type inhibitor with a predominant anodic action.

2. EIS study reveals that TSEO reduced the corrosid@ by increasing the
charge transfer resistance of the system, andhbatquivalent circuit fitted
well with a constant phase element.

3. The confrontation of gravimetric, potentiodynamalgrization (Tafel, Stern,
Stern-Geary methods), and EIS measurements showed ggreement
among them.

4. The increase in the frequency factor, as well as dpparent activation
energy (B) value, along with a decrease in the inhibitioficegncy suggest
that TSEO underwent physical adsorption onto tHd steel surface.

5. The adsorption of TSEO molecules obeyed Langmusogation isotherm
model.

6. SEM examination and EDX analysis of the mild steetface, in TSEO
presence, confirmed the existence of a protectigered film.
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