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Essential oil from aerial parts of Artemisia herba-alba from Morocco was hydrodistilled and

its  chemical composition oil was investigated by capillary GC and GC/MS. The major compo-

nents were 1,8-cineole (35.6%) and camphor (24.1%). Artemisia herba-alba essential oil AHAO

was  tested as corrosion inhibitor of stainless steel (SS) in 1M H3PO4 using potentiodynamic

polarization (PDP) and electrochemical impedance spectroscopy measurements (EIS) and

scanning electronically microscopy (SEM) studies. The results obtained showed that the

essential oil of Artemisia reduces the corrosion rate. Tafel polarization method indicates

that the plant extract behaves as a mixed type inhibitor. The inhibition efficiency increased

with  inhibitor concentration to attain 88% at 1 g.L−1 of oil at 298 K. Nyquist diagrams obtained

from impedance studies provide results confirming the anti-corrosion effect of the studied

plant. The temperature effect on the corrosion behavior of (SS) in 1M H3PO4 without and

with  AHAO at 1 g.L−1 was studied in the temperature range from 298 to 353 K. Thermody-

namic parameters suggested that the adsorption is spontaneous and exothermic process

and  support physical adsorption mechanism. The experimental data fits well into the Lang-

muir  adsorption isotherm model. SEM/EDS studies provide the confirmatory evidence for

the  protection of (SS) by the green inhibitor. The results obtained from these methods used
are  in good agreement.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.  Introduction

Artemisia L. is a one of main genus of the tribe Anthemideae
and also one of the largest genera of the family Asteraceae
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and is widespread in temperate areas such as South Europe,
North Africa, North America, and Asia [1]. Artemisia herba-alba
is a particular species in North Africa (located from Morocco
to Egypt). Artemisia herba-alba called in Morroco “chih” is a
dwarf shrub with a rapid growth in dry and warm climates
and in muddy areas [2]. The Morocco attaches great impor-
tance to this plant, which is a great way to fight against erosion
and desertification. Investigations on the medicinal properties
of Artemisia herba-alba extracts reported anti-diabetic, leish-
manicidal, antibacterial and antifungal properties [3,4]. In
Morocco, sixteen chemotypes were found, and twelve of them
have monoterpenes as major components of essential oils.
The remaining four chemotypes, have sesquiterpene skele-
tons as the major fraction [5].

Phosphoric acid has been used in many  industrial applica-
tions and may be in contact with a high number of chemical
and petrochemical equipment. Most of this equipment is
made from alloy steels that can be damaged by contact with
the acidic solution. In this work we  use stainless steel, which
is widely used in metallurgical industries as building material
because of its excellent mechanical properties and its cost-
effectiveness [6]. However, it can undergo corrosion under
certain environmental conditions, especially in an acidic envi-
ronment.

It is imperative to protect the steel materials used in the
phosphoric acid industry [7]. However, several studies [8,9]
seem to have been carried out on the inhibition of corrosion of
steel in phosphoric acid solutions. Corrosion inhibitors can be
employed to protect steel alloys against several forms and var-
ious environments of corrosion. It is generally accepted that
organic molecules inhibit corrosion by adsorption on metal
surface [9–11]. Corrosion inhibitors are widely used to pro-
tect steel against corrosion: heterocyclic organic compounds
contain the widespread conjugation in terms of unbound
electrons of P, S, O, N and � electrons of multiple bonds,
which allows them to coordinate with the orbitals (d) of the
surface. These heteroatoms often exist in the form of polar
functional groups and mainly participate in the adsorption
process during metal-inhibiting interactions [11,12]. The exist-
ing results show that the organic inhibitors adsorbed on the
metal surface, either by physical or chemical adsorption, or
simultaneously, possibly form a protective layer [13–16].

The efficiency of inhibitors depends on the characteris-
tics of the metal surface and the presence of polar groups in
the inhibitor molecules that act as adsorption centers on the
metal surface. The environmental risk posed by many  syn-
thetic inhibitors has become the major reason for studying
the feasibility of using natural oils as corrosion inhibitors. Nat-
ural oils are biodegradable and do not contain heavy metals
or other toxic compounds. The successful uses of naturally
occurring substances to inhibit the corrosion of metals in
acidic and alkaline environment have been reported by some
research groups [17–22].

In the present work, the chemical composition of Artemisia
herba-alba essential oil is established using GC and GC-
MS. Then, the inhibition performance of Artemisia herba-alba

was evaluated by potentiodynamic polarization and EIS
measurement at different temperatures (298–353 K) and the
thermodynamic parameters for both adsorption and activa-
tion processes were calculated and discussed. To study the
2 0 1 9;8(6):5763–5773

correlation between the environment and corrosion, the vari-
ation of the temperature in this work is designed on the one
hand to approach the real processes taking place in the indus-
try and on the other hand to explain the mechanisms at the
origin of the propagation of surface corrosion in a controlled
environment.

2.  Materials  and  methods

2.1.  Inhibitor

2.1.1.  Plant  material
The aerial parts of Artemisia herba-alba were collected in May
2010 (full bloom) from Boulmane, Morocco (west of Morocco).
Voucher specimens for this plant were deposited in the
Herbarium of the Laboratory of Plants in the Scientific Institute
in Rabat, Morocco. The entire plants were dried in the shade
and stored in the laboratory at room temperature (25 ◦C).

2.1.2.  Essential  oil  isolation
The essential oil was extracted by hydro-distillation (4 h) from
the plant using a Clevenger type distillation apparatus (500 mL
of water for 200 g plant material). Yellow oil was obtained in a
yield of 2% (w/w) according to the dry material. Sodium sulfate
(Na2SO4) was added as a drying agent to the decanted essential
oil. After extraction, the essential oil was stored in a brown
glass bottle tightly closed in order to protect it from light and
air and maintained at a temperature of 4 ◦C until used.

2.1.3.  Essential  oils  analysis
2.1.3.1.  Gas  chromatography  analysis  (GC-FID).  GC analysis
was carried out using a Perkin-Elmer Autosystem XL GC
apparatus (Waltham, MA, USA) equipped with a dual flame
ionization detection (FID) system and the fused-silica capillary
columns (60 m × 0.22 mm I.D., film thickness 0.25 �m)  Rtx-1
(polydimethylsiloxane) and Rtx-wax (polyethyleneglycol). The
oven temperature was programmed from 60 ◦C to 230 ◦C at
2 ◦C/min and then held isothermally at 230 ◦C for 35 min. Injec-
tor and detector temperatures were maintained at 280 ◦C.
Samples were injected in the split mode (1/50) using helium as
a carrier gas (1 mL/min) and a 0.2 �L injection volume of pure
oil. Retention indices (RI) of compounds were determined rel-
ative to the retention times of a series of n-alkanes (C5–C30)
(Restek, Lisses, France) with linear interpolation using the Van
den Dool and Kratz equation and software from Perkin-Elmer.

2.1.3.2.  Gas  chromatography  mass  spectrometry  (GC-MS).
Samples were analyzed with a Perkin-Elmer turbo mass detec-
tor (quadrupole) coupled to a Perkin-Elmer Autosystem XL
equipped with the fused-silica capillary columns Rtx-1 and
Rtx-wax. Carrier gas: helium (1 mL/min), ion source tem-
perature: 150 ◦C, oven temperature programmed from 60 ◦C
to 230 ◦C at 2 ◦C/min and then held isothermally at 230 ◦C
(35 min), injector temperature: 280 ◦C, energy ionization: 70 eV,
electron ionization mass spectra were acquired over the mass

range 35–350 Da, split: 1/80, injection volume: 0.2 �L of pure
oil.
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Table 1 – Chemical composition of the UB6 stainless steel (wt %).

Mn Si S P Others

013 1.84 1.45 0.007 0.0029 2.36CU
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Table 2 – Chemical composition of Artemisia herba-alba
essential oil from Morocco.

N
◦ a Components RI lb RI pc RId %e

1 Tricyclene 921 1011 927 0.2
2 �-Thujene 923 1024 932 0.1
3 �-Pinene 933 1024 936 11.6
4 Camphene 945 1069 950 4.9
5 1-Octen-3-ol 962 1441 962 0.2
6 �-Pinene 972 1112 978 4.1
7 Myrcene 982 1132 987 0.8
8 Yomogi alcool 985 1391 991 0.1
9 p-Cymene 1013 1268 1015 1.8
10 1,8-Cineole 1023 1212 1024 35.6
11 Limonene 1023 1202 1025 1.8
12 �-Terpinene 1049 1243 1051 0.2
13 Terpinolene 1080 1281 1082 0.1
14 � -Thujone 1085 1394 1089 1.1
15 Linalol 1088 1538 1086 1.4
16 �-Thujone 1099 1434 1103 0.4
17 Camphor 1126 1510 1123 24.1
18 �-Terpineol 1149 1659 1155 0.5
19 Borneol 1152 1689 1150 3.6
20 Terpinen-4-ol 1163 1591 1164 0.8
21 �-Terpineol 1174 1685 1176 2.9
22 Bornyl acetate 1270 1573 1270 0.5
23 E-Caryophyllene 1417 1591 1421 1.2
24 �-Humulene 1450 1661 1455 0.4

TOTAL 98.4

a The numbering refers to elution order on apolar column (Rtx-1).
b RI l = retention indices on the apolar column of literature (König

et al., 2001; National Institute of Standards and Technology, 2008).
c RI a = retention indices on the apolar column (Rtx-1).
d RI p = retention indices on the polar column (Rtx-Wax).
e Relative percentages of components (%) are calculated on GC peak
Ni Cr Fe Mo C 

UB6 25.09 20.77 43.97 4.39 0.0

.1.3.3.  Components  identification.  The identification of the
ssential oil constituents was based on the comparison of
heir retention index (RI), calculated relative to the retention
imes of a series of C-5 to C-30 n-alkanes, with linear interpo-
ation, with those of our own library of authentic compounds
r literature data [23,24].

.2.  Corrosion  tests

.2.1.  Material  and  solutions
he chemical composition of the stainless steel (UB6) used in

his study is given in Table 1.
The electrolyte used in this study was 1M H3PO4. The test

olutions were freshly prepared before each experiment by
dding essential oil of Artemisia herba-alba directly to the cor-
osive solution. Concentrations of essential oils were 0.4, 0.6,
.8 and 1 g/L.

.2.2.  Electrochemical  tests
lectrochemical measurements were carried out in a standard
hree-electrode cell with a platinum counter electrode, a sat-
rated calomel reference electrode and the UB6 electrode as
orking electrode. All potentials were given versus saturated

alomel electrode (SCE). In all measurements, mechanically
olished electrodes were used. Polishing was carried out using
uccessively finer grade of emery papers (600–1200 grade),
hen washed with distilled water and dried with blowing warm
ir. Electrodes were circular shaped and the exposed area of
he specimens to the solution was 1 cm2.

The experimental apparatus used for electrochemical stud-
es was the PGZ 100 potentiostat, monitored by a PC computer
nd Voltamaster 4.0 software. The potential scan was carried
ut at a rate of 5 × 10−4 V/s over the potential range from −0.6
o 1.3 V/SCE.

Electrochemical impedance spectroscopy measurements
EIS) were conducted in the frequency range of 100
Hz–100 mHz, with an amplitude signal of 10 mV  peak to peak.
he impedance diagrams are given in the Nyquist representa-

ion. To study the effect of temperature, the cell was immersed
n water thermostat in the temperature range of 298–353 K.
uring each experiment, the test solution was mixed with a
agnetic stirrer.

.  Results  and  discussion

.1.  Essential  oil  composition

wenty-four compounds were characterized and identified by
C and GC-MS, comprising 98.4% of the total oil. The identi-
ed compounds are listed in Table 2. The main constituents

ere 1.8-cineol (35.6%), camphor (24.1%), �-pinene (11.6%),

amphene (4.9%) and �-pinene (4.1%). The essential oil con-
ists mainly of oxygenated monoterpenes (62.0%) followed by
onoterpene hydrocarbons (11.0%). The sesquiterpene hydro-
areas on the apolar column (Rtx-1); values expressed are means
of three parallel measurements.

carbons and oxygenated sesquiterpenes accounted only for
3.7% and 6.2% of the total oil, respectively.

An investigation in Tunisia revealed that �-thujone was
observed as the dominant constituent in the essential oil of
AHE [25], followed by �-thujone, camphor, chrysanthenone
or trans-sabinyl acetate. The main compounds in the essen-
tial oil of AHE from Algeria were � -thujone (31.50–41.23%)
and camphor (16.20–24.58%) [26], in the same country Dob
et al. are found that camphor (19.4%) and trans-pinocarveol
(16.9%) are the major component [27]. Dahmani-Hamzaoui
and Baaliouamer revealed that, the main compound found
were camphor (49.3%) and 1,8-cineole (13.4%) which are the
same main compounds found in this study [28].

3.2.  Effect  of  inhibitor  concentration
3.2.1.  Potentiodynamic  polarization  study
The polarization curves of stainless steel in 1M H3PO4 obtained
without and with various concentrations of inhibitor are
shown in Fig. 1. Electrochemical parameters such as corrosion



5766  j m a t e r r e s t e c h n o l . 2 0 1 9;8(6):5763–5773

Fig. 1 – Polarization curves of stainless steel in 1M H3PO4 at
different concentrations of AHAO.

Table 3 – Electrochemical parameters of stainless steel in
1M H3PO4 in the presence of different. concentrations of
AHAO at 298◦K.

Alloy Blank 0.4 g.L−1 0.6 g.L−1 0.8 g.L−1 1 g.L−1

icorr (�A.cm−2) 41.9 11.6 9.61 6.50 5.01
Ecorr (mV/SCE) 115.1 −31.4 −65.6 −60.7 15.9
ßa 295.4 430.3 271.2 353 346.2
ßc −325.7 −351.8 −941.6 −398.3 −254;8

Fig. 2 – Nyquist plots for uninhibited and inhibited solution

Nyquist and Bode plots are presented in Figs. 2 and 3, respec-
tively.
(%)EI – 72.2 77.6 84.4 88.03

current density (icorr), corrosion potential (Ecorr), cathodic Tafel
slope (ßc)  and anodic Tafel slope (ßa) are presented in Table 3,
and the inhibition efficiency (%) EI of the used essential oil in
1M H3PO4 is also given in Table 3.

It is obvious from Fig. 1, that in the presence of inhibitor,
polarization curves were shifted towards lower current values,
showing the inhibition tendency of AHAO. In this case, the
inhibition efficiency was calculated by using corrosion current
density as follows [29]:

0

(%)EI = icorr − icorr

i0corr

*100 (1)
of stainless steel in phosphoric acid solution.

icorr and i◦corr are the corrosion current density value with
and without inhibitor, respectively, determined by extrapola-
tion of cathodic Tafel lines to the corrosion potential. The data
in Table 3 show that increasing the essential oil concentration
decreased the corrosion current density (icorr). However, it sug-
gests that rate of electrochemical reaction was retarded due to
the formation of a layer on stainless surface by adsorption of
the AHAO molecules. This adsorption phenomenon might be
attributed to the synergistic effect of different organic com-
pounds of the corrosion inhibitors, this effect can be owing
to an interaction between the components of the chemical
composition of the inhibitor with steel surface [30] which facil-
itated the formation of an inhibiting film. Both the anodic and
cathodic Tafel slopes, namely ßa and ßc respectively varied
from the blank values. Further inspection of the table reveals
that both the anodic and cathodic Tafel constants are varied
with increasing extract oil concentration, which indicates the
influence of the plant extract on the cathodic and anodic reac-
tions, but the cathodic curves are more  affected. On  the other
hand, we  note that the addition of products did not change
the corrosion potential values (Ecorr) for all concentrations.
This behavior indicates that the extract acted as a mixed-type
inhibitor. These results led us to calculate the inhibitory effi-
ciency (%)EI which increased with the concentration of the
AHAO inhibitor until reaching the maximum value of 88.03%
at at 1 g.L−1 of AHAO.

3.2.2.  Electrochemical  impedance  spectroscopy
A better understanding of the mechanisms taking place at the
electrode surface was attained though EIS measurements. The
EIS tests were performed under potentiostatic conditions at
Ecorr in the uninhibited and inhibited acidic solution contain-
ing various concentrations of AHAO inhibitor in 1M H3PO4.
It can be seen that in the absence and in the presence of
AHAO, the Nyquist plot shows only one semicircle and there is
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Fig. 3 – (a) Bode-module and (b) Bode-phase plots for
uninhibited and inhibited solution of stainless steel in
phosphoric acid solution.
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Fig. 4 – Equivalent circuit for the metal–acid interface.

Table 4 – AC impedance data of stainless steel in 1M
H3PO4 at different concentrations of AHAO at 298◦K.

Blank 0.4 g.L−1 0.6 g.L−1 0.8 g.L−1 1 g.L−1

Rs (�.cm2) 18.02 20.02 22.9 20.9 21.3
Rct (k�.cm2) 14.89 26.7 29.02 82.90 135.7
CPEdl (�F.cm−2) 106 89.1 54.8 19.9 11.52
nly one time constant in the Bode plot. This indicates that the
lectrochemical process is mainly controlled by charge trans-
er [31]. Thus, the resistance appearing in the metal/solution
nterface with and without inhibitor, is the contribution of
harge transfer resistance (Rct). In Nyquist plot, the charge
ransfer resistance (Rct) usually stands by difference in lower
nd higher frequencies in the real impedance axis. It is noted
hat these capacitive loops in acidic solutions are not perfect
emicircles, which can be attributed to the frequency disper-
ion effect as a result of the roughness and inhomogeneous
f electrode surface [32]. Furthermore, the diameter of the
apacitive loop in the presence of inhibitor is higher than that
n blank solution, and enlarges with the inhibitor concentra-
ion. This means that the impedance of the inhibited substrate
ncreases with the inhibitor concentration, and leads to good
nhibitive performance, which may be the result of an increase
n the surface coverage by inhibitive molecules. This fact lim-
ts the direct access of the aggressive solution to the metal

urface, hence avoiding the process of metal dissolution.

EIS data have been simulated by the proposed equiva-
ent electrical circuit (EEC) presented in Fig. 4. In this EEC, Rs
n 0.80 0.84 0.79 0.82 0.84
(%)EI – 44.6 50 82.1 85.2

represents the solution resistance, Rct represents the charge
transfer resistance and CPE is a constant phase element repre-
senting the double layer capacitance of the interface between
steel and solution, introduced to compensate for heterogene-
ity in the system resulting from surface roughness, impurities,
dislocations, grain boundaries, adsorption of inhibitors, for-
mation of porous layers, etc. [32,33].

The impedance function of the CPE is represented by the
expression:

ZCPE = 1⁄Q(jw)n (2)

where Q is the magnitude of the CPE, j is the imaginary number
(j2 = −1), w is the angular frequency, n is the deviation param-
eter (−1≤n≤+1), which has the meaning of a phase shift. For
n = 0, the CPE represents a pure resistor, for n = −1, an inductor
and for n = +1, a pure capacitor [34]. The electric double layer
can be considered as a capacitor due to its electrical properties.

The corresponding Bode plots recorded for stainless steel
electrode dipped in uninhibited and inhibited solution of dif-
ferent concentrations of AHAO at its open circuit potential
are given in Fig. 3. Bode plots are consistence with the use of
an equivalent circuit containing a single constant phase ele-
ment in the interface of metal/solution. The augmentation of
absolute impedance at low frequencies in Bode plot confirms
the higher protection with the raise of AHAO  concentration
[35,36].

Concerning Bode-phase plots, the increase of the phase
angle with increasing AHAO concentrations indicates supe-
rior inhibitive behaviour owing to other inhibitor molecules
adsorbed on steel surface at higher concentrations. The sin-
gle phase peak which can be observed in Bode-phase plots,
indicates that there is one time constant for the system under
study, related to the electrical double layer [37].
Related parameters and corresponding data from electro-
chemical impedance spectroscopy measurements, such as Rs

(�.cm2), Rct (k� cm2), CPEdl (�F/cm2), n and (%) EI are listed
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Table 5 – The influence of temperature on the electrochemical parameters for stainless steel electrode with and without
the optimum concentration of AHAO.

1M H3PO4 1g.L−1 + 1M H3PO4 (%)EI

Ecorr (mV/SCE) icorr (�A /cm2) Ecorr (mV/SCE) icorr (�A /cm2)

298 K −172.6 41.9 −50 5 88
313 K 136.8 55.0 156.8 10.6 80.7

333 K 158.8 72.9 

353 K 154.1 83.4 

in Table 4. The inhibition efficiency ((%) EI) was calculated
according to the following equation:

(%)EI = Rct − R
◦
ct

Rct
*100 (3)

Where Rct and R◦
ct are the charge-transfer resistance values

with and without inhibitor, respectively
It is found from Table 4 that, as the AHAO concentration

augmented, Rct values increased, and the CPEdl values tended
to decrease. The increase in Rct values is caused by adsorp-
tion of inhibitor, while the decrease in CPEdI, can result from a
decrease in local dielectric constant and/or an increase in the
thickness of the electrical double layer. This result suggests
that AHAO inhibitor act by adsorption at the metal-solution
interface.

The impedance results also show that the (%) EI increases
continuously with increasing AHAO concentration and the
maximum value: 85.2% was achieved in the case of 1 g L−1.
The inhibition efficiencies calculated from the EIS study show
the same trend as these obtained from polarization mea-
surements. Therefore, these results suggest, once again, that
this AHAO plant extract could serve as an effective corrosion
inhibitor.

3.3.  Effect  of  temperature

The composition of the medium and its temperature are
essential parameters affecting the phenomenon of corrosion.
Electrochemical steady state measurements were taken at var-
ious temperatures. The effect of temperature in the range
293–353 K on the electrochemical parameters of stainless steel
in the absence and presence of AHAO at a concentration of
(1 g/L) are shown in Table 5. These results reveal that the cor-
rosion rate of stainless steel in both free and inhibited acidic
media are augmented with rising of temperature.

The inhibition efficiency of the AHAO extract decreased
markedly with increasing temperature. This result supports
the idea that the adsorption of extract components onto the
stainless steel surface was physical in nature [38]. Thus, as
the temperature increased, the number of adsorbed molecules
decreased, leading to a decrease in the inhibition efficiency.
This behavior is due to desorption of adsorbed inhibitor
molecules from the stainless steel surface. In order to calcu-

late activation parameters of the corrosion reaction such as
activation energy E◦

a, activated entropy �S◦
a and activation

enthalpy �H◦
a for the corrosion of stainless steel in acid solu-

tion in absence and presence of different concentrations of
67 20.3 72.1
10.59 34.6 58.5

AHAO, the Arrhenius Eq. (4) and its alternative formulation
called transition state Eq. (5) were employed:

icorr = A exp

(
E

◦
a

RT

)
(4)

icorr = RT

Nh
exp

(
�S

◦
a

R

)
exp(−�H

◦
a

RT
)  (5)

where E◦
a is the apparent activation corrosion energy, T is the

absolute temperature, R is the universal gas constant, A is the
Arrhenius pre-exponential factor, h is he Plank’s constant, N is
the Avogrado’s number, �S◦

a is the entropy of activation and
�H◦

a is the enthalpy of activation. Plotting the logarithm of the
corrosion rate (i) versus reciprocal of absolute temperature, the
activation energy can be calculated from the slope (−E◦

a/R).
Fig. 5a shows the variations of ln (i) with (1/T) in the presence
and absence of inhibitor.

The logarithm of the corrosion rate of stainless steel ln (i)
can be represented as straight-line functions of (103/T) with
linear regression coefficients close to 1, indicating that the
corrosion of stainless steel in phosphoric acid without and
with inhibitor follows the Arrhenius equation. The activation
energy (E◦

a) values were calculated from the Arrhenius plots
(Fig. 5a) and the results are shown in Table 6.

Furthermore, using Eq. (5), plots of Ln (i/T) versus 103/T gave
straight lines (Fig. 5b) with a slope of (−�H◦

a/R) and an inter-
cept of (ln(R/Nh) + (�S◦

a/R)) from which the values of �H◦
a and

�S◦
a were calculated and are listed in Table 6.

Analysis of the temperature dependence on inhibition effi-
ciency as well as comparison of corrosion activation energy in
the absence and presence of inhibitor give an insight knowl-
edge on the possible mechanism of inhibitor adsorption. A
decrease in inhibition efficiency with rise in temperature
and with an increase in (E◦

a), in the presence of inhibitor,
is frequently interpreted as the formation of an adsorp-
tive film of physisorption [39]. Previous studies have shown
that, unchanged or lower values of (E◦

a) in inhibited sys-
tems compared to the blank, are indicative of chemisorption
mechanism, while higher values of (E◦

a) suggest a physical
adsorption mechanism [40].

All calculated parameters are given in Table 6. Higher val-
ues of (E◦

a) in the presence of AHAO are good indication of
strong inhibitive action of the plant extract by increasing the

energy barrier for the corrosion process [41]. Moreover, higher
values of (E◦

a) in the presence of AHAO can also be correlated
with the increase in thickness of the double layer that enhance
the (E◦

a) of the corrosion process [41,42].
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Table 6 – Activation parameters, pre-exponential factor, enthalphy and entropy of dissolution reaction of Stainless steel
in 1M H3PO4 containing various concentrations of extract.

C (g/L) E
◦
a (Kj/mol) �H

◦
a (Kj/mol) E

◦
a − �H

◦
a (Kj/mol) �S

◦
a (j/mole.k)

Blank 10.14 7.47 2.67 −302.96
Blank + 1 g/L AHAO 27.50 24.83 2.67 −261.31

Fig. 5 – Arrhenius straight lines calculated from corrosion
rate of stainless steel in 1M H3PO4 and 1M H3PO4 + 1 g L−1

A

n
(
f
t
e
f
[

E
a

Table 7 – Parameter of Langmuir adsorption isotherm for
the AHAO inhibitor.

Inhibitor R2 Slope Kads (L/mg) �G
◦
ads (KJ/mol)
HAO.

The positive values of (�H◦
a) reflect the endothermic

ature of the steel dissolution process. Negative values of
�S◦a) imply that the degree of disorder increased when going
rom reactant to product. It is observed that the shift of (�S◦a)
o a more  positive value when adding the concentration of the
xtract oil is the driving force that can overcome the barriers
or the adsorption of inhibitor onto the stainless steel surface
42].
On the other hand, the average difference value of the
◦

a–�H◦
a is 2.67 KJ.mol−1, which is approximately equal to the

verage value of RT (2.47 KJ.mol−1) at the average temperature
AHAO 0.99988 1.07 14,1 102 −23,6

of the studied domain. This result agrees that the corrosion
process is a unimolecular reaction as described by the known
Eq. (6) of perfect gas:

E
◦
a − �H

◦
a = RT (6)

3.4.  Adsorption  isotherm

The extent of corrosion inhibition mainly depends on the sur-
face conditions and of the adsorption mode of the inhibitor.
Assumptions were made that the uncovered parts of the metal
surface are equal to zero and the corrosion process takes place
only at this uncovered parts [43]. The degree of surface cover-
age (�) has been calculated as follows, � = IE/100 by assuming
a direct relationship between surface coverage and inhibition
efficiency as presented in Table 7.

The efficiency of this compound as a successful corrosion
inhibitor mainly depends on its adsorption ability on the metal
surface [44]. So, it is essential to know the mode of adsorption
and the adsorption isotherm that can give valuable informa-
tion on the interaction of compounds of inhibitor and metal
surface. In order to better understand the mode of adsorption
of the extract on the surface of the stainless steel, the surface
coverage values were adjusted in some adsorption isotherms
and the values of the correlation coefficient (R2) were used to
determine the best fit.

In this study, we fit the data to the Langmuir adsorp-
tion isotherm [43] as shown in Fig. 6. Plotting Cinh/� versus
Cinh yielded a straight line with a correlation coefficient (R2)
of 0.9998 and a slope close to 1. This suggests that the
adsorption of AHAO on metal surface followed the Lang-
muir adsorption isotherm according to the following equation
which is described by the mathematical form employed of the
isotherm:

C

�
= 1

K
+ C (7)

Where C
� is the ratio of inhibitor concentration to surface

coverage, and K is the adsorption equilibrium constant, a
correlation between surface coverage (�) obtained from polar-
ization curves and the concentrations of AHAO (Cinh).

Thermodynamic parameters are important to fur-

ther understand the adsorption process of inhibitor on
steel/solution interface (Table 7). The equilibrium adsorption
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Fig. 6 – Langmuir isotherm adsorption model of AHAO on

is found. On the other hand, the addition of 1 g/L of AHAO
the stainless steel surface in 1M H3PO4.

constant, Kads, is related to the standard Gibb’s free energy of
adsorption (�G◦

ads) with the following Eq. (8):

�G
◦
ads = − RTLn (CH2O.Kads) (8)
Where R is the universal gas constant, T is the thermodynamic
temperature, and the value of the concentration of water in
the solution is (103 g/L).

Fig. 7 – SEM/EDX image of the Stainless steel after 1 week
2 0 1 9;8(6):5763–5773

It is evident that linear correlation coefficients (R2) and
the slope values are also close to 1, which indicates that the
adsorption of extracted oil on stainless steel surface obeys
Langmuir adsorption isotherm. This result showed that the
adsorbed molecules occupy only one site and there are no
interactions with other adsorbed species [45].

In our studies, the negative value calculated of (�G◦
ads)

ensures the spontaneity of the adsorption process and sta-
bility of the adsorbed layer on metal surface [10]. It is well
known that values of (�G◦

ads) of −20 kJ.mol−1 and less negative
indicate a physisorption, while those of order of −40 kJ.mol−1

or more  negative indicate chemisorption. Thus, the (�G◦
ads)

value obtained here shows that in the presence of 1M H3PO4,
physisorption of Artemisia herba alba on the stainless steel
may occur [45].

3.5.  Scanning  electron  microscopy  (SEM)

Fig. 7 shows a state of the stainless steel surface after 1 week
immersion in 1M H3PO4. Severe corrosion of the stainless steel
is observed after immersion in the acidic solution without
inhibitor (Fig. 7). There is formation of corrosion products that
presumably covers the entire surface of the material. These
corrosion products then form a porous layer that does not
allow the protection of stainless steel, hence a severe attack
of plant extract in the aggressive environment has visibly
reduced the corrosive attack of stainless steel (Fig. 8). There-
fore, this prevents the formation of corrosion products which

 of immersion in 1M H3PO4 without AHAO inhibitor.
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Fig. 8 – SEM image of the Stainless steel after 1 week

ould lead to the deterioration of stainless steel. In addi-
ion, to determine the elemental composition in the absence
nd presence of essential oil on the surface of the stainless
teel during the corrosion process, the EDX sounding spec-
ra are used. Figs. 7 and 8 also show the EDX spectra for
tainless steel before and after exposure to H3PO4 1M and

3PO4 1M+  1 g/L of essential oil. It is clear from Fig. 7 that
he EDX spectrum in aggressive solution (H3PO4 1M)  presents
he characteristic peaks of certain elements contained in the
hemical composition of the surface of the electrode. Then, in
he presence of essential oil, the appearance of the character-
stic peak of nitrogen as well as an increase in the intensity
f the peaks of oxygen and carbon can be observed, which
re present in the chemical composition of the essential
il.

.  Conclusions

n the basis of these results, the following conclusions may
e drawn:
 The AHAO tested reveal excellent protective qualities
for protection of stainless steel against corrosion in 1M
H3PO4 medium, and the inhibition efficiency increases with
increase in the inhibitor concentration.
mersion in 1M H3PO4 with 1 g/L of AHAO inhibitor.

• Based on the Tafel polarization results, the compounds can
be classified as mixed-type inhibitor. The inhibition effi-
ciency increased with increasing inhibitor concentrations
to attain a maximum value of 88.03% for inhibitor AHAO at
1 g.L−1.

• EIS measurements depicted an increase in charge transfer
resistance (Rct) and a decrease in constant phase ele-
ment representing double layer capacitance (CPEdl) in the
presence of AHAO that suggest the adsorption of these
molecules on the surface of the stainless steel.

• The inhibiting action of this essential oil can be attributed
to the adsorption via the synergistic effect of the major-
ity constituents as well as the minor components of the
composition of the AHAO inhibitor.

• The inhibition efficiency decreased with increasing temper-
ature as a result of the higher dissolution of stainless steel
at higher temperature.

• The value of apparent activation energy increased with the
increase in the inhibitor concentration. Enthalpy of activa-
tion reflects the endothermic nature of the stainless steel
dissolution process. Entropy of activation increased with
increasing inhibitor concentration, hence implicating an
increase in the degree of disorder of the system.
• The adsorption of the tested inhibitor on interface between
the stainless steel and phosphoric acid obeys the Langmuir
adsorption isotherm model.
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• Gibbs free energy of adsorption, enthalpy of adsorption and
entropy of adsorption indicated that the adsorption pro-
cess is spontaneous and exothermic and that the molecules
adsorbed on the metal surface by the process of physical
adsorption.

• SEM/EDX studies reveal the protection of the metal from
corrosion in acid medium by Artemisia herba alba.
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