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study on the effect of polar and
non-polar extract of Artemisia vulgaris on the
corrosion inhibition of mild-steel in an acidic
medium

Nabin Karki,ab Shova Neupane, a Dipak Kumar Guptaac and Amar Prasad Yadav*a

Electrochemical methods were used to characterize the inhibition efficacy of the extract of the high-

altitude plant Artemisia vulgaris as an environmentally acceptable inhibitor for mild steel in 1.0 M H2SO4.

The Artemisia vulgaris was extracted in hexane and methanol separately and applied on mild steel (MS)

as an inhibitor. A detailed electrochemical characterization such as potentiodynamic polarization, open

circuit potential, and electrochemical impedance spectroscopy (EIS) was performed on the MS surface

covered with the extract molecules. The hexane extracts adsorbed slower to the MS surface than the

methanol extract, but both molecular extracts showed similar corrosion inhibition efficacies (IE). The IE

for 1000 ppm extract in hexane and methanol was 73.10% and 91.99%, respectively, after 0.5 hour

immersion of MS, whereas it was 98.79% and 96.73% in hexane and methanol extract after 24 hours of

immersion of MS in acidic medium. The IE of the methanol extract increased with concentration. From

the EIS analytical analysis, adsorption of inhibitor molecules on the charge transfer kinetics was

confirmed. The potentiodynamic polarization showed a decrease in current density with the

concentration of methanol extract without affecting the Tafel slopes. ATR-FTIR of the extract indicated

the presence of the different functionalities in it. Adsorption of the extract molecules on the metal

surface obeyed the Langmuir adsorption isotherm. The computed value of DG* implies that the

adsorption is of mixed type. The formation of a protective film of inhibitor molecules on the MS surface

was confirmed from EIS and using a scanning electron microscope. The adsorption mechanism based

on the experimental data supported by the thermodynamic calculations is highlighted in this article.
1. Introduction

Control of mild steel (MS) corrosion has been the prime focus
for a long time as it is the most widely used metal in corrosive
media.1,2 Deteriorations of the metallic and surface properties
of metals or alloys by corrosion make them unsuitable for
a specic application. One particular way to reuse them for
further industrial processing is surface cleaning by using
mineral acids like HCl or H2SO4.2 Acid solutions not only
remove rust or scales, but they also attack the bare steel surface,
wasting resources.2,3 An effective remedy for the problem has
been the use of inhibitors which signicantly retards the rate of
corrosion and saves economic and material loss. In the recent
past, many researchers have advocated using plant-derived
inhibitors due to their cheap availability, accessible resources,
and eco-friendly and non-toxic nature. Furthermore, plant-
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the Royal Society of Chemistry
derived inhibitors are considered safe for humans and the
environment during their extraction and applications.

Phytochemicals present in plant extracts such as alkaloids,
avonoids, polyphenols, proteins, etc., are similar to typical
organic molecules due to their resemblance in electronic and
molecular features.4 The presence of heteroatoms like N, S, and
O in coupled with sigma and pi bonds facilitates the adsorption
of these large-sized complex phytochemicals on the metal
surface to achieve corrosion inhibition.5 The adsorption capa-
bility of such inhibitor organic molecules on the model Cu3Au
and Cu surfaces has been reported to be achieved by displacing
water molecules and forming a self-assembledmonolayer (SAM)
that shields the exposed surface and inhibits the corrosion.2,6–8

Heteroatoms with unbounded electrons further aid the
adsorption by the formation of a coordinate bond. Similarly,
extracted molecules are rich source of electron that helps in
transferring electrons to the unoccupied d-orbital of iron.8

Therefore, the efficiency of inhibitor molecules is inuenced by
the formation of chelate complexes, environment, and conse-
quences of size effects that hinder the heteroatom approach.1,2

In addition, a synergistic effect between different functional
RSC Adv., 2023, 13, 7603–7613 | 7603
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groups of different compounds present in the extract has also
been found to contribute to the higher corrosion inhibition
efficacy of plant extract than a single molecule.9 Without puri-
fying it into pure compounds, plant extract functions as an
efficient inhibitor, making it a cheaper alternative. Therefore,
the recent trend of research is concentrating on bulk plant
extracts in developing environmentally-friendly corrosion
inhibitors.

There is no dearth of literature dealing with plant extract as
a corrosion inhibitor for MS.1,3–5,10–16 Nepal is rich in high-
altitude endemic plants. Extracts of several high altitude
plants of Nepal are found to be effective corrosion inhibitors for
MS in acidic media, such as Equisetum hyemale,9 Berberis aris-
tata,17 Lanata camara,18 Euphorbia royleana,19 Pogostemon ben-
ghalensis,20,21 Jatropha curcas,22 Eucalyptus globulus.23 In this
study, Artemisia vulgaris (family: Asteraceae), a high-altitude
plant, is studied as a green corrosion inhibitor for MS in an
acidic medium. It is a perennial tall herbaceous plant found
along roadsides and waste areas, preferably in sunny places. It
is distributed in Europe, Asia, northern Africa, Alaska, and
North America. Phytochemical screening of methanolic extract
of the plant has shown to contain alkaloids and avonoids in
large amounts, tannin, saponin, quinone, sterols, and terpe-
noid in moderate amounts, cardiac glycoside, reducing sugar
and protein in fewer amounts.24 Methanolic extract of the plant
contains organic molecules such as serotonin, prunacin, N,N-
dimethyl-4-nitroso-3-trimethylsilylaniline, luteolin, morin,
camphor etc.24–26 Hexane extract of the plant contains alkaloids,
volatile oils, sterols, triterpenes, fatty acids, coumarins, avones
and, quinones.27,28 Since the extract contains alkaloids and
avonoids in good amount, it could be a good corrosion
inhibitor. In this regard, in our previous study, we have reported
the corrosion inhibition efficiency of methanol extract of Arte-
misia vulgaris by weight loss method.29 But the results were only
preliminary and more detail study by electrochemical methods
were needed to understand it corrosion inhibition efficacy.
Therefore, this work aims to investigate corrosion inhibition
efficacy of methanol and hexane extracts of Artemisia vulgaris as
an environmentally acceptable inhibitor for mild steel in acidic
medium by electrochemical methods.

2. Experimental
2.1 Extract and sample preparation

The aerial parts of Artemisia vulgaris, were gathered from
Gundu, Bhaktapur, Nepal having the coordinates of latitude:
27°38′59.3′′ N, longitude: 84°24′55.1′′ E, and altitude: 1402 m.
The collected parts were cleaned with deionized water and
chopped into pieces. It was shade dried in open air for four
weeks. Then, it was pulverized into a ner powder mass using
an electric grinder. 200 g of powder was extracted with meth-
anol and hexane separately. The powder was dipped well in
methanol or hexane and shaken occasionally tomix for 3 days at
room temperature (RT). Aer soaking, the mixture was ltered
and the ltrate was collected, clear supernatant liquid was ob-
tained aer several repetition of the process. The ltrate was
concentrated using a rotary evaporator (IKA RV-10). Artemisia
7604 | RSC Adv., 2023, 13, 7603–7613
vulgaris extract (AVE) was obtained as a dense residue by drying
the concentrated ltrate using a water bath. Extracts were ob-
tained in methanol (M–AVE) and hexane (H–AVE) separately.
For corrosion test, 1000 ppm extract solution was rst prepared
in lukewarm 1.0 M H2SO4. Inhibitor solutions of 800, 600, 400,
and 200 were prepared by serial dilution of the 1000 ppm
solution by using 1.0 M H2SO4.

A mild steel (MS) sheet was cut into small coupons of size
2 cm × 2 cm. The coupons were wet polished with silicon
carbide using doubled distilled water (grit size 100 to #1200).
The polished MS specimens were cleaned with deionized water,
ultrasonicated in ethanol for 10 minutes. Then, it was air dried
quickly with the help of a blower.

2.2 Electrochemical characterization

A three-electrode cylindrical glass cell connected to a Gamry
Potentiostat electrochemical workstation (Reference 600) was
used. The working electrode was a polished MS coupon with
a working surface area of 0.608 cm2, the reference electrode was
a saturated calomel electrode (SCE), and the auxiliary electrode
was a platinum wire. This paper reports all the potential values
with reference to SCE. Prior to each electrochemical experi-
ment, the working electrode was le to stabilize at open circuit
potential (OCP) for 30 min.

For electrochemical impedance measurements (EIS), a sine
wave voltage of 10 mV amplitude was superimposed at OCP in
the frequencies between 100 kHz and 0.01 Hz. The charge
transfer resistance (Rct) was estimated from the diameter of the
semicircle of Nyquist plot, and inhibition efficiency (IE) of AVE
was calculated by the eqn (1):11

IE% ¼
�
1� R0

ct

Rct

�
� 100% (1)

where Rct and R0
ct are charge transfer resistances with and

without plant extract.
The MS specimens were potentiodynamically polarized in

various concentrations of AVE in the potential window of
±300 mV from OCP at a sweep rate of 0.5 mV s−1. The polari-
zation curves were used to compute the cathodic and anodic
slopes. The Tafel extrapolation method was used to calculate
the corrosion potential (Ecorr) and corrosion current density
(icorr). The values of icorr in the absence and presence of plant
extract were used to calculate IE using eqn (2).11

IE% ¼
�
1� icorr

i0corr

�
� 100% (2)

Here icorr and i0corr denote corrosion current densities in the acid
with plant extract and in only acid.

2.3 Surface characterization

The surface of the MS specimen immersed in 1.0 M H2SO4 for
24 h in the absence and presence (400 and 1000 ppm) of plant
extract was observed using a Bio-Logic modular scanning elec-
trochemical microscope (M470 Ac-SECM). Aer retrieval from
the test solution, the surface of the MS specimens was cleaned
in running water with the help of a brush to remove corrosion
© 2023 The Author(s). Published by the Royal Society of Chemistry
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products, degreased with acetone, dried, and preserved in
desiccators. The specimen surface was gold-coated to obtain
high-quality images. Surface analyses of specimens were per-
formed at different locations to assure reproducibility of the
results.

The plant extract was analyzed by an IRAffinity-1S Shimadzu
Fourier transform infrared (FTIR) spectrometer to assign the
various functional groups present in it. This model operates in
attenuated total reectance (ATR) mode.

3. Results and discussion
3.1 Effect of solvent on adsorption efficiency

There are limited studies on the effect of polar and non-polar
plant extracts on corrosion inhibition efficacy. In this study,
Artemisia vulgaris was extracted in hexane and methanol
solvents, and their effects on inhibition efficacy on MS were
investigated by making cathodic and anodic polarizations of
metal coupon in 1.0 M H2SO4 in the presence and absence of
1000 ppm AVE. Polarization measurements were carried out in
the range of±0.3 V fromOCP with a scan rate of 0.5 mV s−1, and
the polarization started from a cathodic limit to anodic limit.
The results are presented in Fig. 1 for an immersion period of
0.5 h and 24 h. Table 1 lists the various polarization parameters
to characterize the corrosion behaviors.

Polarization curves and observed data obtained for AVE in
both solvents imply that both hydrogen evolution and metal
dissolution were suppressed in the presence of AVE molecules.
However, the addition of AVE did not affect cathodic and anodic
slopes, suggesting that inhibitor molecules block the active
sites of corrosion by establishing a barrier lm.14,30 There was no
regular tendency in the evolution of Ecorr value, and the shi of
Ecorr was less than 85 mV which suggests that AVE works as
a mixed type of inhibitor.15

icorr values decreased signicantly with the time of immer-
sion in both cases. IE calculated for n-hexane extract was
73.10% and 98.79% for immersion times of 0.5 and 24 h,
respectively. At the same time, it was 91.99% and 96.73% for the
Fig. 1 (a) Polarization of mild steel in the hexane extract of A. vulgaris i
vulgaris in 1.0 M H2SO4.

© 2023 The Author(s). Published by the Royal Society of Chemistry
same immersion time in methanol extract. These results show
that the inhibition effect of methanol extract was quicker than
hexane extract. On the contrary, the IE in hexane was marginally
better in a more extended immersion period. The low IE of
hexane extract compared to methanol extract in a shorter
immersion period can be explained based on the interaction of
polar molecules in the extract with a non-polar solvent. Such
interaction will lead to a micelle-like structure of polar mole-
cules with non-polar groups facing outward and bonding with
a non-polar solvent. When placed in a polar solvent, this micelle
structure must slowly undergo an inversion process, and
therefore its adsorption on the metal surface becomes slow.
However, in the long run, these molecules might not be easily
desorbed from the metal surface, and therefore IE will be
higher. This study shows that non-polar solvent can also be
used to extract inhibitor molecules. But, the obtained amount
of hexane extract was less than methanol extract. Therefore,
Artemisia vulgaris extract in methanol solvent was selected for
further study. We understand that irrespective of the solvent
used for extraction, the major constituents of the extract remain
the same.
3.2 Electrochemical characterizations in M–AVE

The change of OCP vs. SCE of MS coupon in 1.0 M H2SO4 in
absence and presence of M–AVE of varying concentrations is
shown in Fig. 2a. A marginal shi in OCP towards a positive
direction was observed with the addition of M–AVE, which can
be ascribed to the formation of barrier lm on the MS surface
due to the adsorption of molecules present in M–AVE.12

However, the shi in OCP was not enough (<85 mV) to classify it
as an anodic inhibitor. So, it acted as a mixed-type inhibitor.31

The uctuations in OCP till 900 s show the adsorption–
desorption nature of theM–AVEmolecules, which stabilize aer
that.

Fig. 2b depicts the anodic and cathodic polarization curves
of MS aer 30 min immersion in 1.0 M H2SO4 in the absence
and presence of varying concentrations of M–AVE. From the
n 1.0 M H2SO4, (b) polarization of mild steel in methanol extract of A.

RSC Adv., 2023, 13, 7603–7613 | 7605
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Table 1 Various corrosion parameters obtained from Fig. 1 for mild steel polarized in hexane and methanol extracts of Artemisia vulgaris

Electrolyte
Immersion time
(h)

Hexane Methanol

Ecorrr (V) icorr (A cm−2) IE (%) Ecorr (V) icorr (A cm−2) IE (%)

Acid 0.5 0.454 8.02 × 10−4 0.474 9.57 × 10−4

Acid + AVE 1000 ppm 0.5 0.448 2.16 × 10−4 73.10 0.443 6.42 × 10−5 91.99
Acid + AVE 1000 ppm 24 0.408 9.64 × 10−6 98.79 0.476 3.13 × 10−5 96.73

Fig. 2 (a) TheOCP–time curves for MS specimen in 1.0 MH2SO4 solution containing various amount of AVE, (b) polarization of mild steel in 1.0 M
H2SO4 without and with AVE of different concentrations.
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polarization curves, the electrochemical parameters viz. corro-
sion current (icorr), corrosion potential (Ecorr), cathodic slope
(bc), and anodic slope (ba) were obtained by making Tafel
extrapolation. The estimated values are presented in Table 2.

It is evident from the polarization curves that cathodic curves
were highly suppressed compared to anodic curves with the
addition of M–AVE. The parallel nature of the cathodic curves
indicated that the hydrogen reduction reaction was activation-
controlled, which did not change the reduction mecha-
nism.32,33 With an increase in M–AVE concentration, the icorr
decreased, and suppression was maximum (about 17 times) in
1000 ppm solution where IE was 94.21%. It can be inferred from
the results that the adsorption of molecules of M–AVE onto the
MS surface led to the formation of a barrier lm blocking the
active site of corrosion.14,30
Table 2 Tabulation of polarization parameters from Fig. 2b

Concentration
(ppm)

−Ecorr (V
(SCE)) icorr (A cm−2) ba (V d

Blank 0.4281 1.93 × 10−3 0.0603
200 0.4377 5.94 × 10−4 0.0329
400 0.4347 4.31 × 10−4 0.0404
600 0.4348 3.14 × 10−4 0.0387
800 0.431 2.53 × 10−4 0.0326
1000 0.4305 1.12 × 10−4 0.0242

7606 | RSC Adv., 2023, 13, 7603–7613
In order to check the effect of immersion time of MS in M–

AVE solution, polarization measurements were conducted aer
24 h immersion in test solution without and with various
amount of M–AVE. Fig. 3a depicts the polarization curves in
1.0 M H2SO4 without and with AVE of different concentrations
aer 24 hours of immersion. The values of icorr, Ecorr, bc, and ba

obtained from the Tafel extrapolation method of the polariza-
tion curve are presented in Table 3. The icorr and IE variation
with M–AVE concentration is shown in Fig. 3b.

The results reveal that unlike in a short time of immersion,
in a longer immersion period, both cathodic hydrogen evolu-
tion and anodic metal dissolution process were suppressed with
the addition of M–AVE. However, similar to the short time of
immersion, the observed cathodic curves were parallel to each
other, indicating no change in the reduction mechanism. The
ec−1) −bc (V dec−1) IE (%)
Surface coverage
(q)

0.1122
0.1785 69.23 0.6923
0.171 77.72 0.7772
0.1638 83.76 0.8376
0.1657 86.94 0.8694
0.1616 94.21 0.9421

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Polarization curve of mild steel in 1.0 MH2SO4without andwith AVE of different concentrations whenmild steel coupon is immersed in
electrolyte for 24 hours. (b) Variation of current density and inhibition efficiency for mild steel coupon immersed in electrolyte with the variation
of inhibitor concentration in 1.0 M H2SO4.

Table 3 Potentiodynamic polarization parameters for the corrosion of mild steel immersed for 24 hours in 1.0 M H2SO4 containing various
amount of M–AVE

Concentration
(ppm)

−Ecorr (V
(SCE)) icorr (A cm−2) ba (V dec−1) −bc (V dec−1) IE%

Blank 0.474 9.57 × 10−4 0.08 0.11
200 0.472 1.34 × 10−4 0.081 0.103 86.01
400 0.465 1.07 × 10−4 0.06 0.156 88.87
600 0.454 8.02 × 10−5 0.057 0.166 91.63
800 0.462 5.62 × 10−5 0.054 0.1219 94.13
1000 0.476 3.13 × 10−5 0.056 0.104 96.73

Fig. 4 Comparison of inhibition efficiency of Artemisia vulgaris extract
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immersion time did not change the Ecorr value. The extension of
immersion time has lowered the icorr by about 30 times, giving
an IE of 96.73% in 1000 ppm M–AVE. Fig. 4 compares the IE
offered by M–AVE with reference to concentrations and time of
immersion. Results divulge that at 200 ppm of M–AVE, IE differs
by about 16% for immersion times of 0.5 h and 24 h, which
almost became equal aer 24 h immersion. Therefore, optimi-
zation of time and concentration for the effective functioning of
the inhibitor molecules is essential.

To further understand the inhibition action of M–AVE on
MS, EIS measurements were carried out, and the results are
presented in Fig. 5a–c. In the plots, experimental data are rep-
resented by solid symbol while tting results are represented by
solid line. Fitting was done by using an electrical equivalent
circuit shown in Fig. 5d consisting of a simple Randle's circuit.

A single depressed capacitive loop at high frequency and an
inductive loop at low frequency are very obvious in all the cases.
There is no change in the shape of the plot with the addition of
M–AVE except an increase in the diameter of the semicircle with
the concentrations of M–AVE. The comparable shape of EIS
plots with the addition of inhibitor molecules in varying
amount suggests the existence of a single time constant.34 Thus,
the addition of M–AVE does not change the corrosion mecha-
nism.35 The adsorption of molecules of M–AVE gives rise to
© 2023 The Author(s). Published by the Royal Society of Chemistry
a depressed capacitive loop representing a non-homogeneous
solid surface.34 The appearance of expanding inductive loops
with concentration of M–AVE in low frequencies reects the
adsorption–desorption behavior of M–AVE molecules. It is also
conceivable because of the formation of species such as
in methanol when metal sample immersed and not immersed.

RSC Adv., 2023, 13, 7603–7613 | 7607
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Fig. 5 Electrochemical impedance spectroscopy measurements of mild steel in 1.0 M H2SO4 containing varying amount of M–AVE. (a) Nyquist
plot, (b) Bode plot, (c) phase shift plot and (d) equivalent circuit used for fitting the data.

Table 4 Impedance parameters for corrosion of mild steel in 1.0 M
H2SO4 without and with different concentrations of M–AVE

Concentration
(ppm) Rs (U cm2)

CPE (mU−1

Sn cm−2) n Rct (U cm2) IE%

Blank (0) 3.26 180.81 0.874 7.29
200 3.238 126.49 0.857 18.28 60.12
400 3.265 109.65 0.852 24.00 69.63
600 3.27 106.30 0.846 25.03 70.87
800 3.65 95.53 0.845 26.60 82.59
1000 3.23 73.60 0.845 66.20 88.99
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[FeSO4(ads)
2−], [FeOH]−, and [FeH]+ involving inhibitor mole-

cules which stabilizes the surface.6,36 The re-dissolution of the
passivated surface also results in inductive behavior at low
frequency.37

The adsorption of molecules of M–AVE results in increasing
the phase angle in the Bode-phase plot as seen in Fig. 5c. As the
concentration of M–AVE increases, the phase shi increases,
indicating for better coverage of the surface and hence IE also
increases.38,39

In the equivalent circuit, Fig. 5d, a constant phase element
(CPE) is used instead of a pure capacitor to consider the
frequency dispersion phenomenon and electrode surface non-
homogeneity.5,40–42 Electrochemical parameters obtained by
tting EIS data and calculated IE are presented in Table 4.

The impedance of CPE is described by eqn (3):43

ZCPE = Y0
−1(ju)−n (3)

Here, Y0, j, u and n symbols are magnitude of the CPE, imagi-
nary number (j2 = −1), angular frequency (u = 2pf), and
exponent of CPE (−1 # n # +1), respectively. The value of n is
indicative of the non-homogeneity of the inhibitor molecules
7608 | RSC Adv., 2023, 13, 7603–7613
covered surface.44,45 The CPE depicts a pure resistor for n= 0, an
inductor for n = −1, and a pure capacitor for n = +1.43

The estimated values of CPE and IE are plotted in Fig. 6
against the concentration of M–AVE. It is observed that the
value of CPE steadily decreased with the concentrations of M–

AVE as more and more water dipoles are displaced by large size
inhibitor molecules thereby enlarging the width of the double
layer. This results in the establishment of protective layer on the
metal surface. The local dielectric constant can also be
decreased by the displacement of water dipoles, a factor for
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Adsorption of crude extract of M–AVE following Langmuir
adsorption isotherm.Fig. 6 Variation of inhibition efficiency and constant phase element

with the variation of concentration of AVE.
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decreasing the CPE value.2,6 Therefore, a higher concentration
of M–AVE implies the formation of a thicker electric double
layer. Hence IE increased with an increase in the concentration
of inhibitor molecules.46
3.3 Adsorption isotherm

Adsorption isotherm is essential in knowing the mode and
interaction degree between M–AVE and MS surface molecules.
The driving force for the adsorption of inhibitor molecules onto
the metal surface is the stronger affinity of the inhibitor mole-
cules to the MS surface compared to that between water mole-
cules and the MS surface. Some of the factors that affect
adsorption of inhibitor molecules are their structure, chemical
composition, potential difference developed at the metal/
solution phase boundary and temperature of the medium.
The inhibitor molecules are adsorbed on metal surface in
a quasi-substitution process4,34 for the displacement of n water
dipoles by an inhibitor molecule:

Extract (sol) + nH2O (surface) / extract (surface) + nH2O (sol)

The IE value was used to calculate the extent of surface
coverage (q) by eqn (4).16

q ¼ IE

100
(4)

Thus, obtained q was plotted against amount of M–AVE to
nd out the suitable adsorption isotherm. M–AVE was a crude
plant extract containing a mixture of several organic molecules.
All the molecules might affect the inhibitive action of the
inhibitor positively or negatively. However, the concentration
used to t suitable adsorption models is the average molar
concentration of a few essential compounds, which is vital in
inhibition.16,17 Among the various adsorption isotherms, Lang-
muir adsorption isotherm was found to best explain the
adsorption behavior of inhibitor molecules as can be seen from
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 7. Relation of Langmuir adsorption isotherm is shown in
eqn (5).

Cinh

q
¼ 1

Kads

þ Cinh (5)

where Kads is adsorption constant, the value of which can be
obtained from the intercept of the plot in Fig. 7.

Langmuir adsorption isotherm conform to the formation of
a monolayer of inhibitor molecules.47 Little deviation from
perfect linearity in Fig. 7 hints to some kind of interactions
(attraction, repulsion or cathodic and anodic site specic
adsorption) between adsorbed inhibitor molecules on the mild
steel surface.34

The free energy of adsorption (DG°) can be estimated from
eqn (6)

DG˚ = −RT ln(55.5Kads) (6)

By inputting constant values, the DG
�
ads is calculated to be

−27.62 kJ mol−1. This DG
�
ads value implies a spontaneous

adsorption of the molecules of M–AVE on mild steel surface
forming a highly stable barrier lm.4,41 It is accepted that DG°
having −20 kJ mol−1 or less hints to physisorption while
chemisorption relates to a value of DG° greater than or around
−40 kJ mol−1. Here, the computed value is intermediate, which
implies that the adsorption is not merely physical or chemical
but involves both. Adsorption involves physical adsorption with
displacement of water molecules from the mild steel surface
followed by chemisorption.4,5,42,47
3.4 Surface analysis

SEM images of theMS specimen corroded in different condition
is represented in Fig. 8 with its initial state (Fig. 8a). The sample
was immersed in 1.0 M H2SO4 containing 400 and 1000 ppm of
M–AVE for 24 h. SEM image displays extensive destruction of
the MS surface without M–AVE (Fig. 8b). In contrary, MS surface
immersed in M–AVE, showed a comparatively less destructive
due to the coverage surface by M–AVE. Fig. 8c and d represent
the highly concentrated M–AVE solution showed a slightly
RSC Adv., 2023, 13, 7603–7613 | 7609
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Fig. 8 Surface morphology of MS (a) before exposure to 1.0 M H2SO4 (b) immersed in 1.0 M H2SO4 for 4 h, (c) immersed in 400 ppmM–AVE and
(d) immersed in 1000 ppm M–AVE.
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better protection as compared to the lower concentrated solu-
tion. This suggests the formation of the protective lm of M–

AVE on the surface of MS. The EDX of different surface spot
showed nitrogen, oxygen, and phosphorus on the MS surface
with M–AVE was published elsewhere.29
3.5 ATR-FTIR analysis

The ATR-FTIR spectrum of the methanol extract of Artemisia
vulgaris displaying various functionalities is shown in Fig. 9.
Absorption peaks at 3687 cm−1 and 3653 cm−1 are due to N–H
Fig. 9 FTIR spectrum of methanol extract of Artemisia vulgaris.

7610 | RSC Adv., 2023, 13, 7603–7613
bond stretching of amide and O–H bond stretching of alcohol,
respectively. It indicates the presence of nitrogenous
compounds like serotonin, prunacin as major compounds in
the extract which are also reported in ref. 24–26. The overlying
of various types of O–H bond stretching together with stretching
of amine (N–H) give rise to a broad spectrum from 3359 to
3213 cm−1. The C–H stretching of alkane has resulted in a band
at 2962 cm−1 and minor bands at 2931 cm−1, 2916 cm−1, and
2858 cm−1. The C]O stretching results in a band at 1701 cm−1.
Similarly, C]C stretching of alkene, cyclic alkene, C]N
stretching, imine, oxime, etc. has resulted in a band at
© 2023 The Author(s). Published by the Royal Society of Chemistry
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1662 cm−1, which also supports for the presence of nitrogenous
compounds. The N–H bending of amine produces a sharp
absorption peak at 1585 cm−1. Similarly, N–O stretching gives
an absorption band at 1504 cm−1. The C–H bending of alkane
give rise to band at 1454 cm−1. O–H bending of alcohol, phenol,
and S]O stretching of sulfonate is characterized by an
absorption band at 1373 cm−1. The presence of alkyl, aryl ether,
or aromatic ester is indicated by C–O stretching band at
1250 cm−1. Additionally, an absorption peak at 1176 cm−1 is
ascribed to C–O stretching of ester and tertiary alcohol, and
a band at 1049 is attributed to S]O stretching of sulfoxide, C–N
stretching of amine, or S]O stretching of sulfoxide. The pres-
ence of these absorption bands reveal that the extract contains
functional groups such as alcohol, phenol, amine, amide, ether,
ester, and others, as well as aromatic rings containing hetero-
atoms such as N and O, making it an excellent candidate for use
as a corrosion inhibitor.48
Fig. 10 Schematic representations of adsorption of serotonin on mild
steel/1.0 M H2SO4 interface.
3.6 Corrosion inhibition mechanism

Corrosion inhibition by organic compounds is due to barrier
lm formation on the metal surface due to adsorption. The
value of free energy of activation (–27.62 kJ mol−1) suggests that
the adsorption of molecules present in M–AVE is comprehen-
sive adsorption involving both chemisorption and phys-
isorption. The mechanism of corrosion inhibition by
adsorption of thesemolecules can be explained as follows based
on the results obtained:

The OCP value is a good indication of the charge on the MS
surface. An average OCP value of −0.45 V was observed in the
present study, which is nobler compared to the potential of zero
charges (PZC) of mild steel in sulfate solution.49 Therefore,
according to Antropov's concept, the MS surface should acquire
a net positive charge.40 Generally, attraction of a proton by lone
pair of electrons on heteroatoms makes organic molecules
positively charged, and the possibility of their adsorption on
a positive metal surface is negligible due to electrostatic repul-
sion. But, in acidic solution, anion le by acid like sulfate ion is
adsorbed rst on metal surface due to small degree of hydration
forming negatively charged metal surface, whichmakes feasible
for the adsorption of positively charged inhibitor molecules to
metal surface due to electrostatic force of attraction. It implies
that the adsorption is made feasible due to synergism with
sulfate ion. This causes a build-up of negative charge along the
interface, which facilitates the adsorption of positively charged
protonated inhibitor molecules. Thus, the positively charged
organic molecules of M–AVE are adsorbed via electrostatic force
of attraction with sulfate ion.5,40,41,50 This adsorption of mole-
cules on the MS surface competes with the H+ ion on the
cathodic site of the MS surface. This ultimately leads to the
suppression of cathodic hydrogen evolution.40 But this leaves
behind neutral organic molecules from positively charged
previously. This makes the neutral organic molecules to donate
electrons to vacant d-orbital of metal, establishing a coordinate
bond.51,52 HSAB (hard and so acid and base) theory also
supports strong interaction between the organic molecule and
MS surface. Metal in zero oxidation state behaves as a so acid
© 2023 The Author(s). Published by the Royal Society of Chemistry
and the inhibitor molecules behave as a so base, and inter-
action between so acid and so base is stronger and fast.47 In
the process, the metal gives back electron from its 4s or 3d
orbital to the lowest unoccupied molecular orbital (LUMO) of
inhibitor molecules so that metal surface does not retain extra
negative charge. It is generally accepted that such retro-
donation bolsters the chemisorption.5,47,51,52 A schematic
representation of the adsorption of serotonin as an example is
shown in Fig. 10. It is a diagrammatic sketch of the mechanism
of serotonin as it is one of the main constituents present in the
extract.

Chelation of organic molecules with Fe2+ ions result in
a stable and insoluble complex on the metal surface. This forms
the basis for the corrosion inhibition. In low inhibitor
concentration, the numbers of such complex molecules are less
and cannot prevent corrosion signicantly. However, increases
in concentration increase the number of complex molecules,
decreasing the solubility of the protective layer formed and
inhibiting corrosion. It explains the high inhibition efficiency of
M–AVE at higher concentrations.53
4. Conclusions

Extract of Artemisia vulgaris in n-hexane shows slower adsorp-
tion of molecules compared to that in methanol. The methanol
extract of Artemisia vulgaris shows a decrease in icorr and CPE
value and an increase in Rct, phase angle, and magnitude of
impedance. A maximum IE of 94.21% is obtained for 1000 ppm
M–AVE solution in 1.0 M H2SO4. The inhibition property of M–

AVE is due to the adsorption of organic molecules present in it.
Adsorption follows Langmuir adsorption isotherm, indicating
RSC Adv., 2023, 13, 7603–7613 | 7611
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monolayer adsorption of inhibitor molecules without interac-
tion with the metal. The intermediate value of DG

�
ads proves the

occurrence of both physical and chemical adsorption. The
inhibitor molecules suppress both cathodic hydrogen evolution
and anodic metal dissolution reactions equally. SEM and EIS
conrm the formation of an adsorbed layer on themetal surface
that inhibits the corrosion.
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