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n of thymohydroquinone
dimethyl ether (THQ) and coumarin present in the
aqueous extract of Ayapana triplinervis on mild
steel and its protection in hydrochloric acid up to
323 K: computational and physicochemical studies

Jeeja Rani AT, a Asha Thomas,a Mathew Kuruvilla,b Muhammed Arshada

and Abraham Joseph *a

This study evaluates the corrosion inhibition property of the aqueous and alcoholic leaf extracts of the

medicinal plant Ayapana triplinervis. The major components in the extracts are thymohydroquinone

dimethyl ether (THQ) and coumarin. It is clear from the weight-loss studies that the water extract of the

leaves (AYW) is superior to the alcoholic extract (AYA) in terms of offering corrosion inhibition. The 96%

efficiency of 4% (v/v) AYW in 0.5 N HCl at room temperature changes to 84.62% at 323 K. The mixed-

type inhibition behaviour of AYW shows slight dominance in the anodic direction. Studies suggest the

multilayer adsorption of phytochemicals on the metal surface and that the adsorption follows the

Temkin model. Theoretical studies using DFT and BIOVIA Materials Studio investigations establish THQ

as a good inhibitor with high adsorption characteristics. Even though the concentration of coumarin in

the extract is low, its presence in the extract facilitates the adsorption of THQ on the metal surface,

which is evident from the MD simulation study. The changes in the surface topography and elemental

composition of the metal specimen in the inhibited and uninhibited solution are monitored by SEM and

EDX spectral studies. XPS data support the presence of both THQ and coumarin on the metal surface

and the existence of co-ordinate bonding between the metal's d orbital and the O atoms of THQ.

Theoretical and experimental studies support the mixed mode of adsorption of THQ as physisorption

followed by chemisorption.
1 Introduction

Corrosion, though undesirable, is an unavoidable natural
process leading to the destruction of metals and alloys. This
material deterioration leads to environmental pollution to
different extents including loss of resources, maintenance
problems, serious damage to the entire ecosystem, and
economic recession. In this context, researchers and scientists
all over the world are in search of better and viable remedies to
resolve these problems.1,2 The use of eco-friendly inhibitors is
one of the accepted strategies for managing material dissolu-
tion in aggressive environments. In the early days, we used
synthetic organic and inorganic compounds as corrosion
inhibitors. However, recent environmental issues have made
scientists and researchers focus on these issues before applying
different chemicals as corrosion inhibitors. Hence, research in
the area of corrosion inhibitors is targeted at environmentally
Calicut, Kerala-673 635, India. E-mail:
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benign, economically viable, easily available, and more effective
materials in terms of efficiency over synthetic ones.3–5 Most of
these requirements could be met by the usage of plant extracts
as corrosion inhibitors. Extracts can be made from leaves,
stems, roots, bark, fruits, peels, seeds, owers, and from the
entire plant itself. The extracts serve as efficient inhibitors as all
plant parts are ‘reservoirs’ of many phytochemicals that possess
several heteroatoms, aromatic rings, electron-rich groups, and
heterocyclic ring systems. These phytochemicals alone or their
synergistic interaction make the plant extract an effective
inhibitor for different metals in different environments. These
organic inhibitors mitigate the corrosion rate mainly by getting
adsorbed on the metal surface through their polar functional
groups and multiple bonds, while inorganic inhibitors reduce
the corrosion rate by inuencing the anodic or cathodic
processes of corrosion.6 Vashi et al. demonstrated Bacopa
monnieri leaf extract as an efficient corrosion inhibitor for Al in
HCl. This inhibitor shows a maximum efficiency of 91.85% at
1.2 g L�1. EI-Housseiny et al. investigated the inhibition ability
of Cannabis plant extract as a mixed-type inhibitor for Zn in
0.5 M sulphuric acid using electrochemical methods. Umoren
© 2022 The Author(s). Published by the Royal Society of Chemistry
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et al. carried out a comparative study on the inhibition efficacy
of ethanolic extracts of date palm leaves and seeds on carbon
steel in HCl. They found that the inhibitory action of the leaf
extract is superior to that of the seed extract.7 Electrochemical,
theoretical and gravimetric studies on the corrosion inhibition
ability of Holoptelea integrifolia leaf extract for mild steel
corrosion in 1 M HCl reported that the extract shows
a maximum efficiency of 93.91% at 400 mg L�1 and the mech-
anism involves adsorption that follows Langmuir monolayer
adsorption.8

Saxena et al. tested Cuscuta reexa fruit extract as a green
inhibitor for mild steel corrosion in 0.5 M H2SO4. The extract
contains the active component 3-methoxy-3,4,5,7-tetrahydroxyl
avone, which is responsible for the inhibitory action, and it
shows a maximum efficiency at an inhibitor concentration of
500 mg L�1.9 Fang et al. illustrated the inhibitive action of seven
plant-derived aromatic compounds, by cyclic voltammetry. They
found that all the seven compounds have the same electro-
chemical behaviour, which is attributed to their aromatic
structure.10 Deyab et al. conducted a green approach to establish
the corrosion inhibition properties of lemongrass extract on
carbon steel in oileld water. The extract shows maximum
inhibitory action at a concentration of 400 ppm. SEM, EDX and
FT-IR results conrm the presence of the extract on the carbon
steel surface. Through theoretical investigations, they demon-
strated that the most abundant components ‘neral’ and ‘gera-
niol’ have comparable adsorption tendencies on the Fe
surface.11 The corrosion inhibition behaviours of citrulline,
quercetin and bonducellin were studied theoretically for mild
steel corrosion. Among these, quercetin shows maximum effi-
ciency and citrulline shows the least inhibitory nature.12 Sal-
masifar et al. demonstrated the corrosion inhibition properties
of aquatic artichoke extract molecules using both electro-
chemical and computer modelling methods. The electro-
chemical methods show a maximum efficiency of 98.7% at
1000 ppm. The artichoke extract acts as a mixed-type inhibitor
and inhibits the corrosion rate via the physicochemical inter-
action that occurs between the adsorption lm and steel
surface. Bahlakeh et al. investigated the inhibitory behaviour of
mustard seed extract for mild steel corrosion in HCl solution
and found that it acts as a mixed-type inhibitor and shows
a maximum efficiency of 94% at 200 mg L�1 of extract.13

The current study focuses on the corrosion inhibition ability
of the aqueous leaf extract of the plant Ayapana triplinervis
(AYW) (Eupatorium ayapana Vent, Eupatorium triplinerve Vahl),
which belongs to the Asteraceae family. The leaves are a rich
source of aromatics, borne directly from the stem, are shaped
like a lance head, tapering to a point at each end and the stems
are reddish-brown. It is a traditional plant with considerable
antimicrobial, antifungal, anti-inammatory, antioxidant,
sedative and stimulant activities. Its oil is rich in thymohy-
droquinone dimethyl ether (THQ) and coumarins. GC/MS data
report that the essential oil contains 89.9% to 92.8% THQ.14 It is
assumed that the corrosion inhibition property of the leaf
extract is mainly due to the presence of the most abundant
phytochemical component of the leaves, i.e., THQ, which shows
greater corrosion inhibition ability when subjected to
© 2022 The Author(s). Published by the Royal Society of Chemistry
theoretical calculations using Gaussian 09 and Materials Studio
soware analysis. This herb extract can be used as a tonic when
used in a smaller dosage but serves as a laxative in larger
quantities.15 It is used as an antihemorrhagic agent and to clean
ulcers.16 The aqueous extract is used as a cardiac stimulant,
which increases the rate of blood ow. Even bare fresh leaves
are used to cure wounds and stomach pain. The main phyto-
chemicals present in the leaves of Ayapana triplinervis include
essential oils and coumarins, along with ayapanin, ayapin,
stigmasterol, esculetin methylene ether, vitamin C, and caro-
tene. The volatile fraction of this extract is rich in THQ, while
the non-volatile fraction is enriched mainly with coumarins and
alkaloids. A total of seven coumarins were identied in the oil,
from which 7-hydroxy coumarin is responsible for its anti-
inammatory and anti-microbial activities, while the presence
of THQ is responsible for inhibiting the Zika virus.14 7-Hydroxy
coumarin also has anti-tumor and enzyme-inhibitory activity.
The presence of THQ along with coumarinmakes this extract an
effective traditional medicine as well as an effective inhibitor for
mild steel corrosion in acidic media.14,15,17–21

For a molecule to act as a good inhibitor, it is reported that it
should have the ability to both donate electrons to the vacant
d orbital of the metal and to accept back electrons from the
lled metal d orbital to its empty orbital. During their interac-
tion, the HOMO of the inhibitor acts as the electron donor to
the metal, while the LUMO as the electron acceptor from the
metal. Since the energy gap of the active component of AYW,
THQ, is comparable with that of mild steel, it is assumed that
the extract, which is enriched with THQ, can act as a good
inhibitor system for mild steel corrosion in an acidic environ-
ment. The electronic properties of the THQ molecule suggest
that it is the best inhibitor system for resisting mild steel
corrosion.

2 Materials and methods
2.1 Preparation of the extract

Ayapana leaves were washed thoroughly under running water,
shadow dried for about 28 days and then crushed into powder.
AYW (aqueous) and AYA (alcoholic) extracts were prepared by
reuxing 5 g of this powder with 100 mL water and ethanol at
95 �C and 65 �C, respectively, for about 3 hours. The residual
solution was kept overnight and ltered to obtain the respective
extracts.

2.2 Test solutions

0.5 N HCl solution was formulated using 12 mol L�1 concen-
trated hydrochloric acid (E Merk) and double-distilled water.
Then, different volumes of the AYW extract were added to the
hydrochloric acid solutions to prepare the electrolytic medium
for electrochemical studies.

2.3 Characterization of AYW

FT-IR analysis was performed on the AYW extract as well as on
the lm separated from the metal surface aer dipping it in an
electrolytic solution containing 28 mL AYW. Infrared analysis
RSC Adv., 2022, 12, 14328–14341 | 14329
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was performed using the KBr pelletized extract and the lm
with a Jasco IR spectrometer in the wavenumber range of 400–
4000 cm�1. UV-visible absorbance measurement of the extract
was performed using a Jasco spectrometer in the wavelength
region of 200–800 nm.
2.4 Gravimetric studies

Gravimetric analyses were conducted for mild steel coupons
under total immersion conditions at room temperature. Square
metal samples of the composition Fe (98.75%), C (0.20%), Mn
(1.0%), P (0.030%) and S (0.020%) with 3.6 cm2 area were used
for these studies. The metal specimens were cleaned as per
ASTM recommendations22 and weighed accurately before and
aer the immersion process. The volume of the inhibitor at
which it offers maximum inhibition efficiency was found at 303
K. From the weight loss obtained, the corrosion rate in mm per
year was calculated using eqn (1),

CRðmm per yearÞ ¼ KW

DAT
(1)

where K is a constant of value 8.76 � 104, D ¼ 7.86 g cm�3 is the
density, W is the weight loss expressed in grams and A is the
area of the metal specimen.
2.5 Electrochemical analysis

A Gill AC model no. 1475 potentiostat was used to monitor the
corrosion of the metal in corrosive media. Electrochemical
impedance spectroscopy, one of the simplest, most effective
and non-destructive electrochemical tools to monitor the
corrosion rate of a sample, was carried out by applying
a potential as a sinusoidal wave of 10 mV amplitude and the
response was measured as an AC between the working electrode
and auxiliary electrode. Before carrying out the electrochemical
measurements, the working electrode was immersed in the
electrolytic medium (with or without the inhibitor) for about
one hour to attain a steady state. For that, the open circuit
potential was recorded for the rst three minutes (potential
versus time) and it was ensured that there was not much vari-
ation in the potential value (<10 mV) with time. Electrochemical
analyses such as EIS and PDP were performed only aer
attaining the steady-state condition. In the electrochemical
impedance technique, a small potential of 10 mV was applied in
a frequency range of 0.1 Hz to 10 KHz to the system and the
responses were recorded and analysed by tting the non-linear
data to the equivalent Randle's circuit.

The impedance of the system is measured as

ZðuÞ ¼ VðuÞ
IðuÞ (2)

Since the applied potential and current response are sine
waves of the same frequency with a phase angle change, their
ratio is taken as the impedance, which is a complex number
with a real and imaginary part, i.e.

Z(u) ¼ Z1(u) + jZ2(u) (3)
14330 | RSC Adv., 2022, 12, 14328–14341
The Nyquist plot was obtained by plotting the real part of
impedance on the X-axis and the imaginary part on the Y-axis.
The magnitude of the impedance was also obtained from the
Bode plots in which phase angle variation is plotted against
log(frequency). Various corrosion parameters were thus ob-
tained by tting the EIS data to an equivalent electrical circuit.

During the electrochemical polarization studies, the working
electrode was rst polarized cathodically followed by anodic
polarization by applying a potential of 250 mV from the corro-
sion potential. The polarization of the electrode surface resulted
in the ow of current due to the electrochemical reactions at the
electrode surface. Corrosion current density was obtained from
these plots by extrapolating both the cathodic and anodic
regions of the Tafel plots to the equilibrium corrosion potential.
The percentage efficiency is calculated from the corrosion
current density using the equation

IEð%Þ ¼ Icorr � Icorr
1

Icorr
� 100 (4)

where Icorr and Icorr
1 are the corrosion current densities of the

metal electrode in the blank and inhibited electrolytic media,
respectively.23–25

2.6 Theoretical studies

Quantum chemical methods and molecular modelling tech-
niques can be used for deriving the electron density functions in
molecular fragments and for a molecule as a whole. The
molecular structure and other electronic properties of mole-
cules are obtained by performing theoretical calculations using
the Gaussian 09 soware. In these calculations, the B3LYP
functional with double-zeta plus polarization and 6-311G(d,p)
basis set were employed. An idea about the inhibition ability of
the molecule is obtained from the various parameters calcu-
lated using the global descriptors of theoretical analysis as

IE ¼ �EHOMO (5)

EA ¼ �ELUMO (6)

DN ¼ cFe � cinh

2ðhFe þ hinhÞ
(7)

c ¼ IEþ EA

2
(8)

h ¼ IE� EA

2
(9)

where IE and EA represent the ionization enthalpy and electron
affinity of the inhibitor molecule, respectively, c and h are the
electronegativity and hardness, respectively, and DN refers to
the fraction of electrons transferred between the metal surface
and the inhibitor.

MC simulation is an important theoretical approach for
monitoring the interaction of an inhibitor with a metal
surface. BIOVIA Materials Studio calculations were performed
to get an idea about the mode of interaction between the
inhibitor and the metal surface as well as to have a glimpse of
the extent of interaction between them. The Fe(110) plane of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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iron built by the builder module of the soware is selected as
the adsorbent as it is the most stable plane, possessing a close-
packed structure. The maximum surface interaction with
larger molecules is possible only by enlarging the iron surface.
For that, 10 � 10 supercells were created with a thickness of 10
Å and using the adsorption locator module, the adsorption
process of the inhibitor on the metal surface was studied aer
geometry optimization using DMol3 calculation. The interac-
tion parameters were then calculated utilizing the COMPASS
force eld.
Fig. 1 (A) IR spectra of the AYW extract and coated film obtained from
the metal surface and (B) UV-visible spectra of AYW.
2.7 SEM, EDX and XPS studies

Surface characterization of the metal coupons dipped in 4% (v/
v) AYW taken aer 24 hours was done using XPS (PH1 5000
versa probe II, ULVAC-PHI Inc; USA) equipped with a micro
focussed monochromatic X-ray source with an energy of
1486.6 eV from Al-Ka. An X-ray source with a pass energy of
187.85 eV was needed to record the survey scan, while 46.95 eV
pass energy was required to record the deconvoluted spectra in
XPS. The SEM and EDX analyses of the mild steel coupons
immersed in blank and inhibited solution aer 24 hours of
immersion were carried out using a scanning electron micro-
scope (JEOL JSM 6380 LA). By comparing the topology of the
surface of the sample in blank and inhibited solutions, we can
nd out whether the metal is protected in the presence of the
inhibitor. By examining the EDX spectra, the surface composi-
tion of the samples in the presence and absence of the inhibitor
can be obtained.
Fig. 2 Plot of IE vs. corrosion rate for AYW and AYA for different
immersion periods.
3 Results and discussion
3.1 Spectral analysis

The FT-IR spectrum of the AYW extract was obtained in KBr
pellets using a Jasco IR spectrometer using the drop-casting
method in the wavenumber range of 400–4000 cm�1.

The Ayapana triplinervis extract is rich in many phytochem-
icals including THQ and coumarins, especially 7-hydroxy
coumarin in excess over others, as evident from the existence of
many peaks corresponding to different functional groups. The
sharp peak at 3433 cm�1 is due to the presence of the O–H
group in the extract. Two intense peaks are present at
2915 cm�1 and 2864 cm�1, which can be attributed to the C–H
stretching from an aliphatic group, representing the presence of
methyl and isopropyl groups in the extract. The band at
1632 cm�1 represents the presence of an aromatic ring and
C]O group in the extract. Another peak at 1374 cm�1 is for the
CH3 bending vibration. The broad peak at 1001 cm�1 is ascribed
to C–O–C stretching vibration and a weak band at 556 cm�1 is
due to the C–H bending vibration.26–28 The presence of THQ was
detected from the electronic spectrum with an absorption
maximum of 200–360 nm with an absorption maximum of
around 290 nm. AYW shows an absorption maximum at
279.01 nm, indicating the presence of THQ in the extract in the
wavelength range of 200–800 nm. These spectral data are
enough to show the presence of both THQ and coumarin in
AYW29,30 (Fig. 1).
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2 Gravimetric analysis

The ‘gold standard’ weight-loss technique is the simplest and
most efficient corrosion monitoring technique, although its
sensitivity is limited to 0.1 mg. It is particularly useful when the
exposure period is extended to the order of weeks and months.
Weight-loss analyses were conducted separately for the water
and alcoholic extract of Ayapana triplinervis (AYW and AYA,
respectively) aer 24, 48, 72, 96, and 120 hours of immersion in
an aggressive acidic medium. From Fig. 2, it is clear that the
aqueous extract is superior in action to its alcoholic counterpart
in terms of resisting the corrosion process of mild steel in 0.5 N
HCl. Since the alcoholic counterpart, which is more expensive,
has less inhibition efficiency than the economically benign
water extract in inhibiting the mild steel corrosion in an acidic
medium, it has been excluded from further electrochemical
techniques. 4% (v/v) AYW exhibits about 94% efficiency even
aer 48 hours of immersion, and aer 120 hours, the inhibition
efficiency (IE) reduces to 89.50%. At the same time, the corro-
sion rate decreased from 0.278 mg cm�2 h�1 to 0.213 mg cm�2

h�1 for 4% (v/v) AYW on increasing the immersion time from 24
RSC Adv., 2022, 12, 14328–14341 | 14331
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to 120 hours. However, for the alcoholic counterpart, the inhi-
bition efficiency decreases from 92.10% to 91.27% on
increasing the immersion time from 24 to 48 hours. Aer 120
hours of immersion, the inhibition efficiency of 4% (v/v) AYA
decreases to 77.05% at room temperature. The weight-loss, CR
(mg cm�2 h�1) and IE (%) of AYW and AYA are given in Fig. 2.
Fig. 3 Nyquist plot for mild steel corrosion in 0.5 N HCl with and
without inhibitors at (A) 303 K, (B) 313 K, and (C) 323 K; and (D) %
relative error for the extracts at different temperatures.
3.3 Impedance spectroscopic studies

Randle's circuit was identied as the ideal electrochemical
circuit to t the electrochemical data obtained during the
analysis. However, some depressions were observed in the
Nyquist plot during the analysis. It was realized that the
phenomenon of ‘frequency dispersion’ (frequency dispersion is
a term describing various physical characteristics such as
surface roughness, inhomogeneity, grain boundaries, and
impurities) was the reason for such depressions and it was
rectied by placing a constant phase element of admittance Y0
in place of the double layer capacitance, as follows:

ZCPE ¼ 1

Y0

h
½ju�n�1

i
(10)

where u represents the angular frequency, j is an imaginary
number and n is the constant phase exponent. Hence, the
double layer capacitance incorporates the contribution from the
constant phase element as well, and it is calculated as

Cdl ¼ (Y0Rct
1�n)1/n (11)

The nature of the constant phase element depends on the
constant phase exponent. That is, the constant phase element
acts as a perfect capacitor when n is unity, as a resistor when n
equals zero and as an inductor when n approaches �1. The
addition of inhibitor solution to the blank electrolytic solution
causes a shi of the constant phase element towards a more
capacitive nature, which is evidenced from the n value change
(Table 1).

The Nyquist plot obtained for mild steel coupons in 0.5 N
HCl without and with various concentrations of AYW at
Table 1 EIS data for mild steel corrosion in blank and inhibited acidic el

T (K) Cinh (%, v/v) Rct (ohm cm�2) Cdl (mF cm�2)

303 0 21.40 0.00053
1 30.11 0.00034
2 85.63 0.00020
3 298.9 0.00006
4 539.0 0.00007

313 0 12.05 0.00055
1 14.12 0.00046
2 40.35 0.00028
3 65.06 0.00019
4 84.38 0.00020

323 0 8.352 0.00096
1 9.746 0.00119
2 19.90 0.00041
3 27.19 0.00038
4 54.31 0.00020

14332 | RSC Adv., 2022, 12, 14328–14341
different temperatures is shown in Fig. 3. It is clear from the
gure that even aer adding 4% (v/v) AYW to the electrolytic
medium, the shape of the curve remains the same, which is an
indication of the constancy in the corrosion mechanism in the
presence or absence of an inhibitor. In the higher frequency
region, the Nyquist plot shows a capacitive loop due to the
presence of an electric double layer at the metal-solution
interface. On analysing Table 1, it is seen that there is an
opposite trend in the values of Rct and Cdl during the addition of
the inhibitor. This may be due to the formation of a protective
layer of phytochemicals on the metal surface. The inhibitor
molecules adsorb on the metal surface by replacing the water
molecules and other ions that had adsorbed there previously,
causing an increase in the thickness of the double layer at the
metal-solution interface. This event results in the decrease of
the double-layer capacitance value according to the Helmholtz
equation:
ectrolytic media at different temperatures

Icorr (mA cm�2)
CR (mm per
year) Y0 n IE (%)

1.2190 14.13 0.0014 0.77 —
0.8664 10.04 0.0008 0.80 28.93
0.3046 3.531 0.0005 0.82 75.01
0.0873 1.012 0.0001 0.83 92.84
0.0484 0.561 0.0002 0.79 96.03
2.1650 25.09 0.0024 0.76 —
1.8480 21.41 0.0013 0.83 14.66
0.6465 7.493 0.0010 0.79 70.14
0.4010 4.647 0.0006 0.81 81.48
0.3092 3.583 0.0004 0.87 85.72
3.1230 36.20 0.0037 0.77 —
2.6770 31.02 0.0048 0.75 14.30
1.3110 15.19 0.0015 0.79 58.03
0.9594 11.12 0.0017 0.76 69.28
0.4803 5.567 0.0006 0.81 84.62

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Bode plots for the mild steel specimen in blank and inhibited
solutions containing different concentrations of AYW at (A) 303 K, (B)
313 K, and (C) 323 K and (D) the equivalent Randle's circuit used to fit
the EIS data.
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Cdl ¼ 3A30

d
(12)

where 3 and 30 denote the permittivities of the electrolytic
medium and free space, respectively. A is the surface area of the
metal electrode and d is the thickness of the double layer. The
decrease in Cdl value with the increase in inhibitor concentra-
tion may be due to the replacement of pre-adsorbed water
molecules, which have a high dielectric constant, with inhibitor
molecules of low dielectric constant on the metal surface as well
as an increase in the thickness of the double layer. In the
Nyquist plot, the difference of the real axis value in the low and
high-frequency regions corresponds to the charge transfer
resistance and from this value, inhibition efficiency is calcu-
lated as

IEð%Þ ¼ Rct
1 � Rct

2

Rct
1

� 100 (13)

where Rct
1 and Rct

2 represent the charge transfer resistances of
inhibited and blank corrosive media, respectively. With the
addition of an inhibitor to the blank, its charge transfer resis-
tance increases considerably. In the case of the 4% (v/v) addi-
tion of AYW to 0.5 N HCl, the Rct value increases from 21.40 U

cm�2 to 539.0 U cm�2 at room temperature, affording 96.03%
efficiency for the extract. At 313 K, the value increases from
12.05 U cm�2 to 84.38 U cm�2 and at 323 K, from 8.352 U cm�2

to 54.31 U cm�2, affording 85.72% and 84.62% efficiency,
respectively. Since corrosion is an electrochemical process,
whose rate is dependent on how fast the mass and charge are
transferred between the electrode and the electrolyte, the
adsorption of AYW blocks the easy transfer of both mass and
charge better than AYA, leading to the best corrosion
inhibition.31–35
3.4 Bode plots

Bode plots of metals in an acidic solution containing AYW at
different temperatures are shown in Fig. 4. Since the electrode–
electrolyte interface acts as a ‘leaky’ capacitor, there is a devia-
tion in phase angle from the perfect capacitance value of 90�.
When there are smaller deviations from 90�, the capacitive
response is high and hence the inhibition efficiency is also
high. This deviation is more pronounced for an uninhibited
solution, especially at a higher temperature. With the increase
in the concentration of the extract, the extent of adsorption of
phytochemicals on the metal surface increases, and the
increased surface coverage on the metal surface leads to the
broadening of the Bode plots (i.e., at higher concentration). It is
clear from Fig. 4 that the deviation from the perfect capacitive
angle is minimum for 4% (v/v) AYW at room temperature
(58.790) and maximum for the blank electrolyte at 323 K
(12.420).27,36
Fig. 5 Tafel plots for the mild steel specimen in blank and inhibited
solutions containing different concentrations of AYW at (A) 303 K, (B)
313 K, and (C) 323 K and (D) the variation of their % relative error with
temperature.
3.5 Tafel polarization studies

The general principle behind Tafel polarization studies involves
the excitation of the working electrode electrochemically by the
application of a potential sweep of �250 mV to Ecorr and then
© 2022 The Author(s). Published by the Royal Society of Chemistry
measuring the current response in terms of potential or time
domain. In linear polarization, a linear relationship exists
between the applied potential and the current response as we
are perturbing the system by a small potential of 20–25 mV.
However, in Tafel polarization, the linearity is seen between the
potential and log current density at a potential of 50–70 mV far
from OCP. Anodic and cathodic polarizations create Tafel
regions and the extrapolation of the linear portions of these
curves to a single point will give the potential and the corre-
sponding current density, which are called the corrosion
potential and corrosion current, respectively. Once we obtain
the corrosion current, the inhibition efficiency can be calcu-
lated by eqn (4).

Anodic and cathodic polarization studies were conducted for
mild steel coupons immersed in 0.5 N HCl in the presence and
absence of different concentrations of AYW at three different
temperatures (Fig. 5). The corrosion parameters thus obtained,
RSC Adv., 2022, 12, 14328–14341 | 14333

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02109a


Table 2 Polarization parameters for mild steel corrosion in blank and inhibited acidic electrolytic media at different temperatures

T (K)
Concentration
of AYW (%, v/v) �Ecorr (mV) ba �bc Icorr (mA cm�2)

CR
(mm per year) IE (%)

303 0 524.62 238.81 338.54 1.1791 19.371 —
1 513.41 183.37 243.79 0.7604 14.426 35.51
2 514.33 135.63 157.92 0.2688 7.6903 77.20
3 451.56 89.176 147.96 0.0868 4.5079 92.64
4 458.8 86.835 132.59 0.0497 4.3649 95.78

313 0 523.09 262.71 302.82 1.7238 28.152 —
1 468.38 166.15 247.68 1.5029 26.45 12.81
2 450.79 120.4 202.12 0.5683 13.553 67.03
3 438.75 103.96 189.49 0.3332 10.417 80.67
4 514.33 129.36 150.4 0.2418 7.330 85.97

323 0 463.89 226.16 297.64 1.9815 33.534 —
1 508.83 237.22 231.83 1.7672 27.802 10.82
2 455.95 129.58 223.65 1.0129 21.234 48.88
3 500.87 123.48 204.7 0.7410 16.091 62.60
4 456.8 113.02 184.71 0.3693 11.725 81.36

Table 3 Global parameters for the active components THQ and
coumarin present in AYW obtained from B3LYP/6-311G(d,p)

Parameters THQ Coumarin

Total energy (a.u.) �618.72177 �497.1482
EHOMO (eV) �5.44716 �6.74269
ELUMO (eV) �0.228575 �2.13119
DE (eV) 5.21858 4.6115
IE (eV) 5.44716 6.74269
EA (eV) 0.22857 2.13119
Dipole moment (D) 0.23490 4.7775
c 2.83786 4.43694
h 2.60929 2.30575
DN 0.79756 0.55579
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such as corrosion current density, corrosion potential, and Tafel
slopes, are given in Table 3. It is clear from Table 2 and Fig. 5
that the incremental addition of inhibitors to the blank elec-
trolytic media considerably decreases the corrosion rate of the
metal. Corrosion inhibitors retard the corrosion rates of mild
steel by acting either as anodic or cathodic inhibitors. It is seen
that on adding different volumes of the extract to the electrolytic
medium, the current density (both anodic and cathodic)
decreases. It is also observed here that with the incremental
addition of the extract, the corrosion potential value shis
towards lower negative values at all temperatures, indicating an
anodic predominant mechanism for the inhibitor. That is, the
inhibitor system decreases the corrosion rate of mild steel
mainly by resisting the anodic dissolution process of mild steel.
Since the shi in Ecorr values remains within �85 mV, mixed
inhibition nature is attributed to the inhibitor system. That is, it
resists the corrosion process not only by retarding the anodic
reaction but also by preventing the cathodic hydrogen evolution
reaction. An irregular trend in the Tafel slopes is observed,
which again supports the mixed inhibition behaviour of AYW.
The corrosion current density of the sample decreases from
1.1791 mA cm�2 to 0.0497 mA cm�2 with the addition of only
4% (v/v) AYW to the reaction medium, showing its high inhi-
bition ability (95.78%) at room temperature. At the same time,
the corrosion rate decreases from 19.371 to 4.3649 mm per year
for the sample at room temperature. With further increase of
temperature to 313 K, no considerable increase in the corrosion
current and corrosion rate is observed in the presence of 4% (v/
v) AYW, giving a high efficiency of 81.36% at 313 K. AYW
decreases the corrosion rate by getting adsorbed on the avail-
able active sites of the sample, leading to lesser interaction with
the acidic electrolyte. However, on increasing the temperature,
the rate of desorption of the adsorbate layer from the surface
increases, exposing more active sites to the aggressive envi-
ronment. Moreover, with increase in temperature, the rate of
evaporation and degradation of the active organic components
of AYW on the metal surface may also increase, leading to
greater corrosion.37–41
14334 | RSC Adv., 2022, 12, 14328–14341
3.6 Quantum chemical calculations

The donor–acceptor mechanism is responsible for the adsorp-
tion of an inhibitor molecule on a metal surface, i.e., electron-
rich sites of the inhibitor donate electrons to the metal
surface. The excess electrons in the metal surface will create
repulsive interaction and hence these electrons are donated
back from the metal surface to the electron-decient/vacant
antibonding orbitals of the inhibitor molecule. The electron-
rich centres include the heteroatoms and aromatic rings
present in the inhibitor molecule. The HOMO and LUMO of the
inhibitor molecule respectively afford the electron-donating
and electron-accepting centres.

The quantum chemical parameters obtained from the most
stable conguration of the active component THQ obtained by
Gaussian 09 are listed in Table 3. It is clear from the table that
the molecular parameters of THQ are responsible for the
extract's performance as a good corrosion-inhibitive system.
From Fig. 6, it is evident that the HOMO of THQ is located
mainly on O atoms and the aromatic rings, while the LUMO is
distributed over the C atoms. These centres of the HOMO and
LUMO are involved in interaction with the Fe surface to cause
the adsorption of the inhibitor molecule on the metal surface.
The high energy of the HOMO of THQ (�5.44716 eV) accounts
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Optimized geometry, (B) HOMO, and (C) LUMO of THQ.

Fig. 8 Optimized geometry of THQ and coumarin separated by an
intermolecular distance of 2.2223 Å.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

5 
8:

34
:0

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
for its capacity to donate electrons to the vacant d orbital of Fe.
At the same time, the low energy of the LUMO (�0.228575 eV)
validates its tendency to accept the electrons from the lled
metal d orbital to its empty p orbital. Hence, the energy required
to remove the electrons from the outermost orbital is very low
(obtained from its energy gap), which accounts for its high
inhibition ability. The inhibitor molecule considerably retards
the corrosion process of iron by transferring a larger fraction of
electrons from it to the metal surface. The inhibition ability has
a direct relationship with this fraction transferred according to
Lukovit's theory. The inhibitor has a great ability to bind with
the so Fe surface (in acid media), which is evidenced by its low
hardness value, and which eventually leads to the adsorption
phenomena according to Pearson's HSAB theory. The lower
dipole moment value of the inhibitor facilitates its accumula-
tion on the metal surface, leading to better inhibition ability.
The second active component present in AYW is coumarin,
which is also a good inhibitor as evidenced by its electronic
molecular structure obtained through DFT calculations (Fig. 7).
The presence of THQ alone or its synergistic interaction with
the other minor components, mainly coumarins, makes the
extract a more efficient corrosion inhibitor for mild steel
corrosion. The active components THQ and coumarin present
in AYW are separated by a distance of 2.22235 Å on the metal
surface aer adsorption12,27,28,34,41–45 (Fig. 8).
Fig. 7 (A) Optimized geometry, (B) HOMO, and (C) LUMO of
coumarin.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.7 MD simulations

MD simulations were carried out separately for THQ, coumarin,
and THQ and coumarin together (THQ + CU) on the Fe(110)
plane in a homogeneous environment using the BIOVIA Mate-
rials Studio package to gather information on the most
favourable interaction. The result obtained is presented in
Table 4.

From the table, it is clear that the combination (THQ + CU)
has maximum adsorption on the metal surface, followed by
THQ, and lastly coumarin. Although coumarin is found to be
quite suitable for inhibition according to the DFT studies, THQ
acts as the main contributor of AYW's corrosion inhibition
because of the lower concentration of coumarin in AYW. The
binding energy values are also higher for the combination (THQ
+ CU) than for THQ and hence it is conrmed that the
adsorption process of THQ is supplemented and enhanced by
coumarin. The total energy value of THQ obtained from DFT
calculations is found to be 10.9725 kcal mol�1. However, when
it gets adsorbed on the metal surface, the total energy of the
system becomes negative (�83.6693 kcal mol�1), which means
that THQ is highly stabilised on the metal surface compared to
its free state of existence in AYW. Rigid adsorption energy (a
type of binding energy, i.e., the energy released when molecules
are adsorbed on the metal surface before its optimisation
procedure) is also maximum for the combination, indicating
that these clusters of molecules are preferred more on the
surface than their individual existence. The 3D atomistic dE/dNi
is also a representation of the energy of the adsorbate–adsor-
bent system. The negative value of energy indicates that the
adsorption characteristics of the adsorbate are prominent in
a given adsorbent. It is evident from Fig. 9 that the adsorption
and surface coverage of AYW are maximum on the mild steel
surface when the coumarin is arranged in parallel and THQ in
a vertical orientation. All the data obtained aer MD simula-
tions show that even though the concentration of coumarin is
RSC Adv., 2022, 12, 14328–14341 | 14335
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Fig. 9 Snapshots showing the adsorption of (A), (B) THQ; (C), (D) coumarin; and (E), (F) both THQ and coumarin of AYW on the mild steel surface
using the BIOVIA Materials Studio software.

Table 4 Adsorption parameters obtained from the MD simulations of THQ, coumarin and their combination

Molecule Total energy (eV)
Adsorption
energy (eV)

Rigid adsorption
energy (eV)

Deformation energy
(eV) dE/dNi

THQ �83.6693 �94.6419 �95.7429 1.10106 �94.6419
Coumarin �94.4323 �77.1024 �65.6780 �11.4244 �77.1024
THQ + coumarin �182.5147 �172.1930 �158.6195 �13.5735 �172.1930
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small in AYW compared to THQ, its combination with THQ
makes it an excellent combination to offer corrosion protection
to mild steel in 0.5 N HCl.46–50
3.8 Adsorption isotherm

The phenomenon of adsorption is considered an effective
contributor that retards the corrosion rate of metals in acidic
electrolytic media containing organic inhibitor molecules. The
physicochemical aspects of such a reaction at a specied
temperature can be well illustrated using the thermodynamic
adsorption parameters. To evaluate these, various adsorption
isotherms like Langmuir, Temkin, and Freundlich are plotted
separately for the corrosion process of mild steel in HCl
medium containing different concentrations (%, v/v) of AYW.
Insight regarding the ease of a process can be drawn by ana-
lysing the thermodynamic parameters. The magnitude and sign
of both the heat and entropy of adsorption also inuence the
spontaneity of a reaction.51 The best tted isotherm is selected
using its R2 values for different adsorption isotherms, and in
this case, among the three isotherms, Temkin is found to be the
best one with a regression constant close to unity, and obeys the
equation
14336 | RSC Adv., 2022, 12, 14328–14341
q ¼ ln CR + Kads (14)

Table 5 shows the thermodynamic adsorption parameters
derived at various temperatures. It is seen that the Kads values
are positive, showing the feasibility of adsorbing the constitu-
ents of AYW on themild steel surface. It is also seen that with an
increase in temperature, the equilibrium is shied to the
adsorption side rather than the desorption side. Table 5 also
presents the variation in Gibbs free energy with temperature
and in this case, the values are negative and point to the ease of
the expected adsorption reaction. Here the values are below
20 kJ mol�1, and hence it may be concluded that the adsorption
of active phytochemicals present in AYW on the mild steel
surface is a feasible process that follows physisorption, not by
a mere physical force but through a substantial contribution
from a type of co-ordinate interaction between the metal and
active components of AYW. This is because Fe has a great
tendency to form co-ordinate bonds with heteroatoms like O
and N. Since AYW is rich in these atoms, co-ordinate interac-
tions are very well possible between Fe and AYW, which are
sufficiently strong and hence stable even at reasonably high
temperatures.52,53 Since the adsorption isotherm obtained is of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Thermodynamic adsorption parameters of AYW on the mild steel specimen in 0.5 N HCl solution

Acid concentration Temp. (K)

R2

Kads (M
�1) DG0

ads (kJ mol�1)Langmuir Temkin Freundlich

0.5 N HCl 303 0.51769 0.93037 0.85951 3.00444 �12.89144
313 �0.12913 0.87280 0.77919 4.66962 �14.46468
323 �0.09546 0.96843 0.86615 5.86200 �15.53762

Fig. 10 Temkin, Langmuir and Freundlich adsorption isotherms for
the mild steel specimen immersed in 0.5 N HCl solution containing
AYW at different temperatures.

Fig. 11 Arrhenius and transition state plots for mild steel corrosion in
the blank and inhibited solutions containing different concentrations
of AYW at different temperatures.
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the Temkin-type, it suggests the multilayer adsorption of
phytochemicals on the metal surface. The rst layer of phyto-
chemicals is formed on the metal surface by mild physisorption
Table 6 Kinetic parameters of corrosion inhibition by AYW in 0.5 N HC

Acid concentration
Inhibitor concentration
(%, v/v)

Arrhenius p
(ln(CR) vs. 1

Ea (kJ mol�

AYW 0.5 N HCl 0 38.3405
1 46.0388
2 59.3484
3 97.7415
4 93.9357

© 2022 The Author(s). Published by the Royal Society of Chemistry
followed by the formation of the second layer through strong co-
ordinate covalent bond-mediated chemical adsorption
(Fig. 10).54
3.9 Kinetic studies

Arrhenius and transition state plots were drawn to obtain
kinetic information about the corrosion process involving mild
steel and 0.5 N HCl in the presence of AYW (Fig. 11). The perfect
t for the data implies the reliability of the results. From the
slopes of the plot, the activation energy values were calculated
for the blank and inhibited solutions. The activation energy is
higher for the inhibited solutions and the value increases with
increasing inhibitor concentration. In an inhibited solution
with a greater extract concentration, the metal has to overcome
higher energy barriers to get corroded in acidic solution, while
in the uninhibited solution, the metal has to face a smaller
energy barrier to get corroded. Hence, the metal suffers greater
corrosion in both blank and inhibited solutions with lower AYW
concentrations due to the lower activation energy barrier. It is
therefore seen that the higher activation energy value obtained
in the presence of the optimum concentration of the inhibitor is
an indication of the decrease in the corrosion rate. The thin
coating of phytochemicals formed through the adsorptive
interaction prevents the transfer of both matter and energy,
eventually leading to corrosion retardation. The variation in the
values of enthalpy and entropy with temperature is included in
Table 6. The enthalpy values are positive and increase with
increasing inhibitor concentration. The result conrms the
endothermic nature of the dissolution process. The entropy
values for the blank solution are negative, but for 4% (v/v) AYW,
the values are highly positive, suggesting the formation of an
activated complex during the corrosion inhibition process, and
the disorder goes on increasing when the reactants get trans-
formed to products.
l at different temperatures

lot
000/T) Transition state plot (ln(CR/T) vs. 1/T)

1) DS0a (kJ mol�1) DH0
a (kJ mol�1) Ea � DH0

a (kJ mol�1)

�107.8990 34.8203 3.5202
�85.7058 42.3384 3.7004
�52.3583 55.2190 4.1294
61.6779 92.6995 5.0420
46.0842 89.1545 4.7812
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Fig. 12 SEM images of (A) the bare metal sample, (B) the metal sample
dipped in 0.5 N HCl, and (C) and (D) the metal sample dipped in 0.5 N
HCl containing 4% (v/v) AYW taken after 24 hours of immersion. SEM
images of the mild steel coupons before immersion, when immersed
in 0.5 N HCl and when immersed in 0.5 N HCl containing 4% (v/v) AYW
are given in figure. The micrographs show that the surface is seriously
damaged when dipped in 0.5 N HCl containing no inhibitor. It is clearly
shown that the metal samples dipped in 0.5 N HCl containing AYW is
protected and the surface is smoother and resembles the bare metal
coupons without undergoing any corrosive damage. There are many
cracks observed for the sample immersed in 0.5 N HCl, but such types
of pits and cracks are not as prominent in the bare metal sample and
for the sample immersed in 0.5 N HCl containing AYW as well, which
reveals the protective ability of AYW against mild steel corrosion.
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Activation energy is more important in kinetic studies and its
difference from the enthalpy of the corrosion process is
constant, suggesting the unimolecular nature of the metal
dissolution process (Fig. 12).52,55
3.10 Surface analysis

3.10.1 SEM and EDX analysis. The EDX spectra of bare
metal and the metal immersed in 0.5 N HCl solution containing
4% (v/v) AYW are shown in Fig. 13. It is seen that the EDX
spectrum of the bare metal is almost similar to that of the metal
in the presence of AYW. On analysing the EDX spectra in detail,
it is observed that the weight percentages of C and Fe in both
specimens are almost equal, i.e., for bare metal, the weight
percentages of C and Fe are 6.26% and 93.29%, and for the
Fig. 13 EDX spectra of (A) the bare metal sample and (B) the metal
sample dipped in 0.5 N HCl containing 4% (v/v) AYW taken after 24
hours of immersion.
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metal dipped in an acidic electrolyte containing AYW, they are
6.85% and 93.15%, respectively, aer 24 hours of immersion.
The metal specimen when dipped in 0.5 N HCl containing AYW
is very similar to the fresh uncorroded metal specimen,
conrmed from the EDX spectra of both samples. This clearly
shows that AYW resists the acid dissolution of metal and the
loss of iron as ferric ions and ferric hydroxides is prevented to
a greater extent. Additionally, it is interesting to note that there
is a slight increase in the carbon content of the inhibited metal
specimen due to the adsorption of active phytochemicals from
AYW onto the metal surface.11,56

3.10.2 XPS analysis. The surface elemental distribution of
the metal specimen dipped in inhibitor solution (0.5 N HCl with
4% (v/v) AYW) was investigated using XPS. A protective coating
of AYW is evident from the XPS spectra (both survey scan and
deconvoluted spectra) of the mild steel specimen dipped in
AYW, which are shown in Fig. 14.

On analysing the deconvoluted spectra of C 1s, four peaks
are observed giving different proles for the carbon on the
metal surface.

The peak with a binding energy of 284.74 eV is attributed to
C–C and C–H bonds. The second peak at 286.65 eV refers to the
ethereal oxygen, i.e., C–O–C groups in THQ and coumarin. The
282.83 eV peak is responsible for the unsaturated C]C bond
and the fourth peak at 288.66 eV is responsible for the carbonyl
group (C]O of coumarin).57 The O 1s spectrum with three
deconvolutions at 530.67 eV, 532.21 eV and 533.07 eV shows
that O is observed in three different bonding environments. The
one with a binding energy of 530.67 eV attributes to Fe–O
bonding strategies.

Here, Fe–O bonding may have resulted from the co-ordinate
type of interaction between the lone pair of O and the vacant
d orbital of the metal.27 The second peak at 532.21 eV is ascribed
to the presence of carbonyl oxygen. Hence, this peak represents
the C]O bonding of the coumarins of AYW. The third one with
a binding energy of 533.07 eV corresponds to the oxygen of the
ethereal groups, i.e., the C–O–C of both THQ and coumarins.

The Fe 2p spectrum also has two major peaks at 711.90 eV
(Fe 2p3/2) and 725.55 eV (Fe 2p1/2). The rst peak represents the
Fe–O bond as it has been already conrmed from the O 1s
deconvolution. The Fe–O bond arises mainly due to the exis-
tence of co-ordinate bonding between Fe (metal surface) and
Fig. 14 XPS spectra: (A) survey scan spectrum and the deconvoluted
profiles of (B) C 1s, (C) O 1s and (D) Fe 2p for mild steel coupons dipped
in 0.5 N HCl containing 4% (v/v) AYW after 24 hours of immersion.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Mechanism of the corrosion inhibition of mild steel in HCl medium by THQ in AYW.
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the O atoms of inhibitor molecules. The second peak at
725.55 eV was contributed by the Fe 2p1/2 of the iron oxides. The
various oxide species that could be identied on the surface
include Fe2O3, Fe3O4 and FeO.36,46 Hence, it can be concluded
that the major constituents of AYW (THQ and coumarin) are
adsorbed on the metal specimen aer 24 hours of immersion in
0.5 N HCl containing 4% (v/v) AYW. There is also evidence for
the formation of co-ordinate bonding between the metal's
d orbital and the oxygen atoms of THQ. Although the concen-
tration of coumarin is low in AYW when compared with that of
THQ, it is also adsorbed with THQ on the metal surface through
synergistic interaction to offer extra protection to the metal
against acid attack.37,58

3.11 Mechanism of inhibition

The inhibitive action of AYW can be ascribed primarily to the
adsorption of THQ from AYW on the metal-electrolyte interface
by the replacement of pre-adsorbed water molecules (evidenced
from the reduction in Cdl value shown in Table 2). In acidic
electrolytic media, THQ undergoes protonation to form the
THQ-H+ entity (protonation occurs mainly at the more electro-
negative center). The Fe surface also undergoes oxidation in
0.5 N HCl to form Fe2+ ions. Through the characteristic
adsorption phenomena, the Cl� ions from HCl get attached to
the Fe2+ surface. Through the coulombic force of attraction, the
protonated THQ is attracted to the negatively charged chloride
ions on the metal surface, causing the adsorption of THQ-H+ on
themetal surface. The increased surface coverage of THQ on the
metal surface causes the desorption of other ions (corrosion
enhancers) adsorbed previously on the metal surface. Mean-
while, THQ-H+ accepts the free electrons generated during the
oxidation process of iron from the metal surface. Simulta-
neously, the aromatic ring and the electron-rich oxygen atoms
© 2022 The Author(s). Published by the Royal Society of Chemistry
of THQ donate its p and lone pair of electrons to the empty
d orbital of Fe, forming a co-ordinate type bond with the metal
surface. The bonding and the back bonding of the THQ mole-
cule by the donation and acceptance of electrons with the metal
surface lead to better adsorption of it on the metal surface,
enhancing the corrosion resistance of mild steel in HCl media
(Fig. 15).59–61
4 Conclusions

(1) AYW is a more efficient corrosion inhibitor for mild steel in
0.5 N HCl than its alcoholic counterpart. The 4% (v/v) AYW
extract has an efficiency of 96% at 303 K and with an increase in
temperature, the inhibition efficiency goes on decreasing and
reaches a value of 84.62% at 323 K.

(2) The decrease in inhibition efficiency with increasing
temperature suggests that the predominant mechanism of
adsorption is physisorption.

(3) The activation energy values support the formation of
a co-ordinate-type complex between the Fe surface and THQ
and coumarin.

(4) Adsorption studies point out that multilayer adsorption
of phytochemicals occurs on the metal surface during the
exposure and the adsorption isotherm follows the Temkin
model.

(5) PDP studies suggest the mixed-type behaviour of AYW
since both the anodic and cathodic slopes vary with a more
prominent shi towards lower potential values on adding the
inhibitor solution, indicating anodic predominance rather than
the cathodic hydrogen evolution process.

(6) The adsorption and inhibitive action of THQ is evident
from the theoretical calculation of global descriptors using DFT
and the BIOVIA Materials Studio soware. These calculations
RSC Adv., 2022, 12, 14328–14341 | 14339
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support the observation that the coumarin in AYW, though low
in concentration, facilitates the adsorption of THQ on the metal
surface. THQ and coumarin present in AYW sit at a distance of
2.2223 Å on the metal surface aer adsorption. The combina-
tion of THQ and coumarin affords maximum efficiency since it
allows for maximum surface coverage due to the vertical
orientation of THQ and the horizontal arrangement of
coumarin.

(7) SEM and EDX analyses assure that corrosion of the mild
steel surface is greatly prevented in 0.5 N HCl in the presence of
AYW. The surface topography as well as the elemental compo-
sition of the surface almost match those of the uncorroded
metal specimen.

(8) XPS data affirm the presence of both THQ and coumarin
on the surface of the metal sample. XPS spectral analysis also
supports the formation of co-ordinate-type bonding between
the metal's d orbital and the oxygen atoms of THQ.

(9) Both theoretical and activation energy value calculations
agree with the assumption that the adsorption of THQ on the
metal surface is initiated through physisorption and is
completed through chemisorption.
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32 R. Solmaz, M. Mert, G. Kardaş, B. Yazici and M. Erbil, Acta
Phys.-Chim. Sin., 2008, 24, 1185–1191.

33 R. Solmaz, M. Mert, G. Kardaş, B. Yazici and M. Erbil, Acta
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48 S. Kaya, B. Tüzün, C. Kaya and I. B. Obot, J. Taiwan Inst.
Chem. Eng., 2016, 58, 528–535.

49 G. Bahlakeh, M. Ramezanzadeh and B. Ramezanzadeh, J.
Mol. Liq., 2017, 248, 854–870.

50 E. Alibakhshi, M. Ramezanzadeh, G. Bahlakeh,
B. Ramezanzadeh, M. Mahdavian and M. Motamedi, J.
Mol. Liq., 2018, 255, 185–198.

51 A. S. A. Khan, Turk. J. Chem., 2012, 36, 437–443.
52 O. A. Akinbulumo, O. J. Odejobi and E. L. Odekanle, Results

Mater., 2020, 5, 100074.
53 K. C. Emregül and O. Atakol, Mater. Chem. Phys., 2003, 82,

188–193.
54 K. C. Emregül and O. Atakol, Mater. Chem. Phys., 2003, 82,

188–193.
55 P. R. Ammal, M. Prajila and A. Joseph, Egypt. J. Pet., 2018, 27,

823–833.
56 A. A. Fadhil, A. A. Khadom, S. K. Ahmed, H. Liu, C. Fu and

H. B. Mahood, Surf. Interfaces, 2020, 20, 100595.
57 M. Ahangar, M. Izadi, T. Shahrabi and I. Mohammadi, J. Mol.

Liq., 2020, 314, 113617.
58 B. Chugh, A. K. Singh, D. Poddar, S. Thakur, B. Pani and

P. Jain, Carbohydr. Polym., 2020, 234, 115945.
59 M. Li, Y. Ouyang, W. Yang, Y. Chen, K. Zhang, Z. Zuo, X. Yin

and Y. Liu, J. Mol. Liq., 2021, 322, 114535.
60 X. Wang, W. Gui, C. Yang and Y. Wang, Int. J. Miner. Process.,

2011, 98, 113–117.
61 X. Zheng, S. Zhang, W. Li, L. Yin, J. He and J. Wu, Corros. Sci.,

2014, 80, 383–392.
RSC Adv., 2022, 12, 14328–14341 | 14341

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02109a

	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies

	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies

	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies
	The co-adsorption of thymohydroquinone dimethyl ether (THQ) and coumarin present in the aqueous extract of Ayapana triplinervis on mild steel and its protection in hydrochloric acid up to 323 K: computational and physicochemical studies


