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Abstract

Eucalyptus globulus (E. globulus) leave’s extract was tested for corrosion inhibition on the low carbon steel (LCS) ina 0.5 M
sulphuric acid solution using weight loss, Tafel and EIS. The state of mixed adsorption with the potentiodynamic polariza-
tion effect is shown. E. globulus showed the strongest corrosion inhibition of 93.09% at a concentration of 600 mg/L. SEM
and AFM are used to verify the formation of a protective layer on the surface of LCS. The adsorption phenomenon was
verified using UV-Vis spectroscopic technique, whereas FT-IR confirmed the presence of several functional groups contain-
ing heteroatoms. Adsorption of the inhibitory molecules on the LCS surface followed the Langmuir adsorption isotherm.
Theoretical studies were conducted to validate the study. All obtained results ensure that E. globulus leave’s extract can form
an effective blocking layer and control the corrosion process.
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1 Introduction

Low carbon steel (mild steel) is largely used for making a
comprehensive variety of metallic structures and hardware.
It is cheap and easily available in the market [1]. In indus-
tries when it comes in contact with the different industrial
process like acid pickling, then corrosion takes place. The
indirect and direct cost including common coatings of cor-
rosion for India is US$ 26.1 billion or 2.4% and 49.75 billion
or 4.5% of GDP [2]. However, in recent times, some syn-
thetic corollary might be shown by the synthetic compounds,
which may be pernicious for the environment as well as for
the human health are preferred more to be used as corrosion
inhibitors [3, 4]. An extensive class of corrosion inhibitors
is constituted in natural products. The easy availability and
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non-toxicity give the plant extract a meaningful excellency
to be used as a prohibition for corrosion [5-7]. The effec-
tiveness of the corrosion process inhibited by plant extract
on the LCS surface is established due to the presence of
chemical constituents such as flavonoids, polyphenols and
polysaccharides [8—11]. Natural products containing func-
tional groups such as NH,, carbonyl and CHO group are
known to have feasible inhibition power [12—16]. Many
researchers have already reported different plants as a green
corrosion inhibitor for the acidic medium with good inhibi-
tion efficiency. Table 1 shows the previously reported green
corrosion inhibitors by other researchers [17-32]. Although
most of the previously reported green inhibitors showed
good inhibition efficiencies, a higher inhibitor concentra-
tion was used there; this concern motivated us to conduct
this investigation. To the best of author’s knowledge, this
plant has not been used previously for corrosion inhibition
study. Moreover, it provides good inhibition efficiency at low
inhibitor concentration.

Eucalyptus globulus is an evergreen tree and generally
grows up to 30-55 m (98-180 ft). This tree bears simple,
alternate leaves 6-15 cm across. It belongs to the Myrtaceae
family and known as eucalyptus, bluegum and Tasmanian
bluegum. It is commonly found throughout India, Australia,
Southern Africa, New Zealand and the western United States.
Leaves of E. globulus are very easily available in the market. E.
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Table 1 Inhibition efficiencies of previously studied plant extracts

S. No Inhibitor Efficiency (%) Inhibitor

concentration
(mg/L)
1 Salvia officinalis"’ 96 2500
2 Moyristica fragrans'® 87 500
3 Mangrove tannins" 89 6000
4 Jasminum nudiflorum® 92 1000
5 Lawsonia® 92 1200
6 Dendrocalamus brandisii®> 90 1000
7 Coffee® 83 400
8 Phyllanthus amarus®* 81 4000
9 Black radish® 92 1000
10 Ginkgo®® 80 100
11 Kola nitida® 78 1200
12 Radish™ 79 10
13 Acacia concinna® 92 250
14 Bamboo™ 89 200
15 Lecaniodiscus cupaniodes® 90 1000
16 Gum arabic* 97 1000

globulus contains eucalyptol, globulusin-A and globulusin-B
as major phytochemical compounds [33, 34]. The image of E.
globulus leaves and its major phytochemical constituents are
represented in Fig. 1.

The present investigation is aimed to extract the E. globulus
leaves and investigate the anti-corrosion properties for LCS in
0.5 M sulphuric acid, based on gravimetric measurements and
electrochemical analysis. In addition, surface adsorption of the
inhibitor molecules on the surface of LCS has been studied
using atomic force microscopy (AFM) and scanning electron
microscopy (SEM). For a better and deeper understanding of
the adsorption phenomenon, ultraviolet-visible (UV-Vis.),
Fourier-transform infrared (FT-IR) and nuclear magnetic reso-
nance (NMR) spectroscopic techniques have been conducted.
All the experimental outcomes were correlated with the theo-
retical data to better understand the adsorption phenomenon.
The novelty of our investigation is to replace the existing syn-
thetic inhibitors by natural inhibitors, and the use of the natural
waste material as a green corrosion inhibitor makes it more
novel and effective. The advances to use the natural extract
as a green inhibitor are as follows: (1) Natural products are
eco-friendly and non-hazardous to the environment as well as
to the human being and (2) they convert waste products to a
useful material with negligible production cost.
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2 Experimental

2.1 Preparation of the Working Electrode, Inhibitor
and Electrolytes

Fresh E. globulus leaves were validated by Dr. A. A. Bhat
in the Department of Biotechnology, LPU, Punjab (INDIA).
The crude material was thoroughly washed under running
water followed by sterile distilled water and dried in the
shade. They were grinded to convert in powder. The sample
was approximately 100 g of the powder that was extracted
in a 500-mL round bottom flask with 250 mL of solvent.
The filtrate was collected and concentrated using a rotary
evaporator under controlled temperature and pressure con-
ditions. The extracts were concentrated to dryness to give
a crude residue. Followed by this procedure, around 15%
of extract yield with pH value of around 8 was obtained. 1
cm? cubical-shaped LCS specimens were used in weight loss
estimations and electrochemical analysis. The LCS speci-
mens were abraded with emery paper of grade 100, 300,
600, 800, 1000 and 1200 then washed with distilled water
and acetone, dried again and finally kept in a desiccator until
used. The sulphuric acid was diluted to 0.5 M H,SO, to
use as the corrosive medium. The test solution with specific
concentrations (100-600 mg/L) was obtained by diluting
plant extract with 0.5 M sulphuric acid solution. The highest
solvency of the E. globulus extract in 0.5 M sulphuric acid
solution was observed up to 600 mg/L.

2.2 Weight Loss Studies

Weight loss measurements were conducted according to
ASTM G 31-72 method at 298 K for 24 h and weighed
accurately before and after the tests [35]. All the experiments
were performed at a constant temperature (298 K) using PPI
Fini X48 digital thermostat. For the precise weighing of the
LCS samples, a Shimadzu BL-220H/D455006313 digital
electronic weighing balance was used. The LCS specimens
were immersed in the 0.5 M sulphuric acid solution con-
taining different inhibitor concentrations at 298 K for 24 h.
Weight loss or gravimetric measurement was conducted
because that is an extensively used and trust-worthy method.

2.3 Electrochemical Studies

Electrochemical impedance spectroscopy (EIS) and poten-
tiodynamic polarization measurements (Tafel) were per-
formed using the CHI760C electrochemical workstation.
Experiments were performed at 298 K in 0.5 M sulphuric
acid, including various concentrations (100-600 mg/L) of
inhibitor. A traditional three-electrode system was used
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Fig.1 a E. globulus leaves, and
their main chemical constituents
b eucalyptol, ¢ globulusin-A
and d globulusin-B

HO

HO

where LCS with a working area of 1 cm? was used as
working electrode. The platinum electrode used as an aux-
iliary electrode and the saturated calomel electrode (SCE)
coupled to a luggin capillary was used as the reference
electrode. Before each experiment, the working electrode
was immersed in the test solution for 60 min to stabilized

(b)
OH
HO OH
OH
nllOH o
o
Ho— """ o
OH

(@)

corrosion potential values (E,,,,). The polarization curves
were recorded at+250 mV versus SCE with a scanning
speed of 1 mV/s. The EIS spectra were scanned with
a frequency range of 100 kHz to 0.01 Hz with a sig-

nal amplitude perturbation of 0.005 V. Electrochemical
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measurements were prepared repeated three times to get
reliable values [36].

2.4 UV-Visible Spectroscopy

The UV-Visible spectra of the inhibitor solution before and
after immersion of LCS sample for 24 h at 298 K were taken
using Shimadzu UV-1800 UV-Visible absorption spectro-
photometer at a wavelength of 500-200 nm. Then, they were
used to explain the mechanism of inhibition.

2.5 FT-IRand "H NMR Spectroscopy

For the identification of the presence of various functional
groups, FT-IR analysis has been recorded with the help of
Shimadzu 8400S spectrophotometer at a wavenumber range
of 500-4000 cm~!. 'H NMR spectrum has been done to
verify the presence of the prime phytochemical constituent
in the plant extract. For NMR, Bruker Advance I1 400 MHz
system was used.

2.6 Surface Investigations

For the surface analysis, scanning electron microscope
(SEM-Model: LEO-435 VP) and atomic force microscope
(AFM-Model: NT-MDT-INTEGRA) images of pre-treated
LCS specimen, LCS in 0.5 M sulphuric acid, without and
with the inhibitor extract (600 mg/L) for 24 h at 298 K were
taken out.

2.7 Quantum Chemical Calculations

Theoretical studies were carried out to a deeper understand-
ing of the adsorption mechanism. Quantum chemical calcu-
lations were used as theoretical studies. It is a well-known
fact that the extract of plants has several phytochemical
constituents. For the theoretical studies, we followed the
presence of three main phytochemical constituents in the
plant extract E. globulus. Quantum chemical calculations
were conducted using density functional theory (DFT) with
Hyperchem 8.0 software. Key parameters were obtained
from the optimized structures.

3 Results and Discussions

3.1 Gravimetric Measurements and Adsorption
Isotherm

Gravimetric measurements were carried out as per ASTM
G 31-72 method for 24 h at 298 K with different inhibi-
tor concentrations in 0.5 M H,SO, solution. LCS samples
were used as per the ASTM method. These experiments
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were repeated three times to achieve more precise results.
The elemental composition (wt%) of used LCS samples
were Fe=97.83%, Mn=0.43%, P=0.12%, Si=0.39%,
Cu=0.43%, C=0.08%, Ni=0.27% and Cr=0.45%. Cor-
rosion rate was determined in the absence and presence of
inhibitor using the following equation:

C. = K x W
R™TAxtxp @)

where W is the weight loss of LCS strip (g), Cy is the cor-
rosion rate (mmy‘l), t is the immersion time (h), K is the
constant equals to 8.76 x 10%, p the density in g cm™ which
is 7.86 g cm™ for mild steel according to ASTM G 31-72,
and A is the surface area (cm?) of LCS. The surface area
of the LCS can be calculated using the following equation:

_r 2 2
A=3(D* =) +1xD + Ixd )

The inhibition efficiency (IE %) and surface coverage
(0) values were calculated with the help of the following
equations:

CO
R-C
IE(%) = x 100 3)
CO
R
c®
R-C!
0 = )
C

where Cg and C; are the corrosion rate of LCS in the absence
and presence of inhibitor, respectively. @ is the surface cov-
erage value. In Eq. (2), D and [ are the diameters and the
thickness of the specimen, respectively, and d is the diameter
of the hole for holding.

The results are presented in Table 2. Corrosion rate
decreases with the increasing inhibitor concentration. In
the absence of inhibitor, the highest corrosion rate (11.33
mmy~!) was observed, while in the presence of inhibitor

Table 2 Corrosive properties of LCS in 0.5 M H,SO, without and at
different concentrations of E. globulus for 24 h at 298 K

Inhibitor concen- Cr (mmy™!) Efficiency (IE%) (4
tration (mg/L)

0 11.33+0.12 - -

100 2.27+0.17 79.93 0.7993
200 1.83+0.22 83.77 0.8377
300 1.61+0.27 85.78 0.8578
400 1.36+0.32 87.95 0.8795
500 1.15+0.11 89.79 0.8979
600 1.06+0.13 90.63 0.9063
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Fig.2 The Langmuir adsorption isotherm (C/6 vs. C) by measuring
the weight loss of the extract E. globulus for LCS surface in 0.5 M
H,SO, at a temperature of 298 K for 24 h

(600 mg/L), the lowest corrosion rate (1.06 mmy‘l) was
observed. The highest value of inhibition efficiency achieved
is 90.63% at 600 mg/L inhibitor concentration. The Gravi-
metric measurement values are used to plot the Langmuir
adsorption isotherm. The Langmuir adsorption isotherm is
a plot of C/8 vs C as represented in Fig. 2.

Adsorption of inhibitor molecules on the LCS surface by
the Langmuir adsorption isotherm is provided by using the
following equations:

C 1

5 B Kads te (5)
_ 1E(%)
~ 100 ©

where K 4 is the equilibrium adsorption constant, C is the
inhibitor concentration and 6 is the surface coverage.

The slope and regression coefficient (R?) are near to 1
(Fig. 2), which indicates strong adsorption and formation of
a monolayer coating on the LCS surface. Considering our
previous investigation, Myristica fragrans shows K, (9.95
Lg~!) with 83.27% IE at 500 mg/L, while in the present
study the higher value of K, (16.12 Lg™") indicates better

adsorption of the inhibitor molecule on the LCS surface with
90.63% IE at 600 mg/L.

3.2 UV-Visible Spectroscopy Analysis

To verify the adsorption phenomenon, UV—Visible spec-
troscopy technique has been used. UV—-Vis analysis has
been done in two modes, before and after the corrosion test.
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Fig.3 UV-Vis. spectra of E. globulus extract after and before the
corrosion test

Figure 3 shows the UV-Vis spectra of inhibitor. In this fig-
ure, two spectra have been shown one for UV-Vis spectra
before the corrosion test and the second one is after the cor-
rosion test. Before the corrosion test, inhibitor shows two
adsorption peaks at 269.53 nm and 291.02 nm. These peaks
can be assigned as 7—z* and n—z* transitions. With the help
of Fig. 3, we conclude that the graph shows a low adsorp-
tion peak after the corrosion test. In the comparison between
both the spectra, a significant change has been found in the
adsorption band because of the inhibitor molecules get
adsorbed on the LCS surface [37].

3.3 FT-IR and 'H NMR Studies

Fourier-transform infrared (FT-IR) spectroscopy technique
has been carried out to investigate the presence of the vari-
ous functional groups present in the phytochemical com-
pounds. Figure 4 indicates the FT-IR spectrum of the pure
leave’s extract of E. globulus. It was observed that the peak
at 3382.36 cm™! is due to O-H stretching of alcohol. The
further peak at 2932.54 cm™! due to the C—H stretching and
the peak at 1071.98 cm™! indicate C—O stretching.

For a deeper study of the adsorption phenomenon, 'H
NMR of the pure extract was carried out: 'H NMR (CDCl,,
400 MHz/ppm), 6=5.36 (-OH, phenolic), §="7.28 (-CH,,
aromatic), 6 =3.68 (-O-CH,) and 6=1.27 (-CHj;). The
presence of almost all the characteristic peaks is similar to
the previously reported results [33, 34], which suggested
the presence of reported major phytochemical constituents

@ Springer
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Fig.4 FT-IR spectra of pure E. globulus leave’s extract
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Fig.5 Polarization curves of E. globulus on LCS in 0.5 M H,SO, for
a concentration range of 0-600 mg/L extract at 298 K

in the E. globulus extract. The phytochemicals containing
heteroatoms and unsaturation has the polar function, so can
be adsorbed on the metal surface as a protective layer. The
adsorption of the polar atoms on the surface of the metal

may occur through coordination between the lone pair or
n-electron cloud and the metallic surface [38].

3.4 Potentiodynamic Polarization Measurements

The concentration effect of the E. globulus extract on the
polarization character for LCS in 0.5 M H,SO, at 298 K was
analysed. The Tafel plots were recorded at different inhibitor
concentration, which is represented in Fig. 5.

Surface coverage values increase with increasing inhibi-
tor concentration. From Tafel plots, we got the values of the
anodic and cathodic Tafel slopes (f, and f,), corrosion cur-
rent density (i), corrosion potential (E,,) and corrosion
restraint effectiveness (IE %) with the help of the following
equation [39]:

‘0 i

1
[E(%) = ———— X 100 7

corr

where iiCOIT and i represent the corrosion current density
values with and without inhibitor, respectively. With the
increase in inhibitor concentration, the polarization resist-
ance (Rp) increases. These polarization resistance values

were calculated from the slope of the potential-current plot,

1 B X Be
leor  2.303(B, + B.)

®)
where f, and f, are the cathodic and anodic Tafel slopes and
i 18 the corrosion current density.

Table 3 shows the polarization parameters for LCS in
0.5 M H,SO, without and with different concentrations of E.
globulus extract at 298 K. As per Fig. 5, each anodic metal
dissolution and cathodic hydrogen development response
were inhibited, once the inhibitors were added to the cor-
rosive medium. The values of E_,,,. are within 85 mV with
respect to the blank, which suggests that the studied inhibitor
acts as a mixed type of corrosion inhibitor [40]. It should
be noted that the addition of each concentration causes a
remarkable decrease in anodic (f,) and cathodic (f,) Tafel

Linear polarization resistance (LPR) Rp =

Table 3 Polarization parameters for LCS in 0.5 M H,SO, without and with different concentrations of E. globulus at 298 K

Inhibitor concen- —E,,,, (mV vs. SCE) i, (WA cm™) B, (mV/dec) -p.(mV/dec)  Rp(Qcm?) Efficiency (IE %) 6
tration (mg/L)

0 465+0.3 890.90+1.3 141.66+22  164.26+2.1 37.07+£1.3 - -

100 463+0.5 136.50+1.2 47.45+2.1  108.30%2.1 104.96+2.1  84.67 0.8467
200 448 +0.2 124.90+1.9 46.22+1.7  111.19%2.3 113.50+1.7  85.98 0.8598
300 461+0.7 100.40+2.1 69.50+1.3  109.30+1.5 13228+12  88.73 0.8873
400 444+0.6 91.80+2.3 36.99+23  114.62+1.3 14343+16  89.70 0.8970
500 466 +0.5 88.30+1.1 65.78+19  112.68+1.9 183.74+19  90.08 0.9008
600 443+04 76.60+1.2 3254+13  113.75+2.0 204.24+23 9140 0.9140
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slopes. But the higher variation in anodic Tafel slopes (f,)
as compared to cathodic Tafel slopes (f,) indicates its anodic
way of reaction. The values in Table 3 depict that, with the
increase in E. globulus concentration, the corrosion current
density decreases. It is already known that the adsorptive
inhibitors hinder the release of hydrogen gas on the LCS
surface and/or reduce the dissolution process of LCS into
the aggressive solution by blocking the active sites on LCS
surface or even can mechanically screen the covered part
of the electrode and therefore protect it from the action of
acid solution. Following this way, the inhibition efficiency
is expected to increase with the increase in inhibitor concen-
tration. As per our previous investigation, the M. fragrans
reports the value of i, (112.00 uA cm™2) with 87.42% IE
at 500 mg/L, while in the present study, the lowest value of
i (76.60 uA cm™) indicates a better corrosion inhibition
with 91.40% IE at 600 mg/L.

3.5 Electrochemical Impedance Spectroscopy (EIS)
Measurements

EIS measurements were performed to study the impedance
parameters of LCS in 0.5 M H,SO, at various concentra-
tions of E. globulus at 298 K. Before each test, the working
electrode was immersed in the test solution for 1 h at 298 K
to attain the steady-state potential. It is clear from Fig. 6 that
Eqcp remains almost constant after 1 h of immersion, which
indicates a steady state. The temperature is maintained con-
stant (298 K) for all the tests. To analyse the impedance
parameters from the experimental outcomes, the data were
fitted to the electrical equivalent circuit. Figure 7a shows
the used electrical equivalent circuit in the appearance and
nonappearance of the inhibitor. In the equivalent circuit, R

-0.40 : : : .
—=— 600 mg/L
—+—0.5M H,SO,
-0.424 4
-~
S 0444 4
@
[75]
-
-
2 046 4
=
=
-0.484 i
-0.50 T T T T T T T T
0 50 100 150 200

Time (s)

Fig.6 OCP versus time curves for LCS in 0.5 M H,SO, solution in
absence and presence of 600 mg/L E. globulus extract at 298 K
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Fig.7 a Equivalent circuit, b Nyquist, and Bode, and ¢ plots of LCS
in 0.5 M H,SO, solution in the absence and the presence of E. globu-
lus extract

is the solution resistance, R, is the charge exchange resist-
ance, and Cy; is the double-layer capacitance. The results are
reported in Table 4.

The EIS curves (Nyquist and Bode plots) for LCS with
and without E. globulus extract are shown in Fig. 7b, c. The
inhibition efficiency based on impedance study can be cal-
culated by using the following equation:

Rcl Ot
IE(%) = R—C x 100 C)

ct

where R, and R®, are the charge transfer resistance with and

without the inhibitor, respectively.
As evident from Table 4, the values of C,; have
decreased and R, have increased by the increase in
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Table 4 EIS parameters of LCS in 0.5 M H,SO, without and at different concentrations of E. globulus at 298 K

Concentration of R, (Q cm?) Smax (Hz) R, (Q cm?) Cy (UF cm™?) n Efficiency (IE %) 0
inhibitor (mg/L)

0 1571+1.3 37.60+0.5 1.22+0.1 269.49+1.2 0.57+0.01 - -

100 98.07+1.1 6.64+0.3 1.28+0.1 244.00+1.3 0.79+0.03 83.98 0.8398
200 105.46+1.3 8.07+0.2 1.83+0.3 187.00+1.7 0.83+0.05 85.10 0.8510
300 121.11+1.7 8.07+0.2 1.33+0.7 168.00+1.1 0.86+0.03 87.02 0.8702
400 142.12+1.9 6.64+0.3 0.45+0.5 162.00+1.0 0.88+0.04 88.94 0.8894
500 174.84 +2.1 6.64+0.5 0.77+0.4 137.00+1.3 0.92+0.04 91.01 0.9101
600 227.48+3.1 5.49+0.7 1.43+0.6 127.00+2.3 0.96+0.07 93.09 0.9309

the inhibitor concentration. This may be attributed to
the decreased in local dielectric constant and/or to the
increase in the thickness of the Cy. The dissolution mech-
anism could be predicted by the values of the phase shift
(n) as an indicator. It is clear that a slight change in the
value of n is observed after addition of various inhibitor
concentrations. The almost invariable values of » indi-
cate that the charge transfer process controls the dissolu-
tion mechanism in both the absence and the presence of
various inhibitor concentrations. The inhibition efficiency
was found to be improved with the increase in the con-
centration of E. globulus extract. The maximum inhibition
efficiency was achieved at 600 mg/L inhibitor concentra-
tion. The molecules present in the plant extract can be
adsorbed on the surface of the LCS by the mechanism of
donating z-electrons of the aromatic rings or lone pair of
electrons of the heteroatoms to the vacant orbital of iron
[41-44]. These compounds can form a protective layer
to protect the LCS surface from the corrosive medium.
Although the graphs for the uninhibited and inhibited sys-
tems are similar, probably due to the similar mechanism
of corrosion, the influence of the inhibit on the corrosion
process is obvious. The effect, which is concentration-
dependent, is manifested in the larger diameter of the
capacitive loops, the displacement of the impedance and
the phase angle to larger values in the extract-inhibited
systems relative to the blank. This could be possible due
to the obstruction of reaction points on the metal surface
by adsorbed inhibitor molecules.

The results clearly demonstrate that E. globulus extract
inhibits the corrosion of LCS at any concentration, and
with the increase in the inhibitor concentration, inhibi-
tion effectiveness increases [45, 46]. As per our previ-
ous investigation, the M. fragrans reports the value of
R, (128.88 Q cm?) with 87.81% IE at 500 mg/L, while in
the present study, the highest value of R, (227.48 Q cm?)
confirms the better corrosion inhibition with 93.09% IE
at 600 mg/L.
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3.6 Theoretical Studies
3.6.1 Quantum Chemical Calculations

Plant extracts have lots of phytochemical components. There
are three main components of E. globulus selected for the
theoretical study. E. globulus contains eucalyptol, globulu-
sin-A and globulusin-B as the main phytochemical compo-
nents. Figure 8 shows the optimized, HOMO and LUMO
orbitals of the eucalyptol, globulusin-A and globulusin-B
molecules. Following equations have been used to calculate
different quantum chemical parameters [47]:

AE = Eiymo — Enomo (10)
1
n = E(ELUMO - EHOMO) (11
1
X = _E(ELUMO + Enomo) (12)
XFe — Xinh
AN = 2— (13)
(”Fe - ninh)
c = 1 14
" (14)
n
AEBackDonation = _Z (15)
T="X (16)

where y;,, and yp. demonstrate the electronegativity of
inhibitor molecule and iron, respectively. #;,, and 7z, means
the hardness of the inhibitor molecule and iron, respectively.
A value of 7 eV/mol has been taken for the yp,., whereas
a value of 0 eV/mol has been taken for theng., as per the
Pearson’s electronegativity scale. 7 is the softness value of
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HOMO

LUMO

Fig.8 Optimized structures and frontier molecular orbital density distributions (HOMO & LUMO) of eucalyptol, globulusin-A and globulusin-

B molecules obtained by DFT/B3LYP/6-31G 4+ (d, p) method

the inhibitor molecule and o is the chemical hardness of the
inhibitor molecule. AEg, 4 ponation (E9- 18) intimates that, at
n>0and < AEg, «ponation0> the charge transfer to a molecule,
took after by a back-donation starting with the molecule, is
favoured energetically, and & is the chemical potential.

As per Table 5, the high value of Eyqyq of eucalyptol
(0.93 eV) indicates that the eucalyptol molecule has a funda-
mentally high affinity of charge donation to the LCS surface.
Globulusin-B has the least £} 5o (—0.41 V), which shows
the highest ability to accept electrons from the d-orbital of
Fe. Globulusin-A has the lowest value of AE (0.01 eV),s

which shows its highest reliability of forming the [Fe-glob-
ulusin-A] complex. Moreover, eucalyptol has a rather high
value of u (1.42 D), which indicates strong adsorption of
eucalyptol molecule on the LCS surface [48].

3.7 SEM and AFM Analysis

Figure 9 highlights scanning electron microscopy (SEM)
and atomic force microscopy (AFM) micrographs of LCS
surface prior and afterwards the corrosion tests without
and with the inhibitor. Figure 9a shows the SEM and AFM

@ Springer
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Table 5 Quantum chemical parameters calculated for the eucalyptol, globulusin-A and gslobulusin-B molecules by the method DFT/B3LYP/6-

31G+(d, p)

Molecule Epomo €V) E umo V) AE (eV) u (D) AN (e) AFEBack- n (eV) o€V  yV) z(eV)
Donation (eV)

Eucalyptol 0.93 1.75 0.81 1.42 10.23 -0.10 0.41 2.45 -1.34 1.34

Globulusin-A 0.86 0.85 0.01 0.38 142.6 -0.01 0.01 36.36 -0.86 0.86

Globulusin-B -041 -0.27 0.14 1.17 47.30 -0.02 0.07 14.20 0.34 -0.34

micrographs of abraded LCS surface. It shows a sleek sur-
face with least surface roughness (2.99 nm) and maximum
height (60 nm) values. Figure 9b shows the LCS surface
after the corrosion test without the inhibitor. In this case, the
LCS surface is highly corroded due to the acidic corrosive
media, resulting in a rough micrograph with highest surface
roughness (138.81 nm) and maximum height (2100 nm)
values obtained. Figure 9c shows the LCS surface after the
corrosion test with the inhibitor (600 mg/L). It shows the
presence of the inhibitor covers the surface and prevents
the corrosion process with much lower surface roughness
(26.86 nm) and maximum height (300 nm) values. It is
very less than the outcomes obtained in the case of with-
out inhibitor. The decrease in height and average surface
roughness of the LCS specimen is due to the adsorption of
E. globulus inhibitor on the metal surface. It can be said that
a protective layer is formed on the surface of the metal. It
verifies E. globulus adsorb on the surface of the LCS creat-
ing a protective layer to prevent the corrosion process on
the LCS surface.

3.8 The Proposed Mechanism of Action

To explain the inhibitory effect of E. globulus on LCS
in 0.5 M H,S0O,, it is important to evaluate the experi-
mental and calculated results and correlate them with
the structural, chemical and electronic properties of the
inhibitory molecules. E. globulus contains several phyto-
chemical compounds having a number of heteroatoms and
aromatic rings. These compounds act as Lewis bases and
form coordination bonds with the free d-orbital of Fe and
adsorb on a LCS surface to form a protective layer on the
LCS surface to protect against corrosive environments.
The HOMO orbitals of the molecules studied indicate
that a uniform pair of electrons are available for nucleo-
philic interaction (chemisorption) with the LCS surface.
The LUMO in the heteroatoms causes the formation of
drn—dr bonds, and the formation of superimposed three-
dimensional electrons of iron atoms with a free spatial

@ Springer

orbital heteroatom is possible. Also, the adsorption can be
done by electrostatic interaction (physisorption) between
heteroatoms and the Fe?*. Retro-donation can be done
using z-electrons of aromatic rings. This phenomenon is
also verified by theoretical studies and polarization meas-
urements. Figure 10 shows the proposed mechanism for
the adsorption phenomenon of globulusin B molecule
adsorbed on a LCS surface.

4 Conclusion

The inhibition effect and adsorption behaviour of the leaves
extract of E. globulus have been investigated using weight
loss measurements, electrochemical studies, SEM and AFM
surface investigations, FT-IR, '"H NMR and quantum chemi-
cal calculations. The conclusions of these investigations are
as follows:

e [E. globulus leave’s extract was investigated as a sustain-
able and green corrosion inhibitor for LCS in 0.5 M
H,SO,.

e The gravimetric estimations and the electrochemical
studies confirmed that the inhibition efficiency of E.
globulus extract is >93% at 600 mg/L.

e Verification of various functional groups containing het-
eroatoms and unsaturation in the phytochemical constitu-
ents of the plant extract was done by using FT-IR and 'H
NMR techniques.

e UV-Visible technique verified the formation of coordina-
tion bonds between inhibitor molecules and Fe**.

e The prime phytochemical constituents were simulated
using density functional theory (DFT) and the results
support the experimental outcomes.

e The surface adsorption of E. globulus extract was inves-
tigated by using scanning electron microscopy (SEM)
supported by atomic force microscopy (AFM) technique.
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Fig.9 AFM and SEM micrographs of the surface of mild steel after 24 h immersion at 298 K in 0.5 M H,SO, a abrade steel, b without inhibitor
and ¢ with inhibitor (600 mg/L)
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Fig. 10 Suggested mechanism OH
of adsorption behaviour of the /
globulusin-B molecule on LCS

surface
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