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Abstract: In the present study, the corrosion inhibition effect of Spilanthes acmella aqueous leaves
extract (SA-LE) on mild steel was investigated in 1.0 M HCl solution at different temperature using
weight loss, Tafel polarization, linear polarization resistance (LPR), and electrochemical impedance
(EIS) measurements. Adsorption of inhibitor on the surface of the mild steel obeyed both Langmuir
and Temkin adsorption isotherms. The thermodynamic and kinetic parameters were also calculated
to determine the mechanism of corrosion inhibition. The inhibition efficiency was found to increase
with an increase in the inhibitor concentration i.e., Spilanthes acmella aqueous leaves extract, how-
ever, the inhibition efficiency decreased with an increase in the temperature. The phytochemical
constituents with functional groups including electronegative hetero atoms such as N, O, and S in
the extract adsorbed on the metal surface are found responsible for the effective performance of the
inhibitor, which was confirmed by Fourier-transform infrared spectroscopy (FT-IR) and ultraviolet—
visible spectroscopic (UV-Vis) studies. Protective film formation against corrosion was confirmed
by scanning electron microscopy (SEM), atomic force microscopy (AFM), and contact angle studies.
The result shows that the leaves extract acts as corrosion inhibitor and is able to promote surface
protection by blocking active sites on the metal.

Keywords: corrosion inhibition; Spilanthes acmella (SA); adsorption isotherms; LPR; EIS; Bode;
contact angle

1. Introduction

Corrosion is typically defined as the chemical or electrochemical reaction between a
material and its environment, which usually includes a metal or alloy. This process usually
leads to the deterioration of the material and its properties. Mostly, the material that suffers
corrosion is pure metal, but in some cases, it can also be alloys, composites, or polymers,
etc. Corrosion of metals results in the deterioration of the surface of metallic structure
or metal alloy in the course of their chemical, electrochemical, or biochemical interaction
with the surrounding. It is an undesirable process resulting from the unwanted attack on
the surface of metals or metal alloys by their environment [1]. Typically, the process of
corrosion can be controlled by the use of various inhibitors which provide protection to
the metal surfaces. These inhibitors delay the process of corrosion by various mechanisms.
Depending on the mechanism of action, the inhibitors are classified as hydrogen evolution
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poisons, adsorption type inhibitors, scavengers, vapor phase inhibitors and oxidizers.
The effectiveness of an inhibitor on corrosion depends on the composition of the fluid,
amount of water, and flow regime or experiment [2]. The mechanism of corrosion inhibition
involves the formation of a coating film, often a passivation layer [3]. Corrosion inhibitors
may prevent the electrochemical reactions by adsorbing on the surface of the metals and
by forming barrier to moisture and oxygen through complexation with metal ions [4].

Among various metals, mild steel is most widely used material for many applications
including reactors manufacturing, pipelines, vessels, drilling kits, energy, chemical indus-
tries and other tools. The popularity of mild steel is mainly based on its superior thermal
conductivity and mechanical properties [5]. In addition, the mild steel is less expensive
and easily available when compared to other materials and it also possesses long durability,
superior mechanical resistance, and high toughness etc. [6]. However, steel corrosion
usually ensues in acidic solution during the processes of preserving, rust-cleaning and
scale-removal, and thus resulting in the need to replacement of corroded metals which
leads to the massive financial losses [7]. So far, to overcome this problem, researchers have
developed a variety of corrosion inhibitors which have demonstrated good inhibition effi-
ciency, but their industrial applications have been largely inhibited due to their hazardous
nature and complex developing processes [8].

Contrary to the synthetic corrosion inhibitors, plant extracts are eco-friendly and have
shown several benefits including lower costs, high abundance, easy to procure etc. [9].
Researchers have started to apply the plant extracts as corrosion inhibitors way back in 1930.
For instance, the pioneer application of plant extract include the use of Chelidonium majus
extract and some other plants as corrosion inhibitors in sulfuric acid pickling baths [10].
Afterwards, the interest in using plant extracts as corrosion inhibitors has been enhanced
considerably and researchers around the world reported several plant extracts [11]. Ac-
cording to the literature, plant extracts comprise a range of phytochemical compounds
such as flavonoids, tannis, anthraquinones, amino acids, proteins, polyphenols etc. These
phytochemical constituents have been deliberated as prospective corrosion inhibitors [12].
Although, plenty of plants have been tested for this purpose, the anticorrosion potential
of a huge number of plants are still to be investigated. For instance, it is believed that
out of ~300,000 different types of plants existed in the world, only a fraction of plants
(<1%) have been investigated for their anticorrosive properties [13]. Therefore, there are
huge prospects for the discovery of innovative, inexpensive, and environmental friendly
corrosion inhibitors from the rich source of plants [14].

Phytomolecules such as alkaloids, flavonoids, polyphenols, amino acids and their
derivatives are known to possess excellent anti-corrosive properties and have been suc-
cessfully used as potential eco-friendly corrosion inhibitors, because of their low-toxicity
and biodegradability [15]. For instance, Raja et al., have investigated the anti-corrosion
properties of alkaloid extracts of leaves and bark of Ochrosia oppositifolia plant for mild
steel in 1 M HCI medium [16]. Similarly, Morad et al., have studied the anti-corrosive
behavior of various amino acids containing different ions on mild steel in 40% H3PO4
using both potentiostatic and electrochemical impedance (EIS) techniques [17]. In another
study, different types of alkylamides derived from amino acids were successfully applied as
anti-corrosive agents for mild steel in an aqueous solution of HCI [18]. In order to discover
green corrosion inhibitors from natural products, herein, we have reported the corrosion
inhibitive effect of aqueous leaves extract of Spilanthes acmella plant on mild steel. Spilanthes
acmella belonging to the family Asteraceae (Genus; Spilanthes. Species: S. acmella; Botanical
name: Spilanthes Acmella; Common name: Akarkara) is a native plant of tropical and
sub-tropical regions of Asia (India) and South America [19]. This plant belongs to one of
the nine plant families that are known to possess rich contents of alkaloids, flavonoids, and
alkylamides as secondary metabolites [20]. These naturally occurring phytoconstituents
often play an important role in various applications including plant growth-regulator
functions, plant defense system, and biological functions etc., [21]. Therefore, this plant is
selected based on its rich content of alkylamides which have good potential as corrosion
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inhibitors. Indeed, in a recent study, plant belonging to the same family of Spilanthes has
been used for corrosion study. Durodola et al., have used the different concentration of
methanolic extract of Spilanthes uliginosa leaves for the investigation of corrosion of mild
steel in 2.0 M HC1 [22]. However, to the best of our knowledge the aqueous leaves extract
of Spilanthes acmella plant has been rarely investigated for its anticorrosion properties.

Therefore, in this study, we have investigated the anticorrosion properties of the
aqueous leaves extract of Spilanthes acmella plant. The anticorrosive properties of the
extract was determined in 1.0 M HCl solution at various temperature using weight loss,
Tafel polarization, linear polarization resistance (LPR), electrochemical impedance (EIS)
(Figure 1). The thermodynamic and kinetic parameters were also calculated to determine
the mechanism of corrosion inhibition. In addition, the effect of the concentration of the
leaves extract on the corrosion properties was investigated by FI-IR and UV-Vis studies,
while the formation of protective film was confirmed by SEM, AFM and contact angle
studies confirmed protective film formation against corrosion.

Spilanthes acmella  Spilanthes acmella Soxhlet  Spilanthes acmella
plant leaves powder apparatus aqueous extract

Corrosion Study

Figure 1. Graphical representation of extraction and anticorrosive applications of Spilanthes acmella
(SA) plant.

2. Materials and Methods
2.1. Materials

For the study, the leaves of SA plant are collected in the Trichy District, Tamilnadu.
The plant is selected on the basis of ease of availability all over Tamilnadu. The selected
plant is authenticated by the Herbarium, St. Joseph College, Trichy, Tamilnadu (India).
The rolled sheets of mild steel (Fe250) containing chemical composition of sulfur (0.026%),
phosphorus (0.06%), manganese (0.4%), carbon (0.1%), and iron (99.4%), is utilized for the
present research work. Chemicals, such as hydrochloric acid and acetone of reagent grade
are purchased from Sigma Aldrich, USA. Distilled water is obtained using a Millipore
Milli-Q system, which was used in all experiments.

2.2. Methods
2.2.1. Preparation of Leaves Extract

The aqueous Spilanthes acmella leaves extract (SA-LE) is prepared by Soxhlet extraction
(Soxhlet Medium Extractor with 250 mL flask (Thomas 4406E34, E40, E46), equipped with a
heating mantle and maintained at a temperature of 60 °C). About 100 g of powdered leaves
of SA is uniformly packed into thimble and extracted with 1000 mL of double distilled
water (without stirrer). The process of extraction continues until the solvent in siphon tube
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of the extractor becomes colorless (extraction chamber 40 mm x 115 mm (uses 25 mm
thimble), condenser joint standard taper 45/50; extraction tube top joint standard taper
45/50; bottom joint standard taper 24/40 (Takes 35 x 90 mm thimble)). After the process of
extraction, the extract is kept overnight for cooling and made up to 1000 mL with the same
double distilled water to get 10% (w/v) leaves extract. Using this stock solution, different
concentrations of the leaves extract solution are prepared.

2.2.2. Preparation of Mild Steel

The mild steel sheets are cut into small pieces with active surface of 5 cm x 1 cm with
a thickness of 0.4 mm, which is used for the weight loss studies and 1 cm x 1 cm mild
steel specimens are used for electrochemical measurements (the density of mild steel is
1 mg/cm3). The specimens are mechanically polished (polished at room temperature by
using 0/0,1/0,2/0,3/0,4/0 emery papers, and kept in desiccator for further use), washed
with double distilled water, degreased with acetone, and dried in hot air.

2.2.3. Selection of Medium

For this study, 1.0 M HCl is selected as the corrodent medium to analyze the inhibitive
nature of SA leaves extract on mild steel corrosion. The 1.0 M HCl solution is prepared by
using analytical grade reagent and double distilled water.

2.3. Corrosion Inhibition Study
2.3.1. Mass Loss Method

The mild steel specimens are immersed in stagnant solution with and without the
presence of leaves extract (inhibitor) at room temperature for an immersion period of
2 h Then, the specimens are removed, washed, and kept in desiccators. These specimens
are weighed before and after immersion in the corrodent solution. The weight loss and
surface coverage is calculated from the difference between the weights before and after
the immersion.

Wy —W;
= W

where, Wyo—weight loss without inhibitor, Wi—weight loss with inhibitor.

Surface coverage ()

)

2.3.2. Effect of Concentrations, Temperature, and Corrosion Rate

From the stock solution, various concentrations of the extract are prepared in aqueous
media. Different concentrations of the inhibitor used in the study are 2, 4, 6, 8, and 10
(v/v%). The effect of the temperature on the inhibitive nature is examined by weight loss
method. The effect of temperature on corrosion at different concentrations of the inhibitor
is studied at the temperatures 303 K, 313 K, 323 K, and 333 K for the immersion period of
2 h. The corrosion rate is calculated using the formula

535 x W
Corrosion rate (mg /dm? day) = aijt )
where, “W” weight loss in gram, “a” the area of the specimen in cm? and “t” time exposure
in hour.
The inhibition efficiency is found using the following formula:

Inhibition efficiency = w x 100 3)
0

2.3.3. Adsorption Isotherm, Energy of Activation (E,) and Free Energy of Adsorption (AG®,4s)

Adsorption isotherms provide details about the interaction between the adsorbed
molecules among themselves as well as their interactions on the metal surface. The degree
of surface coverage (©) with respect to different concentrations of the inhibitor and different
temperatures is determined to deduce the fittest isotherm. The experimental data are fitted
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to the following two isotherms including Langmuir Isotherm—Plot of log (C/©) vs. log C
and Temkin Isotherm—Plot of Ovs. log C.

Adsorption isotherm and the mechanism of the corrosion reaction can be explained
by the thermodynamic parameters. The kinetic parameters, namely activation energy (E,)
and the thermodynamic parameters such as AG®,4q5, AH® 45, AS®,4s are calculated by the
Equations given below. For the corrosion of mild steel in 1.0 M HCI, the activation energy
is calculated using the Arrhenius Equation.

Corrosion rate (CR) = A exp (—E4/RT) 4)
The logarithm on both sides of Equation gives the Equation:
log CR =log A — E,/2.303 R ®)

E, = —2.303/R x Slope 6)

log CR vs. 1/T for the mild steel corrosion in the presence of different concentrations of
aqueous leaf extract of SA gives linear straight line. From the slopes and intercepts of
Arrhenius plots, the values of E, and A were calculated.

The standard free energy of adsorption at different temperatures for various concen-
trations, is calculated from the Langmuir adsorption isotherm model using the equation.

AG® 45 = —2.303 RT log (K,gs X 55.55) @)

2.3.4. Electrochemical Methods
Potentiodynamic (Tafel) Polarization, Linear Polarization Resistance, Electrochemical
Impedance, and Bode Studies

The electrochemical measurements are carried out using model CHI6608 Microcell kit
Princeton electrochemical Analyzer. The mild steel specimen is machine cut into coupons of
dimensions, 5cm x1 cm x 0.2 cm and embedded in araldite (epoxy resin) leaving a 1 cm?
surface area exposed for electrochemical measurements. A conventional three-electrode
cell with mild steel as working electrode, saturated calomel electrode as reference electrode,
and platinum electrode as counter electrode, is used. The potential is scanned, after a stable
value of Ecorr is reached, at a scan rate of 0.01 (V/s) from the corrosion potential in the
direction of cathodic and also in the anodic direction, in the range of potential -0.80 to
—0.20 V. Inhibition efficiency (I.E) is measured by the following formula:

I— I
0

LE (%) = x 100 ®)
where I, and [; are the density values of corrosion current without and with corro-
sion inhibitors.

Linear polarization resistance values are measured from the slope of potential current

lines, using the formula:
Rp =A x % )
Electrochemical impedance spectra are recorded over the frequency range 100 Hz to
100,000 Hz and with AC signal of amplitude 0.005 V. The measurements were recorded
after the electrode reaches a steady value of Ecorr. The experiments are carried out at a
constant temperature of 30 °C. The charge transfer resistance Rt values are obtained from
the plot of Z”/ohm vs. —Z’/ohm by calculating the difference in the impedance values at
low and high frequencies. The Cgqj is calculated from the relationship [23]:

1

double layer capacitance Cq; = 270 X fmax

X Ret (10)

where fmax is the frequency and Rt is the charge transfer resistance.
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Bode plots is obtained by the plot of log (Z/ohm) and phase/deg against log (fre-
quency/Hz). From this plots, the absolute impedance |Z| was calculated from the
Equation 1 Z| = /(Z’)* + (Z”)? [24] and the phase angle () is also directly noticed from
the plot.

2.4. Surface Analysis

Perkin Elmer FT-IR spectrophotometer is used to record the FT-IR spectra in the range
of 4000 to 400 cm~!. The adsorbed phytomolecules of the leaves extract on metal surface
was analyzed by FI-IR spectra [25], after it is scratched from the mild steel surface, which is
immersed in 1.0 M HCl in the presence of studied leaves extract for 2 h at room temperature.
To confirm the formation of metal-inhibitor complex on the surface of mild steel, PC-based
double beam spectrophotometer 2202 is used. UV-Visible absorption spectrophotometric
method is carried out for crude leaves extract and for the solution containing mild steel
immersed in 1.0 M HCI1 with addition of 10% (v/v) concentration of SA extracts after 2 h
immersion at room temperature [26]. SEM is used to analyze the topography of the mild
steel surface after corroding in the presence and absence of the inhibitor [27]. The SEM
images are taken by the JEOL MODEL JSM 6390 (15 kV). Surface morphology is determined
by atomic force microscopy. After the inhibition test, the mild steel specimens were placed
in vacuum desiccators, mounted on sample holder under the objective of the atomic force
microscope and the 3D—images were taken from the 100 X magnified surface through
operating program on computer. The surfaces of mild steel specimens were evaluated
by atomic force microscopy after immersed in 1.0 M HCI solutions in the presence and
absence of aqueous leaves extract of SA for two hours [28]. The adsorption nature of the
inhibitor on the surface of the mild steel is verified by determining the contact angle. It
is determined by goniometer using sessile drop method and the measurement is made
with contact angle goniometer model 190-F1. The contact angle is measured for the surface
of freshly polished mild steel as well as the mild steel after immersed in the corrodent
solution in the presence and absence of 10% aqueous leaves extract of SA solution at room
temperature for the immersion period of time 2 h.

3. Results and Discussion
3.1. Characterization of Aqueous Leaves Extract of SA
3.1.1. Preliminary Phytochemical Screening of the Leaves Extract

Aqueous extracts of the identified plant leaves are screened [29] for the presence of
flavonoids, alkaloids, terpenoids, saponins, anthraquinones, reducing sugar, and polyphe-
nols using standard procedure [30]. The results are given in Table 1.

Table 1. Preliminary phytochemical analysis of aqueous extract of the collected leaves.

Phytochemical
Constituents

Alkaloids Carbohydrates Flavonoids Tannins Amino Acids Terpenoids

Aqueous extract of
the leaves Spilanthes
Acmella (SA-LE)

Phytochemical
Constituents

Glycosides Steroids Anthraquinones  Saponins Phenols Proteins

Aqueous extract of
the leaves
Spilanthes Acmella
(SA-LE)

+: for presence; —: for absence.
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3.1.2. FT-IR Spectroscopic Study of Aqueous Extract of the Leaves of SA

The FT-IR spectrum of aqueous leaf extract of SA is recorded and is given in Figure 2,
the FT-IR absorption bands identified are given in Table S1, Supplementary File. A broad
band at 3401 cm ™! is due to the stretching vibration of O-H (indicating the presence of
phenolic compounds including flavonoids). The intense bands at 2924 and 2854 cm ™!
represent the stretching vibration of aliphatic C-H (these bands could represent glycosides,
like different types of sugar molecules). The sharp band at 1742 cm ! is consistent with
C=0 stretching vibrations. The absorption peaks at 1630 cm ! and 1560 cm ™! are attributed
to the presence of C=C in aromatic ring. The band observed at 1113 cm ! and 1022 cm !
are probably due to the C-O stretching. The peak at 870 cm~! indicates the C—Cl stretching.
The CH (OOP) absorbs at 696 cm™!. The FT-IR data obtained and the phyto-chemical
screening results indicate the presence of the reported phyto-components in the aqueous
leaf extract of SA (Table S1, Supplementary File) [31].

- 1742.43 cm! \

£ S " 870.68 cm™!
] ' '\ c-al
5 -1
5 0 | 2854.19 cm’! l . 1022.51 cm
b =] ® | e
'E ! C-H / V ‘ )
g - 1133(;52 -
. g s
£ 2924.26 cm! 1630(;7=4C cm
3401.36 em?  CH "~ 1560.00 cm!
s Cc=C

Wavenumbers (cm™)
Figure 2. FT-IR spectrum of aqueous leaf extract of SA.

3.1.3. UV-Visible Absorption Spectral Studies

The phyto-chemical components present in Spilanthes acmella leaf extract (SA-LE) are
analyzed using UV-Visible spectral studies. The absorption spectra of aqueous leaves
extract of SA occurred in the 200-400 nm wavelength regions. The absorption bands
(nm) noticed is mentioned in Table 2. The recorded UV-visible spectrum of aqueous SA-
LE is shown (Figure 3) and the adsorption bands are indicated (Table 2). The spectrum
shows major peaks at 231 and 265 nm indicating the presence of N and O atom in the
phyto-chemical constituents of the SA leaf extract. The absorption maximum for the
isobutylamide—NH (fatty acid) is 265 nm [32]. This is also observed in the recorded
FT-IR spectra.

Table 2. UV-visible spectral absorption bands (nm) of aqueous extract SA leaves.

Inhibitor System Leaf Extract Absorption Bands (nm) Transitions
n —m*
SA 231, 265 T —7*

n —o*
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Figure 3. UV-Visible spectrum of aqueous SA-LE. Note: high peak and plateau in the spectrum could
be due to the high concentration of the sample (un-diluted).

3.2. Weight Loss Method

Among many experimental methods available to determine the percentage inhibition
efficiency and corrosion rate, weight loss method is the simplest and frequently used. In
this study, the experiments were carried out by varying the concentrations of the inhibitor.
This study is also carried out at different temperatures and the immersion period is fixed
at 2 h. The weight loss calculated, in grams, is the difference between the weight of
metal coupon before and after immersion in corrodent solution. The results obtained are
discussed to know the effect of concentration and temperature.

3.2.1. Effect of Concentration of Leaves Extract on Corrosion Inhibition

The inhibition efficiency and the corrosion rate values for all the studied inhibitors
and the blank system are determined and given in Table 3. The corrosion rate decreases and
the inhibition efficiency increases with the increase in the concentration of extract for all
inhibitors, and the concentration range is 2% to 10% for 2 h immersion of the metal coupon
in corrodent solution at room temperature. The inhibition efficiency increases because of the
inhibitor molecules present in the extract getting adsorbed on the metal surface [33]. The
maximum inhibition efficiency and the lower corrosion rate are found at high concentration
(10% ©v/v) for all inhibitors. With further increase in inhibitor concentration above 10%,
the inhibition efficiency and corrosion rate almost remained constant. So the 10% is the
optimum concentration of the leaves extract to achieve high activity [34].

Table 3. Inhibition efficiency of aqueous leaves extract of SA on the corrosion of mild steel in 1.0 M
HCl at room temperature (303 K).

i Concen.tra.tlon Corrosion Rate Inhibition Efficiency
Inhibitors of Inhibitor s o
% v/v) (mg/dm* Day) (%)
Blank 615 -
2 219 64.34
4 176 71.30
SA 6 123 80.00
8 096 84.34

10 42 93.04
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3.2.2. Effect of Temperatures on the Anti-Corrosion Activity of Spilanthes Acmella
Leaves SA-LE

In this case, the corrosion efficiency and corrosion rate is determined for all the
inhibitor systems from 2-10% (v/v) with temperatures ranging from 303-333 K. The data of
inhibition efficiency and the corrosion rate of each extract are mentioned in Table 4. The
efficiency decreases from 93 to 64% and the corrosion rate increases from 42 to 219 with
the rise in temperature from 303-333 K in 1.0 M HCl at the higher concentration (10%) for
SA-LE. Also the same trend is obtained for other inhibitor system (Table 4). The effect of
temperature increased with increasing inhibitor concentration on the dissolution of mild
steel, and the partial desorption of extract from inhibitor from the surface of the metal also
increases [35].

Table 4. Inhibition efficiency of SA-LE on the corrosion of mild steel in 1.0 M HCI at different
temperatures.

Temperature Concentration of Corrosion Rate Inhibition Efficiency
(K) Inhibitor (% v/v) (mg/dm? Day) (%)
Blank 615 -
2 219 64.34
4 176 71.30
308 6 123 80.00
8 96 84.34
10 42 93.04
Blank 979 -
2 379 61.20
4 342 65.02
313 6 310 68.30
8 230 76.50
10 187 80.87
Blank 1181 —
2 535 52.15
4 518 53.58
323 6 470 57.89
8 379 66.02
10 294 73.68
Blank 1251 -
2 690 44.87
4 668 46.58
333 6 577 53.84
8 486 61.11
10 428 65.81

3.3. Adsorption Isotherm

An adsorption isotherm gives the direct relationship between the corrosion inhibition
efficiency with the degree of surface coverage at constant temperature for different con-
centrations of inhibitor solutions. The adsorption isotherm provides the basic information
about the nature of interaction between the mild steel surface and inhibitor molecular
constituents [36]. Adsorption of the corrosion inhibitor molecules occurs on the mild steel
surface by the displacement of molecule of water adsorbed on the metal surface. Also,
the adsorption depends on the temperature, chemical composition, and concentration of
inhibitor and the electrochemical potential at the metal—solution interface [37].

There are several isotherms proposed to account for the adsorption of the corrosion
inhibitor molecules on the surface of metal. From the isotherm, the linear relationship
between 6 and concentration of inhibitor can be found. In this study, the changes in the
O, and thereby the change in the efficiency of inhibitor is determined by using different
isotherms model.
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3.3.1. Langmuir Adsorption Isotherm

The degree of surface coverage () for different concentrations of inhibitor (2%, 4%, 6%,
8%, and 10% (v/v)) at different temperatures (303 K, 313 K, 323 K, and 333 K) was found
from the weight loss method. According to Langmuir isotherm, the following Equation
relates the surface coverage (6) and the inhibitor concentration, C:

C 1
= +C (11)
0 Kads

The plots of Langmuir adsorption isotherm, C/© vs. C at different temperatures is
shown in (Figure 4) for all the studied inhibitors at different temperatures.

12 14
0] 303K 124 313K
10
8
o 03
U6 ()
6
4
é v =0.9582x + 0.1427 4 v=11245x + 0.1953
R?=0.9881 - R?=0.9968
2
2
0 0
0 2 4 6 8 10 12 0 ) 4 6 8 10 12
C C
16 18
14d 323K 161 333K
i 14
b 12 "
© Q10
= g =
(&) = s .
6 6
v =1.2065x + 0.2310
4 P Ri= 0.9635 4 - v =1.298x + 1.008
R?=0.9676
2 2
0 0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
C C

Figure 4. Langmuir adsorption isotherm for the inhibition effect of aqueous leaves extract of SA on
mild steel corrosion in 1.0 M HCl at different temperatures.

The values of adsorption parameters obtained from Langmuir adsorption isotherm,
including AG?,4,, R?, slope, intercept of each studied inhibitor system on mild steel surface
are enlisted in Table 5. The negative value of AGY,4s ensures the spontaneity of the
adsorption process and the stability of the adsorbed layer on the steel surface. The AG 4
is calculated from the Equation:

AGP, 45 = —2.303 RT log (Kaqs X 55.55) (12)

Table 5. Adsorption parameters obtained from Langmuir adsorption isotherm for the corrosion
inhibitive effect of aqueous leaf extracts of SA on the corrosion of mild steel in 1.0 M HCL

Inhibitor
System Temperature, K R? Slope Intercept Kags —AG? 46
303 0.9981 0.9582 0.1427 7.007 15.027
SA 313 0.9968 1.1245 0.1953 5.120 14.706
323 0.9635 1.2065 0.2310 4.329 14.725
333 0.9676 1.298 1.0080 0.992 11.102

The inhibitor molecules adsorbed on the anodic and cathodic sites of the metal surface
interact by mutual repulsion (or) attraction [38]. The comparison of R? values obtained
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from Langmuir adsorption isotherm, at various temperatures shows that the isotherm
fits better at 303 K than the other higher temperatures and it has been reported by many
researchers [39]. The R? values are greater than 0.9 showing that the Langmuir plots are
linear. The K, 45 values are high at 303 K for every inhibitor and decrease with the increasing
temperatures, indicating that the inhibitor is more strongly adsorbed on the metal surface
at low temperature than at higher temperatures [40].

3.3.2. Temkin Adsorption Isotherm

The Temkin adsorption isotherm is based on the assumption of uniform distribution
of the inhibitor (monolayer) on the metal surface. The adsorption energy linearly decreases
with the increase of surface coverage values (8). The values of surface coverage 6, at
various concentrations of each inhibitor in 1.0 M HCl solution, obtained from mass loss
measurements, were fitted to the Temkin adsorption isotherm shown below

exp(—2a0) = Kyqs.C (13)

2.303logK,qs  2.303logC
a 2a a 2a
where, “a” denotes the lateral molecular interaction parameter. The adsorption of or-
ganic molecules at a metal-solution interface is a quasi-substitutional process between the
inhibitor molecule (in aqueous solution) and water molecule (on the metal surface) [41].

0 =

(14)

Orggo1 + HoO 445 > Org,gs + HoOg (15)

where, X is the size parameter and it represents the number of adsorbed water molecules
replaced by the given adsorbate (inhibitor molecule). The plot of 8 vs. log C for the mild
steel in 1.0 M HCl in the presence and in the absence of plant extract inhibitors SA are
given in Figure 5 for various temperatures.
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Figure 5. Temkin adsorption isotherm for the inhibition effect of aqueous leaf extract of SA on mild
steel corrosion in 1.0 M HCl at different temperatures.
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The values of intercept, slope, a, K,qs and AG’,4 are calculated from Temkin isotherm
plots, which are shown in Table 6. The negative “a” value for all inhibitors at different
temperatures indicates that the repulsion exists in the adsorbed molecule layer on the

metal surface.

Table 6. Adsorption parameters obtained from Temkin adsorption isotherm for corrosion inhibition
effect of aqueous leaf extract of SA on mild steel in 1.0 M HCL

Ig?;:::r Tem:)lg‘ature R2 Slope  Intercept —a Kads (_I?]/CI;I(:;‘;)S
303 0.9469 0.3942 0.5035 2.92 18.93 17.532
SA 313 0.9859 0.4164 0.3833 2.76 8.32 15.972
323 0.8519 0.3264 0.4085 2.81 6.295 15.731
333 0.9378 0.6657 0.3153 2.97 2.97 14.143

The R? values at different temperatures are slightly <9 for some inhibitor and approach
unity for other inhibitors. It indicates the weak correlation between 6 and log C for the
studied inhibitor systems. The value, R? > 0.9 for same inhibitor and R? < 0.9 for some
other inhibitor systems. The comparison of regression co-efficient, R? values indicates that
Langmuir isotherm is highly fitting than the Temkin isotherm for the evaluated set of green
inhibitors, reflecting that the studied inhibitors follows Langmuir adsorption isotherm
more closely than the Temkin isotherm. The high values of K, 45 and low negative AGY, 4
values at temperature ranging from 303-303 K (Table 6) indicate that the physisorption
occurs. However, chemisorption may not be excluded because of the nature of complex
formation in the corrosion-inhibiting process [42].

3.4. Thermodynamic Adsorption Parameter
3.4.1. Free Energy Adsorption (AG®,q4s)

The free energy of adsorptions, AG?,4 at different temperature for various concentra-
tions, are determined by Langmuir adsorption isotherm (best fit) model using the Equation:

AGP, 45 = —2.303 RT log (K,qs X 55.55) (16)

The evaluated mean value of AG 4 at different temperatures is clearly listed (Table 7).

Table 7. Average free energy of adsorption parameters for inhibition effect of corrosion of mild steel
at different temperatures in 1.0 M HCl for various concentrations of SA.

Inhibitor AG°,4s (KJ/mol—1)
System 303 313 323 333
SA-LE 15.027 14.706 14.725 11.102

The negative AG?,4 values indicate the occurrence of spontaneous adsorption of
inhibitor molecules from the leaves extracts on the mild steel surface. The AG?, 4, values
are up to —20 k] mol~! and the values are consistent with the physisorption.

3.4.2. Enthalpy and Entropy of Adsorption for Corrosion Process

According to Gibbs Helmholtz relation, a plot of mean value of AGY, 44 against the
temperature is linear with correlation co-efficient value 1 for the corrosion of metal surface
in the presence of inhibitor at different concentrations. Plots of AGY, 4, vs. T is linear with
R? > 0.9 for the corrosion of mild steel in 1.0 M HCl in the presence of the studied inhibitors
at different concentrations and at different temperatures. The slope of the straight line and
intercept are equal to entropy and enthalpy change in adsorption respectively (Figure 6).
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Figure 6. Plot of AG?, 4, vs.T for mild steel in aqueous leaf extract of 10% SA at different temperatures.

The mean values AHY 4; and AS?, 4, in the temperature range 303-333 K, calculated
using the Equation of Gibbs Helmholtz Equation are listed (Table 8).

Table 8. AHY, 4, and ASY, 4 temperature range in 1.0 M HCl for SA leaf aqueous extract.

Mean Values
—AH,4.° KJ/mol —AS,4,° J/mol
SA-LE 15.932 126.3

Inhibitor System

The negative sign of AHY 4, indicates the exothermic nature (releasing of heat energy)
of inhibition of the mild steel dissolution [43]. The AHY, 4 value is less than 41.86 KJ /mol !
showing that the adsorption process is physisorption [41]. The negative sign of AS,4 for
all the studied inhibitors in 1.0 M HCl implies that the molecules from leaves extracts, mov-
ing freely in the bulk solution, becomes stationary on the metal surface after the adsorption
process, resulting in a decrease of entropy [44]. The large and negative entropy of adsorp-
tion suggests that the activated complex formation involves an association mechanism
rather than the dissociation mechanism [45].

3.5. Activation Parameter for Corrosion Inhibition Process
Energy of Activation (Ea)

The energy of activation for the corrosion of mild steel in 1.0 M HCl is determined
using the Arrhenius type of plot using the Equation log CR = Kexp(~F2/RT) and shown
in Figure 7.

From the slope of (—Ea/2303 R) of Arrhenius plots, the E; value is determined and
listed in Table 9. In the present investigation, compared to the blank, the E; values are
high at higher concentrations of the inhibitor indicating that it will be more effective at low
temperature. Hence the inhibition efficiencies become less and the corrosion rate will be
more at high temperatures [46].
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Figure 7. Arrhenius plot for corrosion of mild steel in 1.0 M HCl for solution with 10% SA-LE inhibitor.

Table 9. Average activation energy for corrosion of mild steel in 1.0 M HCl in the absence and in the
presence of SA-LE leaf aqueous extract (10% v/v).

Inhibitor System Ea (KJ/mol)
- 24.30
SA-LE 67.45

Because the inhibitor desorption, greater surface area of mild steel comes in contact to
the environment at higher temperature. But this problem is reduced in low temperature
because the degree of surface coverage of mild steel becomes close saturation [47].

3.6. Electrochemical Methods
Potentiodynamic Polarization Method

The Tafel plots, obtained from the potentiodynamic polarization study for the inhi-
bition of corrosion of mild steel in 1.0 M HCl by the addition of lower (2% v/v) and high
concentrations (10% v/v) of the studied inhibitor SA-LE are shown in Figure 8.

-1.0
-1.5
-2.0
-2.5
-3.0
-3.5
-4.0
-4.5
-5.0
-5.5
-6.0 T " T T v
-0.20 -0.30 -0.40 -0.50 -0.60 -0.70 -0.80
Potential / V

log(Current/A)

Figure 8. Potentiodynamic polarization curves for corrosion of mild steel in 1.0 M HCI (a) without
inhibitor (b) with 2% and (c) with 10% aqueous leaf extract of SA.
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Note: scan rate (V/s) = 0.01, initial E(V) = —0.8, final E(V) = —0.2, hold time at
E f (S) = 0 and quiet Time (S) = 2.

The potentiodynamic polarization parameters such as corrosion current density (Leorr),
corrosion potential (Ecorr), anodic (ba), cathodic (bc) Tafel slopes, LPR (R;) obtained from
the extrapolation of the polarization plots for the corrosion of mild steel in the presence of
low and high concentrations of extracts of SA-LE and also for the blank solution, are given
in Table 10.

Table 10. Potentiodynamic polarization parameters for the corrosion of mild steel in 1.0 M HCI without and with various

concentrations of SA leaf aqueous extract.

Inhibition Efficiency (%)

Concentration Tafel Slope
of the Leaves —Ecorr P Leorr Rp Calculated From:
Extract mV/SCE b, be mA/cm? Q.cm? Leorr Rp
(% vlv) mV/dec mV/dec mA/cm? Q.cm?
0 —434 140 232 6.488 x 103 5.9 — —
2 —429 10 225 1.527 x 103 20.4 76.4 71.0
10 —473 108 096 1.024 x 104 216 98.4 97.2

When leaf extract is added to a corrodent solution I.or values decrease for all the
studied inhibitors than the solutions without inhibitor. This proves the inhibitive action
of the extracts on mild steel corrosion in 1.0 M HCI. The reduction of corrosion current
density in the presence of the inhibitor shows that the inhibitors are adsorbed on the
surface of the metal and inhibit corrosion. The increase in cathodic and anodic Tafel
slopes (b. & b,) with increasing inhibitor concentrations show that both the anodic and
cathodic reactions are controlled by the inhibitor solutions [48]. The linear polarization
resistance value (Rp) increases from 5.9 Q.cm? (blank) to high values with increasing
the concentration of inhibitor and it indicates the formation of a protective film on the
surface of the metal. In addition to this, further analyses of the samples have also been
performed using electrochemical impedance spectroscopy, the Nyquist plots and Bode plots
are provided in the supplementary information (Figures S1-54 and Table S3). The results
of electrochemical impedance indicated the adsorption of the phytochemical components
of leaf extract on the surface of mild steel and the formation of film at the interface of
metal/solution. The Bode plots revealed that the adsorption of the inhibitor on mild steel
surface occurs in a single process.

3.7. Surface Analytical Methods
3.7.1. Atomic Force Microscopy (AFM)

The 3D AFM morphologies and the AFM cross sectional profiles of polished mild
steel and mild steel after immersion in 1.0 M HCl for 2 h at room temperature, are shown
in Figure 9a,b.

The AFM cross sectional images of the mild steel coupon after being immersed for 2 h
at room temperature in 1.0 M HCl in the presence of the high concentrations of SA-LE is
shown in Figure 10.

The different parameters Ry, R,, and Ry from the AFM images of metal surfaces are
given in Table 11 for the polished mild steel and that after immersion in the absence and
presence of 10% of the inhibitor SA-LE. The analysis of values indicates that the average
roughness R, values, after the mild steel is immersed in 1.0 M HCl in the presence of
inhibitor at high concentration, lies in between the blank and polished mild steel. It can be
inferred that a protective film is formed on the surface of the metal. For the blank system
(Figure 10), a few pits in the corroded metal surface are observed and the slight roughness
is noted on the polished steel surface (Figure 9). The surface topography of the metal
surfaces, in the presence of high concentrations of inhibitor, show that the (P-V) height
is greater for the inhibited system compared to the polished system and less than that of
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the blank system. These observations prove that the surface is smoother, in presence of
inhibitor because of the layer formation and also the protective film is in nanometer scale

of all the inhibitors SA-LE in 1.0 M HCl.
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Figure 9. (a). AFM cross sectional images of the polished mild steel surface and (b) AFM cross sectional images of the mild

steel surface after immersion in 1.0 M HCL.
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Figure 10. AFM cross sectional image for the mild steel surface after immersion in 1.0 M HCI with

the 10% aqueous SA leaf extract.

Table 11. AFM surface and line roughness data for different systems.

Surface Roughness

Line Roughness

Average Root Mean Maximum Average Root Mean Maximum
System R Square Peak to Valley Square Peak to Valley
oughness Rouch (P-V) Roughness R h (P-V)
(R,), nm oughness . (R,), nm oughness .
(Rg), nm Height, nm (Rg), nm height, nm
Polished mild 117.5 162.7 171.5 64.1 76.9 359.0
steel
Mild steel +
1.0 M HCl+
10% of 229.7 289.3 2524.1 185.9 221.3 1201.2
aqueous leaf
extract SA
Mild steel +1.0 847.8 1086.9 8393.5 828.2 1084 4511.9

M HCl
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3.7.2. Scanning Electron Microscope Analysis (SEM)

In the present evaluation, the SEM micrograph of the polished mild steel specimen
index in the protected condition has been recorded at 8.29 kX magnification and it is
presented in Figure 11a,b. The SEM micrograph of the mild steel specimen, after immersion
in the 1.0 M HCl for 2 h at room temperature, is taken and the image is shown in Figure 11c.

Figure 11. (a) SEM image of polished mild steel coupon before immersion in 1.0 M HCl, (b) SEM image of mild steel coupon

after immersion in 1.0 M HCl (2 h), and (c) SEM image of polished mild steel coupon after immersion in 1.0 M HCl in the

presence of 10% aqueous leaf extract of SA.

It reveals the complete destruction or deterioration of the smoothness of the metal
surface and formation of corrosion spots. The image shows that due to the corrosion, the
metal surface is highly damaged. The SEM micrograph of the mild steel specimen after
immersion period for 2 h at room temperature in 1.0 M HCI solution in presence of SA-LE
inhibitor at higher concentration (10%) is shown in (Figure 11c).

The SEM micrograph image of the mild steel samples immersed in 1.0 M HCl with
inhibitor shows lesser degree of surface deterioration than those for mild steel coupon
immersed in 1.0 M HCI without inhibitor. The SEM micrograph image (Figure 11) of the
external topography of the surface of the mild steel samples, immersed in 1.0 M HCl with
inhibitor show that the corroded scales (areas) are spread on the mild steel irregularly to
some extent and display a definite level of firmness which cannot be removed off easily [49].
Thus it is revealed that the inhibitor has increased the efficiency of adsorption at the
metal/solution interface and thus the inhibitors tend to reduce metallic surface destruction.

3.7.3. Contact Angle Measurements

The contact angle is the angle, conventionally measured through the liquid, where a
liquid—vapor interface meets on the solid surface. It quantifies the wettability of a solid
surface by a liquid. In order to verify the adsorption nature of the inhibitor on the surface
of the corrodent metal, the contact angle is determined. The observed contact angle is very
high for the polished mild steel (Figure 12a) which indicates the hydrophilicity behavior at
the angle of 145°. The contact angle of 145° characterizes a surface with water repellant
nature. For the comparison, the contact angle also measured for the surface of mild steel
after immersion in the corrodent solution of 1.0 M HCl without the presence of inhibitor
for the immersion period of 2 h at room temperature is determined to be 38.1° (Figure 12b).
It shows that the wettability nature of metal surface increases in the presence of 10%
SA-LE inhibitor, Figure 12c¢. Increase in contact angle 129.7° revealing the formation of a
hydrophobic layer due to the adsorption of plant components onto the metal surface [50].

In the presence of the inhibitors, larger contact angles are observed. Because of this
development the surface becomes water repellant with less wettability. So, the inhibition
efficiency increases in the presence of the inhibitors [51]. The observed value of contact
angle for system is given in Table 12.
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Figure 12. (a) Contact angle measurement on the polished mild steel surface, (b) contact angle measurement for the mild
steel surface that is kept for 2 h in a 1.0 M HCl solution without inhibitor and (c) contact angle measurements on the mild
steel surface that is kept for 2 h in a 1.0 M HCI solution containing 10% aqueous leaf extract of SA.

Table 12. Contact angle values measured for different systems.

System Contact Angle (°)
Mild steel + 1.0 M HCl 38.1
Mild steel + 1.0 M HCI + 10% of SA-LE 129.7
Polished mild steel 145.4

3.7.4. FT-IR Spectral Studies
FT-IR Results for SA-LE/Mild Steel /1.0 M HCl

The FI-IR spectral patterns of the crude SA-LE and scratched film from the surface of
the mild steel after immersion in 1.0 M HCl with highest concentration (10% v/v) of extract
of SA-LE are given (Figures S5 and 56, Supplementary File). The respective absorption
bands are given in Table S2, Supplementary File.

The shifts in IR peak 3401 cm~! to 3431 cm~! shows the presence of O-H groups.
The peak 2924 cm ™! shifts to 2855 cm ! and 2854 cm ™! to 2924 cm ! indicating the C-H
stretching. The peaks at 1742, 1560, and 1113 cm~! are not noticed in adsorbed layer.
It shows that the C=0, C=C, C-O groups may be involved in the formation of barrier
layer [52]. The new peaks at 471 and 571 cm ™! are observed for the scratched film from
the surface of mild steel immersed in 1.0 M HCI with 10% SA-LE extract and it shows the
Fe-complex present in the adsorbed layer on the surface of mild steel.

UV-Visible Spectral Analysis

The extracts prepared from plant leaves, have many constituents and are responsible
for the inhibition of metal corrosion. The chemical constituents, present in the extract,
are expected to form complex with the surface of metal during the process of inhibition.
The complexes produced are revealed by the analysis of UV-visible spectrum. During
corrosion in 1.0 M HCl acid solution, metal cations are expected to be formed on the surface
of the metal, which leads to the formation of complexes with phytochemical constituents
of SA-LE [45].

The changes in the positions of absorption maxima and the absorbance values reveal
the complex formation between the ions on the metal surface and SA-LE inhibitor [53].
The pattern of the UV-visible absorption spectra is recorded for the crude SA-LE and the
solution of the mixture of mild steel 1.0 M HC1/10% concentration of the SA-LE inhibitor
after 2 h duration (Figure 13).
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Figure 13. (a) UV-visible spectra of aqueous SA-LE and (b) the scratched film from mild steel after immersion in 1.0 M HCI

with 10% SA-LE inhibitor.

A change in the values of absorbance and the corresponding intensities were observed
(Figure 13). The shifting of absorption bands may be due to the 7-r* and n-n* transi-
tions along with a significant charge transfer character. The deviation in the maximum
absorption and the intensity values represent the complex formation between Fe 2* and
phyto-components of the SA-LE [54].

The UV-visible spectral pattern exhibits the possibility of interaction between the
hetero atoms present in the leaf extract and metal ion from the metal surface [55]. The
data of UV-visible spectra show that the bands in the region 200 to 350 nm are due to the
carbonyl groups held close to Fe in the complex forms [53]. It reveals complex formation
between the cation from the surface of the metal and phytocomponents from SA-LE, which
is responsible for the anticorrosive properties of leaves extract. This assumption is also
supported by the FT-IR analysis and has also been reported in earlier studies [56].

3.8. Phyto-Constituents of SA-LE

The phytochemical screening of the leaf extract of SA shows the presence of active
components such as alkaloids, tannins, flavonoids, glycosides, phenolic compounds, and
carbohydrates [57]. The main pungent constituent reported in it is spilanthol, which is
an isobutyl amide [58]. The secondary metabolites present in the SA-LE are spilanthol,
Undeca-2F-7Z,9E-trienoic isobutyl amide, undeca-2E-en-8,10-diyonic acid isobutyl-amide,
2E-N-(2-methylbutyl-2-undecane-8,10-diynamide, 2E-7Z-N-isobutyl-2,7-tridecadiene-10,
12-diynamide, 7Z-N-isobutyl-7-tridecene-10, 12-diynamide, (3-sitosterol, stigmastrerol,
a-Amyrin, 3-Amyrinlimonene, 3-acetylaleuritolic acid, vanillic acid, -sitostenenone,
scopoletin, trans-ferulic acid, trans-isoferulic acid etc. These components contain O, N,
and aromatic ring in their molecular structures. The organic heterogeneous compounds
containing adsorption active centers such as O, N, and aromatic ring, have been reported
to be efficient corrosion inhibitor [59]. The adsorption takes place through these active
centers involving complex formation with the cation of metal. The surface of the metal
may be blocked by these complexes and thus the rate of corrosion is reduced.

3.9. Corrosion Inhibition Mechanism

The adsorption of leaves extract are caused by the adsorption of phytochemical com-
ponents contained in the leaf extract on the metal surface, which prevent the surface of the
metal from the attack by acid and thus do not allow the corrosion action to occur [60]. The
retardation of anodic dissolution in presence of an inhibitor molecule has been described by
the mechanism involving two absorbed intermediate. It is a known fact that mild steel has
coordination affinity to sulfur, nitrogen, and oxygen containing ligand (cf. Figure 14) [61].
The atoms such as N, O, and S are capable of forming coordinate covalent bond with metal
owing to their free electron pairs and thus, act as inhibitor [62]. The process may block
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the active sites and hence decrease the corrosion rate. The aqueous leaf extract contains
these atoms in their phyto-constituents and could be adsorbed on the surface of the metal
and reduce the surface area available for a cathodic and anodic corrosion reaction to take
place. In acidic solution, the active constituents present in the inhibitor exist as protonated
species and adsorb on the cathodic sites of mild steel reducing the evolution of hydro-
gen. The adsorption on anodic sites occurs through 7t electrons and lone pair of electrons
on hetero atom of the active components present in the inhibitor. For example, leaves
extract of S. officinalis exhibited decent corrosion inhibition activity on 304 stainless steel
in 1 M HCI solution because of the adsorption of phenolic components such as luteolin
7-glucoronide, carnosol, sagecomarin, etc., [63], through their heteroatoms including N
and O, which acted as effective adsorption centers. Osmanthus fragran leaves extract has
shown mixed type corrosion inhibition activity against carbon steel in 1 M HCL [64]. In
another study, alkaloids extract of Geissospermum leaf has also demonstrated mixed type
inhibition activity on C38 steel in 1 M HCl, which is revealed by Langmuir adsorption
isotherm [65]. Indeed, the leave extract has achieved a maximum inhibition efficiency of
~92% at 100 mg/L concentration. Notably, the phytochemical constituents typically contain
different variety of phytomolecules, therefore, in most of the cases Langmuir mixed type of
corrosion inhibition activity is observed [9].

Spilanthes acmella Plant

R=0,S, and N etc.,

a cr:cr afcr
1d Steel Surface

® Fe Fe* Fe» Fe* Fe

B y—
Chemisorption Physisorption

Figure 14. Schematic representation of tentative corrosion inhibition mechanism.

4. Conclusions

In this study, the anticorrosion properties of the SA-LE have been tested against
the mild steel in acidic solution. The preliminary phytochemical screening of SA-LE has
indicated the presence of various chemical constituents including alkaloids, flavonoids,
and other phenolic compounds with hetero atomic centers. Weight loss measurements of
mild steel coupons in the presence and absence of SA-LE in 1.0 M HCl medium suggest
that the percentage of inhibition efficiency increases progressively with increasing inhibitor
concentrations. Besides with increasing temperatures from 303 K-333 K the inhibition
efficiency decreased because of the partial desorption of the barrier layer from the metal
surface. The calculated high K,qs and low negative AG?,4, values from the Langmuir
isotherm indicate that the adsorption of inhibitor molecules from the aqueous leaf extract
on the mild steel surface happens spontaneously which is consistent with physisorption.
However, the chance of complex formation during the corrosion inhibition does not exclude
chemisorption. The Nyquist plots of electrochemical impedance suggest the adsorption of
the phytochemical components of leaf extract on the surface of mild steel and the formation
of film at the interface of metal/solution. The Bode plots revealed that the adsorption of the
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inhibitor on mild steel surface occurs in a single process. Furthermore, microscopic studies
including SEM and AFM have indicated the presence of smooth surface in case of inhibited
mild steel when compared to the uninhibited samples. Additionally, the evaluation of
phytochemical constituents suggests that the formation of complex between surface ions
(Fe*) and inhibitor on the surface of the metal possibly help prevent the corrosion process.
The investigated SA leaves extract acted as efficient corrosive inhibitor of mild steel in
acidic medium.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-6
412/11/1/106/s1, Figure S1. Nyquist plot for the corrosion of (a) mild steel in 1.0 M HCI without
inhibitor (b) with 2% and (c) with 10% aqueous leaf extract of SA. Figure S2. Bode plots for the
corrosion of mild steel in 1.0 M HCI without inhibitor. Figure S3. Bode plots for the corrosion of mild
steel in 1.0 M HC1 with 2% SA-LE inhibitor. Figure S4. Bode plots for the corrosion of mild steel in 1.0
M HCl with 10% SA-LE inhibitor. Figure S5. FI-IR spectrum of aqueous leaf extract of SA. Figure S6.
FT-IR spectrum of scratched film from the mild steel surface after immersion in 1.0 M HCl in the
presence of 10% aqueous leaf extract of SA. Table S1. FT-IR spectral data of aqueous extract of SA
leaves. Table S2. FI-IR Spectral data for the aqueous leaf extract of SA and the scratched film from
mild steel surface after immersion in 1.0 M HCl with 10% SA. Table S3. Electrochemical impedance
parameters from Nyquist plot and bode plot for the corrosion of mild steel without and with the
various concentrations of aqueous SA leaves extract in 1.0 M HCL
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