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Abstract

Using green corrosion inhibitors, which lower corrosion rates without endangering the
environment, is one of the most important strategies for reducing corrosion. An extract from
the leaf of the Mukia maderaspatana plant was used in this investigation as a green corrosion
inhibitor for mild steel in hydrochloric acid. The anti-corrosion properties of plant leaf extract
were verified by a number of experimental procedures, such as weight loss analysis,
electrochemical spectroscopy, gravimetric measurements and surface analysis using FTIR,
and SEM, at various temperatures. A plant extract added at 1000 ppm significantly increases
the inhibitory effectiveness up to a maximum of 95%. To confirm that the mild steel surface
in an HCI solution had a protective layer, surface analysis was done. An investigate using a
scanning electron microscope showed that the protective layer formed by the green inhibitor.
According to the study, the extract from Mukia maderaspatana is a strong, environmentally
friendly inhibitor that efficiently stops mild steel from corroding in extremely acidic

situations.
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Introduction

Low carbon steel is a highly sought-after steel-related material, utilized in a variety of sectors
from heavy machinery to agricultural, due to its exceptional toughness and flexibility, as well
as its relatively low manufacturing costs. In spite of this, it is extremely vulnerable to

corrosion in acidic conditions during industrial procedures, such as washing equipment with
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metal surfaces. Because of its erosive properties and affordable price, hydrochloric acid is the
mineral acid that is most frequently used in industrial operations. But frequent use of this acid
causes mild steel to corrode, which compromises the metal's integrity [1-4]. The degradation
of a material when it comes into touch with the environment is known as corrosion of steel
alloy. Diffusion-controlled development of oxygen caused an oxide coating to be formed on
the metal surface. These might accelerate the metal's oxidation. Aqueous corrosion can
happen in damp environments because of electrochemical processes. This can be stopped by
putting corrosion inhibitors in the acid, which forms a protective layer on the metal surface
through the inhibitor's adsorption and inhibits direct communication between the metal and
the acid [5-8].

Literature research has shown that while synthetic inhibitors are very efficient, many
are hazardous and harm the environment and humans. Green inhibitors are ecologically
friendly, unlike these inhibitors. Green inhibitors are environmentally safe, non-toxic, and
can be broken down naturally. Plant extracts are a bountiful supply of naturally occurring
chemical compounds that may be acquired inexpensively through straightforward methods.
Researchers discovered that green inhibitors effectively adhere to the metal surface, making
them suitable corrosion inhibitors; this is attributed to functional groups with hetero atoms
(O, N, S, and P). Corrosion inhibitors stick effectively to the metal surface contact and create
an extended biofilm with the assistance of functional groups, including hetero atoms, m-
electrons, and aromatic rings, enhancing corrosion inhibition. Researchers have said that
utilizing plant extracts as inhibitors in an acidic environment is helpful [9-12]. Some
authentications from previous observations. Krishnaveni et al.[13] experimented using
Morinda tinctoria leaf extract as green inhibitors on mild steel in an acid medium. Anti-
corrosion behaviour was studied using weight loss studies, colorimetric estimation,
Electrochemical studies (EIS), and Scanning electron microscope (SEM), and it was found
that the inhibitor attained more efficiency under room temperature. The effect of temperature
studies showed that an increase in temperature decreases the inhibition efficiency, and the
maximum IE was 93.83%. Electrochemical studies indicated that colorimetric results fit well
with weight loss analysis, and polarization studies indicated the mixed nature of inhibitors.
Mobin et al.[14] studied the anti-corrosion behavior of bromelain (pineapple stem extract) on
low-carbon steel in 1M HCI solution using EIS, UV vis spectrometry, potentiodynamic
polarization studies, SEM, and the results obtained suggested that bromelain acted as a
suitable corrosion inhibitor. The highest inhibition efficiency was 97.6% for the extract
concentration of 1000 ppm at 338°K. From EIS studies, they concluded that inhibitor



adsorption on mild steel follows Langmuir adsorption isotherm. Also, potentiodynamic
polarization studies proclaimed that Mukia maderasapatna behaved as a mixed-type inhibitor
and controlled both the announcement and cathodic processes. Figure 1 a and 1b show the
research trend on using plant extract as corrosion inhibitor all various metals including mild

steel.

The adsorption of inhibitor molecules on mild steel is associated to a reduction in the
double-layer resistance (Ca) and an increase in the charge transfer resistance (Rct) when
Mukia maderasapatna is added to an acidic solution, according to an investigation conducted
using electrochemical impedance spectroscopy (EIS). SEM observations revealed that the
inhibited steel had a smoother surface morphology and less corrosion, suggesting the
formation of a protective layer. Using weight loss and electrochemical methods, Fourier-
transform infrared spectroscopy (FTIR), UV-visible spectrometer, quantum chemical
analysis, and scanning electron microscopy (SEM), Li et al. [15] investigated the inhibitory
effect of radish leaf extract on mild steel corrosion in 0.5M H2SOa. The study on the effect of
temperature revealed that the inhibitory effectiveness decreased with rising temperatures and
increased with greater concentrations of RLE. At a concentration of 300 mg/L of RLE, the
greatest ionization efficiency of 93% was achieved at 298 Kelvin. The inhibitor adsorption on
mild steel showed features of a mixed-type inhibitor, according to studies on EIS and
adsorption isotherms. The research observes that both chemical and physical adsorption occur
simultaneously and follows Langmuir's adsorption isotherm. Al Otaibi et al.[16] investigated
the electrochemical characteristics of carbon steel in a 0.25M H>SO4 solution in order to
assess the efficacy of the extract. Electrochemical Impedance Spectroscopy (EIS) studies at a
concentration of 283.4 ppm demonstrated an inhibitory effectiveness of 98%. The extract
stuck to the Langmuir adsorption isotherm and acted as a cathodic inhibitor, as demonstrated

by the polarization curves.

The presented work deals with the corrosion inhibition properties of Mukia
maderaspatana plant leaf extract, and this plant belongs to the kingdom plantae of the
division Dermatophytes, sub-division Angiospermae of class Dicotyledonae, subclass
polypetalae of series Calyiflorae, order passiflorae, family Cucurbitaceae of the Genus
Mukia.This plant aggressively grows in India and Sri Lanka.In Tamil Nadu,it is regionally
called Mosumosukai or musumusukkai, whose English name is Madras pea pumpkin or
Rough bryony.Its leaves are symmetrically ovate,have 3 to 5 lobes,and are 3-9 cm long. The
leaves of the M.maderapatana are composed of 4 — methylpentyl ester, 4-methoxy,butyn-1-
ol,dichloroacetic acid, and other components such as carbohydrates, steroids, tannins, and



flavonoids [17].Mukia maderaspatana could be a promising source for plant extract corrosion

inhibitors.

The current study aims to investigate the anti-corrosion properties of MME on low-
carbon steel in a 1M HCI solution. EIS, adsorption isotherm, and potentiodynamic methods
are employed to investigate corrosion inhibition processes and analyze the creation of the
protective layer on low-carbon steel throughout the corrosion process using scanning electron

microscopy, FTIR, visible UV spectroscopy, and quantum chemical analysis.
2. Experimental Methods
2.1. Mukia maderaspatana plant extract segregation

The extract was prepared from leaves of the Mukia maderaspatana plant, which was gathered
in Coimbatore, Tamilnadu, India. After being washed with tap water to remove any undesired
impurities, the leaves were allowed to air dry. To obtain the kernel powder, muslin cloth was
used to filter aqueous leaf powder extracts, and the supernatant was then dried. Using the
method described by Krishnaveni et al. [13], crude PE was prepared using 259 of MME

powder.
2.2. Mild steel specimen preparation

The chemical composition of the mild steel under investigation in this study was C (0.07%),
Mn (1.20%), Si (0.40%), P (0.01%), Cu (0.04%), Al (0.05%), and Cr (0.12%), with Fe
making up the remaining weight percentage. For weight loss and electrochemical
investigations, coupons made of mild steel, rectangular in shape and measuring 1 x 5 x 0.2
cm, as well as square coupons with a surface area of 1 cm? and a thickness of 0.2 cm, were
utilized. The item was utilized for a weight loss research after being polished using different-

grade emery sheets, degreased with acetone, cleaned with distilled water, and dried [13].
2.3 Gravimetric measurements

After recording the initial weight of the coupons, 100 milliliters of 1M HCI solution
containing and excluding MME concentration (200 —1000 ppm) was added, and the metal
pieces were left to sit for 3, 6, 12, 24, 48 hours, and at temperatures of 303, 308, 313, 318,
323, 328, and 333 K, respectively. The coupons were then dried, desiccated, and reweighed
after being washed with water and acetone [18]. Using the following formulas, the corrosion
rate (mmpy), inhibition efficiency (IE), and surface coverage (8) were calculated from the

mass loss using Egs. 1 to 3 [19, 20].



87.6 x weight loss (mg)

Corrosion (mmpy) = 1)
density(gJxArea(cmz)xTime(h)
cc
Inhibition efficiency (%) = <. —Ri L 100 @
0
Surface Coverage (0) = CRo—CR: 100 (3)

0

Where CR,and CR, rare corrosion rate in the absence and presence of the inhibitor.

2.4. Electrochemical measurements

Electrochemical experiments were conducted using potentiodynamic polarization, where the
electrode's potential is altered at a chosen rate by delivering current through the electrolyte.
The electrodes used in this approach are (1) platinum electrode as the counter electrode, (2)
saturated calomel electrode as the reference electrode, and (3) metal coupon as the working
electrode. Experiments were conducted after immersing for 30 minutes to achieve open
circuit potential. The open circuit potentials were maintained to achieve a steady-state
potential. The potentiodynamic polarization test automatically varied the electrode potential
from -0.1V to 1V at a scan rate of 0.5 mV s*. Impedance measurements were conducted at
open circuit potential within 100 kHz to 10mHz with a 25 peak-to-peak amplitude. The
inhibition percentage is calculated from charge transfer resistance values by applying the
following Eq. 4 [21]:

n(%) = M (4)
R

ct

Where R, and R are the charge transfer resistance with and without inhibitors, respectively.

cto
2.5. Surface analysis

A UV-visible spectroscopic analysis was conducted on a 600 ppm MME solution in 1M HCI
before and after immersing MS for 6 hours at 35°C. The systronics117model
spectrophotometer was used to verify the development of the Fe?* - MME complex in the 1M
HCI solution. The inhibitor created a layer on the coupon surface, then dried. The resulting
powder was examined using FTIR spectroscopy (Perkin Elmer) with the KBr pellet

technique. The study investigated the surface structure of a mild steel sample after being



submerged in 1M HCI for 12 hours with and without the presence of 600 ppm MME. The
sample was dried and then examined with a scanning electron microscope at a magnification
of 20kV after the immersion period [22, 23].

2.6. Quantum chemical calculations

The density functional theory (DFT) method was a classical statistical method used to
investigate the properties of many body systems, such as interacting molecules,
macromolecules, and nanomaterials. Likewise, the interaction between MME constituents
and metal surfaces was analyzed. Gaussian 03 programs utilize the structure of molecules,
spectroscopic data, fundamental laws of quantum mechanics to predict energies, and more
advanced calculations. It was employed for calculation of all quantum chemical parameters
such as energy of lowest unoccupied molecular orbital (ELumo), energy of highest occupied
molecular orbital (Enomo), energy gap (AELumo - Homo), absolute electronegativity (y), dipole
moment (p), global hardness (1), electron affinity(A), ionization potential(I), absolute
softness (o), total energy (TE), and the fraction of electrons transferred from the inhibitor to

iron surface (AN) study the MME adsorption on the mild steel surface [24].
2.7. Mechanism of Corrosion Inhibition

The low pH of the pickling process lowers the IE of the metal surface, thus inducing the
oxidation reaction by the water molecule, which is in a dipole state. The plant extract also
induces a dipole moment, resulting in the surface adhesion of PE molecular side chains to the
metal surface. This thin film is formed by secondary bonding interactions of PE molecular
side chains through the excitement of P orbital electrons to d orbital, resulting in increased
negative charge and attraction to the electron affinity of the metal ions on the surface. This
process replaces the solvent molecules adhered to the metal surface with the higher affinity

PE molecules and lowers the IE of metal molecules on the surface.

Lowering the IE potential difference mitigates the reactivity rate of metal molecules
with the solvent molecules. The accumulation of ions on the metal surface is also reduced by
the saturation of the same excess of ions from the PE by specific adsorption, also known as
contact adsorption. The relative concentration of PE in the solution plays a vital role in the

adsorption of anions by the positively charged metal surface. Excess ions present on the



surface than the applied potential either repels or inert the solvent molecules' oxidizing

ability.

The PE contains different heteroatoms with variable electrochemical potential and IE;
hence, chemisorption and physisorption occur. The chemisorption takes closer to the surface
by the interaction of the z-electrons of the aromatic/heterocyclic ring and vacant d-orbitals of
surface iron and hence reduces the free binding sites for solvent molecules and also the
further multilayer deposition of PE by physisorption increase the free charge ions of side
chain molecules on the surface of metal which repels the solvent molecules by electrostatic
force. The synergy between metal surface and PE is due to different polysaccharides and

other secondary metabolites [25].
3. Results and discussion
3.1. Gravimetric measurements

The corrosion rate and inhibition efficiency were evaluated using the formula provided by
Mobin and Rizvi [18] and Deyab et al. [19]. The study on inhibitor efficiency in mild steel
corrosion showed that the green inhibitor's effectiveness increases as the concentration of
MME rises; this leads to a decrease in corrosion rate due to MME adsorption on the metal
surface, forming a protective film. An investigation shows that a higher concentration,
namely 1000 ppm of MME, effectively inhibits corrosion across different temperatures and
immersion durations. The ionization efficiency (IE) at various temperatures (303 °K, 308 °K,
313 °K, 318 °K, 323 °K, 328 °K, and 333 °K) was measured to be 89%, 94.9%, 90%, 77%,
76%, and 59% respectively. The IE during the interaction between MME and MS varied at
90%, 82%, 76%, 72%, and 70% during contact periods of 3h, 6h, 12h, 24h, and 48h,
respectively. The corrosion inhibition effectiveness was high when 1000 ppm of MME was
used at 308° K for 3 hours. Moreover, there was no significant rise in inhibitory efficiency,
indicating that 1000 ppm is the most effective concentration for mild steel. The current
experiment demonstrates the inhibitory effect of MME in 1M HCI, as shown by Hegazy and
Atlam [26] and Alkhathlanet al [27]. It was noted that when the temperature rose from 303K
to 328K, the inhibitory effect diminished significantly due to a shift in equilibrium from the

adsorption of MME to its desorption from the MS in the experiment.

The inhibition efficiency of the mild steel specimens studied decreased as the
temperature increased. Higher temperatures result in reduced inhibitory efficiency. More
hydrogen evolution from metal dissolution in an acidic solution accelerates metal corrosion.

The study indicates a direct correlation between corrosion rate and immersion time.



Extending the immersion time enhances the period during which organic molecules are in

contact with the solution, leading to their degradation [28].

An increase in MME content resulted in a decrease in corrosion rate. An increase in
the concentration of PE leads to a rise in the variety of organic molecules available to create a

complex with iron and inhibitor compounds.
3.1.1. Effect of temperature

An investigation was conducted to determine how temperature affects the anti-corrosive
efficacy of the MME extract. Weight loss tests were conducted for 3 hours with inhibitor
doses ranging from 200 to 1000 ppm at temperatures varying from 303 to 333°K. The
positive results of AH* in Table 1 suggest that steel dissolving in HCI is an endothermic
process. The negative values of -AS* are more significant in the presence of MME than the
blank solution, indicating that competitive adsorption of MME replaces water molecules on
the MS surface. The decrease in the -AS* value is associated with the rise in MME
concentration, which aids in creating an anti-corrosive layer or protective film on the MS
surface through MME molecules. The activation energy (Ea) required for the formation of
corrosion products was determined by analyzing the slope (-Ea / 2.303R) of the Arrhenius
plot correlating Log CR with 1/T (Figure 2 (a)). The computed Ea values are listed in
Table 2, where CR represents the corrosion rate, R denotes the gas constant, and T is the
temperature measured in absolute units [29, 30]. Typically, the activation energy values are
observed to rise following the introduction of MME, suggesting that MME has been
physically adsorbed onto the MS surface.

The transition state equation evaluates the enthalpy and entropic parameters during
corrosion (Eg. 5) [30].
RT AS AH’
Cp =——exp| — |exp| ——— 5
P 55 24 ®
A represents the frequency factor, Ea stands for the activation energy, R is the gas
constant, T denotes the absolute temperature, h symbolizes Planck’'s constant, and N
represents Avogadro's number. Fig. 2 (b) displays a log (Cr/ T) graph vs 1/ T. The values for

enthalpy of activation and entropy of activation are determined from the slope (-AH/ 2.303 R)
and intercept log (R/ Nh) + (AS / 2.303 R) of the linear plots and are reported in Table 2.

The results showed that the enthalpy (AH) values for the dissolving process of MS
were more significant in the presence of inhibitors compared to when they were absent. The



positive numbers suggest that dissolving mild steel is an endothermic process, indicating that
mild steel is resistant to dissolution. When AS* < 0, it shows that the adsorption process was
sluggish, and the creation of complex compounds was linked to the rate-determining step,
resulting in a reduction in disorder following the synthesis of the complex compound.

It is evident from the above graphs the inhibition rate is at its lowest 200ppm
concentration and maximum at 1000 ppm concentration because of the increase in Enthalpy
of the MME, and even the rise in temperature or immersion time has the most negligible
effect on the corrosion inhibition by change in lonisation Energy of the organic compound;
this is the sequel of secondary and tertiary Hydrogen bonding of organic molecules side

chains and functional groups.
3.1.2. Adsorption isotherms:

Different isotherms were investigated to judge the nature of the substituted adsorption
process of MME on metal surfaces. One such is Langmuir isotherm, from which we can
procure significant variables of synergy between the metal surface and inhibitor. The
correlation between the fraction of metal surface blocked by inhibitor and inhibitor

concentration was given by the equation (Eq. 6),

C 1
== C 6
¢ K i ©)

ads

Kads 1S the inhibitor adsorption process constant, 6 is the fraction of the metal surface
blocked by the inhibitor, and C is the inhibitor concentration. A linear plot obtained between
C/6 vs C (Fig. 2 (c)) having a correlation coefficient near to unity for different
concentrationsof MME at 35°C employing the gravimetric method was studied. From the
intercept lines on the C/0 axis, Kas values are calculated and listed in Table 2. The
correlation coefficients were very close to 1 (R?>0.95).This performance shows that the
adsorption of inhibition of the mild steel surface in a 1 M HCI solution followed the standard

free energy of adsorption, AGads Were calculated using the following relationship (Eq. 7) [14]:
AG,, =—RTIn(1x10°K,,, ) ©)

Where 1 x 10° is the concentration of water molecules expressed in mL/L, R is the

universal gas constant, and T is the temperature in Kelvin. The Gibbs - Helmholtz equation
was used to calculate the thermodynamic parameters enthalpy and entropy of adsorption

(AHads and ASads) (Eq 8) [31]



AG ads — AH ads TASads (8)

The calculated values of AH,,, AS  AG,, K, are listed in Table 3.The different

types of adsorption processes, whether physical or chemical, are predicted from the value of

AH., [32]. It is proposed that negative AG,, Values between 20 ki/mol and 40 kJ/mol imply
a mixed inhibition process. At higher temperatures, the K, Value reduces, suggesting

physical adsorption of inhibitor. Also, negative AH_, values less than 40 kJ/mol exhibit

exothermic reactions and the physiologic sorption of organic molecules on metal surfaces,
further confirming the weight loss method results [31]. Kags indicates the strength of
interaction between the adsorbable and sorbent. The greater the values of K, the larger the
adsorption efficiency. The low value of Kags (1.70) in the present study showed a weak

interaction between the inhibitor and the mild steel surface at that temperature.
3.2. Electrochemical Measurements

Figure 3 displays PDP curves, Nyquist plots, Bode diagrams, and Phase angle curves
photographs of the impedance data. Both inhibitor-free and inhibitor-containing electrolytes
displayed a semi-circular impedance plot on the graph, suggesting that the charge transfer
rate influences mild steel corrosion under acidic conditions [33] Figure 3(b) shows a rise in
the diameter of the semicircle. Higher inhibitor concentration (in ppm) increases electrical
resistance at the electrolyte contact, resulting in a reduced corrosion rate. The Nyquist
semicircles were used to compute and tabulate the Double-layer capacitance (Ca) and Charge
transfer resistance (Rct) in Table 4. Increasing inhibitor concentration as Cq decreases ensures
an elevation in the electrical double layer at the electrolyte interface. The inhibitor efficiency
(IE%) increased as the inhibitor concentration rose, as shown in Table 4. A single time
constant was seen in Bode plots (Figure 3(c)) only for specific inhibitor doses. The protective
adsorption layer development was enhanced due to an increased phase angle (Figure 3(d)).
Higher concentration leads to increased adsorption of inhibitor molecules onto electrolytes,
which reduces the metal dissolution rate. Figure 3(a) depicts the impact of different
concentrations of MME on the anionic and cathodic polarization of mild steel in 1M HCI.
The Tafel lines for electrolytes with and without inhibitors were parallel, indicating that the
inhibitor unaffected the corrosion process. Kinetic parameters, including Corrosion potential
(Ecorr), Current density (icorr), anodic slopes (Ba), and cathodic slopes (Bc), were determined
from the plot and listed in Table 3. Introducing MME to the corrosive solution resulted in a

decreased corrosion current density with minimal impact on the corrosion potential (Ecorr).



Anodic control over the corrosion process was achieved compared to the unrestrained system,
as shown by the change in Ecorr Values towards positive (less damaging) for anodic curves and

negative (noble) for cathodic curves [25].

MME is rated as an inhibitor inhibiting mild steel and hydrogen dissolution and

evolution. The inhibition efficiency is calculated using the equation (Eq. 9) [34]

(%) = (1— fgﬂ]xloo 9)

There are three different mechanisms of inhibition by organic molecules. The first
mechanism is by conquering inhibitors on metal, thereby reducing the metal surface area
exposed to the corrosion process [35]. The remaining two approaches are electro-catalytic
and active site blocking effects, wherein inhibition occurs by activation of the energy barrier
on anodic and cathodic reactions. It is observed that there is a progressive decrease and
increase in leor and Rp values on the addition of MME, indicating the highest corrosion
mitigation efficiency of 91.43 % at 1000ppm.

3.3. Surface analysis
3.3.1. UV -visible spectroscopic measurements

UV-visible spectra aid in comprehending MME's adsorption characteristics on mild steel
(Figure 4a). The absorption peaks from the inhibitor and mild steel immersed in 1 M HCI
with 600 ppm of MME extract for 6 hours at 35°C exhibit transitions at 300 nm and 400 nm.
The absorbance values are approximately 2 and 0.7 for the test solution with MME in 1M
HCI without the immersion of mild steel and 2.1 and 0.7 for MME-mediated inhibition of
mild steel after immersion. Based on prior studies, changes in the highest absorbance peak
value and its position indicate the development of a complex between released Fe?* from
steel and MME throughout the corrosion process. The phenomenon is caused by © — n* and n
— r* transitions occurring across the complete conjugated structure of the carbonyl molecule
in the inhibitor. This process is influenced by the electronic structure system of the MME and
involves considerable charge transfer behaviour [36]. A blue shift, indicating a drop in
wavelength and an increase in the frequency range, was seen at both absorbance peaks,

indicating the development of a complex between Fe?* and MME.
3.3.2. FTIR surface analysis

Plant extracts include several chemicals absorbed into the steel surface, enhancing its anti-

corrosive qualities. The current research utilized FTIR analysis to examine the inhibitive



layer developed on the metal surface in the presence of MME and identify the functional
groups of MME that interact with mild steel. FTIR analysis was conducted on mild steel and
MME. The mild steel was immersed in a solution containing MME, and the resulting spectra
are displayed in figure 4b(ii). The MS spectra showed a peak at 3269 cm™ corresponding to
O-H bending. The absorption peaks at 2883 cm™, 2360 cm™, 1716 cm™, 1312 cm™, and 1210
cm™ correspond to C-H, O=C=0, C=0, phenolic stretching O-H, and C-O bond, respectively.
The MME spectrum acknowledged that the peak at 3301 cm™ represents the typical
stretching vibration of the C-H group. The stretching vibration of the C-H bond was observed
at2899 cm™. The stretching vibrations of O=C=0, C-H, and O-H bonds were observed
at2344 cm, 1484 cm™, and 1338 cm™, respectively. The data shows the existence of alkane,
carboxylic acid, and hydroxyl groups in MME, which align with the structure of common
anti-corrosive chemicals. The FT-IR spectra of the corrosion product on MS submerged in
1M HCL with an MME of 600ppm displays adsorption peaks at 3382 cm™, 2890 cm™, 2344
cm?, and 1480 cm?, corresponding to the stretching vibrations of O-H, C-H, O=C=0, and C-
H bonds, respectively. The comparison between the MME/MS spectrum and MS spectra
alone indicates that bonds such as C=0 and C-O have gone, suggesting that these bonds are
coordinated with other MME to create an MME+Fe*? film on MS. Some FTIR absorption
peaks of the MME/MS complex moved to shorter wave numbers, whereas others shifted to
longer wave numbers. The FTIR spectrum of the MME/MS complex displayed all the
distinctive bands found in the individual IR spectra of MS and MME. The findings indicate
that MME was adsorbed onto the surface of MS, as shown in Figure (4b(iii))[36,37].

3.3.3. SEM analysis

A scanning electron microscope (SEM) investigation examined the surface structure
of a mild steel sample immersed in acid solutions with and without inhibitors. Figure 5 (a)
shows a smooth, mild steel surface without defects. Figure 5 (b) illustrates the surface
structure of mild steel exposed to 1 M HCI for 12 hours, resulting in severe corrosion. The
image shows grain boundaries between ferrite and perlite where iron oxide/oxyhydroxide
deposits form and extend to other areas. Corrosion inhibitors help protect metal surfaces from
corrosion by acidic solutions. An optimal concentration of 600 ppm of MME effectively
prevents corrosion. Figure 5 (c) displays a pristine surface with fewapparent imperfections.

The MS sample has a uniform, sleek surface with a high-quality protective coating [38,39].



3.4. Quantum chemical analysis

The efficacy of MME inhibition has been associated with quantum chemical characteristics,
namely the energy levels of HOMO, LUMO and the energy gap between them. According to
the frontier molecular orbital theory, electron transition occurs due to the contact between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of the reacting species. The energy of the Highest Occupied Molecular Orbital
(HOMO) reflects the molecule's vulnerability to electrophilic assault, which is connected to
the ionization potential. The energy of LUMO indicates the molecule's vulnerability to

nucleophilic assault, linked to electron affinity [18].

Figure 6. displays the analyzedcompounds' optimized molecular structure and
electronic density distribution. Table 5shows the acquired energy levels of the Highest
Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO).
The molecule's electron-accepting capability rises as the ELumo value decreases. An immense
Enomo value suggests a greater capacity of an inhibitor to transfer an electron from its p-
orbital to the vacant d-orbital of the electrophile or steel surface [11]. A minor energy
difference between the Highest Occupied Molecular Orbital (HOMO) and the Lowest
Unoccupied Molecular Orbital (LUMO) results in improved inhibitory effectiveness of the
inhibitor. The observations align with the FTIR data, indicating the carbonyl group's
existence coordinated with the metal surface. Cis-vaccenic acid, with an Exomo of -6.097eV
and an ELumo of -0.346eV, is more suitable for corrosion inhibition due to its electron density
distribution. The inhibitor's reactivity and stability are evaluated using the energy gap (AE)
[35]. The AE value for cis-vaccenic acid is 6.20 electron volts, lower than other components
in MME. The inhibitor's reactivity and stability are assessed using Absolute hardness (1) and
resistance to deformation. Higher inhibitory efficiency is achieved with a lower AE value

[37]. The results indicate that the MME has a positive effect on corrosion mitigation.
3.5. Inhibition Mechanism

The interface between the corrosion solution and metal is active in free acid solutions.
Still, when the green inhibitor MME was added, the active state altered to a passive state,
causingthe adsorption of the inhibitor molecule. Plant extract components in acidic
environments actas neutral molecules or cations and are adsorbed through physical or
chemical methods. Inphysisorption, the anions of HCI get adsorbed on MS to make it a
cathode, and then, secondly, the protonated molecules from the inhibitor are adsorbed on the

metal surface. The chemisorption process is detailed below in an equation,



Fe+ MME < JFe(MME)ags

Fe(MME)ass » Fe?* + MME +ne”
MMEg + H2Oa0s <> MMEags + H2O4q

A Quantum chemical study of Mukia maderaspatana extract identified the presence
of cis-vaccenic acid, linoelaidic acid, and n-Hexadecanic acid. The anti-corrosive activity of
green inhibitors is derived from the synergistic impact of many phytochemical components in
plant extracts through adsorption. Cis-vaccenic acid demonstrates superior anti-corrosive
capabilities compared to the other two components due to its high Enomo value of -6.097eV
and low ELumo value of -0.346eV in the aqueous phase, as shown in Table 6. Another
significant element is the energy gap, AE, which influences the reactivity of molecules
towards adsorption. As the AE value falls, the molecule's inhibitory effectiveness improves,
and vice versa. When placed in a 1 M HCI solution, the phytochemical components of Mukia
maderaspatana extract undergo protonation at their heteroatom sites; this makes it difficult
for them to be adsorbed onto the electrode surface because steel becomes positively charged
in the presence of HCI. The chloride ions in the solution are readily adsorbed onto the metal
surface, forming negatively charged iron-chloride species on the metal surface. The
molecules in the extract adhere to the surface of MS, creating a physical barrier that reduces

the corrosive impact of the acidic environment, as seen by the FTIR analysis [38,39].
4. Conclusion

This study assessed the effectiveness of Mukia maderaspatana plant extract in
reducing corrosion on MS in 1 M HCI using weight loss analysis, ac impedance, DC
polarization tests, and surface analysis. The results obtained are pretty consistent. The
inhibitor efficiency achieved by weight loss, EIS investigations, and polarization
measurements is 93%, 86%, and 91% for MME concentrations of 1000 ppm, respectively.
The inhibitor's adsorption is exothermic spontaneous and adheres to Langmuir's adsorption
isotherm. Impedance experiments showed that corrosion decreased as charge transfer
resistance increased. The Tafel plots indicated that MME has a mixed kind of inhibition. UV
analysis verifies the formation of a complex between the inhibitor and Fe2+. FTIR analysis
verified the adsorption of reducing sugar. SEM examination clearly showed the green
inhibitor's creation of a protective layer, indicating that MME is an effective environmentally

friendly inhibitor for preventing corrosion of mild steel in a harsh acid environment.
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Figure 3. (a) PDP curves, (b) Nyquist plots, (c) Bode diagrams, (d) Phase angle curves for
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Figure 4. (a) UV- visible spectra of 1M HCI with (i) 600 ppm MME, (ii) MME + Fe?*
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Figure 5. SEM images for MS (a) were polished, (b) exposed to 1M HCI solution, and (c)
exposed to 1 M HCI solution containing 600 ppm MME for 12 h.
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Figure 2. (a) Arrhenius plot, (b) Transition state plot, (c) Langmuir adsorption isotherm for
MS immersed in 1 M HCI in the presence and absence of different concentrations of MME.
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Figure 3. (a) PDP curves, (b) Nyquist plots, (c) Bode diagrams, (d) Phase angle curves for
MS immersed in 1M HCI in the presence and absence of different concentrations of MME.
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Table 1. Activation parameters for MS in 1 M HCI in the presence and absence of different
concentrations of MME

Table 2. Langmuir adsorption parameters and free energy of adsorption of MME as an
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Table 4. Electrochemical impedance parameters for MS in 1 M HCI with and without

different concentrations of MME

Table 5. Quantum chemical parameters of molecules from plant Mukia maderaspatana in
aqueous phase



Table 1. Activation parameters for MS in 1 M HCI in the presence and absence of different

concentrations of MME

MME Ea AH* -AS*
Conc. (ppm) (kJ/mol) (kJ/mol) (J mol/ K)
Blank 48.01 45.37 67.28
200 61.49 58.85 31.59
400 77.84 75.20 16.85
600 81.18 78.54 24.89
800 81.73 79.09 24.93
1000 88.82 86.18 45.57

Table 2. Langmuir adsorption parameters and free energy of adsorption of MME as an

inhibitor on the surface of mild steel

Temp -AG®ads K ads -AHPads -AS®ads ,
(K) (kI molt)  (L/g) (kI molt) (I moltK?)
303 22.07 6.39 38.35 0.054 0.96
308 23.07 8.19 0.051 0.99
313 24.72 9.09 0.047 0.99
318 24.48 7.21 0.047 0.99
323 24.7 9.87 0.042 0.99
328 22.25 3.5 0.049 0.97
333 20.59 1.7 0.053 0.99

Table 3. Potentiodynamic polarization parameters for MS in 1 M HCI with and without

different concentrations of MME

MME Ecorr Icorr Pa Be Rp IE
Conc. (ppm) (mV),SCE (pAcm-2) (mVdec-1) (mVdec-1) (Qcm-2) (%)
Blank -474.3 124.2 70 184 177.6 0
200 -464.8 94.49 69 172 225.3 23.92
400 -421.2 19.63 57 190 972.7 84.19
600 -445.6 16.03 46 151 953.2 87.09
800 -453.3 13.74 43 134 1023 88.94

1000 -436.3 10.64 76 166 1361 91.43




Table 4. Electrochemical impedance parameters for MS in 1 M HCI with and without

different concentrations of MME

MME Rs Rp Rct Cdi IE
Conc.(ppm) (Qecm-2) (Qcm-2) (Qcm-2) (uFcm-2) (%)

Blank 8.34 46.5 38.16 12.3 0
200 134 122 108.6 10.1 64.86
400 22.3 275 252.7 9.1 84.9
600 29 284 255 8.71 85.04
800 24.2 307 282.8 8.66 86.51

1000 47.3 329 281.7 8.44 86.45




Table 5. Quantum chemical parameters of molecules from plant Mukia maderaspatana in aqueous phase

Chemical Chemical

E-HOMO E-LUMO  AE Hardness  potential

Compound Name Electronegativity Electrophilicity Nucleophilicity

eV eV eV [0} €

(eV) (eV) (eV) ) ) 0 (w) ®
Cis-vaccenic acid -6.097 -0.346 5.751 2.875 -3.222 3.222 1.805 0.553
Linoelaidic acid -6.642 -0.34 6.301 3.15 -3.491 3.491 1.934 0.516

n-Hexadecanoic acid -7.886 -0.339 7.547 3.773 -4.112 4112 2.241 0.446
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