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A B S T R A C T

This study is attempted to develop a green corrosion inhibitor from a waste material of Jack fruit (Artocarpus
heterophyllus). This method is therefore quite valuable to health, environment, and economic point of view. Pectin
is isolated from the jackfruit peel waste using 0.05 N oxalic acid and used as an inhibitor for mild steel corrosion
in acidic environment as it is highly water soluble. 250–1000 ppm of pectin was used in this study at a tem-
perature range of 303–323 K. The protection efficiency of jack fruit pectin (JP) in 0.5 M HCl was evaluated by
conventional weight loss and electrochemical techniques. The potentiodynamic polarization results revealed that
JP could effectively reduce the corrosion of mild steel in acidic medium at 1000 ppm concentration with an
inhibition efficiency of 89.75% and corrosion rate of 2.392 mpy. The mixed type behavior of the inhibitor is
identified from Tafel polarization studies. Electrochemical impedance spectroscopy (EIS) measurements suggest
that the corrosion inhibition process is kinetically controlled. adsorption and kinetic behavior of the inhibitor also
have been studied. Surface manifestations were followed using FESEM and AFM techniques. DFT calculations and
Monte Carlo simulations were also carried out to corroborate the experimental results with theoretical outputs
and succeeded to a great extent.
1. Introduction

The spontaneous deterioration of a metal/material is playing a pivotal
role in the economy and safety of nations directly or indirectly. Mankind
cannot even imagine a world without metals and alloys. Mild steel is one
of the most widely used engineering and construction material owing to
its incomparable mechanical properties and cost-effectiveness over
others [1]. However, as the passive oxide layer of MS is highly porous and
incompetent like most of the other metal oxides, the chance of getting
corroded under the corrosive environment is very high. Acid media,
particularly HCl are widely used in various industrial processes such as
oil well acidification, acid pickling of steel and iron, chemical cleaning,
and processing. HCl is more cost effective and benign when compared to
other mineral acids [2]. The addition of suitable benign inhibitors con-
taining lone pair of electrons and multiple bonds can prevent the
corrosion process to a great extent by the interaction between the metal
atom and the inhibitor molecules [3,4]. Most of the organic and inor-
ganic inhibitors are not environmentally benign though the hazardous
index varies from case to case. In the context of developing and
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maintaining a green environment, the focus is not only on the inhibition
efficiency but also on its origin. The use of plant extract as corrosion
inhibitor got much attention during these years is mainly due to these
reasons. The enhanced protective action of plant extracts is due to the
presence of verities of phytochemicals [5,6]. M. Dahmani et al. reported
the corrosion inhibition of C38 steel in 1MHCl by isolating piperine from
black pepper extract [7]. The compound apigetrin isolated from matri-
caria aurea extracts was used as an effective green inhibitor for MS in 1 M
HCl [8]. Carbohydrate polymers extracted from natural sources have also
been used as good corrosion inhibitors for various metals in different
aggressive media [9]. Pectin, a heteropolysaccharide with carboxylic and
carboxymethyl functional groups is considered a promising candidate for
the corrosion inhibition of common metals, especially at ambient tem-
perature conditions. For instance, Grazino et al. used tomato peel waste
as a potential source of pectin from canning industries for the corrosion
inhibition of tin in a mixture of 2% NaCl, 1% acetic acid, and 0.5% citric
acid media [10] and Jasna et al. isolated pectin from tomato peel waste
and corrosion inhibition of tin was carried out in sodium chloride/acetic
acid medium [11]. Subarkah et al. have reported corrosion inhibition for
vember 2021
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mild steel using pectin extracted from fresh lemon peel [12]. Xuemei
et al. isolated pectin from sunflower head by enzyme assisted extraction
and offer an inhibition efficiency of 92.05% at its optimum concentration
of 2 g/L [13]. Jack fruit (Artocarpus heterophyllus), known as the poor
man's fruit is one of the largest edible fruits grown worldwide. But a
significant amount of jack fruit peel is discarded as waste, leading to
environmental problems [14]. Suitable procedures can be used to convert
these discarded wastes into value-added products. By-product recovery
from fruit wastes not only can improve the overall economics of pro-
cessing units but also reduce the problem of environmental pollution
considerably. Recovery/isolation of valuable ingredients/compounds
from agricultural waste and by-product is a novel research movement
that got greater attention. Pectin is a valuable by-product that can be
isolated from jack fruit waste using different techniques [15]. Begum
et al. isolated the highest yield of pectin from jack fruit waste using so-
dium hexametaphosphate [16]. In another study, Koh et al. used different
power levels of microwave-assisted procedures for extracting pectin from
jackfruit waste with 17.63% yield [17]. Pectin from jack fruit waste was
also extracted by Xu et al. via ultrasonic-microwave-assisted extraction
with citric acid and the yield was 21.5% [14]. Sundarraj et al. used
different acids for isolating pectin from jack fruit waste and got the
highest yield of 38% with 0.05 N oxalic acid [18]. According to Yujaroen
et al. and Chandel et al., oxalic acid was the best solvent for extracting
pectin from jackfruit peel waste [19]. So, in this study, we used oxalic
acid for extracting JP from jack fruit peel waste according to the pro-
cedure of Sundarraj et al. The purpose of this study was to utilize jack
fruit peel waste as a potential source for JP and use it as a corrosion in-
hibitor for MS in the acid environment so that it will be quite beneficial to
the environment and economy. To the best of our knowledge, this is the
first comprehensive study including experimental and theoretical studies
on the use of JP as a corrosion inhibitor for MS in HCl media.

2. Materials and method

2.1. Materials

Jack fruit peel waste with conical carpel apices was manually peeled
off and washed thoroughly with water to remove the adhesive waste if
any present on the surface. Then the peels were finely chopped, washed,
and blanched at 80 �C for 15 min, and dried in a hot air oven at 60 �C
until it registers the stable weight. The dried peels were pulverized using
a grinder and passed through a 40-mesh sieve and powdered samples
were kept in polyethylene bags and stored at room temperature.
Analytical grade solvents and chemicals were used in this work and were
obtained from Merck chemicals. The medium for the study was prepared
from reagent grade samples on proper dilution supplied by E Merck.

The MS samples used in this study comprised of about 98.75% of Fe,
�1% of Mn; 0.2% of C; 0.03% of P; � 0.02% of S. The MS coupons were
polished with various grades of emery papers and cleaned with ethanol,
acetone, and finally with distilled water as proposed by ASTM standard
G-1-72 procedure before each measurement [20].

2.2. Extraction of JP from jackfruit peel powder

Sundarraj et al. have already established that oxalic acid is the best
acid for the extraction of pectin from jack fruit peel waste with a high
yield [18]. Briefly, 25 g of the ground jackfruit peel powder was added
into a beaker containing 250 mL of 0.05 N oxalic acid. Then the mixture
was stirred in a water bath for 60 min at 90 �C. The oxalic acid extract
was filtered through a muslin cloth. The filtrate was cooled to room
temperature. Then 95% ethanol was added to the cold solution and
allowed the pectin to precipitate. The precipitate was collected and dried
at 50 �C for 24 h. The pectin yield was calculated using the following
equation [21].
2

yieldð%Þ¼ 100� P=Bi (1)
where P is the weight of extracted JP in gram and Bi is the initial amount
of jackfruit peel powder (25 g). The light brown coloured pectin was used
for corrosion inhibition studies.

2.3. Characterization of J-Pectin

Spectroscopic techniques were used to characterize the structure of
pectin extracted from jack fruit peel. The MS coupon was dipped in 0.5 M
HCl containing 1000 ppm of JP for 24 h. Then the coupons were released
from the medium, washed with water, and dried at room temperature.
The adsorbed JP on the metal coupons were scraped out and pelletized
with KBr and FTIR spectrum was recorded.

2.4. Corrosion study

For weight loss studies the freshly prepared flat MS coupons with an
area of 2 � 1.8 cm2 were accurately weighed and immersed in 0.5 M HCl
containing different concentrations of JP ranging from 250 to 1000 ppm.
After 24 h of immersion, the MS coupons were taken out from the cor-
rosive medium and the metal coupons were washed thoroughly with
water, dried, and then weighed. From the weight loss, the corrosion rate
(CR) was calculated using the following equation [22].

CR¼ W
A� t

(2)

where W is the weight loss of MS in mg after dipping in corrosive me-
dium, A is the area of dipped MS coupon and t is the dipping time in
hours. The percentage inhibition efficiency (IE) was calculated from
weight loss of MS coupons in the absence and presence of JP (Wo andWi)
by

IEð%Þ¼W0 �Wi

W0
� 100 (3)

The surface coverage (θ) was calculated to realize the adsorption of JP
on MS surface by replacing the pre-adsorbed water molecule using the
following equation

θ¼ IE
100

(4)

2.5. Electroanalytical studies

Electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization (PDP) measurements were carried out using a three-
electrode cell set up and Gill AC electrochemical work station. The
working electrode wasMS specimenwith 1 cm2 exposed area, a saturated
calomel electrode as the reference electrode with a Luggin capillary to
minimize the IR drop at the working electrode, and a platinum counter
electrode. The MS working electrode was vertically immersed in 0.5 M
HCl solution in the absence and presence of JP for 1 h and OCP (open
circuit potential) was evaluated from the time vs potential curve. When
potential became nearly constant (<5 mV) to time, electrochemical
measurements were carried out. Impedance analysis was performed with
a minimum amplitude of 10 mV at a frequency domain from 0.1 Hz to 10
kHz. The data obtained from the EIS plot were assessed by using Z simp
win. The potential of PDP curves was recorded from potential �250 mV
to þ250 mV with regard to the OCP at 60 mV/min scan rate.

2.6. Surface characterization

The MS specimen immersed in 0.5 M HCl in the absence and presence
of 1000 ppm of JP for 24 h was used for surface studies. The coupons
were taken out from the electrolyte and washed thoroughly with distilled



Fig. 1. FTIR spectra of JP and JP on MS after 24 h immersion in 0.5 M HCl.
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water, dried at room temperature, and subjected to FESEM with CARL
ZEISS MODEL FESEM. To evaluate the roughness on the metal surface in
the absence and presence of 1000 ppm of JP, AFM topography was taken
and analysed using NTEGRA PRIMA Atomic Force Microscope in non-
contact mode.

2.7. Quantum chemical study

The preliminary theoretical calculations on pectin were done using
Gaussian 09 package. DFT/B3LYP/6-311G (d, p) method was used to
optimize the geometry of pectin and single-point energy calculations.
Frontier molecular orbitals (HOMO and LUMO) were used to interpret
the adsorption of JP on the MS surface. The EHOMO and ELUMO values
were used to determine IP (ionization potential) and EA (Electron af-
finity) using the equations [23].

Ionization potentialðIPÞ¼ � EHOMO (5)

Electron affinityðEAÞ¼ � ELUMO (6)

From IP and EA, the global descriptive parameters ƞ (hardness), and χ
(electronegativity) are determined by Koopman's theorem [24].

Absolute Hardness ðηÞ¼ IP� EA
2

(7)

Absolute ElectronegativityðχÞ¼ IPþ EA
2

(8)

The application of Pearson's method permits the assessment of the
electron transfer tendency of an inhibitor to the metal specimen from the
number of electrons transferred from the following equation [25].

ΔN¼ Φ� χinh
2ðηFe þ ηinhÞ

(9)

whereΦ and χ inh are the work function and electronegativity of inhibitor,
ηFe and ηinh denote the absolute hardness of Fe metal and the JP. A
theoretical value of ηFe is used as zero (since for bulk metallic atoms IP ¼
EA) and the value of Φ for Fe (110) is frequently used as 4.82 [26,27].
The natural bonding orbital (NBO) analysis was accomplished using NBO
3.1 as enabled in the Gaussian 09 at the DFT/B3LYP/6-311G (d, p) level
to achieve natural charge via natural population analysis. Condensed
Fukui functions via finite difference approximation from natural popu-
lation analysis were used to interpret both nucleophilic and electrophilic
centres on the inhibitor JP. The Fukui functions were calculated as fol-
lows [28–31].

f þk ¼ qkðNþ 1Þ � qkðNÞ (10)

f �k ¼ qkðNÞ � qkðN� 1Þ (11)

where qi(Nþ1), qi(N), and qi(N-1), are the atomic charges of the system
with Nþ1, N, and N-1 electron.

2.8. Monte Carlo simulation studies

Monte Carlo simulation is used to compute the interaction energy of
inhibitor with the metal surface and to find the best stable adsorption
configuration. To understand the mode of adsorption of JP on the Fe
(110) plane, Monte Carlo simulation was carried out via the BIOVIA
material studio programme. All constituents of simulation systems were
optimized by the Forcite module using the COMPASS forcefield. The
builder module of the material studio was used to construct the crystal
structure of Fe. The Fe crystals were cleaved along (1 1 0) plane. Fe (1 1
0) plane is selected owing to its highly packed structure and high stabi-
lization energy. To provide better interaction of JP and water with Fe
surface, 12 � 12 supercells were designed using the builder module. A
3

vacuum slab with 10Ao thickness was built. The COMPASS Force field
was used to relax the Fe (1 1 0) surface [32,33]. To mimic the experi-
mental condition, a single molecule of optimized JP along with 190
molecules of water and 4H3Oþ, 4 Cl- were made to adsorb onto the Fe
(110) surface introduced onto the Fe (110) surface via the adsorption
locator module.

3. Discussion

3.1. Yield of pectin

Antony et al. could isolate about 39.05% of pectin from jack fruit
waste using 0.05 N oxalic acid at 90 �C for 60 min. But in this study, we
could produce only 35.05% only using the same condition. The low yield
of pectin might be due to environmental growth conditions and the va-
riety of the jack fruit used in this study. The isolated pectin is soluble in
0.5 M HCl with some insoluble portions as the concentration increases.
The low solubility is due to the decrease in the degree of esterification.

3.2. FTIR

The FTIR spectra of JP and JP scraped from the metal surface after 24
h of exposure in 0.5 M HCl are given in Fig. 1. Absorption of about 3426
cm�1 arises due to the O–H stretching frequency of the polysaccharide
unit. The carbonyl stretching frequency of the methyl ester group in
pectin got registered at 1744 cm�1. The carbonyl stretching frequency of
the carboxyl group in galacturonic acid appeared at 1639cm-1. The
asymmetric and symmetric C–H stretching frequency of methyl esters of
galacturonic acid appeared at 2924 cm�1 and 2830 cm�1. The spectra of
JP adsorbed on the MS surface show a decrease in intensity of O–H
stretching and bending frequency due to the association of the JP
molecule with the surface of metal [10,34,35]. The intensity of carbonyl
stretching frequency of acid and ester group in JP at 1744 cm�1 and
1639 cm�1 get decreased upon complex formation with the metal atom.

3.3. Weight loss measurement

The CR and IE of MS obtained from the weight loss study for various
concentrations of JP are exhibited in Table 1 and the data indicated that
CR of MS decreased with an increase in the concentration of JP. The
inhibition of MS corrosion in the presence of JP is attributed to the
adsorption of the inhibitor molecule on the surface of the metal atom by
replacing pre-adsorbed water molecules, which offers a barrier to cor-
rosive ions to reach the target sites. At higher concentration, the inhibitor



Table 1
Weight loss data of MS in 0.5 M HCl in the absence and presence of JP after 24 h
of immersion.

Concentration of Pectin
(ppm)

Weight loss
(g)

CR (mg cm�2

hr�1)
IE (%) (θ)

Blank 0.4256 4.925
250 0.1256 1.453 70.49 0.7049
500 0.0862 0.9976 79.74 0.7974
750 0.0443 0.5127 89.59 0.8959
1000 0.0343 0.3969 91.94 0.9194
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molecule could form a protective film of JP which inhibit the diffusion of
electrolyte from aggressive media onto the metal surface. Maximum
surface coverage and hence maximum IE were observed at 1000 ppm of
pectin.

3.4. Electrochemical measurements

3.4.1. Open circuit potential (OCP)
OCP is the potential generated over the MS relative to the reference

electrode without applying any external current or potential. The varia-
tion of OCP with time for MS in 0.5 M HCl in the absence and presence of
a different concentration of JP from 303 to 323 K are shown in Fig. S1.
For better interpretation and consistency of the OCP curves, the OCP
studies for MS dissolution in 0.5 M HCl were done for 180 s. The OCP
versus time curves is almost straight throughout the experiments for MS
in the absence and presence of JP. The shift in OCP versus time curves of
inhibited MS samples with respect to uninhibited sample gives infor-
mation about the nature of the inhibitor [36]. The OCP versus time
curves for MS inhibited by JP are shifted towards more positive values,
indicating the development of a protective film of JP on the surface of MS
[37].
Fig. 2. EIS plot of MS in 0.5 M HCl in the absence and presence of different conce
dard deviation.
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3.4.2. EIS measurements
The electrochemical corrosion study of MS in 0.5 M HCl in the

absence and presence of different concentrations of JP from 303 to 323 K
was investigated using the EIS technique as shown in Fig. 2. To find out
the most equivalent circuit that fits the experimental results, the EIS data
were fitted with an appropriate equivalent circuit using Zsimp win
software. A simple Randel's circuit gave the best fit to impedance data in
which a constant phase element (CPE) instead of double-layer capaci-
tance (Cdl) is used to fit more accurately the impedance behaviour of the
electric double layer. The parameters comprised of solution resistance
(Rs), and charge transfer resistance (Rct) in parallel with CPE (Qdl) rep-
resenting Cdl. The values of Cdl could be obtained from Rct and CPE pa-
rameters (Qdl and n) as follows [24].

Cdl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q� R1�n

ct
n
p

(12)

The decrease in Cdl values of MS in the presence of JP compared to the
uninhibited solution is due to decreased dielectric constant at the metal
electrolyte interface and hence better adsorption of JP on the surface of
MS. The corrosion inhibition performance of JP on MS was calculated
using Rct values as follows [38].

IEð%Þ¼R*
ct � Rct

R*
ct

(13)

where R*
ct and Rct are charge transfer resistance of electrolyte in the

presence and absence of JP. Effective corrosion resistance is associated
with low Cdl value and high Rct values. The EIS data reported in Table 2
showed that Rct value increases with increasing the concentration of JP
with respect to the blank, and Cdl values tend to decrease, clearly indi-
cated that the IE increases with an increase in JP concentration. At 1000
ppm the JP molecule forms a more efficient protective film on the MS
surface and blocks the diffusion of aggressive ions from the electrolyte.
Moreover, with an increase in temperature from 303 K to 323 K, the Cdl
ntrations of JP from 303 to 323 K and the associated error bar to denote stan-



Table 2
Parameters obtained from EIS plot of MS in 0.5 M HCl in the absence and presence of different concentration of JP from 303 to 323 K.

Temperature Concentration of JP (ppm) Rs (Ωcm2) Rct(Ωcm2) n Qdl � 10�4

Sn Ω�1 cm�2
Cdl(μF cm�2) CR (mpy) IE (%) Standard deviation

303K Blank 7.01 22.84 0.80 10.59 417.6 13.24
250 6.24 62.51 0.80 6.257 278.2 4.837 63.46 0.6070
500 7.69 84.63 0.79 5.399 275.0 3.573 73.01 0.7261
750 7.65 159.7 0.77 3.961 271.9 1.893 85.69 0.6894
1000 7.8 183.3 0.77 3.631 253.1 1.649 87.53 0.8981

313K Blank 5.02 18.91 0.80 15.4 636.1 15.99
250 6.80 47.29 0.76 6.125 366.9 6.393 60.01 0.7428
500 7.74 56.20 0.77 5.665 313.4 5.578 66.35 0.5269
750 7.42 105.3 0.76 4.293 295.9 2.871 82.04 0.8907
1000 7.73 123.7 0.76 3.794 264.6 2.440 84.71 1.016

323K Blank 3.571 13.19 0.78 16.57 757.1 22.92
250 7.84 29.98 0.76 9.530 568.3 10.08 56.00 0.7134
500 7.19 33.81 0.74 5.590 345.0 10.01 60.98 0.8047
750 6.78 49.43 0.77 6.125 337.4 6.117 73.31 1.021
1000 7.34 67.94 0.75 4.511 304.1 4.450 80.58 0.9805
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values increases, and Rct values decrease, and hence IE decreases, which
is attributed to the desorption of JP molecule from the MS surface at
higher temperatures. 1000 ppm of pectin extracted from jack fruit peel
waste could provide 87.53% at 303 K in 0.5 MHCl. The reproducibility of
both corrosion rate and inhibition efficiency is confirmed by conducting
the experiments in triplicate.

3.4.2.1. Isotherm evaluation. The corrosion inhibition of metal mainly
depends on the tendency of an inhibitor molecule to adsorb on the metal
surface by substituting pre-adsorbed water molecules. JP donates its free
electrons to the vacant d orbital of the metal atom and forms a protective
layer due to effective adsorption [39]. Data obtained from the EIS study
were used for fitting Frumkin, Temkin, and Langmuir isotherm models.
In this case, the linear regression coefficient (R2) at studied temperatures
indicates that the adsorption of JP onto the surface of MS is in agreement
with Langmuir adsorption which gave the best fit (Fig. 3). The degree of
surface coverage (θ) increases with increasing the concentration of JP
and decreases with a rise in temperature from 303 K to 323 K. The
Langmuir isotherm model is formulated as [24].

Cinh

θ
¼ 1
Kads

þ Cinh (14)

where Cinh is the concentration of JP used in the corrosive medium, and
Fig. 3. Langmuir adsorption isotherm for MS at different temperature in 0.5
M HCl.
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Kads is the adsorption-desorption equilibrium constant. From the inter-
cept of the Cinh/θ versus Cinh plot, Kads was calculated for the adsorption
of JP on the MS surface. The value of Kads may be taken as the strength of
the adsorption forces between the metal surface and the inhibitor
molecule. The relatively high Kads value (6.05 L/mg) at 303 K shows
effective adsorption of JP on the MS surface, which allows better
shielding and hence better anti-corrosion nature which gets reduced to
4.24 L/mg on raising the temperature to 323 K. The free energy of
adsorption ðΔG0

ads) is related to the Kads with the equation [40].

ΔG0
ads ¼ � RTlnðKads �CsolventÞ (15)

where Csolvent is the solvent concentration. Table S1 contains the value of
ΔG0 and Kads at different temperatures. The spontaneous adsorption of JP
on the surface of MS is clear from the negative value of ΔG0. It is
established that the value of ΔG0

ads is around �40 kJ/mol or more
negative are regarded as chemisorption, and if it is around�20 kJ/mol or
lower are regarded as physisorption. Chemisorption is due to the
development of the coordinate type bond between the lone pair of
electrons in the inhibitor and the vacant d orbital of the metal atom. The
electrostatic interaction of the charged metal and the inhibitor molecule
results in physisorption. So, it can be realized from the ΔG0 values that
the JP adsorbed physically on the MS surface. The physisorption may
arise through the electrostatic interaction of polarized iron surface with
partially polarized oxygen atoms of JP, accompanied with the displace-
ment of pre-adsorbed water molecules, leading to the development of
protective layers against corrodent.

3.4.2.2. Thermodynamic and activation parameters. To evaluate the
mechanism of the adsorption process, thermodynamic parameters of
adsorptionwere calculated using the CR from the EISmeasurements at an
elevated temperature ranging from 303 to 323 K. The temperature rise
may cause the decomposition of the protective layer, surface etching, and
the desorption of the inhibitor molecules from the MS surface, and
thereby increasing the corrosion rate [23]. The value of apparent acti-
vation energy (Ea) of the corrosion process was calculated using the
Arrhenius rate equation

logðCRÞ¼ �Ea

2:303RT
þ logA (16)

where A is the Arrhenius constant, T absolute temperature, and R is the
molar gas constant. The plot of log (CR) vs 1/T gave a straight line
(Fig. 4A) with slope –Ea/2.303R and the calculated Ea values are given in
Table S2. The Ea value of the corrosion process of MS in the presence of
JP is higher than the uninhibited acid solution. The higher Ea obtained
for 1000 ppm of JP discloses that better surface coverage is offered by JP
molecules via strong adsorption and thereby increases the energy barrier



Fig. 4. (A) Arrhenius and (B) Transition state plots of MS in 0.5 M HCl with various concentrations of JP.
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for the metal dissolution process.
To further elucidate the inhibitive mechanism, thermodynamic pa-

rameters like the entropy of adsorption (ΔS), and the enthalpy of
adsorption (ΔH) for the corrosion process were derived according to the
Transition state equation:

CR¼RT
Nh

exp
�
ΔS
R

�
exp

��ΔH
RT

�
(17)

where N is the Avogadro's number and h Planck's constant. The plots of
log (CR/T) versus 1/T for the blank and varying concentration of JP gave
Fig. 5. PDP plot of MS in 0.5 M HCl in the absence and presence of different conce
dard deviation.

6

a straight line (Fig. 4B) with a slope of (-ΔH/2.303R) and an intercept of
(log(R/Nh) þΔS/2.303R) from which entropy and enthalpy of adsorp-
tion for the corrosion process were calculated and are given in Table S2.
Higher positive values for ΔH in presence of 1000 ppm of JP imply the
endothermic nature of the metal dissolution process and difficulty in
triggering the reaction to cause corrosion [41]. Similarly, the high pos-
itive values of ΔS for 1000 ppm of JP indicate that in the
rate-determining step, the activated complex signifies dissociation and
disordering from the reactants to the activated complex [42].
ntrations of JP from 303 to 323 K and the associated error bar to denote stan-
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3.4.3. Potentiodynamic polarization study
The corrosion performance of MS in the absence and presence of a

varying concentration of JP from 303 K–323 K was studied using the PDP
technique and is given in Fig. 5. Corrosion potential (Ecorr), and corrosion
current density (Icorr) obtained by extrapolating the Tafel lines to the
Ecorr, and anodic and cathodic Tafel slopes (βa and βc) deduced from the
PDP data are given in Table 3. These results reveal that the value of Icorr
and CR decline with an increase in JP concentration, designating that the
JP molecule could inhibit corrosion by adsorbing firmly on the MS sur-
face and blocking the movement of corrosive ions from the electrolyte.
The Icorr value obtained for MS in the presence of JP (0.1329 mA/cm2 at
1000 ppm) is very lower compared to the blank solution(1.2973 mA/
cm2). With increasing the temperature from 303 K to 323 K, the Icorr and
CR increase, which can be attributed to the desorption, dissociation, and
rearrangement of the inhibitor on the metal surface. It was also observed
that the addition of the JP affects both the anodic metal dissolution and
cathodic hydrogen evolution, which implies that JP act as a mixed type
inhibitor for mild steel corrosion in 0.5 M HCl. The magnitude of the shift
in Ecorr values (<85 mV) further corroborates the mixed type behaviour
of JP. The IE was calculated using the Icorr values using the following
equation

IEð%Þ¼ I*corr � Icorr
I*corr

(18)

where I*corr and Icorr are corrosion current density of MS in the absence and
presence of pectin. The maximum efficiency of 89.75% was observed at
the JP concentration of 1000 ppm at 303 K. Polarization resistance (Rp)
using the Stern-Geary equation [43] was also calculated using equation
(19).

Rp ¼ βaβc
2:303ðβa þ βcÞIcorr

(19)

The value of Rp increases with increasing JP concentration. A high
value of Rp (285.8 Ω cm2) was noted for 1000 ppm of JP which indicates
that the inhibitor passivates the active site on the MS surface. At higher
temperatures, Rp values get decreased due to the diffusion of corrosive
ions into the active site on the metal atom which follows MS corrosion.
Data given in Table 3 also shows that both βa and βc are affected in the
presence of inhibitor suggesting both anodic metal dissolution and
cathodic hydrogen evolution processes getting influenced by inhibitor
JP.
3.5. Computational study

To correlate the inhibition efficiency of JP with its molecular struc-
ture, DFT calculations were done. The optimized geometry, FMO (HOMO
and LUMO), and electrostatic potential (ESP) map of the JP are presented
Table 3
Parameters obtained from PDP plot of MS in 0.5 M HCl in the absence and presence

Temperature Conc.of JP (ppm) Icorr (mA/cm2) -Ecorr (mV) βa (mV/dec)

303 K Blank 1.2973 460.56 120.75
250 0.4082 440.42 132.32
500 0.3590 430.95 157.48
750 0.1450 467.6 107.51
1000 0.1329 446.8 191.6

313 K Blank 1.4328 471.15 151.6
250 0.5315 431.6 138.9
500 0.4550 438.7 133.1
750 0.3140 442.3 143.9
1000 0.2160 466.2 116.7

323 K Blank 1.8923 475.8 125.60
250 0.7571 445.8 193.2
500 0.6330 438.4 172.5
750 0.4812 472.9 158.1
1000 0.4450 484.9 155.0
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in Fig. 6. Table 4 contains some of the calculated quantum chemical
indices of JP in both the gas and water phase. It is postulated that the
inhibitor molecule donates their bonding and non-bonding electrons to
the d orbital of Fe atom and simultaneously the back donation of elec-
trons from the filled orbital of metal to the antibonding molecular orbital
of the inhibitor molecule causes a synergistic electron transfer between
the metal and the inhibitor molecule. Therefore, an inhibitor with a high
value of EHOMO and a low value of ELUMO favours strong adsorption and
inhibition efficiency. The energy gap (ΔE) is another reactivity parameter
that gives an idea about the adsorption tendency and chemical reactivity
of the inhibitor molecule [44,45]. In this study, EHOMO, ELUMO, and ΔE
values indicate that the JP molecule can act as a good corrosion inhibitor
for MS in 0.5 M HCl by adsorbing firmly on the metal surface. Moreover,
the ΔN values obtained for pectin in the water phase and gas phase are
0.1049 and 0.1212 respectively. These promising values of electron
density propose that the JP possesses a strong tendency for the donation
of the bonding and non-bonding electrons to the d orbital of the metal
atom. The tendency of replacing the adsorbed water molecules from the
metal surface by JP is further evident from the dipole moment values of
pectin (4.4902 D) and water (1.85 D). The electrostatic potential (ESP)
map of JP in the gas phase was used as a visual tool to determine themore
reactive centres in the JP molecule and to estimate the electron density at
different regions. In the ESP map (Fig. 6B) the blue colour indicates the
most positive (electrophilic) electrostatic potential region and red colour
for the most negative (nucleophilic) electrostatic potential region and the
green colour region indicate the zero electrostatic potential region [24,
46].

3.5.1. Fukui indices
The Fukui functions provide information about the reactive centres in

a molecule towards electrophilic and nucleophilic attack. The atomic site
for electrophilic attack carrying a positive dual descriptor and nucleo-
philic attack is controlled by the negative dual descriptor [47,48]. The
values of the condensed Fukui functions for electrophilic and nucleo-
philic attack in the pectin molecule are given in Table S3. From NBO
analysis, it is shown that O (39) will be the most reactive centre for the
electrophilic attack and C (29) will be the most reactive site for the
nucleophilic attack.

3.5.2. Computational study of protonated pectin
The presence of oxygen heteroatoms in the pectin molecule suggests a

tendency for protonation in 0.5 M HCl. In order to detect the most
favourable one, geometry optimization of all possible structures with
different active oxygen centres for protonation was carried out using the
semi-empirical PM6 method. Proton affinity (PA) of a molecule is a
measure of their basicity and PA of JP can be calculated from the
following equation
of different concentration of JP from 303 to 323 K.

βc (mV/dec) Rp (Ω cm2) CR (mpy) IE (%) Standard deviation

223.01 26.21 24.37
215.85 87.26 9.703 68.53 0.4983
226.16 112.3 8.313 72.32 0.8317
132.02 177.4 5.029 88.82 1.055
161.0 285.8 2.392 89.75 0.9937
207.2 26.53 28.06
214.9 68.94 11.91 62.90 1.054
230.4 80.51 10.39 68.24 1.054
221.4 120.6 8.224 78.08 0.845
177.2 141.4 6.549 84.92 0.889
214.38 18.17 36.70
254.2 62.95 15.16 59.99 1.056
200.1 63.54 11.84 66.54 0.547
184.6 76.84 10.82 74.57 0.628
165.9 78.18 9.229 76.48 0.251



Fig. 6. (A) Optimized geometry, (B) ESP map (C) and (D) FMO of JP.

Table 4
Quantum chemical parameters of JP.

Inhibitor EHOMO

(eV)
ELUMO

(eV)
ΔE
(eV)

χ (eV) ƞ (eV) ΔN

JP (gas
phase)

�7.4301 �0.53879 6.8913 3.9844 3.4456 0.1212

JP (water
phase)

�7.6013 �0.5611 7.0402 4.0812 3.5201 0.1049

JPH �9.0179 �5.7190 3.2988 7.3684 1.6494 �0.7725
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PA¼EðproÞ � Eðnon�proÞ þEHþ (20)

� �

where, E(pro) and E(non-pro) are the energies of protonated and non-
protonated inhibitor molecules. EHþ is the energy of Hþ which can be
calculated as

EHþ ¼EðH3OþÞ � EðH2OÞ (21)

In the acidic medium, pectin can accept protons and then interact
with the metal surface. A corrosion inhibitor with strong PA can capture
proton from the acid media and thus avoid the effect of acid media on
metals. So, a strong PA value of a molecule increases its corrosion inhi-
bition efficiency. The proton affinity obtained by protonating at different
oxygen atoms is given in Table S4. It was found that the most probable
one with the highest PA value is obtained upon protonation of the oxygen
atom (O41) of the pectin molecule. The protonated pectin (JPH) with the
highest PA value is then re-optimized using DFT/B3LYP/6-311G (d, p)
method. The optimized geometry and FMOs of the JPH are presented in
Fig. 7(A-C). The Quantum chemical parameters (Table 4) indicated that
EHOMO of JPH is lower compared to EHOMO of JP, which enhances the
effectiveness of inhibition. Moreover, the corrosion inhibition perfor-
mance of JPH is more than unprotonated JP because low ΔE enables
8

adsorption and hence the reactivity of JPH.
3.6. Monte Carlo simulation

To explore the JP adsorption behaviour onMS in the atomic scale, MC
simulation has been carried out. The most stable low-energy absorption
of studied inhibitor JP on Fe (110)/4H3Oþ, 4Cl� ions 190H2O molecule
system are given in Fig. 7D. The final visualized snapshots in the acidic
medium indicated that the JP molecule could adsorb on the metal surface
by aligning parallel to the Fe(110) surface and form a corrosion-
protective film of JP. The different parameters gained by the MC simu-
lation study are given in Table S5. The high negative value of total energy
signifies the most stable interaction and easiness of adsorption process.
The adsorption energy is defined as the sum of the rigid adsorption en-
ergy and the deformation energy for the adsorbate component. (dEad/
dNi) reports the energy of metal substrate-adsorbate configurations
where one of the adsorbate components has been removed. The
adsorption energy values qualitatively state their adsorption capability
and further corrosion inhibition performance. The higher adsorption
energy of JP inhibitor is a result of the strong interaction of electron rich
oxygen atoms with vacant d orbital of Fe atom. Thus, JP could form a
barrier film on the Fe (110) surface [49]. The high negative differential
adsorption energy of JP (�183.6 kJ/mol) compared to water molecules
(�16.56 kJ/mol) indicates the stronger adsorption capacity of pectin by
replacing the pre-adsorbed water molecule from the metal surface [46].
3.7. FESEM and AFM

In order to gather visual evidence on the corrosion inhibition per-
formance of the inhibitor JP onMS in 0.5 MHCl, surface characterization
was carried out using FESEM and AFM analysis. The morphological



Fig. 7. (A–C) Optimized geometry and FMOs of JPH, (D) Equilibrium adsorption configuration of the JP on the Fe (110) surface in solution obtained by MCs.
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changes that occurred on the metal surface on exposure to 24 h in 0.5 M
HCl in the absence and presence of 1000 ppm of pectin were monitored
via FESEM micrographs (Fig. 8A). As the figure shows, the MS in the
absence of an inhibitor is highly damaged with cracks and pits due to the
direct attack of corrosive ions. This severe damage is drastically reduced
in the presence of inhibitor which is evident from the flower-like
morphology of polymeric pectin on the MS surface and this layer sub-
stantially reduces the diffusion of electrolyte. AFM micrographs were
Fig. 8. (A and C) FESEM and AFM images of MS in the absence of JP and (B and

9

recorded for estimating the surface roughness of the metal after exposure
to the corrosive medium for 24 h in the absence and presence of pectin.
The surface roughness of MS after 24 h immersion in 0.5 M HCl without
pectin is 237.84 nm and with 1000 ppm of pectin the value changed to
25.36 nm (Fig. 8B). The lowering of surface roughness in the presence of
pectin is due to the development of protective film on the MS surface by
substituting the pre-adsorbed water molecules.
D) in the presence of 1000 ppm of JP after 24 h of immersion in 0.5 M HCl.
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4. Conclusions

Pectin isolated from the jack fruit peel waste acted as a green corro-
sion inhibitor for MS in 0.5 M HCl. The IE increased with increasing JP
concentration and decreased with increasing temperature. The inhibitor
acted as a mixed type by suppressing both anodic metal dissolution and
cathodic hydrogen evolution and the adsorption follows the Langmuir
isotherm model. The surface modification of the metal in the presence of
JP was confirmed by FTIR, SEM, and AFM studies. Quantum chemical
studies provided more detailed input on the mode of donor-acceptor
interaction and the MC simulation further confirmed that the JP adsor-
bed on the MS surface by horizontal orientation of active species in JP by
replacing the pre-adsorbed water molecules and develops extra corrosion
resistance.
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