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Enhancing corrosion resistance of mild steel in
hydrochloric acid with Chiquita banana sap
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The corrosion of metals is still a huge challenge for various industries, and the pursuit of effective treatments

ensures environmental sustainability. In this study, we utilized Chiquita banana sap-water extract (BSWE) to

prevent mild steel from electrochemical corrosionin a 0.1 M HCl at room temperature. Corrosion resistance

was assessed using various electrochemical methodologies, combining with surface characterization

techniques. The results showed a high level of effectiveness when the corrosion current density

decreased from 3292.67 uA cm

-2

(for the sample immerged in the blank solution) to 187.33 pA cm™2

after 24 hours of immersion in the solution containing BSWE at a 2000 ppm concentration, equivalent to
corrosion efficiency of 94.32%. Surface characterization revealed diminished corrosion on the inhibited
steel surface due to the formation of a protective layer. X-ray photoelectron spectroscopy results
demonstrated the presence of BSWE ingredients combining with iron oxides and hydroxides to form
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a smooth protective layer. Furthermore, theoretical calculations also indicated that the addition of BSWE

can reduce steel surface damage when exposing to corrosive environment. The inhibitor based on
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1. Introduction

The phenomenon of acid corrosion in mild steel has increas-
ingly attracted attention due to its severe impact on various
industrial sectors, resulting in substantial annual financial
implications running into billions of dollars. Corrosion not only
diminishes the durability of materials but also triggers signifi-
cant expenses due to frequent replacements and productivity
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banana sap extract can be referred to as a sustainable protective coating since it is biodegradable,
abundantly available in banana plants and free of other harmful substances.

drops.*” The urgency to address this issue is amplified by the
significant implication on various industrial sectors.* Conse-
quently, it is imperative to forecast the structural performance
of metal constructs and offer solutions to mitigate the chal-
lenges posed by corrosion.* In this context, the employment of
inhibitors emerges as an indispensable and widely adopted
strategy to prevent the corrosion-induced dissolution of mild
steel and other metals.>” Although many synthetic compounds
have proven effectiveness in providing anti-corrosion proper-
ties, a major drawback is their negative impact on human
health and the environment.®® The global concern regarding
safety and sustainability issues associated with corrosion
inhibitors in various industries has been a persistent issue.'®
However, the widespread application of these inhibitors is
hindered by the long-term toxicity effects, related to the
synthesis stage and practical applications.

In recent years, there are a development of eco-friendly
corrosion inhibitors, such as natural products like plant
extracts and animal proteins,*** rare earth elements,"” and
organic compounds.’®” Plant-based products are particularly
favored due to their low-cost, availability, and renewable sour-
ces, making them a green option for inhibitors."”®*?® These
inhibitors work by the formation of a protective layer through
the deposition of reaction products, thereby preventing further
corrosion of metallic substrates.” Numerous studies have
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focused on plant extracts as a mean of preventing steel corro-
sion.*®'¥?>?3 Plant extracts contain a wide range of polar and
non-polar organic compounds that can create reactions with
metal surfaces to prevent corrosion with minimal effect on the
environment.*® Particularly, organic compounds comprise
functional groups (OH, COOH, C=O0, etc.) and heteroatoms like
oxygen (O), nitrogen (N), sulfur (S), and phosphorus (P), which
significantly influence the protective performance of the
corrosion inhibitor. Moreover, the strength of the covalent bond
between these heteroatoms can be used to predict the potential
efficacy of the inhibitor.”* For banana pulp, it contains poly-
phenols (phenolic acids and flavonoids), and vitamins,>>*®
presenting a promising avenue for sustainable utilization of
agricultural waste in corrosion prevention. Although these
compounds have been used frequently in corrosion mitigation,
they are limited due to their complex organic compositions.
Factors such as plant species, location, season, and environ-
mental conditions, which can greatly influence the composition
and concentration of organic compounds, leading to inconsis-
tent performance in prevent metal from corrosion.>” Moreover,
the slow decomposition of banana leaves can result in the
formation of deposits that may clog pipes and damage
machinery. Banana sap could replace to banana leaves due to its
availability and potential for eco-friendly materials. Banana
trees, belonging to the monocotyledon annual herbaceous plant
group (family Musaceae),”® are cultivated in over 130 countries
and are among the most widely consumed fruits globally after
citrus fruits.”® After harvesting, these banana trees cannot be
used for the next harvest, leaving behind substantial biomass
containing valuable organic components.** The abundance of
agricultural waste can be used to convert these readily available
resources into products with a higher value, especially banana
sap. Besides, tannins present in banana sap cause the sap to
darken when exposed to air, demonstrating appearance of
carbohydrate and suggesting its potential for long-term rust
prevention with environmentally sustainable properties.***

The main objective of this investigation is to study the
electrochemical response of natural plant waste to mitigate the
corrosive effects of hydrochloric acid on mild steel. To achieve
this, we used a banana sap-water extract (BSWE) to limit the
deterioration of mild steel, which is known to be prone to
corrosion in acidic environments. Additionally, the study aims
to analyze different adsorption models to understand inhibitory
mechanism of BSWE. The primary focus is to assess the impact
of inherent characteristics of BSWE in the hydrochloric acid
medium at an optimal concentration. This gives insight in its
ability to enhance the corrosion resistance of mild steel through
a combination of experimental methods and simulation. This
study not only enhances comprehension of electrochemical
behaviors of steel in an acidic medium but also shows potential
anti-corrosive application of banana sap for developing an
effective corrosion inhibition.

2. Experimental section

All chemicals were utilized to synthesize Chiquita banana sap-
water extract and prepare the 0.1 M HCI solution (pH = 1)
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that was purchased from Merck KgaA and employed exactly as
provided. Other chemicals included distilled water, 37% HCI,
ethanol, and methanol. The sap was harvested from the
peduncle of unripe fruits of Chiquita banana from South Viet-
nam, specifically the position near the stem where sap
concentration is the highest. The collected sap was combined
with the investigated solution and a filter was used to determine
the employed concentration. Gas chromatography-mass spec-
trometry (GC-MS) was employed to characterize the primary
component of BSWE at a flow rate of 1 mL min~'. BSWE was
dissolved in the HCI solution with varying concentrations of
500, 1000, 1500 and 2000 ppm.

Mild steels were immersed in a 0.1 M HCI solution without
and with varying concentrations of BSWE at room temperature
(25 °C). The corrosion behavior of steels was investigated using
electrochemical impedance spectroscopy (EIS), potentiody-
namic (PD) and potentiostatic (PS) polarization, and linear
polarization resistance (LPR) measurements. Three-electrode
system was employed, including an Ag/AgCl/KClg,, electrode
as the reference electrode (R.E.), a titanium mesh as the counter
electrode (C.E.), and an AS1020 mild steel rod as the working
electrode (W.E.) with composition in Table S1.1 The AS1020 was
encased in epoxy resin to ensure the flat surface with 1 ecm?® of
exposed area. Prior to experimentation, the working surfaces
were ground with various types of silicon carbide papers (100,
400, 800, 1000, and 1200 grits), followed by cleaning in an
ultrasonic ethanol bath, washing, and drying with a hair dryer.
All measurements were conducted using a VSP Potentiostat
connected to a computer running the commercial EC Lab
program. To establish a stable state of the open circuit potential
(OCP), the working electrode was immersed in the prepared
solution for 1 hour before each experiment. Potentiodynamic
polarization measurements involved automatically varying the
electrode potential from —250 mV vs. OCP to 0 mV relative to
Vag/agct at a scan rate of 0.166 mV s~ at 25 °C. Additionally,
changes in anodic current density of —450 MV ag/agcy as a func-
tion of immersion time for steel after 24 hours of immersion in
the solution, which were characterized by a potentiostatic test.
For electrochemical impedance spectroscopy (EIS) studies, the
cell was subjected to a modest alternating voltage disturbance
(10 mV) over the frequency range of 10* = 10 > Hz. Finally,
linear polarization resistance (LPR) measurements were
undertaken every 1 hour for 24 hours at OCP with a scan rate of
0.166 mV s ' over a potential range of +20 mVgcp. Each
condition was performed three times to ensure the repeatability
and accuracy of the results.

After 24 hours of immersion at OCP, the morphological
properties of the steel surface were determined using field
emission scanning electron microscopes (FE-SEM, Hitachi S-
4800). Furthermore, steel surfaces after corrosion were also
evaluated using X-ray photoelectron spectroscopy (XPS).

Simultaneously, after the analysis of the GC-MS method and
the results suggested in Fig. S3 and Table S2.1 Three substances
were identified from the Chiquita banana sap extraction that
had the highest matching probabilities from the results and
database, including capsaicin (C;3H,,NO; - MC1), dihy-
drocapsaicin (C;sH,oNO3; - MC2), and spirohexan-5-one (C¢HgO

© 2024 The Author(s). Published by the Royal Society of Chemistry
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- MC3). These substances were representative of BSWE for all
following simulations. The BSWE molecular structures were
grabbed from PubChem open database and subsequently
introduced to the Materials Studio program (MS) for quantum
chemical (DFT) and molecular dynamics (MD) calculations. The
DFT and MD simulations were performed by the DMol®> and
Forcite modules of the MS, which employed the following
settings. For DFT calculation, all three MC substances (MC1,
MC2, and MC3) suffered structural optimization and energy
calculation with B3LYP hybrid functional, Gimme's diffusion
correction function (D), and double numerical atomic polari-
zation (DNP) basis sets were applied. The considered quantum
chemical parameters included the frontier molecular orbitals
(FMO) and the Fukui electrophilic f(—) and nucleophilic f(+)
indices. The FMO comprises the highest occupied (HO) and the
lowest unoccupied (LU) molecular orbitals (MO). There is
a close relationship between the construction of HOMO/LUMO
regions and Fukui f(—)/f(+) indices. The HOMO region is already
filled with electrons, giving electrons to positively charged
species (electron-deficient species or nucleophiles) and under-
going nucleophilic attack. This region (HOMO) corresponds to
the Fukui f(—) index defined by FMO theory. The same argu-
ment applies to the LUMO region, which is nearly electron-
empty and thus tends to gain electrons from negatively
charged species (electron-rich species or electrophiles) and
undergo electrophilic attack. This region (LUMO) corresponds
to the Fukui f(+) index defined by FMO theory.

For MD calculation, an optimized structure of MC1, MC2, or
MC3 (obtained from DFT simulation) was put in a simulation
box with a Fe(110) substrate, 556 water molecules, one oxonium
ion, and one chloride ion to mimic the corrosive environment
(0.1 M HCI). The dimensions of the simulation boxes and the
steel substrate were adjusted to match the size of each MC
molecule. MD simulation was performed at 298 and 333 K (25
and 40 °C), employed canonical ensemble (NVT) and COMPASS
force field. The MD simulation was conducted in a 1.0 ns
trajectory, with a 1.0 fs time step (10° steps). The temperature of
the box was maintained at a stable level throughout the simu-
lation using a heat bath and the Andersen thermostat algorithm
for every 1.0 ps.

To quantitatively evaluate the interaction between the
adsorbent molecule and the surface, binding energy (E,) and
binding energy per atom (E,, per atom) for each MC molecule
were conducted eqn (1)-(4). Comparing E;, between molecules
with different atom numbers may lead to misinterpretation
because MD simulations are performed on an atomic scale
(interested in particle-particle rather than object-object inter-
actions).**** The authors propose to evaluate the adsorbent/
adsorbate interaction via E}, per atom (eqn (2)-(4)), which is
calculated by dividing Ej, (of eqn (1)) by the total number of
particles of each MC substance to assist E},, in a more objective
assessment of the interaction.

Eb = 7[Eall - (Esub+sol + Einh+sol) + Esol] (1)

E, per atom = |Ey|/49, for MC1 (2)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ey, per atom = |Ey|/51, for MC2 (3)
E, per atom = |E|/15, for MC3 (4)

Eany Esubesoly Einh+sol, and Ego in eqn (1) are the boxes' total
energy comprising all species, substrate and solution, inhibitor
and solution, and the standalone solution at the last MD stages
(after 1.0 ns of trajectories).

3. Results and discussion

Fig. 1(a) illustrates electrochemical behaviors of the steel
surface through potentiodynamic polarization curves. This
analysis is based on a plot of current density against potential,
facilitating the determination of various electrochemical
parameters. As observed in the figure, mild steel exposed to the
blank HCI solution exhibits a high corrosion rate, with no
evidence of the development of a protective film due to the rapid
rise in current density and potentials were increased in the
anodic branch. In the fact that the nature of steel is an active
material, therefore, it is easy to create redox reactions in an
electrochemical system. Notably, the current density of steel in
the blank solution exhibited the highest value compared to
other cases, indicating that the total electron flow generated by
the redox process occurring on the steel surface was highest
when no inhibitor was added to solution. It could result in
a high rate of steel dissolution, leading to the highest corrosion
current density performed on the uninhibited steel specimen as
shown in Table 1. Upon immersion of the steel sample in BSWE-
containing solutions, a significant decrease in current density
was observed, accompanied by a lightly electropositive shift of
the corrosion potentials. This shift is most pronounced at
a concentration of 2000 ppm, where the corrosion potential
increased from —560.33 to —539.67 MVag/agci- In addition, the
potentiodynamic curves exhibit notable changes in the results
of inhibited specimens, particularly in the anodic branches,
which exhibited a film formation due to the significant decrease
in current densities when potentials increased from E ., to
—300 MVjg/aeci- These changes could reduce the oxidizing
power on the inhibited steel surfaces, leading to a significant
decrease in the corrosion current density from 3292.67 to
187.33 pA cm™> as shown in Table 1. Therefore, the lightly
electropositive shift of the corrosion potentials and the signif-
icant decrease in corrosion current densities indicates that
BSWE could act as a mixed type of inhibitor with a dominant
anodic inhibition for the mild steel in 0.1 M HCI solution. The
collective results strongly suggest the inhibitory effectiveness of
BSWE, as depicted in Table 1 and Fig. 1(b). The inhibition
efficiency increased from 48.76 to 94.32% as the concentration
of BSWE ranged from 500 to 2000 ppm.

Furthermore, the trend of the OCP of steel samples when
exposed to acid media with 0 and 2000 ppm BSWE addition, as
illustrated in Fig. 1(c). The OCP of steel specimens was gradu-
ally decreased over time in both cases, but the decrease in OCP
values was more obvious observation on the uninhibited spec-
imen. However, when 2000 ppm BSWE was added to the
investigated solution, OCP of steel exhibited more

RSC Adv, 2024, 14, 14263-14277 | 14265
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(a) Represented potentiodynamic polarization, (b) effect of BSWE concentration on inhibition efficiency, (c) open circuit potential, and (d)

change of anodic current density at —450 mVag/agct as function of immersion time for steel after 24 h immersion in solution.

electropositive values and stability during 24 h of the immer-
sion time. Importantly, the shift of OCP agreed with that of
corrosion potential, observed on the PD results. Therefore, the
electropositive OCP and corrosion potentials of steel in a 0.1 M
HCI could be due to the BSWE addition. To corroborate the
results of the PD analysis, a potentiostatic polarization test was
conducted at a constant anode potential of —450 MV g/agci
(Fig. 1(d)). This potential was assessed in the stability of the
protective layer through the PD analysis. The results shown in
Fig. 1(d) demonstrate a significant decrease in anodic current
density as the concentration of BSWE in corrosive solution,
compared to the uninhibited sample (1.2-1.8 A ecm?). The
decrease in current density can be explained by the formation of
a robust and firmly attached protective layer. This protective
film effectively hinders electrochemical reactions occurring at
anode sites, hence inhibiting corrosion. Importantly, PD results

consistently show changes in current density, demonstrating
the effectiveness of BSWE in inhibiting corrosion and the high
repeatability of the polarization methods. Corrosion kinetic
parameters including the corrosion potential (E.,,) and current
density (icorr) are summarized in Table 1 to evaluate the corro-
sion resistance of the samples. The following equation offers
the value of the inhibitory effect:

oo
y = o T 100%

corr

(5)

where 7 represents the inhibitory efficiency, i.o. and igo denote
the corrosion current densities with and without the inhibitor,
respectively. These current density values are calculated using
the Tafel extrapolation method. Comparative inhibitor perfor-
mance demonstrates that the increasing addition of BSWE
leads to a significant increase in inhibition efficiency. As

Table 1 Corrosion parameters obtained from potentiodynamic polarization curves

Specimens Ecorr (MVagiagct) icorr (MA cm™?) B (mV per decade) —B. (mV per decade) 1 (%)

0 ppm —560.33 + 1.83 3292.67 + 513.67 282.67 + 28.67 340.33 =+ 48.83

500 ppm —557.00 =+ 4.00 1587.67 + 123.33 249.67 + 18.33 262.33 + 21.67 48.76 + 4.12
1000 ppm —557.33 + 4.67 800.00 + 38.50 208.67 + 14.83 216.33 + 25.17 75.78 = 1.51
1500 ppm —553.67 +~ 4.83 341.00 =+ 7.50 163.33 + 4.67 190.00 + 15.00 89.66 =+ 0.29
2000 ppm —539.67 + 4.17 187.33 =+ 2.67 132.00 =+ 5.00 154.33 =+ 20.67 94.32 =+ 0.10
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indicated in Table 1, mild steel immersed in a solution con-
taining BSWE at a concentration of 2000 ppm exhibits better
corrosion resistance compared to other concentrations.
Specifically, the lowest 7., and the highest corrosion inhibition
efficiency (94.32%) demonstrated the outstanding protection
provided by this inhibitor.

The linear relationship between voltage and current for all
steel samples was successfully established through the analysis
of linear polarization resistance, as illustrated in Fig. 2(a).
Notably, the current density showed a significant decrease as
the increased of BSWE concentration from 0 to 2000 ppm
BSWE. For a more detailed insight into this outcome, Fig. 2(b)
presents the alterations in polarization resistance (Rp), indi-
cating an increase in values with rising BSWE concentrations
spanning from 0 to 2000 ppm and across different immersion
times. Specifically, at a concentration of 2000 ppm, the polari-
zation resistance exhibited a rapid increase within the initial 7
hours, followed by a stabilization of the R, value in subsequent
hours. These LPR findings align with the PD results, confirming
that BSWE effectively inhibits steel corrosion in the investigated
solution.

To evaluate the corrosion mechanism of steel under varying
concentrations of BSWE in the corrosive solution, the electro-
chemical impedance spectroscopy data for each case is pre-
sented in Fig. 3. In the case of a blank solution, as depicted in
Fig. 3(a), the initial impedance value was high in the first hour,
but then decreased in subsequent hours before increasing
again towards the end of the immersion time, corresponding to
corrosion of the steel. Subsequently, as corrosion products
establised on the steel surface, the corrosion rate decreased and
there was a slight increase in the impedance value. In the cases
when BSWE was added, the total impedance value increased
significantly, particularly at a concentration of 1500 ppm. The
increase in the display arc diameter size demonstrated the
formation of a protective layer on the steel surface after 24 hours
of immersion. At a concentration of 2000 ppm, the impedance
value is significantly high, but there is no linear increase, from 1
to 12 h. Moreover, the impedance value continues to increase
and stabilize in the following hours. The Nyquist plots for

View Article Online
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various BSWE concentrations within the investigated frequency
range show a dual-time constant behavior. This indicates that
the interface between the samples and the electrolyte can be
accurately described by the parallel arrangement of transfer
resistance charge (R.;) and constant phase element (CPE). These
elements are connected in series with film resistance and run in
parallel with another CPE. Fig. 3(f) illustrates the simulated
equivalent circuit, which includes the phase elements associ-
ated with the protective layer (CPE,) and the charge transfer
layer (CPE,). This proposed circuit captures the intricacies of
the system, providing a comprehensive representation of the
electrochemical behavior observed in the Nyquist plot.** To
analyze the parameters obtained from EIS, the ZSimpWin
software was used to create an equivalent circuit using experi-
mental data. The compatibility of the equivalent circuit was
determined by the least difference between the experimental
and analytical results, with a Chi square (x?) value of less than
107>, The impedance results, shown in Fig. 3(a-¢), demonstrate
a high level of agreement between the analyzed spectrum and
the experimental results. Futhermore, Bode plots are presented
in Fig. S1 and S2.f Throughout the cascade form, there is
a noticeable increase in the impedance magnitudes |Z|
(Fig. S17) as the concentration of BSWE increases, indicating an
improvement in protective performance. This is further sup-
ported by the critical values of the phase angle () depicted in
the Bode phase plot (Fig. S21), which demonstrate a greater
inhibitory behavior is achieved when increasing BSWE
concentration in an acidic solution (Fig. S21). The analytical
data shown in Fig. 4 displays a gradual decrease in the CPEq;
(CPE of double layer) and CPE,,, (CPE of protective layer) values
of steel electrodes when exposed to solutions containing BSWE
at various concentrations (0-2000 ppm) for 24 hours. In the case
of a blank solution and a concentration of 500 ppm BSWE,
CPE,,, values tend to increase over time. However, low CPEp,,
values are observed in higher BSWE concentrations due to limit
ion penetration into the steel surface. Additionally, the mild
steel exposed to blank solution exhibited very low Ry and R
values in Fig. 4(c and d). The obtained results indicated strong
electron transfer and fast electrochemical corrosion reactions.
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(a) Linear polarization resistance (LPR) measurements and (b) the polarization resistance derived from the steel's LPR data following a 24
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Fig. 3 Electrochemical impedance spectroscopy (EIS) results of steel in (a) O, (b) 500, (c) 1000, (d) 1500, and (e) 2000 ppm, and (f) equivalent

circuit for fitting EIS data.

As the BSWE concentration approaches 2000 ppm, the EIS
values demonstrate the formation of a protective film on the
entire electrode surface, resulting in high corrosion resistance.

The SEM images in Fig. 5 illustrate significant changes in the
morphology of steel surfaces before and after being immersed
in solutions with varying concentrations of BSWE for 24 hours,
compared to the raw grinding steel surface. They clearly show
the effective influence of BSWE on the steel surfaces. In
Fig. 5(a), the abrasive steel surface still exhibits residual
grinding marks at a detailed level. Nevertheless, when exposure

14268 | RSC Adv, 2024, 14, 14263-14277

to a corrosive solution without the inhibitor, CI~ ions cause
significant degradation of the steel surface, as evidenced in
Fig. 5(b). This is due to a combination of external and internal
factors that make certain areas of the steel surface more
susceptible to corrosion. These areas often have imperfections
and weaknesses in the protective oxide layer, making them
more prone to corrosion. Additionally, defects within the
material's structure can also contribute to localized corrosion,
such as pitting corrosion.*® Conversely, when the inhibitor
BSWE is added at varying concentrations, substantial changes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of BSWE concentration on CPE magnitudes of (a) protective layer and (b) double layer, (c) protective layer and (d) charge transfer

resistances.

in morphology of steel surface can be observed. At a concen-
tration of 500 ppm BSWE, a thin film begins forming on the
surface, as depicted in Fig. 5(c). The film is believed to be the
result of the grinding marks becoming less visible after expo-
sure to the investigated solution. This formation of protective
film becomes even more noticeable at concentrations of
1500 ppm and particularly at 2000 ppm BSWE, as seen in
Fig. 5(e and f). In these images, the steel surface displays a more
distinct layer of the thin film, both clustered and scattered
across the steel surface. Notably, the structure of the protective
layer plays a pivotal role in regulating the corrosion rate of mild
steel as immersed in the corrosion solution. At a BSWE
concentration of 2000 ppm, the mild steel surface displays
a more uniformly distributed and agglomerated protective
layer. As a result, it offers an enhanced hindrance to the inward
diffusion of corrosive species into the underlying substrate.
This structural benefit is crucial in controlling corrosion. The
components of the protective layer, as demonstrated later in
XPS analyses, contribute significantly to its overall effectiveness.

Corrosion products and the film formation on the steel
surface necessitate thorough investigation and evaluation, as
they are vital to explain the mechanism of corrosion inhibitor
BSWE. As previously hypothesized, it is believed that the
protective layer is formed through the adsorption of organic

© 2024 The Author(s). Published by the Royal Society of Chemistry

groups from BSWE and ions present in the raw steel composi-
tion. To confirm this, XPS analysis was performed on steel
samples immersed in the investigated acid solution for 24
hours, both with and without the addition of 2000 ppm BSWE.
The obtained results revealed the presence of certain elements,
including Fe, C, and O in the wide scanning region
(Fig. 6(a)).**®* The positions of the satellite peaks for these
signals were highly sensitive to oxidation states, allowing for
a qualitative determination of the ionic states of iron. In
Fig. 6(b) and (c), the peak intensity of Fe indicates a significant
amount of organic matter participating in Fe bonding. In the
absence of the inhibitor, the Fe 2p peaks appeared broader with
lower binding energies ranging between 710 and 725 eV (E;, =
720 eV). The appearance of Fe 2p;/, spectra at 710 eV suggests
the presence of iron salts and oxide products such as Fe,0s3,
Fe;0,, and FeOOH.* Similarly, the presence of the Fe 2p,,
spectrum in the spectral range of 720-725 eV indicated the
existence of iron oxides and metallic iron.* The strong intensity
of the Fe 2p structure presents that these products primarily
existed in the absence of inhibitors, specifically iron products
when subjected to an environment rich in Cl™ ions. Interest-
ingly, when the BSWE inhibitor was added at a concentration of
2000 ppm, as shown in Fig. 6(b), the intensity of the Fe 2p
structure decreased, with the disappearance of a specific peak at

RSC Adv, 2024, 14, 14263-14277 | 14269
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Fig. 5 Surface morphology of steel: (a) after grinding and after 24 h OCP in the acid solution with (b) O, (c) 500, (d) 1000, (e) 1500, and (f)

2000 ppm BSWE additions.

Ep, ~720 eV. This suggests that either another component is
generated on the surface of the steel or that the subsequent
build up of molecular components from the BSWE is respon-
sible for the adsorption process of the inhibitor on the steel
surface. The presence of Fe bonding-based products was visu-
alized through the C 1s and O 1s spectra. The C 1s spectrum in
Fig. 6(c) showed the appearance of organic products derived on
the steel surface during the corrosion process. Peaks position at
284.8 eV and 284.5 eV corresponded to the chemical states C-C
and C=C, respectively.** Based on the initial chemical compo-
sition of C-containing steels, it was predicted the formation of
various corrosion products, with a peak at 288-289 eV corre-
sponding to C=0 and O-C=O0 bonds. These results support
the theory that the donor/acceptor mechanism generates
through the bond between the C atoms in the organic
compounds detected in BSWE and the Fe metal. Notably, when
the BSWE inhibitor was added, a strong C 1s peak appeared in
all three mentioned peaks, with the highest intensity observed
at the 284.5 eV peak, suggesting the formation of products
containing C=C bonds. The O 1s spectrum in Fig. 6(d)
exhibited different peaks representing the oxidation states of
oxygen in the absence of inhibitors. These peaks correspond to
various corrosion products, such as metal oxides, metal

14270 | RSC Adv, 2024, 14, 14263-14277

carbonates, and organic C-O compounds with binding energies
of 529-530 eV, 531.5-532 eV, and 533 eV. In the presence of
inhibitors (blue line), the chemical state peaks of O 1s
decreased to only two main peaks at E;, ~530.8 €V and 532.7 eV,
indicating the presence of organic corrosion products. These
chemical states represent organic C=O, C-O, and metal
carbonates. This observation demonstrates a clear relationship
between the products formed on the steel surface when the
inhibitor is added, as seen in the C 1s, O 1s, and Fe 2p spectra.
Accordingly, it can be predicted that the presence of BSWE as an
inhibitor leads to the formation of corrosion products that act
as a protective layer, preventing direct interaction between the
steel and the corrosive environment. This ultimately minimises
the steel's reactions to the environment. These results are
consistent with previous findings (electrochemical and surface
analyses) providing further evidence of the enhanced protective
performance of mild steel in the presence of BSWE. The results
obtained from the analysis of compound concentrations in the
BSWE inhibitor using gas chromatography-mass spectrometry
(GC-MS), as depicted in Fig. S3 and Table S2.t These findings
demonstrate the consistent effects and reliable analytical
results, indicating their suitability for identifying organic
products. The presence of compounds in BSWE directly impacts

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Wide-scan and narrow-scan XPS spectra of (b) Fe, (c) C and (d) O existence on the steel surfaces after 24 h OCP in the investigated

solutions containing 0 and 2000 ppm BSWE.

on the inhibitor activities. Although there is a lack of research
on the individual effects of each substance in limiting steel
corrosion, our study predicts their potential and lays the foun-
dation for future investigations in this field.

DFT quantum chemical parameters for MC1 are presented in
Fig. 7(a), the MC1's structure consists of two separate parts
connected by an amide functional group, one is just a hydro-
carbon branch, and the other is a branch containing functional
groups. It is expected that the most active regions of MC1 would
be in part containing functional groups. Due to the electron-
withdrawal effect of the aromatic ring and two oxygen atoms
(of hydroxyl and ether groups) at one end, an electron-rich
region was established at these groups’ sites. This effect led to
the formation of the HOMO and f(—) areas on m-bonds and
these oxygen atoms.** As a result, the electron-deficient carbons
of the aromatic ring became more positive and facilitated the
formation of the LUMO and f(+) areas on these sites. In MC1,
the HOMO/f(—) and LUMO/f(+) areas developed in the same
direction but settled in different locations. This configuration
helps form a dipole on one arm of MC1 and improves the
adsorption of MC1 on surfaces. DFT quantum chemical
parameters for MC2 are presented in Fig. 7(b), MC2's molecular
structure is quite similar to MC1, differing only in a C=C

© 2024 The Author(s). Published by the Royal Society of Chemistry

double bond of the hydrocarbon branch. Fig. 7(b) demonstrates
that the electron-withdrawing effect in MC2 is identical to that
of MC1, reflected in the formation of HOMO and f(—) regions at
m-bonds of the aromatic ring and two oxygen atoms of func-
tional groups. Besides, LUMO and f(+) areas are established at
carbon atoms of the aromatic ring due to electron shortage at
these sites. To compare Fig. 7(a and b), it was found that the
presence (at MC1) and absence (at MC2) of the C=C double
bond on the hydrocarbon arm did not significantly affect the
MO's distribution in each substance. The main difference
between MC1 and MC2 comes from the spatial configuration of
these two substances, which in turn leads to an (albeit small)
difference between their MO's distributions. The active regions
of MC2 (HOMO/LUMO, f(—)/f(+), similar to MC1) will be the
binding sites when the substance is adsorbed on a surface (i.e.,
a steel surface).

DFT quantum chemical parameters for MC3 are presented in
Fig. 7(c), distinct from MC1 and MC2, MC3 is a simple molecule
with two spiro-connected orthogonal cycloalkane rings and
a C=0 double bond of the ketone functional group. The active
ketone group is expected to determine the formation of elec-
tronic regions in MC3, including HOMO/LUMO and f(—)/f(+).
Fig. 7(c) shows that, while HOMO and f(—) regions of MC3 are

RSC Adv, 2024, 14,14263-14277 | 14271
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MC1 - Chemical structure

(a) The computed DFT parameters of MC1

MC2 - Chemical structure

MC2 - HOMO regions

(b) The computed DFT parameters of MC2

MC3 — Chemical structure

MC3 — HOMO regions MC3 - LUMO regions

(¢) The computed DFT parameters of MC3

Fig. 7 Computed quantum chemical properties of three MC
substances (MC1 - (a), MC2 - (b), and MC3 - (c)), comprising the
frontier molecular orbitals (HOMO and LUMO), the Fukui electro/
nucleophilic indices (f(—) and f(+)). The calculation was conducted by
the DMol® module of MS, which applied the B3LYP-D/DNP//B3LYP-D/
DNP level of theory. The colored atoms are white — hydrogen, grey —
carbon, red — oxygen, and blue — nitrogen.
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formed around the ketone functional group in one direction
(xOy), LUMO and f(+) parts grow in the perpendicular (orthog-
onal) direction (Oz). Specifically, HOMO regions are concen-
trated around the oxygen atom in MC3 because this atom
attracts electrons of the whole structure towards it. Besides, two
carbon atoms of the 4-carbon ring are simultaneously suffered
two effects, including the electron-withdrawing effect of the
C=0 functional group (right side) and the electron repulsion
effect of the 3-carbon ring (left side). Combining these two
effects establishes high electron density regions at these atoms,
leading to the formation of the other parts of the HOMO region
in MC3. In contrast, the electron-deficient carbon atom of the
ketone group became more positive and formed a LUMO region
at its site. In MC3, the HOMO/f(—) regions and LUMO/f(+) are
located in different locations except for parts on the oxygen
atom. Besides, the orthogonal orientation of the two cyclo-
alkane rings and the inflexibility of the ketone group all lead to
limited adsorption of MC3 on the adsorbent, such as steel
surface. It can be concluded that the protection effectiveness of
MC3 is relatively low compared to MC1 and MC2. The MD final
snapshots (at 1.0 ns trajectory, with the settings as described in
the experimental section) for all MC substances at two investi-
gated temperatures (298 and 333 K) are presented in Fig. 8. The
simulation box dimensions are varied to ensure that the matter
density in the boxes is always approximately 1.0 g cm™* during
the MD simulation. As seen in Fig. 8, all MC molecules have
adhered to the steel substrate after simulations (at different
temperatures), which points out three substances are heat
stable and can establish protective coatings on the substrate.
While MC1 and MC2 molecules bent their structures to attach
the whole system to the steel substrate, the MC3 molecule only
bent partially of its structure to the steel substrate. Thus, while
the binding sites of MC1 and MC2 remained unchanged, two
cycloalkane rings of MC3 alternately adhered to the steel
surface during the MD simulation. This phenomenon indicates
that the adsorption of MC3 onto the steel substrate is less stable
than MC1 and MC2.

It can be concluded that all MC substances are potential steel
corrosion inhibitors, and the inhibition performance of MC1
and MC2 are comparable but better than that of MC3. A
quantitative analysis of the adhesion energies of MC1, MC2,
and MC3 on the steel substrate was evaluated based on E}, and
E}, per atom results, as present in Table 2. Following Table 2,
MC2 has the highest E;, and E;, per atom at 298 K (5.21 and
0.10 eV, respectively), MC1 has the highest Ey, and E}, per atom at
333 K (4.90 and 0.10 eV), and MC3 has the lowest E}, and E}, per
atom at the two temperatures. Note that E}, and E,, per atom
values of MC3 are tiny compared to the other two substances
(from 8.6 to 10.4 times smaller), as expected from Fig. 8 anal-
ysis. Therefore, MC1 and MC2 are possible as anti-corrosion
additives for steel in the investigated environment, while MC3
is not. Considering the heat-stability of MC1 and MC2, Table 2
reveals that both E, and E, per atom of MC2 increase with
increasing temperature from 298 to 333 K. Conversely, Ey, and Ej,
per atom of MC1 decrease with increasing temperature from
298 to 333 K. This increase (and decrease) of E}, and E;, per atom
indicates that MC1 is a heat-stable substance and MC2 is a less

© 2024 The Author(s). Published by the Royal Society of Chemistry
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1.0 ns trajectory at 333 K (40 °C)

Fig. 8 The MD final snapshot for three MC substances at 298 and 333 K (25 and 40 °C). MD simulation was performed by Forcite module of MS,
employed canonical ensemble with Andersen thermostat and COMPASS forcefield, and running for 10° steps with a 1.0 fs timestep. The
simulation boxes mimicked a steel substrate and an inhibitor molecule (MC1, MC2, or MC3) in a 0.1 M HCl environment. The colored atoms
include light blue — iron, white — hydrogen, grey — carbon, red — oxygen, and dark blue — nitrogen.

heat-stable substance. The 11% increase in MC1 and 20%
decrease in MC2 (of E;, per atom) are significant, pointing out
that the inhibition performance of MC1 is the greatest among
the three MC substances. The inhibition performance of three
substances could be arranged as follows: MC1 = MC2 > MC3
at 298 K (25 °C), and MC1 > MC2 > MC3 at 333 K (40 °C).
Although the E, and E;, per atom values of MC3 are low
compared to MC1 and MC2, it still qualifies as an effective
inhibitor under the investigated conditions. It could be said

© 2024 The Author(s). Published by the Royal Society of Chemistry

that BSWE is likely to be an effective corrosion inhibitor in low
concentration HCI media. The MD simulation results suggest
the inhibitor selection for steel, that is, MC1 or MC2 (or both) at
low temperatures (such as room temperature) and MC1 at
higher temperatures.

Based on the analysis findings, it was observed that BSWE
acted as a mixed type of corrosion inhibitor for mild steel. The
electrochemical behaviors showed that the potential polariza-
tion curves of samples immersed in a corrosive solution with

RSC Adv, 2024, 14,14263-14277 | 14273
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Table 2 Binding energies (Ep) and binding energy per atom (E, per
atom) for MC substances are computed at the final stages (after 1.0 ns/
1.0 fs trajectory at 298 and 333 K, employed canonical ensemble with
COMPASS forcefield and Andersen thermostat)

MC1 MC2 MC3
Ey Ey, per atom  Ej Ey, per atom  Ey, Ey, per atom
(ev) (eV) (eV) (eV) (ev) (eV)

298 K 4.55 0.09 5.21 0.10 0.50 0.03

333 K 4.90 0.10 4.13 0.08 0.57 0.04

different BSWE concentrations reflected the steel surface in the
early stages of corrosion. The initial corrosion primarily focused
on impurities or lattice dislocations on the steel surface as
shown in Fig. S4.7 The presence of chloride ions in the corrosive
solution was identified as a significant factor in surface corro-
sion. The corrosion process intensified over time, resulting in
the formation of pits on the mild steel surface and the creation
of corrosion products that either separated and fell into the
solution or adhered to the steel surface. Additionally, as shown
in Fig. 5(a), certain locations experienced more severe corrosion
or became areas where more corrosion products formed. The
addition of BSWE displayed a tendency to mitigate both anode
and cathode reactions, serving as a typed corrosion inhibitor.
When considering the corrosion mechanism, two scenarios can
be considered, including corrosion without inhibitors and
corrosion with inhibitors at varying concentrations. In the
absence of the BSWE inhibitor, the steel surface is susceptible
to Cl™ ion attack, leading to the generation of corrosion prod-
ucts and dissolution of steel into Fe™" ijons, as identified
through XPS techniques. Conversely, when the steel was
immersed in an HCI solution with the corrosion inhibitor
BSWE, its components (COO~, C=0, and OH ™ groups) bonded
with both Fe™" ions and other metal ions in the composition of
mild steel. This bonding resulted in the formation of
complexes, observed in the SEM images (Fig. 5). Consequently,
a protective film formed on the steel surface can prevent direct
interaction with the corrosive solution and enhance the corro-
sion resistance of the mild steel. BSWE demonstrated its ability
to bond with the steel surface, creating a stable, continuous,
and protective film that provides the inhibitor concentration
was appropriate. At the investigated concentrations, the initial
addition of the inhibitor was relatively low, leading to the
formation of a self-protective film, albeit unevenly, and it does
not entirely cover the entire surface, allowing localized corro-
sion processes. In the corrosive solution with varying inhibitor
concentrations, the density and coverage of the protective
coating increased on the steel surface. The protective film
completely covered the steel surface at a concentration of
1500 ppm BSWE, resulting in inhibiting the corrosion reaction
and obstructing the active locations on the steel surface. The
presence of functional groups in organic structures present in
BSWE indicates that the chemical mechanism is responsible for
creating a protective film on the steel surface. In summary,
BSWE considerably reduced the corrosion rate of mild steel.
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This can be achieved through film formation, which impedes
the inward diffusion of corrosive species into the underlying
substrate. Furthermore, the DFT quantum chemical parameters
for the three different MC substances were studied, and it was
found that their molecular structures influenced on their
corrosion inhibition performance. MC1 and MC2 exhibited
similar molecular structures except for the presence of a C=C
double bond in the hydrocarbon branch of MC1. However, this
difference did not have a significant effect on the distribution of
MOs in the substances. The active regions of MC1 and MC2
were the binding sites for the substances when they adsorbed
on the steel surface. MC3, on the other hand, had a different
molecular structure with two spiro-connected orthogonal
cycloalkane rings and a C=0 double bond of the ketone group.
The orientation of the two cycloalkane rings and the inflexibility
of the ketone group limited the adsorption of MC3 on the
adsorbent, resulting in a relatively low protective effectiveness
compared to MC1 and MC2. Finally, MD simulations showed
that all MC substances adhered to the steel substrate, but the
adsorption of MC3 on the steel substrate was less stable than
MC1 and MC2. In conclusion, all MC substances are potential
corrosion inhibitors for steel, and MC1 and MC2 have compa-
rable inhibition performances.

The presence of organic compounds with varying concen-
trations of BSWE is believed to contribute to slowing down the
corrosion process. This inhibition mechanism is catalyzed by
three main organic compounds including capsaicin, dihy-
drocapsaicin, and spirohexan-5-one. On one end, the electron-
withdrawing effect of the aromatic ring and the two oxygen
atoms (from the hydroxyl and ether groups) establish an
electron-rich region while the electron-deficient carbon atoms
of the aromatic ring become more active, creating an active
region. Additionally, according to Valence Bond Theory, iron
(Fe) possesses empty d-orbitals that readily accept electrons
from the inhibitor provided by heterojunctions. These organic
compound inhibitors adsorb onto the metal surface, forming
covalent bonds. By covering the entire metal surface area with
a film layer thicker than a monolayer, the structure of the
electrical double layer at the metal surface is altered. As a result,
the steel surface is protected from encountering corrosive ions,
such as H" and CI7, effectively preventing metal dissolution and
reducing corrosion rates, as shown in Fig. 9. These studies
indicate that BSWE creates a protective layer on the mild steel
surface, which can help steel from corrosion in an aggressive
electrolyte. Therefore, banana sap extract can be considered
a good inhibitor for mild steel operating in an acidic medium.
Table S3t presents an overview of the ability of various tree resin
(sap/gum) extracts to inhibit corrosion, including the type of
corrosion medium, the ideal concentration of inhibitor, and the
associated inhibitory effect.**** The results of the table
demonstrate the feasibility of using tree resin as an effective
corrosion inhibitor, a practice that has been employed for
a long time, although some types have not yet achieved the
desired level of performance. In light of this, research con-
ducted on banana sap extract has shown that it is a viable
substitute. Additionally, the extraction method used is regarded
as environmentally benign because water is used as the solvent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Mechanisms of mild steel corrosion and inhibition in acidic environments with (a) 0 and (b) 2000 ppm BSWE additions.

On the other hand, the earlier mention of the prevalence of
banana plants presents a significant advantage for subsequent
research in the future.

4. Conclusions

In this study, banana sap-water extract has been recommended
and successfully characterized as a corrosion inhibitor with
great effectiveness. LPR measurement showed that polarization
resistance increased as a function of time and BSWE concen-
tration, which is consistent with EIS results. Furthermore,
potentiodynamic results indicated that BSWE acted as a mixed
type of corrosion inhibitor for AS1020 steel in the investigated
solution and reached highest efficiency of 94.32% at 2000 ppm.
Based on SEM results, a significant amount of etching appeared
on the uninhibited substrate surface, and an unambiguous film
coverage developed on the substrate of steel bared to the
inhibitor corrosion. Accordingly, XPS analysis revealed that the
protective film components mainly included the organic
groups, present in BSWE incorporated with iron oxide/
hydroxide products, thereby promoting corrosion protection

© 2024 The Author(s). Published by the Royal Society of Chemistry

of the steel surface. Alternatively, the identification of
substances via GC-MS, coupled with DFT and MD simulation
calculations, demonstrating the effective adsorption capacity of
molecules present in BSWE. The significant inhibition perfor-
mance suggests that BSWE is a promising inhibitor for
promoting corrosion protection of steel in acidic environments.
Further work is underway to refine the chemical compounds
from the Banana sap extract for use as a corrosion inhibitor and
to characterize the stability of this inhibitor system in the
aqueous electrolytes.
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