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Abstract

This study established Hibiscus rosa-sinensis (HRS) leaf extract as a highly superior green corrosion inhibitor for mild steel
in 1 M HCL, directly outperforming Azadirachta indica (Neem). Through a multi-methodological approach, the study
demonstrated that both ethanolic extracts served as effective mixed-type inhibitors, with efficiency scaling with
concentration. At an optimal concentration of 400 ppm, HRS achieved exceptional inhibition efficiencies of 92%—96%,
significantly surpassing the 87%—91% range shown by Neema cross electrochemical and gravimetric evaluations. FTIR-
ATR analysis confirmed the presence of rich concentrations of flavonoids and polyphenolics in both extracts, with the
superior performance of HRS attributed to its enhanced adsorption capability and the formation of a more robust protective
film, a mechanism unequivocally validated by SEM surface analysis. These findings not only provided a definitive
comparative assessment, but also positioned HRS leaf extract as an outstanding, eco-friendly alternative for industrial

corrosion mitigation in acidic environments.

Keywords: corrosion inhibitor, mild steel, hydrochloric acid, Hibiscus rosa-sinensis, Azadirachta indica

Introduction

Mild steel is the undisputed backbone of global
industry; a material prized for its strength,
malleability and low cost [1,2]. It forges our
structural frameworks [3], pipelines [4], storage tanks
[5] and machinery [6]. Yet, this versatility carries a
critical vulnerability: a relentless susceptibility to
corrosion [7,8]. In aggressive environments, this
decay inflicts massive economic losses and elevates
safety risks. This threat intensifies during pickling, an
essential pre-treatment, whereby acidic solutions strip
steel of mill scale and rust [9]. Hydrochloric acid
(HCI) is the prime choice of industry, lauded for its
potent descaling power and operational ease [10].
But, HCI is a double-edged sword; it cleanses the
surface while ruthlessly attacks the steel beneath. To
curb this destruction, corrosion inhibitors are not only
beneficial but also indispensable [11,12]. These
additives form a protective shield on the metal,
significantly slowing the corrosive effect of the acid.

Traditionally, inorganic inhibitors [13] and synthetic
organic compounds [14] have been deployed for this
purpose. Their effectiveness is often attributed to

functional groups with heteroatoms (N, O, S, P) and
n-electrons, which facilitate adsorption onto the
metal surface [15]. However, the majority of these
conventional inhibitors are now heavily restricted or
obsolete due to their pronounced toxicity, high
environmental persistence and non-biodegradability,
raising serious ecological and health concerns [16].
This has catalysed a paradigm shift within the field
towards the development of environmentally benign,
non-toxic and sustainable alternatives, collectively
referred to as “green corrosion inhibitors” [17].

Plant extracts have surged to the forefront of this
movement. They are abundant, renewable and
economically compelling [18]. Their power derives
from a sophisticated cocktail of natural
phytochemicals, including alkaloids, flavonoids,
tannins and terpenoids, all of which are rich in the
very heteroatoms that enable potent metal adsorption
[19,20]. Utilising these extracts converts waste
biomass into a valuable resource, aligning perfectly
with the principles of green chemistry. Two standout
candidates, ubiquitous in  Southeast Asia,
are Azadirachta indica (Neem) and Hibiscus rosa-
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sinensis (Hibiscus). Both are ethnopharmacological
treasures, renowned for their bioactive and
antioxidant-rich profiles [21,22]. Hibiscus leaves
boast significant flavonoids, tannins, and saponins
[23]; Neem delivers potent azadirachtin, gedunin and
quercetin [24]. Their molecular architectures promise
strong metal adsorption. While each has been studied
in isolation, a critical gap remains: a definitive, head-
to-head comparative study that deciphers the
structure-performance relationship behind their
efficacy.

Therefore, this study bridges the gap by comparing
the effects of HRS and Neem leaf extracts as green
corrosion inhibitors for mild steel in 1.0 M HCL. The
investigation = combines  gravimetric  analysis,
electrochemical techniques (potentiodynamic
polarisation and impedance spectroscopy), FTIR
spectroscopy and surface morphology examination to
assess their inhibition performance and mechanism
comprehensively.

Materials and Methods

Materials and reagents

Fresh HRS leaves and Neem leaves were harvested
in Perlis, Malaysia (6.5170° N, 100.2152° E).
Analytical grade hydrochloric acid (HCI, 37%) and
absolute ethanol (96%) were used as received from
Merck. All solutions were prepared by using distilled
water. The mild steel coupons were fabricated from
AISI 1040 grade steel with a composition (wt.%) of
0.40% C, 0.75% Mn, 0.04% P, 0.05% S and the
remainder Fe.

Preparation of steel specimens

The steel specimens were prepared in two
geometries: for weight-loss tests, square coupons (1.0
cm x 1.0 cm x 0.1 cm) were cut, and a small hole (~2
mm) was drilled for suspension. For electrochemical
tests, rectangular specimens (2.0 cm x 0.5 cm x 0.15
cm) were cut to fit the electrode holder. All
specimens were subsequently ground sequentially
with silicon carbide (SiC) abrasive paper up to 1200
grit, rinsed thoroughly with distilled water, degreased
with absolute ethanol, dried in warm air, and stored
in a desiccator before use. The final prepared surface
was mirror-smooth to ensure consistency [25].

Preparation of inhibitor extracts

The inhibitor extracts were prepared using standard
maceration techniques. The collected leaves were
washed with distilled water to remove dust and
impurities, air-dried for three weeks in a shaded,
well-ventilated area, and then pulverized into a fine
powder using a mechanical grinder. For each plant,
100 g of the dried leaf powder was immersed in 1000
mL of 96% ethanol in a sealed glass container and
agitated periodically for 72 hours at room
temperature. The resulting mixture was first filtered
through coarse filter paper and then through fine

filter paper (Whatman No. 1) to separate the solid
residue. The ethanolic filtrate was concentrated using
a rotary evaporator (Heidolph, Germany) at 50 °C
under reduced pressure to obtain a crude paste. This
paste was further dried in an oven at 60 °C for 24
hours to yield a solid extract. The extract was stored
in a sealed container at 4 °C. Stock solutions of the
inhibitors (1000 ppm) were prepared by dissolving
100 mg of the solid extract in 100 mL of 1.0 M
hydrochloric acid (HCI). The test solutions with the
desired concentrations (100, 200, 300, and 400 ppm)
were prepared by diluting the stock solution with the
acid medium to the appropriate concentration [26].

Electrolyte preparation

A corrosive electrolyte of 1.0 M HCI was prepared
by diluting 83.3 mL of concentrated HCI (37%) to
1000 mL with distilled water in a volumetric flask.
The concentration was verified by titration with a
standard sodium carbonate solution.

Gravimetric (weight-loss) measurements
Gravimetric experiments were conducted by
immersing the pre-weighed steel coupons in 100 ml
of the test solutions (blank 1.0 M HCIl and HCI with
various inhibitor concentrations) for 168 h (7 days) at
room temperature (28 + 1 °C). The tests were
performed in triplicate to ensure reproducibility.
Percentage inhibition efficiency (IE%) was
calculated by using the following equation [27]:

IE% =

W— W,
i 1
—— x 100 (D

where, w is weight loss without inhibitor (0 ppm),

and Wi is weight loss with inhibitor (100 ppm, 200
ppm, 300 ppm, 400 ppm). The surface coverage area
(8) was estimated by the subsequent equation:

_1IE(%)
T 100

2

Electrochemical measurements

All electrochemical experiments were performed by
using an Autolab PGSTAT302N potentiostat/
galvanostat (Metrohm, Netherlands) controlled by
Nova 2.1 software. A conventional three-electrode
glass cell was used, which comprised an AISI 1040
steel working electrode, a platinum (Pt) counter
electrode and a silver/silver chloride (Ag/AgCl)
reference electrode. Prior to each measurement, the
working electrode was immersed in the test solution
for 30 min to establish a stable open-circuit potential
(OCP). Electrochemical impedance spectroscopy
(EIS) measurements were conducted at the OCP in
the frequency range from 100 kHz to 10 mHz with an
applied AC amplitude of 10 mV. The impedance data
were fitted to appropriate equivalent circuits by using
Nova software.
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Potentiodynamic polarisation (PDP) curves were
recorded immediately after EIS by scanning the
potential from -250 mV to +250 mV vs. OCP at a
scan rate of 1 mV/s. Corrosion current density (icor)
was determined by using the Tafel extrapolation
method. All experiments were conducted at room
temperature and repeated at least twice to verify
consistency. Inhibition efficiencies from PDP (IE%)
and EIS (IE%) were calculated by using the
following equations.

f —
]EOJE]: (] COI’I) (]COIT)X 100

(] FCGII) (3)

where I’corr and Icorr are the corrosion currents in the
absence and presence of the inhibitor.

0r — (ch't)_ [Rc’t)
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where R¢t and R’ are the corrosion currents without
and with the green corrosion inhibitor [28].

Surface characterization

The functional groups present in the solid inhibitor
extracts were characterised by using a Perkin Elmer
Spectrum 1600 FTIR spectrometer equipped with an
attenuated total reflectance (ATR) accessory. Spectra
were recorded in the range of 4000 cm*'—400 cm™.
The surface morphology of mild steel specimens
after 24 h of immersion in blank 1.0 M HCI and in
HCI containing 400 ppm of each inhibitor was
examined by using a Hitachi tabletop microscope
TM3030. The samples were prepared for weight-loss
test, dried and directly imaged without further
coating to observe the topographical changes
resulting from corrosion and inhibitor adsorption.

Results and Discussion
Inhibition efficiency by gravimetric analysis
Gravimetric assessment following 168 h of

immersion in 1.0 M HCI revealed a substantial
corrosion of mild steel in the uninhibited solution,
with mass loss of 0.5717 g. The introduction of plant
extracts markedly attenuated corrosive degradation,
even at the lowest concentration of 100 ppm,
indicating  prompt adsorption of inhibitory
compounds onto the metal substrate. A
concentration-dependent amelioration in corrosion
inhibition was observed for both leaf extracts.
Inhibition efficiency (IE%) increased progressively
with elevated concentration, consistent with
enhanced surface coverage (0) as adsorption sites
became occupied by inhibitor molecules, which is a
behaviour characteristic of effective interfacial
inhibition [29]. Maximum efficacy was attained at
400 ppm, which was the highest concentration
evaluated (Table 1).

At this maximum concentration, HRS leaf extract
exhibited superior performance, achieving an
inhibition efficiency of 93.79% (6 = 0.9379),
indicating near-complete surface coverage and the
formation of a protective film that markedly impeded
acid attack. Neem leaf extract also demonstrated
significant inhibitory activity, attaining an IE of
89.87% (0 = 0.8987) under identical conditions.
Comparative analysis unequivocally established the
enhanced performance of HRS across all
concentrations, with a statistically significant
advantage of approximately four percentage points at
400 ppm. This disparity in efficacy was substantively
relevant for industrial applications and was likely
attributable to differential phytochemical
composition, molecular architecture and adsorption
energetics of the respective extracts. The elevated IE
and 0 values suggested a stronger affinity of HRS
constituents for the mild steel surface, potentially due
to a higher density of functional groups, propensity
for chemisorption or synergistic interactions amongst
bioactive compounds [30].

Table 1. IE of HRS and Neem extracts for various concentrations against MS in 1M HCI at room temperature

by weight loss measurement

Concentration Initial End weight Weight a IE
(ppm) Weight (g) (g) Difference (g) (%)
HCl M 0.9074 0.3857 0.5717 - -

Hibiscus 100 0.9076 0.6982 0.2094 0.6337 63.37

rosa- 200 0.9082 0.7928 0.1154 0.7982 79.82
Sinensis

300 0.9089 0.8452 0.0637 0.8886 88.86

400 0.9079 0.8724 0.0355 0.9379 93.79

Azadirachta 100 0.9081 0.6667 0.2414 0.5776 57.76

indica 200 0.9057 0.8331 0.0726 0.8730 87.30

300 0.9089 0.8453 0.0636 0.8888 88.88

400 0.9081 0.8502 0.0579 0.8987 89.87
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Furthermore, the sustained high inhibition
efficiencies (>89%) over the extended immersion
period (168 h) underscored not only the
effectiveness, but also the remarkable stability of the
inhibitor films. The persistence of inhibitory
performance indicated robust adsorption and
resistance to desorption or degradation within the
acidic medium, a critical attribute for the practical
implementation of industrial acidising processes.

Potentiodynamic polarization

Potentiodynamic polarisation measurements were
employed to elucidate the kinetic parameters and
inhibition mechanism of the plant extracts. The
polarisation curves (Figure 1) and corresponding
parameters (Table 2) provided substantial insight into
the inhibitory effects on both anodic and cathodic
reactions governing the corrosion of mild steel in 1.0
M HCI. The polarisation behaviour demonstrated
significant inhibition, as evidenced by pronounced
cathodic shifts and a substantial reduction in current
density. The uninhibited 1 M HCI solution exhibited
the highest corrosion current density, Leorr (90.60 pA
cm?), indicating rapid corrosion kinetics. The
systematic addition of both leaf extracts resulted in
concentration-dependent suppression of both anodic
and cathodic branches, as evidenced by a
displacement towards lower current densities [31].
This effect culminated at 400 ppm, whereby HRS
and Neem reduced the corrosion current density to
3.89 pA cm? and 8.49 pA cm™2, corresponding to
inhibition efficiencies of 95.71% and 90.63%,
respectively. The order-of-magnitude reduction in
corrosion rate underscored the substantial efficacy of

1M HCI

100 PPM

200 PPM

300 PPM

A 200 PPM |
. |

ey

both extracts, with
performance.

HRS demonstrating superior

Polarisation curves in Figure 1 were paramount for
classifying the inhibition mechanism. The inhibition
mechanism was classified through analysis of
corrosion potential (Ecorr) shifts. For both inhibitors,
the maximal displacement of Ecor Was less than 11
mV relative to the blank, which was below the 85
mV threshold established for classifying inhibitor
type [32]. This minimal displacement, coupled with
concurrent suppression of both anodic and cathodic
reactions, confirmed mixed-type inhibition behaviour.
The results indicated that adsorbed phytochemical
constituents formed a protective barrier that impeded
both metal dissolution (anodic reaction: Fe — Fe*" +
2¢7) and hydrogen evolution (cathodic reaction: 2H*
+ 2e- — H), rather than selectively altered either
half-cell reaction.

Further mechanistic insight was gained from analysis
of Tafel slopes (Bs and Pc) in Table 2. The alterations
in both anodic and cathodic slopes upon inhibitor
addition indicated modifications to the mechanisms
of both partial reactions [33]. Notably, HRS at 400
ppm induced a substantial decrease in both Pfa and Bc
values (to 28.83 and 29.36 mV/dec, respectively),
suggesting the formation of a highly effective
protective film that transitions the corrosion process
towards diffusion-controlled kinetics. The
symmetrical shaping of the polarisation curves at this
concentration further supports the development of a
robust inhibitory layer.
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Figure 1. Tafel polarisation curves for mild steel in 1 M HCI in the absence and presence of different

concentrations of (A) HRS extract and (B) Neem extracts
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Table 2. Potentiodynamic polarisation for HRS and Neem at selected concentrations in 1M HCI at room

temperature
Concentration Tafel Slopes (mV vs. dec) -Ecorr Leorr IE
(ppm) Ba Be (mV)  (pAcm?) (%)
HCI M 256.77 192.88 474.59 90.60 -
Hibiscus rosa-sinensis 100 150.13 84.56 479.69 44.19 51.23
200 149.59 73.37 469.91 35.65 60.65
300 168.55 75.42 477.76 25.24 72.14
400 28.83 29.36 484.65 3.89 95.71
Azadirachta indica 100 105.02 90.28 477.72 43.81 51.64
200 137.65 85.08 470.73 3591 60.36
300 185.05 78.68 478.87 26.84 70.38
400 62.95 62.91 485.05 8.49 90.63

Table 3. Impedance parameters for HRS and Neem at selected concentrations in 1M HCI at room temperature

Concentration Rt Ca IE
(ppm)  (Q-em?)  (uF.em?) (%)
HCI IM 12.5 636.6 -
Hibiscus rosa-sinensis 100 373 533.7 66.5
200 71.1 640.1 82.4
300 108.8 731.3 88.5
400 157.3 1012.6  92.1
Azadirachta indica 100 27.5 482.3 54.5
200 78.9 532.3 84.2
300 86.2 578.1 85.5
400 93.6 680.3 86.6
In conclusion, the potentiodynamic polarisation maximum R of 157.3 Q-cm? while

analysis unequivocally demonstrated that these plant
extracts were effective inhibitors of mixed-type
corrosion. The concentration-dependent efficacy and
high  inhibition  efficiencies at  maximum
concentration (400 ppm) established these plant
extracts as promising green alternatives to
conventional toxic inhibitors for acid corrosion
protection.

Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS)
provided further insight into the kinetics and
mechanism of the corrosion inhibition process. The
most salient feature of the EIS data was the
significant increase in charge transfer resistance (R)
upon addition of the plant extracts. The R value,
obtained from the diameter of the capacitive loop,
was a direct measure of the electron transfer
resistance across the metal-solution interface and was
inversely proportional to the corrosion rate [34].
The R value for the uninhibited 1 M HCI solution
was 12.5 Q-cm? This value increased markedly with
the addition of inhibitors, in a concentration-
dependent manner. Notably, at the optimal
concentration of 400 ppm, HRS exhibited a

reached 93.6 Q-cm?. This substantial increase in R
quantitatively confirmed the formation of a highly
resistive film on the mild steel surface that effectively
impedes the charge transfer processes necessary for
corrosion [35].

Inhibition efficiency (IE%) corroborated the trends
observed from gravimetric and polarisation studies.
The efficiencies increased with concentration,
reaching a maximum of 92.1% and 86.6% for HRS
and Neem, respectively, at 400 ppm. The consistently
higher IE% and Rctvalues for HRS across all
concentrations reaffirmed its superior protective
capability as compared to Neem. Analysis of the
double-layer capacitance (Cdl) offered crucial
information on the interfacial changes. The Cy values
were calculated from the frequency at the maximum
imaginary impedance (fu.y) by using the following
formula [35]:

Cqy= ! b !
4 2nfpay Re (5)

where, fu. 1S maximum frequency at which the
imaginary component of Nyquist plot is maximum
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Value for the blank solution was 636.6 pF-cm™.
Addition of the inhibitors generally caused a decrease
in Cdl, as seen for Neem, which dropped to 482.3
pF-cm?at 100 ppm. This decrease was a classic
indicator of successful inhibitor adsorption and could
be explained by the Helmholtz model [36]. The
occasional  slight increase in Cdl for some
concentrations of  HRS was not uncommon in
inhibitor studies and might be attributed to a localised
increase in surface roughness or a change in the
electroactive area due to the specific adsorption mode
of its complex phytochemical constituents [21].
However, the overarching trend, especially the
significant rise in Rct, remains the primary evidence
for effective inhibition. The Nyquist plots (Figure 2)
typically exhibited depressed, single capacitive loops,
which were characteristic of charge-transfer-
controlled  processes on electrochemically
heterogeneous surfaces. The increased diameter of
these loops with inhibitor concentration provided
visual confirmation of the enhanced -corrosion
resistance.

FTIR analysis of green inhibitors

Fourier transform infrared (FTIR) spectroscopy was
employed to characterise the functional groups
present in the HRS leaf extract and Neem leaf
extract and to elucidate the molecular basis for their
corrosion inhibition properties. The spectra for both
leaf extracts are presented in Figure 3, revealing a
complex profile of bioactive constituents that were
instrumental in the adsorption process. The FTIR
analysis confirmed the presence of several key
functional groups characteristic of potent corrosion-
inhibiting compounds. A broad and intense
absorption band observed at approximately 3340
cm for  HRS and 3318 cm™ for Neem was
unequivocally assigned to the O-H stretching
vibration of phenolic compounds and water [26]. The
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broad nature of this band was indicative of strong
hydrogen bonding, a property that can facilitate
interaction with the hydrated metal surface.

A critical diagnostic band for flavonoids and other
polar organic molecules, the strong C=O stretching
vibration of the carbonyl group, was identified
at 1722 cm™ and 1707 cm™ for HRS leaf extract and
Neem extract, respectively. The presence of
conjugated carbon-carbon double bonds (C=C), a
hallmark of aromatic rings in polyphenolic structures,
was confirmed by sharp peaks at 1628 cm™ (HRS)
and 1608 cm™ (Neem). Further evidence for aromatic
systems was provided by the peaks at
approximately 1438 cm™, attributable to aromatic C-
H in-plane bending vibrations. Additionally, the
aliphatic C-H stretching vibrations observed
around 2922 cm'in the Neem extract were
consistent with the methyl and methylene groups
prevalent in terpenoid structures, such as azadirachtin,
one of its primary active components [37,38].

Surface morphology

Scanning electron microscopy (SEM) was employed
to provide direct visual evidence of the protective
effect afforded by the HRS extract and Neem
extracts on the mild steel surface. The micrographs,
presented in Figure 4, offered a stark morphological
contrast which corroborated the electrochemical and
gravimetric findings. Surface of the mild steel
specimen exposed to the uninhibited 1 M HCI
solution (Figure 4A) exhibited severe deterioration,
characterised by a rough, porous and heavily etched
morphology. This extensive damage was a direct
consequence of aggressive acid attack, resulting in
uniform corrosion and significant metal dissolution
over the 24-hour immersion period.
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Figure 2. Impedance for MS specimen in 1M HCI with and without various concentrations of HRS leaf extract

(A) and Neem leaf extract (B)
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Figure 4. SEM images of MS: (A) absence of inhibitor, and presence of HRS (B) extract and Neem (C) extract

In profound contrast, the surfaces of specimens
protected with 400 ppm of the plant extracts (Figure
4B, 4C) remained remarkably intact and smooth. The
micrograph for the surface inhibited by HRS (Figure
4B) showed only minor, superficial etching, while the
surface protected by Neem (Figure 4C) also
demonstrated significant improvement as compared
to the blank, though with slightly more visible
surface features. This dramatic improvement in
surface morphology is a direct result of the
adsorption of inhibitor molecules, which formed a
coherent protective layer that acted as a barrier,
shielding the underlying metal from direct contact
with the corrosive electrolyte [39].

The correlation between surface morphology and
quantitative performance was clear. The superior
surface smoothness observed for the HRS-protected
sample aligned perfectly with its higher inhibition
efficiency (92.1%) as compared to Neem(86.6%)
and was determined by electrochemical techniques.
Therefore, the SEM  evidence  provided
incontrovertible visual proof of the proposed
inhibition mechanism, confirming that the bioactive
compounds in both extracts adsorb onto the mild
steel surface to form a compelling protective film that
significantly mitigated acid-induced corrosion.

Conclusion

This study establishes ethanolic extracts of HRS
and Neem as effective green corrosion inhibitors for
mild steel in 1 M HCI. Exhibiting mixed-type
inhibition, the extracts achieved efficiencies of 92.1%
and 86.6%, respectively, at 400 ppm. HRS
demonstrated superior performance due to enhanced
adsorption and robust protective film formation,
facilitated by electron-donating flavonoids and
polyphenolics. The mechanism was validated
electrochemically, with FTIR confirming active
adsorption sites and SEM visualising surface
protection. These findings positioned HRS as a
promising sustainable alternative to conventional
inhibitors for industrial acid applications.
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