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xtract as a sustainable corrosion
inhibitor for carbon steel in acidic media:
a combined electrochemical and computational
study

Qahtan A. Yousif, *a Sumit Sahil Malhotra,b Mahmoud A. Bedair, *c

Azaj Ansari *b and Ali K. Hadid

This study investigates the corrosion inhibition efficiency of safflower plant (SP) extract on carbon steel in

hydrochloric acid (HCl) solutions. The SP extract, obtained through Soxhlet extraction, was tested for its

ability to reduce corrosion using electrochemical techniques, including potentiodynamic polarization,

electrochemical impedance spectroscopy (EIS), and electrochemical frequency modulation (EFM). The

study revealed that the SP extract functions as an effective mixed-type inhibitor, significantly reducing

the corrosion current density and enhancing inhibition efficiency at concentrations up to 2.5 g L−1. It

achieved an inhibition efficiency of 89.56% at 2.5 g L−1. The adsorption mechanism is described in terms

of both physical and chemical adsorption processes, with the Langmuir isotherm fitting the adsorption

data. Computational modeling using density functional theory (DFT) further supported the experimental

findings, identifying key active compounds in SP extract that contribute to its inhibitory performance.

The study demonstrates the potential of SP extract as a sustainable and eco-friendly corrosion inhibitor

for industrial applications.
1. Introduction

The corrosion of metals is widely recognized as a signicant
economic phenomenon. Corrosion signicantly reduces the
longevity of metals, especially steel, which is widely utilized.1,2

Using acid solutions can signicantly damage enterprises due
to the substantial costs associated with corrosion-related
maintenance and production losses.3,4 Halting corrosive reac-
tions lowers the economy's growing need for natural resources
and the amount of hazardous materials created and released
into the environment.5,6 The chemical composition of these
compounds will impact the corrosion process.7,8 Reactive and
unstable metals engage in electrochemical processes in their
surroundings, creating more stable elements and reducing
energy.9,10 Carbon steel is crucial in numerous industries,
emphasizing its signicance in the oil and gas sector.11,12

Carbon steel is the most extensively utilized engineering
material globally, contributing to an estimated 85 percent of
annual steel production.13,14 Carbon steel corrosion poses
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a signicant challenge for numerous industries, especially in
the oil and gas sector.15,16 Its detrimental effects extend beyond
production stability and can have a detrimental impact on
project economics.5,17 Studies of carbon steel corrosion in acidic
media, particularly hydrochloric acid, have become more crit-
ical since acid solutions are widely used in industry.18,19 The
corrosion of metallic objects in an acidic solution is quite
expensive.20,21 In the past, industrial corrosion inhibitors
included inorganic salts and organic substances. However,
these inhibitors were ineffective at delaying corrosion because
they were expensive and dangerous and posed health and
environmental dangers in the event of a severe loss in
output.22–24 Thus, most conventional organic and inorganic
corrosion inhibitors are hazardous and can cause environ-
mental problems when disposed of.25 Regulations related to the
environment further limit their applicability.26 For example,
environmental pollution occurs when oileld inhibitors are
released from offshore production platforms into the ocean,
endangering marine life.27 Green or ecologically friendly
corrosion inhibitors prepared from natural materials have
emerged. Since 1960, plant extracts have been used to prevent
corrosion in an environmentally sustainable manner.17,28 The
rst plant extract used for this purpose was tannin.29 There are
many different plant parts and components from which extracts
can be prepared.30 Many chemical structures, such as aromatic
rings, carbonyl, carboxylic, amine, and hydroxyl, can be found
© 2025 The Author(s). Published by the Royal Society of Chemistry
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in these natural sources.31,32 These substances work as efficient
inhibitors to retard the corrosion of metals and alloys, partic-
ularly in acidic environments.33 Because so many plant
resources are available, these plant extracts are also widely
accessible.34 However, alternatives are more eco-friendly and
derived from plants, which can be used instead of synthetic
corrosion inhibitors.35,36 Several researchers have come up with
hypotheses to try to explain this phenomenon since the way
green corrosion inhibitors work depends on the structure of the
active ingredient.37–41 Thus, plant extracts' inhibitory mecha-
nism is oen based on their physical or chemical adsorption on
the metal surface, which creates a barrier that prevents the
corrosive species from accessing the metal and slows down
metal breakdown.17,30 An examination of research on developing
plant inhibitors for carbon steel indicates that these studies
have predominantly concentrated on carbon steel in HCl envi-
ronments.42,43 This is because carbon steel is extensively used in
various applications, such as chemical and electrochemical
processes like acid pickling, cleaning, and etching, which
require using acidic solutions, particularly HCl.44,45 Numerous
organic compounds, including avonoids, alkaloids, phenols,
and tannins, found in plant extracts have demonstrated
corrosion-inhibitive properties.46 The plant extracts contain
phenolic compounds that effectively adsorb on the metal
surface and impede corrosion.47 Various extraction methods,
such as Soxhlet extraction and ultrasound-assisted extraction,
can obtain extracts from different plant parts, such as seeds,
stems, pulp, and leaves, altering the signicant constituents
and their anticorrosive activity.48 Many studies have used plant
extracts as corrosion inhibitors for various metals and alloys
under different corrosive conditions.17,49,50 Only Fouda and his
group, as well as Nasibi and his group, have conducted any
Fig. 1 Leaves of safflower flowers and the chemical structure of some i

© 2025 The Author(s). Published by the Royal Society of Chemistry
recent studies on using the safflower plant (SP) as a corrosion
inhibitor.51,52 Both studies used an infusion of the plant's leaves
as an inhibitor to investigate the corrosion effect on commercial
60/40-brass samples and mild steel, respectively. This research
used the Soxhlet method to investigate how SP extract, a cheap
and naturally occurring substance, inhibits carbon steel corro-
sion in HCl acid solutions using electrochemical and surface
analysis methods. Density functional theory (DFT) helps us
understand the electrical properties of molecules that stick to
surfaces at the molecular and atomic levels. This lets us study
how well plant extracts stop corrosion and how they work, as
well as learn more about how chemicals react and work to
prevent corrosion.
2. The experimental methods
2.1. SP extract preparation

Since antiquity, safflower owers (Fig. 1) have been cultivated
for their use in fabric dyeing, culinary coloring, and seasoning
applications. The terminology “Safflower” is derived from its
substantial contribution to the dyeing sector. The seeds' oil
produces illumination, paint, and varnish.

The desiccated safflower ower samples were procured from
a local vendor, pulverized into a powder using a blender and
processed through pure water extraction. The powder (2.0 g) of
crushed leaves was extracted twice at 95 °C using Soxhlet
extraction in deionized water (1000 mL). The acquired solution
was subsequently concentrated at −0.05 MPa and desiccated at
80 °C. SP has been used at concentrations between 0.5 and 2.5 g
L−1. Because it is hygroscopic, the extract must be stored dry
and cold in a small, tightly sealed container. The largest and
most signicant constituents of the SP extract were identied by
mportant molecules present in it.

RSC Adv., 2025, 15, 21006–21025 | 21007
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GS/mass (Shimadzu Instruments), and the chemical results
showed that the safflower concentrate contains 2-piperidinone,
N-[4-bromo-n-butyl], 2-hexyl-1-decanol, 2-piperidone, 9-octade-
cenoic acid, undec-10-yonic acid, and tetradecyl ester.

2.2. Material preparation

Commercially available materials were used without any addi-
tional purication. The acid solutions were prepared by diluting
37% hydrochloric acid (Sigma-Aldrich) with distilled water.
Each experiment utilized 150 mL of electrolyte. The working
electrode consisted of carbon steel specimens with a nominal
composition of 2.19% C, 1.36% Mn, 3.10% Si, 0.10% Cr, 0.12%
Mo, 0.21% Ni, and 0.59% Cu, and the remaining balance was
Fe. The coupons were trimmed to dimensions of 1.5 × 1.5 cm
and then coated with polyester resin, resulting in a nal surface
area of 1 cm2. The carbon steel substrates were manually
abraded using several grades of emery paper, ranging from
rough to smooth, to achieve an appropriate so primary
surface. Subsequently, the substrates were degreased using
acetone and benzene solvents and rinsed with distilled water
before each electrochemical experiment. A 0.5 N hydrochloric
acid (HCl) solution was prepared by diluting 37% HCl with
distilled water. Each experiment utilized 150 mL of the
electrolyte.

2.3. Electrochemical measurement and surface inspection

A typical three-electrode cell conguration was used for the
electrochemical testing, with carbon steel as the working elec-
trode, platinum as the counter electrode, and a saturated
calomel electrode (SCE) as the reference electrode. Before
measurements, the working electrode (carbon steel) was
immersed in the test solution (0.5 M HCl ± SP extract) for
30 min to achieve a stable Eocp. The potentiostat device was
employed to study polarization at a 3 mV s−1 scan rate. Eqn (1)
was used to calculate the inhibitory efficiency53 (hP).

hP % ¼ 100

�
1� icorr

i0corr

�
(1)

The corrosion current densities are denoted as i0corr and icorr,
correspondingly, in the absence and presence of different
inhibitor concentrations. The EIS tests were conducted poten-
tiostatically at the open-circuit potential (Eocp) to avoid polari-
zation effects and ensure a stable interface. A frequency
response eld of 1 Hz to 100 kHz was used for the impedance
test, with amplitude of ±10 mV. Applying an appropriate
equivalent circuit to t the impedance data allows for extracting
all the information from the EIS. Estimating charging transfer
resistance (Rct), solution resistance (Rs), and inhibition effi-
ciency (hE %). The impedance spectrum was shown via Nyquist
and Bode graphs. The corrosion inhibition efficiency (hE %) was
determined using eqn (2) (ref. 54) based on the available data.
The charge transfer resistances Rct and R0

ct represent the
inhibitor's presence and absence, respectively.

hE % ¼ 100

�
Rct � R0

ct

Rct

�
(2)
21008 | RSC Adv., 2025, 15, 21006–21025
In addition, to fulll the requirements of electrochemical
frequency modulation (EFM), a potential perturbation signal
with amplitude of 10 millivolts and two sine waves with
frequencies of 2 and 5 hertz together with 16 cycles are also
utilized. The more prominent peaks were utilized to calculate
the corrosion current density (icorr), Tafel slopes (bc and ba), and
causality factors (CF-2 and CF-3). Eqn (3) can be utilized to nd
out the degree of efficiency.55

hF % ¼ 100

�
1� icorr

i0corr

�
(3)

To investigate the alterations in surface morphology, the
electrodes were exposed to an SP inhibitor; the specimens were
immersed in a solution of 0.5 N hydrochloric acid containing
2.5 g L−1 safflower extract at 25 °C. Aer 72 hours of waiting, the
electrodes were removed from the solution, washed with
distilled water, and dried. Then, images were taken using
a Sigma 300 machine set to energy-dispersive X-ray analysis
(EDX) for eld emission scanning electron microscopy (FE-
SEM). The FE-SEM prole details are recorded as resolution: 1
kV (2.2 nm), maximum scan speed (ions/pixel), accelerating
voltage: 0.02–30 kV.
2.4. Computational analysis techniques

Wemodelled the compounds 1 to 5 (compound 1: 2-hexyldecan-
1-ol, compound 2: octadec-9-enoic acid, compound 3: 1-(4-
bromobutyl)piperidin-2-one, compound 4: piperidin-2-one and
compound 5: tetradecyl undec-10-ynoate) with the help of Gauss
view 6.1 (ref. 56) soware and performed geometry optimiza-
tions by using Gaussian 16.57 In this current research work,
B3LYP58,59 functional and 6-311G (d,p)60 basis set is employed
for all the optimizations. The density of states (DOS) is calcu-
lated by using GaussSum soware.61 Hydrogens are omitted for
the better clarication of pictures.
3. Results and discussion
3.1. Electrochemical assessments

3.1.1 Open-circuit potential (OCP) curves. The OCP is
a straightforward electrochemical technique that offers initial
insights into the processes at the interface between the metal
and electrolyte. It represents the potential disparity between the
working electrode and the standard or reference electrode
without any external current. Before doing the electrochemical
experiments, it is necessary to establish a steady state.62 For this
reason, establishing a stable OCP is crucial before doing
potentiodynamic polarization, electrochemical impedance
spectroscopy, and electrochemical frequency modulation
experiments. As part of the experimental procedure, the
working carbon steel electrode is immersed in the test solution
before each concentration gradient test. Fig. 2 depicts the
variations in open circuit potential over 900 seconds aer being
immersed for one hour. The OCP vs. time curves for the
inhibited and uninhibited circumstances display nearly linear
trends, suggesting establishing a stable potential in both
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 OCP vs. time curves for steel in 0.5 N HCl solution without and
with different concentrations of SP at 25 °C.

Fig. 3 Potetiodynamic polarization curves for steel in 0.5 N HCl
solution without and with different concentrations of SP at 25 °C.
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possibilities. Based on the measurements, the OCP value in
a blank solution becomes stable at a less negative value,
specically −0.522 V. This occurs due to the dissolution of
carbon steel in a 0.5 N HCl acidic medium and the accumula-
tion of corrosion products on the metal's surface. Put another
way, the steady state is reached in a blank solution by intro-
ducing the possibility of a tiny shi to the positive side. Adding
varying concentrations of SP extract into a 0.5 N HCl solution
shis the OCP values in a positive direction. This shi occurs
because of the separation of charges at the interface between
carbon steel and the SP/solution.

Similar behavior is shown in the literature.63,64 Positive shis
in OCP values suggest the formation of a protective coating on
the surface of carbon steel, which reduces its dissolution. This
phenomenon can be attributed to the adsorption of SP extracts
onto the surface of the carbon steel. Fig. 2 demonstrates that the
OCP value of the blank solution differs only slightly (maximum
of 0.012 V) from the OCP values of the different concentrations
of SP in a 0.5 N HCl solution. This shows that SP can be cate-
gorized as a mixed-type corrosion inhibitor. In a highly acidic
environment, the anodic process involves the transfer of metal
ions into the solution. In contrast, the cathodic process reduces
hydrogen ions to generate hydrogen gas.65 SP is classied as
a mixed-type corrosion inhibitor, which can inuence both the
anodic and cathodic processes.

3.1.2 Potentiodynamic (PD) measurements. Plotting
polarization curves is a relatively new technique compared to
more conventional approaches, such as the gravimetric
method. One of the most signicant benets of this method is
that it allows for the rapid estimation of the corrosion rate
based on the densities of corrosion currents. As shown in Fig. 3,
the carbon steel electrode's representative PD curves were ob-
tained in a 0.5 N HCl solution with and without different
concentrations of SP inhibitor.

As indicated in Table 1, the following electro-chemical and
kinetics parameters can be calculated by extrapolating Tafel
polarization curves: corrosion potential (Ecorr), corrosion
© 2025 The Author(s). Published by the Royal Society of Chemistry
current density (icorr), anodic Tafel slope (ba), cathodic Tafel
slope (bc), coverage area (q), and inhibition efficiency (hP). The
Tafel plots reveal that adding the inhibitor shis the polariza-
tion curves towards less negative potentials, aligning with the
OCP method's results. Similarly, we found that the corrosion
current density decreased as the concentration of the SP
inhibitor in the 0.5 N HCl acid solution increased, leading to
a rise in the effectiveness of inhibition. The addition of various
concentrations of SP inhibitor in this investigation moderately
inuences the values of ba and bc. This demonstrates that the SP
inhibitor alters the corrosion reaction and controls both the
cathodic and anodic reactions. The lowest icorr value (213.6 mA
for Blank, 22.28 mA for SP extract 2.5 g L−1) was recorded at the
highest inhibitor concentration. The inhibitory efficiency
increases at 2.5 g L−1 concentration (hP % = 89.56%). Previous
studies23,24,66 have elucidated these ndings, demonstrating that
the decrease in icorr results from the adsorption of SP extract
molecules onto the metal surface and the creation of lms on
the active sites. This lm formation reduces the medium's
corrosive nature at the carbon steel and acid solution interface.
Table 1 establishes a direct correlation between the corrosion
current density and the corrosion rate. The carbon steel's
surface coverage increases as SP concentration increases. A
protective layer formed by more inhibitor molecules adsorbing
to the surface lowers the corrosive current. Thus, the Ecorr values
change slightly when an SP inhibitor is present, as shown in
Table 1. As stated in the OCP evaluation, a maximum deviation
of 09 mV was observed between the blank solution's Ecorr value
and the Ecorr values of the different SP concentrations in a 0.5 N
HCl solution (this value does not exceed 85mV). Because of this,
we say that this inhibitor is mixed.67 The mixed-type behavior of
SP extract can be attributed to its ability to adsorb onto both the
anodic and cathodic sites of the carbon steel surface through
nitrogen- and oxygen-containing functional groups present in
the extract. These functional groups, such as –OH, –NH, and
C]O (as conrmed by ATR-FTIR analysis), interact with the
RSC Adv., 2025, 15, 21006–21025 | 21009
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Table 1 Electrochemical parameters for steel dissolution in 0.5 N HCl solution containing different concentrations of the SP extract obtained
from polarization measurements at 25 °C

Conc. (g L−1) Ecorr vs. SCE (mV) icorr (mA cm−2) ba (mV dec−1) bc (mV dec−1) k (mpy) q hp %

— −500 213.6 83.60 −127.7 196.2 — —
0.5 −503 87.64 73.10 −86.20 107.4 0.5897 58.97
1.0 −496 76.55 87.50 −101.0 97.15 0.6416 64.16
1.5 −492 54.23 80.80 −96.30 85.46 0.7461 74.61
2.0 −496 36.45 77.80 −108.7 78.35 0.8293 82.93
2.5 −491 22.28 66.40 −92.50 46.27 0.8956 89.56
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metal surface via donor–acceptor mechanisms, thereby
reducing both the dissolution of iron and the evolution of
hydrogen gas.68 The SP extract adsorbs onto the active sites of
Fig. 4 Electrochemical frequency modulation curves for steel in 0.5 N H

21010 | RSC Adv., 2025, 15, 21006–21025
carbon steel, thereby inhibiting both anodic oxidation and
cathodic reduction reactions,69 which explains SP's inhibitory
characteristics.
Cl solution without and with different concentrations of SP at 25 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Electrochemical kinetic parameters obtained by EFM technique for steel in the absence and presence of various concentrations of SP
extract in 0.5 N HCl at 25 °C

Conc. (g L−1) icorr (mA cm−2) ba (mV dec−1) bc (mV dec−1) CF-2 CF-3 k (mpy) q hE %

— 398.8 33 −38 1.499 2.225 234.0 — —
0.5 193.2 84 −102 1.899 3.023 89.57 0.5155 51.55
1.0 148.7 89 −112 1.930 2.998 69.56 0.6271 62.71
1.5 121.9 90 −103 1.831 3.192 52.01 0.6943 69.43
2.0 96.11 91 −105 2.059 3.006 30.14 0.7590 75.90
2.5 63.50 86 −113 2.003 3.190 23.88 0.8407 84.07
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3.1.3 Electrochemical frequency modulation (EFM). EFM is
an efficient and reliable method for measuring corrosion. It
provides accurate values of the corrosion current without the
need for Tafel constants.70 This phenomenon occurs because of
the current's non-linear potential, which causes the system to
respond non-linearly to potential stimulation.44 The frequency
Fig. 5 Nyquist plots (a), Bode, phase angle plots (b), Nyquist plots at diffe
different concentrations of SP at 25 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
component of the ow response includes the input frequency,
the difference, the increase, and multiple input frequency
gains.55 Electrochemical frequency modulation (EFM) can
measure the gradient (b1 and b2), the rate of corrosion (k), the
current density (icorr), and the causality factors (CF-2 and CF-3)
in a single set of data. Fig. 4 illustrates an example of the
rent immersion time (c) for steel in 0.5 N HCl solution without and with

RSC Adv., 2025, 15, 21006–21025 | 21011
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intermodulation spectrum, the EFM spectrum of SP extract.
Table 2 displays the EFM electrochemical parameters for
a carbon steel sample in 0.5 N HCl at 25 °C with different
corrosion-inhibitory concentrations of SP extract.

Increasing the SP inhibitor's concentration decreases icorr
while simultaneously expanding the inhibitor's effectiveness.
The SP extract inhibitor was successful since the rate of corro-
sion dropped from 234.0 mpy to 46.88 mpy. Given that the usual
values for CF-2 and CF-3 are 2.0 and 3.0, respectively,71 any
discrepancies in the causality factor values from the theoretical
benchmarks may be attributed to a little perturbation ampli-
tude, insufficient spectral frequency resolution, or a malfunc-
tioning inhibitor. If the causative factors closely align with the
expected values, a causal link exists between the perturbation
signal and the response signal. The statistics are thereaer
regarded as reliable. Table 2 shows casualty factor values that
are becoming close to the standard values, which means the
data are promising and support both the Tafel slopes and the
icorr. As mentioned earlier, applying eqn (3) yielded the inhibi-
tory efficiency (hF %). SP has the highest inhibition efficiency, at
84.07%, based on the obtained percentage of efficiencies.

3.1.4 Electrochemical impedance spectroscopy (EIS). Elec-
trochemical impedance spectroscopy (EIS) was used to evaluate
the protective efficacy of safflower extract (SP). Fig. 5a and
b illustrate the Nyquist and Bode plots for steel submerged in
a 0.5 N HCl solution at 298 K. Fig. 5 depicts the impact of
different concentrations of the inhibitor in a 0.5 N HCl solution.
The SP did not modify the capacitance loop structure of the
carbon steel relative to the uninhibited solution, suggesting
that the SP molecules stuck to the steel surface, creating
a protective coating.72 The Nyquist plot shows a depressed
semicircle, indicative of the double layer capacitance and its
polarization resistance, which is crucial for corrosion
mitigation.

The Bode plots indicate that with an increase in SP
concentration, the peak magnitude also elevates, implying
a decrease in the capacitive behavior of steel attributed to SP
adsorption on the steel surface.73

An equivalent circuit model (Fig. 5a) was used to analyze the
EIS data, with the ndings described in Table 3. Rs, Rct, and Rf
denote the resistances linked to the solution at the interface of
the working/reference electrodes, the charge transfer mecha-
nism, and the surface layer, respectively. In this context, the
total resistance is represented by polarization resistance (Rp =

Rct + Rf). Constant phase elements (CPE) denote the capacitance
of the double layer (CPEdl) and the surface lm (CPEf), with
their values indicating the system's non-ideal characteris-
tics.74,75 The value ‘n' measures the divergence from optimal
capacitance, affected by the porous conguration of the metal
surface. The chi-squared value (c2), which is less than 10−2,
indicates a robust concordance between the experimental data
and the model.76 The Rp values showed a distinct correlation
with differing SP concentrations, indicating improved protec-
tive efficacy with greater dose. EIS measurements were also
conducted by immersing a carbon steel electrode in a 0.5 M HCl
solution containing 2.5 g per L SP extract for varying durations
(2–12 hours). The results are presented in Fig. 5(c). The Nyquist
21012 | RSC Adv., 2025, 15, 21006–21025 © 2025 The Author(s). Published by the Royal Society of Chemistry
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plot displays a capacitive reactance semicircle that increases in
radius with longer immersion while maintaining its shape. This
suggests that SP's inhibition efficiency strengthens over time
without altering its inhibition mechanism. The slight variation
in arc radius across immersion periods further supports the
long-term protective effect of SP.

The inhibition effectiveness increased with greater concen-
trations of SP, reaching a maximum of 84.65% at 2.5 g L−1,
demonstrating its effective corrosion inhibition capability.
Moreover, the CPEdl value decreased with the increasing SP
concentration, attributable to the substitution of water mole-
cules at the metal/solution interface by SP molecules.77,78 This
resulted in the effective protection of the steel surface from
corrosion in 0.5 N HCl solution via the development of
a protective extract layer. Table 3 illustrates a clear association
Fig. 6 Potentiodynamic polarization curves for carbon steel in a 0.5 N H

© 2025 The Author(s). Published by the Royal Society of Chemistry
between elevated SP concentrations and augmented charge
transfer resistance (Rct), resulting in enhanced inhibitory
efficiency.
3.2. Effects of temperature and thermodynamic
considerations

Inhibitor applications in corrosive systems are signicantly
restricted by their diminished efficacy as temperatures uc-
tuate, which validates the effectiveness of the SP extract inhib-
itor as temperatures rise. To achieve this, it is crucial to
recognize that the impact of temperature on the inhibited acid–
metal reaction is intricate.79 This is because the metal surface
undergoes numerous modications, including the rapid
etching and desorption of the inhibitor, as well as the
Cl acidic solution and an SP extract inhibitor at different temperatures.

RSC Adv., 2025, 15, 21006–21025 | 21013
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inhibitor's decomposition and rearrangement in certain
instances. Nevertheless, it provides the capacity to calculate
numerous thermodynamic functions and kinetic consider-
ations for the adsorption and inhibition processes, which are
instrumental in determining the type of adsorption inhibitor.
An experiment was conducted to investigate the effect of
temperature on the dissolution of steel in a controlled envi-
ronment. Experiments were carried out at different tempera-
tures (298–318 K) to study the behavior of a carbon steel
electrode in a 0.5 N HCl acidic solution. Additionally, specic
concentrations of SP extract inhibitor were added to determine
its effectiveness as a corrosion inhibitor at elevated tempera-
tures and to understand the nature of its adsorption. Based on
the analysis of these data, it is possible to infer the occurrence
of either adsorption (chemisorption) or physisorption.80 As the
temperature increases, the strength of chemisorption is
enhanced, while physical adsorption becomes more prominent
at lower temperatures.

The polarization curves for carbon steel in a 0.5 N HCl acidic
solution and an SP extract inhibitor at different temperatures
can be seen in Fig. 6. Based on the data provided, the cathodic
Fig. 7 The relationship between the absolute solution temperature (K), th
medium (B).

21014 | RSC Adv., 2025, 15, 21006–21025
and anodic branches show increased current density with rising
temperature, indicating enhanced electrochemical activity.
Variations in temperature signicantly affect the Tafel slopes
obtained from polarization measurements. As the temperature
rises, the values of corrosion potential tend to increase but
eventually reach a point where they stabilize and no longer
change.

Fig. 7 illustrates the relationship between the absolute
solution temperature (K), the corrosive current density, and
corrosion efficiency in the corrosion medium. From Fig. 7, it
was clear that as the temperature rises, so does the corrosive
current density of the carbon steel electrode in a solution that
does not have the SP extract inhibitor. The reason for this is that
as the temperature of the solution rises, reactive species move
more quickly to the electrode surface and along all other
corrosion pathways, including electrochemical and chemical
reactions. Compared to the uninhibited system, the corrosion
current densities of the inhibited systems are consistently
lower. In the present study, these results suggest that the
temperature range under investigation is appropriate for the SP
inhibitor. Fig. 7 shows how the investigated SP inhibitor
e corrosive current density (A), and corrosion efficiency in the corrosion

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The Arrhenius plot for carbon steel deterioration in the absence
and presence of SP extract.

Fig. 9 Langmuir adsorptionmodels for SP on the steel surface in 0.5 N
HCl.
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changed the hp % of carbon steel in a 0.5 N HCl acidic solution
when the temperature was changed. According to this graph,
the ability to provide protection decreases as the temperature of
the solution increases. The performance is characterized by
chemical adsorption. The reason for this is that increasing the
reaction temperature reduces the strength of the bond between
the inhibitor species and the metal interface. The formation
and alteration of a coordinate bond result from the transfer of
the p-density of molecular electrons from inhibitor molecules
to open d-orbitals81 at the electrode surface. This process forms
the foundation of the chemisorption mechanism. Fig. 8 shows
the Arrhenius plot for carbon steel deterioration in the absence
and presence of SP extract. The following equation, based on
the Arrhenius model,82 connects the apparent activation energy
(Ea) and the (icorr) SP inhibitor:

log icorr ¼ logA�
�

Ea

2:303R

��
1

T

�

where R, T, Ea, and A are the gas constant, temperature (K),
apparent activation energy, and Arrhenius factor, respectively.
By comparing the activation energy in the uninhibited and
inhibited systems, valuable insights into the mechanism of the
adsorption routes of the SP extract inhibitor could be obtained.

The slope of the straight line in Fig. 8 is utilized to calculate
Ea values. In comparing the Ea values of the uninhibited acidic
solution (15.03 kJ mol−1) and the inhibited one
(8.916 kJ mol−1), it is evident that the chemical adsorption
process is more pronounced in the former. This could be
attributed to a change in the overall degradation pattern,
shiing from exposed surfaces to areas that have undergone
adsorption. This results in a signicant decrease in activation
energy at an enhanced level of the protective process. This is
done by overlapping the electron density of the SP extract
molecules with unlled d-orbitals of iron to control the anodic
process of a corrosion reaction and validate the chemical
adsorption mechanistic pathway via the formation of
© 2025 The Author(s). Published by the Royal Society of Chemistry
a coordination bond. The Langmuir isotherm was used to
analyze the experimental data of the adsorption process of the
SP extract inhibitor on carbon steel in the 0.5 N HCl corrosive
solutions under investigation. Fig. 9 presents the Langmuir
adsorption model80 shown as Cinh/q vs. Cinh.

Thermodynamic parameters are necessary for comprehend-
ing the mitigation process's mechanistic pathway. The
variableDG0

ads, representing the degree of standard free energy,
can be acquired via the formula recorded in previous publica-
tions.83 The DG0

ads results are typically utilized to conrm the
adsorption classication84 between the carbon steel surface and
SP extract inhibitor. The computed values for the adsorption
constant (Kads) and the standard Gibbs free energy change
(DG0

ads) are 1.991 L g−1 and −35.94 kJ mol−1, respectively. The
decent value of Kads indicates that the SP inhibitor molecules
bind more efficiently with the carbon steel surface, providing
improved protection. These ndings were consistent with
previous studies in the literature.85,86 The Kads value showed that
the adsorption of SP inhibitor molecules on the surface of
carbon steel was a complicated process that involved both
chemical and physical adsorption. This means that between
−20 and −40 kJ mol−1, physisorption and chemisorption occur
together.87
3.3. FE-SEM investigation

The surface morphology of carbon steel was analyzed to explore
the inhibitory properties of SP extract. Fig. 10 shows FE-SEM
images of the carbon steel surface aer being in 0.5 N HCl for
72 hours with and without 2.5 g L−1 of SP extract inhibitor.
There were deep ravines and large pits on the carbon steel
surface without SP, which was signicantly different from the
polished surface (Fig. 10a). As shown in Fig. 10b, this indicated
severe corrosion of carbon steel in a 0.5 N HCl solution.88

However, it was clear that the carbon steel surface had
a smoother shape when 2.5 g L−1 of SP was added.89 This differs
RSC Adv., 2025, 15, 21006–21025 | 21015
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Fig. 10 SEM images of (A): polished steel, (B): steel/0.5 N HCl and (C): SP/steel/0.5 N HCl.
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from the polished surface morphology; in the presence of SP
extract, the inhibitor forms a dispersed aggregative layer across
the entire steel surface, indicating effective adsorption. These
events also showed that the inhibitor molecules adsorbed to the
carbon steel's surface and formed a protective lm. As seen in
Fig. 10c, this blocked the corrosion that the acidic solution was
causing.
3.4. Adsorption of SP analysis

3.4.1 ATR-FTIR analysis. Fig. 11 signies the ATR-FTIR
spectrum of SP inhibitor and the construction of a protective
lm on the carbon steel surface aer immersion for 24 h in
0.5 N HCl with the optimum concentration of 2.5 g L−1 of SP
inhibitor, as shown in Fig. 11. The signicant peak intensities of
the SP extract were observed; the peak intensity at 3386.7 cm−1

was attributed to phenolic (–OH) stretching vibration. The peak
intensity at 3171.5 cm−1 corresponded to (–H–C]C–H–)
stretching vibration due to asymmetric stretching of alkene.
Also, the peak intensity at 2962.3 cm−1 corresponded to (–C–H)
stretching vibration due to alkanes. It was also strong at
2962.3 cm−1 for a stretching C–H sp3 of hydrocarbon chains. So,
it was seen to be weak at 2424.4 cm−1 for stretching of methy-
lene (–CH2–) groups symmetrically. In addition, a peak at
Fig. 11 ATR-FTIR spectrum of SP inhibitor on the carbon steel surface
after immersion for 24 h in 0.5 N HCl with the optimum concentration
of 2.5 g L−1 of SP inhibitor.

21016 | RSC Adv., 2025, 15, 21006–21025
2054.4 cm−1 was the corresponding aldehyde peak due to C]
stretching vibration. Moreover, the attained peak at
1672.6 cm−1 is behind carbonyl (C]O) stretching vibrations.
Also, the strengths seen at 1596.3 cm−1 and 1485.5 cm−1 were
due to amines' N–H bending vibrations and amides' –C–N
stretching vibrations. However, the peak at 1272.5 cm−1 was
associated with (–CH2) out-of-plane deformation vibration
modes. Meanwhile, the peak at 1110.4 cm−1 corresponds to
a symmetric stretch of the –(C–O–C) bond. Another critical
point is that the (C]C–H) bending of trans-disubstituted olen
groups causes the peak at 801.3 cm−1. So, the peak at
604.8 cm−1 is due to carbon–hydrogen bonds, which can be put
into two groups: symmetric in-plane and out-of-plane defor-
mation bending modes. It can be seen in Fig. 11 that the ATR-
FTIR spectra of the protective lm formed on the carbon steel
surface showed all the characteristic peaks of the SP pure
inhibitor, indicating that the inhibitor adsorbed on the carbon
steel surface. From the obvious peaks, function groups such as
C]O and NH appear on the carbon steel surface. Besides, there
were small changes, and some frequencies of weak function
groups were shied signicantly in the case of SP-carbon steel,
as shown in Fig. 11. The above ndings clearly illustrate that the
Fig. 12 UV-visible spectra of SP before and after immersion in carbon
steel.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecules of the SP extract enhanced the inhibition of corro-
sion by the adsorption process and hence retarded the
corrosion.

3.4.2 UV-visible investigation. UV-visible spectroscopy
observations were conducted to understand the possibility of
complex formation between carbon steel and the SP inhibitor. It
has been demonstrated that a change in the value of absorbance
or change in the position of the absorption maximum results in
a complicated conguration between two species in solution.
Fig. 12 shows UV-visible spectra of SP before and aer immer-
sion in carbon steel, measuring inhibitor adsorption on the
metal surface. The UV-visible spectrum of SP before metal
treatment shows two peaks at 491 and 621 nm, corresponding
to the p–p* transition from C]N and n–p* transition from
C]O functional groups. Aer metal exposure, the spectrum
exhibits the same absorption peaks with small modications.
The absorption peaks showed a minor hypsochromic shi.
Changes in the absorption band conrm the combination of SP
and Fe2+ ions formed during the corrosion reaction.90

3.5. Computational results

3.5.1 Optimization and frontier molecular orbital analysis
(FMOs). At rst, we have optimized all ve compounds which
are shown in Fig. 13. According to Frontier Molecular Orbital
(FMO) theory, the effectiveness of corrosion inhibitors can be
predicted based on their electronic structure. The Highest
Occupied Molecular Orbital (HOMO) energy level indicates the
molecule's ability to donate electrons, while the Lowest Unoc-
cupied Molecular Orbital (LUMO) energy level represents its
capacity to accept electrons.91 An ideal corrosion inhibitor
should have a high HOMO energy and a low LUMO energy. A
high HOMO energy means the inhibitor is more likely to donate
electrons to the metal surface, forming a protective layer.92,93 A
low LUMO energy indicates that the inhibitor is less likely to
accept electrons from the metal, preventing the corrosion
process. Therefore, an inhibitor molecule with a large differ-
ence between its HOMO and LUMO energies is generally
considered a more effective corrosion inhibitor.94,95 The HOMO
value for compounds 1–5 are computed to be −7.34 eV,
−6.65 eV, −6.15 eV, −6.63 eV and −7.35 eV respectively see
Fig. 14. The compound 3 has the greatest EHOMO value
Fig. 13 Optimized structures of compounds 1–5.

© 2025 The Author(s). Published by the Royal Society of Chemistry
compared to those of other species. The LUMO value for
compounds 1–5 are computed to be −0.89 eV, −0.07 eV,
−1.40 eV, −0.63 eV and −0.04 eV respectively. The compound 3
has the lowest ELUMO value compared to those of other species.
Reducing the energy gap between the HOMO and LUMO levels
(DE) is crucial for enhancing the corrosion inhibition properties
of these compounds. A smaller DE suggests a greater propensity
for electron transfer, which is a key factor in forming protective
layers on the metal surface.96,97 The energy gap (DE) for
compounds 1–5 are computed as 6.44 eV, 6.58 eV, 4.75 eV,
6.00 eV and 7.31 eV respectively. The energy gap (DE) between
the HOMO and LUMO levels of compound 3 is smaller than that
of the other species. This suggests that compound 3 is more
likely to be adsorbed onto the metal surface, due to its increased
propensity for electron transfer.98,99

The FMOs research is further substantiated by the density of
states (DOS) analysis shown in Fig. 15, which quanties the
number of states within a unit energy interval of the
system.100,101 The density of states (DOS) quanties the number
of states within a unit energy interval and is crucial for
analyzing fragment interactions and their contributions to
molecular orbitals (MOs).

The analysis of FMOs, their percentage composition, and the
density of states around HOMOs and LUMOs demonstrated
that differing electron-withdrawing strengths of acceptor
components may substantially modify the electron density
distribution on molecular orbitals. Positive and negative energy
values on the density of states graph indicate bonding and
antibonding orbitals, respectively. A value of 0 indicates the
absence of contact between bonding orbitals. DOS computa-
tions validate the FMO results. The distribution patterns of
HOMO and LUMO, as well as the energy gap between them,
uctuate based on the acceptor groups. Thus, DOS spectra can
quantitatively evaluate the existence of contacts.

Additionally, these frontier molecular orbitals (FMOs) are
employed to examine global reactivity descriptors and analyze
the properties of the investigated compounds 1–5.102 This
information can be used to understand the relationship
between energy, structure and reactivity characteristics of
complexes such as IP (Ionization Potential), EA (Electron
Affinity), electronegativity (c), hardness (h), soness (s), and
RSC Adv., 2025, 15, 21006–21025 | 21017
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Fig. 14 Frontier molecular orbitals and energy gap of compounds 1–5.
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dipole moment (m). The global reactivity descriptors utilizing
Koopman's theorem103,104 can be described as follows,

IP (ionization potential) = −EHOMO (4)

EA (electron affinity) = −ELUMO (5)

Hardness ðhÞ ¼ ðIP� EAÞ
2

(6)

Softness ðsÞ ¼ 1

h
(7)

Electronegativity ðcÞ ¼ ðIPþ EAÞ
2

(8)

DEback-donation ¼ �h
4

(9)

A low electronegativity (c) value oen signies the inhibitors'
tendency to donate electrons to the metal surface. In contrast,
inhibitor molecules with elevated electronegativity have an
increased propensity to receive an electron from the steel
21018 | RSC Adv., 2025, 15, 21006–21025
contact, a process known as “back-donation”, thereby forming
a stronger connection with the metal surface.105 Table 4 indi-
cates that all species have elevated electronegativity, indicating
their tendency to participate in back-donation and establish
stronger connections with the metal contact. Moreover, so-
ness (s) and hardness (h) function as metrics for the stability
and reactivity of inhibitor compounds. So molecules have
enhanced protective properties relative to hard molecules due
to their efficient electron transfer to the contacting metal
surface during adsorption, rendering them more effective
corrosion inhibitors.106

As shown in Table 4, compound 3 demonstrates superior
inhibitory properties attributed to its higher s value and lower h
value compared to the other species. Additionally, the inhibi-
tor's ability to donate or accept electrons is evaluated by the
fraction of DEback-donation. Moreover, when the DEback-donation
value is negative, it signies that the molecule withdraws an
electron from the metal surface atoms. In response, the metal
atoms, now electron-decient, tend to reclaim an electron from
the molecule through back-donation. This dynamic exchange is
energetically favourable and leads to a stronger interaction
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Density of states of compounds 1–5.
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between the molecule and the metal surface.107 As illustrated in
Table 4, the DEback-donation values for all compounds 1–5 are
negative, suggesting that back-donation is a preferred
© 2025 The Author(s). Published by the Royal Society of Chemistry
mechanism for these species to establish a robust bond with the
metal interface. The dipole moment serves as another critical
parameter within the corrosion protection prognosis approach.
RSC Adv., 2025, 15, 21006–21025 | 21019
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Table 4 Global descriptor parameters for compounds 1–5

Compounds HOMO (eV) LUMO (eV) Eg (eV) h (eV) m (debye) S (eV) c (eV) DEback-donation (eV)

1 −7.34 −0.89 6.44 3.22 1.43 0.31 −4.11 −0.80
2 −6.65 −0.07 6.58 3.29 1.86 0.30 −3.36 −0.82
3 −6.15 −1.40 4.75 2.37 4.61 0.42 −3.77 −0.59
4 −6.63 −0.63 6.00 3.00 4.05 0.33 −3.63 −0.75
5 −7.35 −0.04 7.31 3.65 1.38 0.27 −3.69 −0.91
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An increase in dipole moment leads to enhanced adsorption of
the molecule onto the metallic surface and a corresponding
increase in distortion energy.108 Consequently, a higher dipole
moment generally correlates with improved corrosion inhibi-
tion. As shown in Table 4, compound 3 exhibits a signicantly
higher dipole moment (4.61 debye) compared to the other
compounds (compound 1: 1.43 debye, compound 2: 1.86 debye,
compound 4: 4.05 debye, compound 5: 1.38 debye). The supe-
rior inhibition efficiency of the SP extract at 2.5 g L−1 (89.56%)
correlates well with the presence of compound 3 as the domi-
nant constituent. Its favorable electronic structure including
the presence of electronegative atoms (N and O) supports
coordination with Fe atoms, forming a protective layer that
reduces corrosion, the lowest DE value (indicating enhanced
reactivity and adsorption tendency) that facilitates electron
transfer between the inhibitor and the metal surface and the
highest dipole moment (suggesting stronger interaction with
the metal surface) that enhances adsorption by promoting
orientation toward the charged metal surface, provides
a molecular-level explanation for the observed electrochemical
behavior.109 This suggests that compound 3 has a greater affinity
for adsorption on the metal surface, potentially resulting in
enhanced corrosion protection.

3.5.2 Molecular electrostatic potential (MEP). MEP maps
are crucial instruments for pinpointing reactive regions within
molecules, indicating possible areas for electrophilic and
nucleophilic interactions. MEP fundamentally represents the
energy resulting from the interaction between a molecule's
charge dispersion and a positive point charge. The color
gradient on MEP maps uses red, blue, and green to denote
negative, positive, and neutral areas, respectively.110 A red area
signies a pronounced negative nucleophilic nature, rendering
it vulnerable to electrophilic assault. In contrast, a dark blue
area indicates an electrophilic characteristic, exhibiting
a strong positive charge and susceptibility to nucleophilic
assault. The yellow zone exhibits a lesser degree of negativity
compared to the red region, while the light blue region displays
a lesser degree of positivity than the dark blue region. The green
hue signies a virtually neutral potential in comparison to both
the red and blue areas.111–119

Compound 1 exhibits a red colour surrounding the oxygen
atom, a blue colour over the hydrogen of the hydroxyl group,
and a green colour enveloping the entire decane carbon chain.
Compound 2 displays a red color surrounding the oxygen atom,
a blue color over the hydrogen of the hydroxyl group, and
a green color encompassing the entire octadec-9-ene carbon
21020 | RSC Adv., 2025, 15, 21006–21025
chain. Compound 3 exhibits a red color surrounding the oxygen
atom, a blue color over the hydrogen of the piperdone ring, and
a green color enveloping the entire bromobutyl chain.

Compound 4 exhibits a red color surrounding the oxygen
atom, a blue color over the “NH” group that is azane of the
piperdone ring, and a green color enveloping the entire piper-
idine ring. Compound 5 displays a red color surrounding the
oxygen atom, a blue color over the hydrogen of the hydroxyl
group, and a green color encompassing the entire tetradecane
chain see Fig. 16. The electronegative potential values for
compound 1, compound 2, compound 3, compound 4 and
compound 5 are −4.972 × 10−2, −5.312 × 10−2, −5.880 × 10−2,
−6.490 × 10−2 and −5.427 × 10−2 respectively. MEP maps
indicate that compound 4 possesses the highest electronegative
potential compared to the other species.

3.6. Inhibition mechanism of SP extract

Based on experimental observations (EIS, ATR-FTIR, FE-SEM/
EDX) and theoretical calculations (DFT), we propose the
following inhibition mechanism for SP extract on carbon steel
in 0.5 M HCl solution:

In the absence of the inhibitor, corrosive species such as H+,
Cl−, and H2O can easily reach the steel surface, leading to severe
corrosion.120 When Sp extract is introduced into the medium, it
contains several electron-rich compounds, including 2-piper-
idinone, N-[4-bromo-n-butyl], 9-octadecenoic acid and tetra-
decyl undec-10-ynoate. These compounds possess heteroatoms
(N, O) and conjugated systems, enabling them to donate elec-
tron pairs to vacant d-orbitals of Fe atoms on the carbon steel
surface. This leads to the formation of: Fe–N and Fe–O coordi-
nation bonds, conrmed by ATR-FTIR analysis showing char-
acteristic peaks corresponding to these bonds aer immersion
in SP-containing solution. A protective adsorbed layer that
physically blocks aggressive ions (H+, Cl−) from reaching the
metal surface.121 From PDP results: The Ecorr shi was less than
±85 mV, indicating mixed-type inhibition, where both anodic
dissolution and cathodic hydrogen evolution are suppressed.
DFT calculations further support this behavior by showing that
key compounds (especially compound 3) exhibit strong reac-
tivity toward both oxidation and reduction reactions. The vari-
ation in Rct and CPEdl with SP concentration ts well with the
Langmuir isotherm, suggesting: monolayer adsorption of
inhibitor molecules on the steel surface and no lateral interac-
tions between adsorbed molecules. Maximum surface coverage
at 2.5 g L−1, consistent with the highest inhibition efficiency
observed. FE-SEM/EDX analysis showed a smooth, uniform
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03333k


Fig. 16 MEP maps of compounds 1–5.

Table 5 Comparison of the inhibition efficiencies (IE %) of SP extract with other extracts from literature

Extract name Extraction method Plant part used Medium Substrate Concentration IE % Ref.

Dactyloctenium
aegyptium extract

— Whole plant 0.5 M HCl Carbon steel 800 ppm PDP: 76.5 122
EIS: 70.6

Kopsia teoi extracts
(KTDAE)

Maceration Aerial parts 0.5 M HCl Mild steel 500 ppm PDP: 77.84 123
EIS: 87.04

Heat-assisted extracted
Melilotus officinalis (HAE)

Heat-assisted
extraction

Leaves 0.5 M HCl Carbon steel 800 ppm PDP: 82.0 124
EIS: 82.3

Cleome arabica
L. extract

Soaking Whole plant 0.5 M HCl AISI 1045
carbon steel

1.0 g L−1 PDP: 87.89 125
EIS: 77.8

Safflower extract (SP) Soxhlet extraction Whole plant
(ower/leaves)

0.5 M HCl Carbon steel 2.5 g L−1 PDP: 89.56 This
studyEFM: 84.07

EIS: 84.65
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layer formed on the steel surface in the presence of SP extract.
EDX spectra conrmed the presence of N and O from the extract
on the inhibited surface, reinforcing the adsorption mecha-
nism. DFT results highlighted compound 3 (1-(4-bromobutyl)
piperidin-2-one) as the most active component due to: highest
HOMO energy / strong electron donating capability, lowest
LUMO energy / high electron accepting tendency, smallest
energy gap (DE) / enhanced reactivity and High dipole
moment/ better orientation towards the metal surface. These
properties align with the observed strong adsorption and high
inhibition efficiency.

Table 5 presents data on plant extracts, as reported in the
literature, along with their inhibition efficiencies.122–125 The
inhibition efficiency of SP extract against carbon steel alloy
corrosion was comparable and exceeded that of several extracts
in literature. The inclusion of ‘method of extraction’ and ‘plant
© 2025 The Author(s). Published by the Royal Society of Chemistry
part used’ highlights the importance of preparation techniques
and source material in determining the efficacy of plant-based
corrosion inhibitors. For instance, the Soxhlet extraction
method used in this study ensures a higher yield of active
compounds compared to simple maceration or soaking
methods, potentially contributing to the superior inhibition
efficiency observed for SP extract. In this study, SP extract ach-
ieved higher efficiency (PDP= 89.56%) than previously reported
extracts (76.5%, 77.84%, 82.0%, and 87.89%). These results
indicate that this research builds logically on prior studies of
plant extracts as green inhibitors.

4. Conclusion

The ndings of this study demonstrate that safflower plant (SP)
extract is a highly effective green corrosion inhibitor for carbon
RSC Adv., 2025, 15, 21006–21025 | 21021
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steel in acidic environments. The extract signicantly reduces
the corrosion rate and enhances inhibition efficiency, particu-
larly at higher concentrations (up to 2.5 g L−1). The mechanism
of inhibition is attributed to both physical and chemical
adsorption, as supported by experimental and computational
data. The Langmuir adsorption model successfully described
the inhibitor's adsorption behavior. Theoretical studies using
density functional theory (DFT) further elucidated the interac-
tion between key active compounds in the SP extract and the
metal surface, conrming their role in inhibiting corrosion.
Computational modeling and analysis of the ve studied
complexes (compounds 1–5) reveal signicant insights into
their corrosion inhibition potential. Among them, compound 3
stands out as the most effective inhibitor, demonstrated by its
highest HOMO energy, lowest LUMO energy, and smallest
energy gap (DE), which indicate strong electron-donating
capability and superior adsorption onto metal surfaces.
Density of States (DOS) analysis and global reactivity descrip-
tors, including ionization potential, electron affinity, and dipole
moment, further conrm compound 3's superior inhibitory
properties. While Molecular Electrostatic Potential (MEP)
mapping highlights compound 4's highest electronegative
potential, compound 3's optimal electronic structure and
reactivity make it the most promising candidate for corrosion
protection. The SP extract provides a promising, eco-friendly
alternative to conventional synthetic inhibitors, making it
suitable for applications in industries where acidic solutions are
used.
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