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Abstract

Herein, we employed palm kernel shell extract (PKSE) as an eco-friendly inhibitor for carbon steel in acidic-induced corro-
sion. The corrosion inhibition of PKSE on carbon steel in 1 M HCI solution was investigated by electrochemical impedance
spectroscopy, weight loss, and potentiodynamic polarization measurements. The surface was characterized by scanning
electron microscopy equipped with energy-dispersive X-ray spectroscopy. Moreover, the elastic modulus and hardness tests
were conducted. Weight loss measurements revealed that the optimum concentration of inhibitors is 500 ppm with 95.3%
inhibition efficiency in 1 M HCI solution. Electrochemical results showed that the inhibitor could exhibit excellent corrosion
inhibition performance and displayed mixed-type inhibition. The electrochemical impedance spectroscopy analysis shows
that the inhibition performance increases by increasing the concentration of PKSE. The surface studies ensure the PKSE
effectiveness in carbon steel surface damage reduction. Also, the adsorption of PKSE molecules on the carbon steel surface
occurs according to the Langmuir isotherm model. The primary goal of this investigation was the utilization of palm kernel
shell extract as corrosion inhibitor for 1018 low carbon steel in 1 M HCI solution, which highlights its novelty. The present
results will be helpful to uncover the versatile importance of palm kernel shell compounds in the corrosion inhibition process.
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Introduction besides oxidation films, carbon steel ineluctably tends to

corrode, particularly, in chemical and petrochemical indus-

Carbon steel is widely used in buildings, bridges, boilers,
oil and gas pipeline manufacturing, etc., owing to its low
cost and mechanical characteristics (Rbaa et al. 2020; Yang
2021). The carbon steel should be pretreated with acid to
remove its oxidation films before manufacturing, referred to
as acid descaling or pickling. Owing to the acid fierceness,
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tries (Toghan et al. 2021; Xu et al. 2023a; Bidi et al. 2020;
Alamiery et al. 2021); carbon steel is in direct contact with
strong acidic solution, resulting in the reduction of their ser-
vice life and causing serious accidents. The media used to
study the corrosion inhibition ability in different literature
were mainly 1.0 M HCI solution, primarily because most
metal chlorides are easily soluble in water. The treatment
of rusty metal with HCI solution is capable of dissolving a
wide range of corrosion products on metal.

In contrast, the HCI solution is used for chemical clean-
ing processes as an acid detergent with a concentration of
exactly 1.0 M (Chen et al. 2022). Also, in carbon steel/HCI
solution systems, the reaction rate of iron oxide with HCI
is faster than that of iron oxide with H,SO,, which is far
more than that of iron oxide with HNO;, HCIO,, citric acid,
formic acid, and acetic acid. Therefore, it is essential to note
that the corrosion rate of carbon steel in HCI is more than
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twice that of carbon steel in H,SO,, and choosing the suit-
able corrosion inhibitor is crucial during the pickling pro-
cess. Therefore, developing efficient technologies to inhibit
or prevent carbon steel corrosion is crucial. Among other
reported techniques in preventing carbon steel from corro-
sion, corrosion inhibitor is more effective compared to other
methods due to its simplicity and “in situ” advantage with-
out disrupting the ongoing process (Tiwari et al. 2021; Haj-
jaji et al. 2021). The synthetic organic compound has been
evaluated as a corrosion inhibitor, and study into their evalu-
ation and synthesis is ongoing. These compounds exhibit
high toxicity to human life and the environment, though they
exhibit good anticorrosion properties. It was reported that
such inhibitors adsorbed on carbon steel occur by sharing
lone pair electrons of O, S, or N atoms to the unoccupied
orbital’s of the metallic surface. The films formed act as the
protective layers that separate the metal from the corrosive
solutions. It is reported that nitrogen-containing inhibitors
are imidazole and its derivatives (Kerru et al. 2020; Wei
et al. 2020; Avdeev and Kuznetsov 2021) and amine and its
derivatives (EI Ibrahimi et al. 2020; Verma et al. 2020). The
sulfur-containing inhibitor contains thiourea and its deriva-
tives (Huong et al. 2020; Zhang et al. 2021; Lavanya et al.
2021). Though these inhibitors exhibit excellent corrosion
inhibitive performance, their low biodegradability, high cost,
and rigorous synthesis protocols hamper their sustainable
application. Severe environmental issues have also caused
the scientific and economic communities to focus on uti-
lizing eco-friendly compounds without inherent toxicity as
effective corrosion inhibitors.

Moreover, since the whole idea of metal protection is
anchored on economic gain and environmental sustain-
ability, the substance to be used as corrosion inhibitor
must be cheap, readily available, and environmentally
friendly. Hence, research activities are geared toward find-
ing a replacement for inorganic metal corrosion inhibitors.
Agricultural waste is one of the sources of cheap, readily
available, and nontoxic green corrosion inhibitors. Due to
the increasing awareness of sustainable development, bio-
mass waste has been regarded as a desirable material for
inhibiting metals against corrosion, which may also be an
effective solution for garbage sorting and recycling. Accord-
ingly, agricultural waste contains many active compounds
such as carboxylic acids, bioamines, polysaccharides, and
polyphenols that could be extracted by simple less expen-
sive procedures. Extracts from wastes have been widely
reported as an effective and good metal corrosion inhibitors
in various corrosive media such as banana leaves extracts
(Guo et al. 2021; Raghavendra et al. 2021; Ananaba and
Okonkwo 2023), Ammi visnaga extract (Zaher et al. 2022),
Cannabis sativa extract (Haldhar et al. 2021), pumpkin leaf
extract (Ren et al. 2024); Justicia gendarussa plant extract
(Gunasekaran et al. 2009), Pyracantha fortuneana alcohol
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extracts (Tan et al. 2024a); pomelo peel extract (Lin et al.
2021), longan extract (Cao 2022), Moringa oleifera leaf
extract (Allaoui et al. 2020; Mejeh et al. 2020; Didouh et al.
2023), apple fruit extract (Umoren et al. 2015), carbon dots
(Xu et al. 2023b); honeysuckle extract (Sun et al. 2023);
wood hibiscus leaf extract (Xu et al. 2023a); barbarum leaf
extract (Gu et al. 2023), extract of Pistacia khinjuk (Soltani
et al. 2020), almond waste extract (Izuagie et al. 2023; Batah
et al. 2022); feverfew waste extract (Zhou et al. 2023); egg-
shell extract (Sanni et al. 2023); Jordanian agro-waste extract
(Hayajneh et al. 2023); walnut extract (Shahmoradi et al.
2021); soybean extract (Wan et al. 2022). Jmiai et al. (2021)
investigated jujube shell extract to mitigate copper corro-
sion in 1 M HCI solution resulting in an efficiency of 91%
(2 g/L extract). Li et al. (2020) employed walnut green husk
extract to inhibit cold rolled steel in 3.0 M H;PO, solution.
Although insufficient inhibition efficiency was observed
using only husk extract, 97.2% efficiency was attained by
the synergistic effect between the extract and sodium ligno-
sulfonate. Kouache et al. (2022) extracted polyphenols from
Inula viscosa and employed the extract to prevent the corro-
sion of X70 steel in 1 M HCI solution, yielding a maximum
efficiency of 92%.

The research interest has been necessitated by the fact
that the present corrosion inhibitors in the market for the
protection of carbon steel in the acidic media are hazardous
to the environment and thus compromise safety and sustaina-
bility drives (Sanni et al. 2023). There is, therefore, the need
to develop inhibitors that are eco-friendly and sustainable.
There is, therefore, the need to develop inhibitors that are
eco-friendly and sustainable. The most efficient agro-waste
extracts reported in the literature contain tannins, phenolic
acids, and alkaloids. The aromatic structure, mostly rich in
nitrogen and oxygen content, adsorbed on the surface of the
metal prevents the metal from corroding. The palm kernel
shell extract has been used in treating some diseases such
as musculoskeletal disorders and restoring bone fractures
in traditional medicine. Its anti-inflammatory effect was
reported by Mahmud et al. (2020), and its pyrolysis by Su
et al. (2022). Products from palm kernel are in constant use
in the society owing to increase in demand for palm oil.
According to Dit (2007) “The excess quantity of palm ker-
nel shell was about 350,000 tons per year with an assump-
tion that 25% was available for sale, 50% of palm kernel
production was used within the palm oil industry and 25%
by other industries.” Palm oil industry is one of the largest
sources of biomass. Among various wastes from palm oil
processing, palm kernel shell is an oil palm biomass with
high potential to be applied as a source of energy, given
its high caloric value and distinctive physical properties
(Handaya et al. 2022). The ultrastructure, physicochemical,
thermal characteristics, and applications of PKSE have been
extensively studied by different researchers (Okoroigwe and
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Saffron 2012; Ntenga et al. 2018; Zainal et al. 2024); the
results revealed the potential of palm kernel shell as corro-
sion inhibitor.

Based on the compounds identified, and since this
extract has not yet been reported for carbon steel 1018 in
one molar hydrochloric acid media as a corrosion inhibi-
tor, palm kernel shell extract has been selected for the
present study. The carbon steel 1018 was chosen as the
test material owing to its wide utilization as construction
material in gas-treating plants and susceptibility to severe
corrosion. Hence, in this work, the inhibitory effect of
palm kernel shell extract (PKSE) was evaluated using the
potentiodynamic polarization, weight-loss, and EIS tech-
niques. The adsorption mechanism of PKSE on the metal
surface was further studied by examining the various
adsorption isotherms, and the hardness test was assessed.
The structure of the PKSE is well-detailed in the work
of (Huang et al. 2018). The new challenge in the corro-
sion inhibition arena today is that these natural substances
must replace the synthesized organic inhibitors. Therefore,
the present study investigates the possibility of substitut-
ing this agro-waste inhibitor with chemical inorganic and
organic formulations to promote environmental sustain-
ability. The results from this study indicated that PKSE
is a promising candidate for inhibiting the corrosion of
carbon steel in acidic media.

Experimental procedure
Materials and extract preparation

The test samples were prepared from 1018 low carbon steel
rod with the following elemental compositions (wWt%): Si
(0. 35), S (0.035), C (0.18), P (0.03), Mn (0.77), and Fe
(98.6) that were readily available in the market. The samples
were prepared according to ASTM Standards (ASTM G1-03
2011), and NACE International Standards (2000). The car-
bon steel specimens were metallographically characterized
by polishing with silicon carbide paper and fine polishing
with alumina suspensions (0.05 pm). The coupon surface
was polished mechanically: abraded with emery paper up to
1200 grade, washed and degreased with distilled water and
ethanol, and finally dried until the surface exhibited mir-
ror-like reflection. Thirty-seven percent hydrochloric acid
purchased from Merck company was utilized to prepare the
1.0 M HCI solutions by diluting in double distilled water
and used as the corrosion solution (Abdallah et al. 2023).

Extraction of inhibitor

The dried palm kernel shell was collected from Gauteng,
South Africa. The shell was washed, filtered thoroughly to

remove sand and other particles, air-dried, and then pow-
dered with a grinder (Sanni et al. 2022a). The palm kernel
shell powder was kept in the container protected from light
before the corrosion test. Two hundred fifty milliliters of
98% ethanol was added to 100 g of palm kernel shell pow-
der in a glass flask and afterward refluxed for 48 h (Kaur
et al. 2024). The extracts were filtered, and a rotary evapora-
tor was used to remove the excess ethanol. The PKSE were
soluble in aqueous acid medium. The toxicity assessment
of palm kernel shell was detailed in the work of (Mahmud
et al. 2020). For the corrosion tests, the 1 M HCI without
PKSE, referred to as the blank solution, and various con-
centrations ranging from 100 to 500 ppm were prepared as
test media.

Corrosion tests
Weight loss measurement

The electrochemical and weight loss test was conducted
on the 1018 low carbon steel surface. The 1018 steel was
cut into samples with (5% 1.2x0.2) cm dimensions. The
weight loss measurements were conducted based on (NACE
TMO0169/G31). A small hole was created at the center of
the weight loss samples to pass a thread through it. The
specimen utilized for the electrochemical test was Cu-wire
soldered and sealed with epoxy resin for electrical connec-
tions with a 1.0 cm? surface area. The sample surface was
purified with different emery papers (400, 600, 800, 1000,
and 1200) before putting the samples into the solutions to
get a smooth surface. Afterward, the sample was washed to
eliminate contaminants from the previous steps. The sample
was then suspended in the corrosive solutions in the open
air. After each incubation time, the corrosion rust formed on
the metal surface was gently removed with a bristle brush.
Afterward, the sample was washed, dried, and reweighed.
The CR (corrosion rate) was estimated according to Eq. 1
(Sanni et al. 2023):

87.6WL
DAT M

CR(mm/year) =

where WL is the weight loss (mg), D is the density (g/cm?),
and T is the exposure time (hours). The difference between
the initial and final weight was used to estimate the weight
loss. IE (percentage inhibition efficiency) of PKSE was esti-
mated using Eq. 2:

IE = CR(O) - CR(Inhibimr)
CR,

x 100 )

where CR pibitor) and CR ) are the corrosion rate value
of the carbon steel in 1 M HCI with and without PKSE,
respectively.
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Electrochemical measurement

The electrochemical test was conducted in three conven-
tional electrode cells with carbon steel samples as the
working electrode, saturated Ag/AgCl as the reference elec-
trodes, and platinum rods as counter electrodes. The elec-
trochemical technique was conducted according to ASTM
G1-03. The potential was scanned in the range of +250 mV
relative to corrosion potentials at a scan rate of 1 mV/s
(Sanni et al. 2023) in the potentiodynamic polarization
test. EIS curve was recorded at the OCP with 10 kHz to
0.01 Hz frequency ranges via Frequency Response Analy-
sis software. The Tafel extrapolation test was utilized to
obtain the relative parameters. The linear Tafel segment of
the cathodic and anodic curve was extrapolated to the E_,
(potential) to obtain the i, (current densities). To evalu-
ate the reproducibility, all experiments were repeated three
times at each concentration.

Evaluation of tribological properties

1018 low-carbon steel was the material utilized in this experi-
ment. The normal load was applied to the device by hanging
weight on the bearing levers where the carbon steel samples
are attached to produce the loads desired. A low engine-speed
interval was chosen during the test because such a condition
generates the highest friction, especially during the first move-
ment and at the top dead center (Sakinah et al. 2016). The
operating time was 10 min per sample at room temperature.
The coefficient of friction was estimated using Eq. 3 (Sakinah
et al. 2016).

pk ="/ 3)

where pk is the kinetic friction coefficient, Fk is applied
force, and N is the load. Equation 4 was used to evaluate the
specific wear rate:

Aw = (wl —w2) 4)

where Aw is the specimen weight loss, wl is the specimen
weight before the test, and w2 is the sample weight after
the test. The sample volume loss (AV) is estimated with
Eq. 5:

AV = /1—)(w1 —w2) )

where p is the sample density. The samples specific wear rate
(ws) was computed according to Eq. 6:

s = Av 6
~ FnXSs ©)

where Fn is normal load (N) and Ss is the sliding distance

(m).
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Adsorption isotherm

Additional information on the substance properties under
investigation can be found with the adsorption isotherms.
Several adsorption isotherms, including Langmuir (7), Tem-
kin (8), and Frumkin (9), should be utilized to estimate the
inhibitor’s degree of surface covering (0) in order to choose
the best isotherm model. Hence, the degree of surface cover-
age for various inhibitor at different concentrations in 1 M
HCI solution was examined using weight loss techniques.

C 1
= = +C 7
0 Kads ( )
0
logE =logK + af (®)
0
log1 2 = 2.303logK + 2a6 ©)]

where K, is the adsorption—desorption constant and 0 is
the surface coverage.

Surface morphology analysis
FTIR analysis

FTIR is a non-invasive, applicable, and relatively simple
method for studying the influence of extracts on inhibitory
characteristics (Hembram et al. 2018). The presence of dif-
ferent elements on the carbon steel surface was observed
by FTIR analysis. The analysis was performed by Fourier
Transformed Infrared Spectroscopy made by PerkinElmer
in the range of 500-4000 cm™!. This technique relies on the
fact that infrared light absorbed by a sample will be con-
verted into heat. The absorption and transmittance values
of the sample might be used to determine its identity from
the spectral data.

SEM and EDX analysis

The scanning electron microscope may be used to gather
information on the nanoscale surface morphology of par-
ticles. The corrosion morphology and compositions of
the corrosion product were studied by scanning electron
microscope (JSM 7800F, JEOL, Oxford) (SEM) and energy
dispersive X-ray spectroscopy (EDX) for the carbon steel
elemental mapping. The tests were performed at the accel-
erating voltage of 20 kV. The importance of EDX in extract
characterization for identifying the elements present in a
sample has been well established in the literature (Chowd-
hury et al. 2023). An energy dispersion x-ray spectroscopy is
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performed for the same sample to get a relative quantitative
measure of elemental concentration. Hence, in this work,
the inhibitory effect of PKSE was evaluated using the poten-
tiodynamic polarization, weight-loss, and EIS techniques.

Results and discussion

Weight loss test

The weight-loss technique is considered a credible and
accurate means to assess the corrosion rate of metals. The

test was conducted for the PKSE at 298 K in the 1 M HCI
medium. The specimens were hung with thread and dipped

in beakers with 250 ml of 1 M HCI in the absence and
presence of PKSE. Figures 1 and 2 illustrate the relation-
ship between PKSE concentration and corrosion rate with
the corresponding inhibition efficiency at various concen-
trations. Inspecting Fig. 1 and 2 indicates that the PKSE
acts as an efficient inhibitor for the carbon steel at all con-
centration range studied (100-500 ppm). A small amount
of PKSE addition to the corrosive solution significantly
enhanced the corrosion resistance. At high PKSE con-
centration, the corrosion rate was significantly decreased
(Fig. 1). The inhibitor efficiency increases with an increase
in the PKSE concentration (Fig. 2). The increase in inhi-
bition efficiency with inhibitor concentration indicates
that more inhibitor molecule is adsorbed on the surface

Fig.1 Corrosion rate for carbon

steel in 1 M HCI solution with 16 1
and without different concentra- 14 -
tions of PKSE at 298 K
= 12 -
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of the carbon steel at higher concentration, thereby lead-
ing to higher surface coverage. This observation is similar
to the ones reported by Jafari et al. (2022), Wang et al.
(2022a), and Beniken et al. (2022). The corrosion rate of
the inhibited sample decreases by approximately 79.56%,
and with the increase in concentrations, the corrosion rate
decreases at a faster rate. The highest inhibition efficiency
was obtained at 500 ppm concentrations of the PKSE as
shown in Fig. 2. This result revealed that PKSE can be
utilized as a sustainable inhibitor to increase the corrosion
resistance property of the metal in hydrochloric acid envi-
ronments (Lgaz et al. 2020). The inhibition efficiency of
PKSE shows this trend: the PKSE efficiency increases lin-
early with concentrations from 100 to 500 ppm but tends
to stabilize above 200 ppm. At 300 ppm dosage of PKSE,
the efficiency exceeds 79%. The inhibitive performance
of PKSE was ascribed to the adsorption of this compound
onto the surface of the metal. The inhibitor’s high potential
could be clarified by the presence of lone pair electrons
of O, S, and N atoms and z-rich systems, which interact
strongly with the surface of the metal (Ikeuba et al. 2022).
By increasing the PKSE concentration, the carbon steel
corrosion rate is decreased, leading to increased percent-
age inhibition efficiency (IE). This observation is owing
to the PKSE chemical components adsorbed on the metal
surface (Galai et al. 2020). The PKSE adsorbed on the
surface of the metal could be via interaction between the
unoccupied orbital of carbon steel and the lone pair elec-
trons. The as-formed film behaves as the prominent barrier
for inhibiting the corrosion of carbon steel in HCI solution.
After immersion in HCI aqueous solution for 120 h, the

steel surface still shows high corrosion prohibition effect
with high inhibition efficiency, hence, inhibiting the metal
surface from corroding. The active inhibitor surface that
is available to interact with the metal surface can be con-
sidered as a parameter affecting inhibition performance.
Therefore, it could be expected that inhibitor with higher
active surface area exhibits better inhibition efficiency.
Similar results have been reported elsewhere (Jafari et al.
2022; Wang et al. 2022b; Beniken et al 2022; Lgaz et al.
2020; Ikeuba et al. 2022). This result could be ascribed to
increased PKSE concentration in the more concentrated
solution, which readily reacts with the Fe ions present in
the solution. Zaher et al. (2022) investigated the effect of
Ammi visnaga L. extract on carbon steel corrosion in one
molar hydrochloric solution: the reduction in corrosion
rate was significant (84%) with increased concentration
at 700 ppm and a similar trend is reported in this study.

Potentiodynamic polarization measurements

Potentiodynamic polarization (PDP) is an essential tool to
understand corrosion inhibitor’s role. Figure 3 shows the
PDP curves of carbon steel in hydrochloric acid solutions
in the presence and absence of various PKSE concentra-
tions. The corresponding plots of corrosion current density
and corrosion potential were estimated from the polariza-
tion curve by Tafel extrapolations. To calculate the corro-
sion current density (i), polarization resistance (R,), and
corrosion rate (CR), we use Tafel extrapolation method to
analyze the data in Fig. 3 (Jiang et al. 2021). The corrosion

Fig. 3 Polarization curves for
carbon steel in hydrochloric
acid solution
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current density (i) in Fig. 3 is calculated by superimpos-
ing the straight line along the linear portion of the cathodic
or anodic curve and extrapolating it through E_ . The polar-
ization resistance R, is connected with the corrosion rate by

Stern-Geary equation:
1
2.303icorr(

Rp =

) (10)

1
ba+bc

where b, and b, are the slopes of the straight lines along
linear portion of anodic and cathodic curves, respectively.
The corrosion rate (CR) can be estimated by Eq. 11:

_ 0.13xi6(6)lrer.W (11

CR
where E.W is the equivalent weight of the oxidized elements
and d is the density of the corroded specimen.

The polarization data at various concentrations obtained
from Tafel extrapolation, i.e., cathodic and anodic Tafel
slopes (fc, pa), corrosion potential (E_), and corrosion
current density (i), are reported in Table 1. The inhibited
samples showed lower cathodic and anodic current density
compared to the uninhibited sample, signifying better cor-
rosion resistance (Damej et al. 2022). The corrosion cur-
rent density value was estimated from this curve via Tafel
extrapolation to quantify the corrosion resistance. From the
PDP curve, it can be seen that the PKSE caused a decrease in
the cathodic and anodic current density, most likely because
of the adsorbed organic compound present in the PKSE at
the electrode surface active sites. The corrosion rate esti-
mated from the corrosion current densities for the inhibited
sample at 100 ppm was estimated as 0.0007 mm/year, while
at 500 ppm for the inhibited sample is 0.0003 mm/year. In
contrast, the uninhibited sample exhibited a higher corro-
sion rate of 0.0056 mm/year. Also, the addition of PKSE
shifted the curve to higher positive potentials, showing that
samples with inhibitors are more corrosion resistant than the
uninhibited samples. Consequently, it can be said that the
anodic passivity is enhanced and stable anodic passive films
are possibly formed on the carbon steel surface with PKSE
(Kazantseva et al. 2022). As presented in Fig. 3, the PDP
curve moves in the negative potential direction with smaller

current densities, and it is worth noting that corrosion cur-
rent densities reduced remarkably with the increase of PKSE
compared with the uninhibited sample, meaning that corro-
sion gradually decreases with inhibitor. The result suggests
that the inhibitor molecule is adsorbed in the solution/metal
interface hindering the corrodent active sites. However,
it is reported that the corrosion rate of carbon steel in the
presence of 100—500 ppm of the PKSE is decreased with
increasing the concentration of the green corrosion inhibitor
utilized in this study. The more positive potential and lowest
current density with the addition of PKSE offer the optimum
corrosion resistance, hence, indicating the PKSE’s ability
to retard the corrosion reaction. According to Raisemche
etal. (2024), (i) if the E,, displacement is < 85, the inhibitor
is mixed-type, and (ii) if E,,,. displacement is>85 mV to
blank, the inhibitor is regarded as anodic or cathodic type.
In this study, the highest displacement is less than 85, indi-
cating that PKSE is mixed-type. This result shows that the
PKSE can retard both cathodic and anodic reactions. Tafel
slope constants (fc and fa) do not significantly change in the
inhibited system compared to the system without an inhibi-
tor, that is, they can retard the cathodic hydrogen evolu-
tion reaction and reduce anodic Fe dissolution (Zhang et al.
2022).

Electrochemical impedance spectroscopy (EIS)

The EIS is an important and useful technology providing
information about the electrochemical process kinetics
that occurs at the metal surface interface and the corro-
sive solution to determine the corrosion rate. Figures 4
and 5 show the EIS plot and fitted curves for carbon
steel in hydrochloric acid solutions at different PKSE
concentrations.

Figure 6 shows the equivalent circuit for the obtained
Nyquist plots. The applied constant phase element (CPE)
instead of pure capacitors contains two specific parameters:
n (the CPE exponent value between 0 and 1), and Y (CPE
constant). The total R (oxide layer resistance and sum of
the charge transfer resistance) and the CPE impedance are
estimated based on the equations reported in (Vivier and
Orazem 2022). The fitting result was in good agreement

Table 1 Electrochemical

. Concentration  E_ . (V) Leorr (Acm™?) pa (V/dec) pc (Videc) CR (mm/year)

parameter for cz'lrbon st§el in (ppm)
hydrochloric acid solution

Blank —0.505 6.04E-07 0.08 0.090 0.0056

100 -0.511 4.82E-07 0.019 0.023 0.0007

200 -0.516 4.75E—-08 0.023 0.017 0.0006

300 -0.522 3.48E-08 0.037 0.040 0.0004

400 -0.570 3.31E-08 0.026 0.029 0.0004

500 —0.600 2.73E-08 0.026 0.039 0.0003
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Fig.4 Nyquist plots for carbon
steel corrosion in hydrochloric
acid solution in the absence and 2500000 "2 Bjank
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with the experimental data with less than 1% average error.
Figure 4 shows a depressed Nyquist spectra semicircle,
and the deviation from typical semicircles was ascribed to
roughness and inhomogeneity of the metal surface (Zheng
et al. 2022). The semicircle plots shown in Fig. 4 for inhib-
ited carbon steel in the acid solutions are higher than the
blank sample in the acid solutions; the semicircle diameter
increases with PKSE concentrations. Generally, a bigger
semicircle denotes higher inhibitive performance (Wang
et al. 2022a). Hence, the result above indicates that the
PKSE studied can lessen carbon steel corrosion (Tan et al.
2023). At high frequencies between 100 and 1000 Hz, the
influence of fast electron-transfer results in a lower total
impedance and higher phase for the highest inhibitor con-
centration as expected for higher electrolyte conductivity.
At frequencies between 1 and 0.01 Hz, the total imped-
ance and phase shift can be attributed to electrochemical
processes near the metal surface (e.g., oxide layers) (Tan
et al. 2024b).

As shown in Fig. 5b, the phase angle value is higher
for the inhibited carbon steel in the hydrochloric solu-
tions, with a wide frequency range, compared with the
uninhibited sample. The high-frequency time constant
could be attributed to capacitance and the resistance of
the oxide film on the metal surface, and the low-frequency
time constant is ascribed to the Faradic charge transfer
process at the inhibitor/electrolyte interface. The pres-
ence of PKSE enlarges the semicircle diameter of the
Nyquist plot without altering the plot shape. With PKSE,
the semi-circle size increases progressively; this is nor-
mally associated with the charge transfer mechanisms,
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with an increased resistivity of the metal surface. Increas-
ing the PKSE concentrations increases the charge trans-
fer resistance drastically and the CPE strongly decreases.
This observation could be described by the decrease in
the local dielectric constant and/or the increase in the
electrical double layer thickness (owing to the surface
sorption of PKSE). This indicates that the inhibitive per-
formance of PKSE is due to the adsorbed PKSE molecule
on the carbon steel surface without the variation in the
corrosion mechanisms. Such high potential of the PKSE
could be explained by the presence of lone pair electrons
of O atoms and n-rich systems that interact strongly with
the metal surface.

The impedance spectra in the Bode diagram (Bode
diagram is a useful way to represent the gain and phase
of a system as a function of frequency) show low cor-
rosion resistance of the carbon steel in the blank hydro-
chloric acid solutions (Fig. 5a). The resistance of the
medium with PKSE decreases significantly. The highest
phase angle in the solutions with PKSE at high frequency
(Fig. 5b) is shifted to the right in contrast to its behav-
ior in the reference corrosive solution. The n value with
PKSE was higher than the uninhibited sample, and this
value increased from 0.77 to 0.91 with an increase in
the PKSE concentrations from 100 to 500 ppm. It was
observed that the PKSE increases the charge-transfer
resistance Rct of sample in hydrochloric acid solutions by
a factor of 2.6, with the use of the EIS Spectrum Analyzer
computer program. The widening of the phase angles
(Fig. 5b) at the intermediate frequency by the addition of
PKSE confirms the PKSE molecules’ film adsorption on
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Fig.5 Effect of PKSE concen- (@)
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the carbon steel surface. Similar behavior was observed
for corrosion inhibition of berberine (Li 2019), curcuma
(Florez-Frias et al. 2021), and coconut shell extracts
(Sanni et al. 2022b). The Rct values increase with the
PKSE concentration. This signifies that the impedance
of carbon steel surface to the flow of charges across the
metal and electrolyte interface increases with PKSE.
Also, capacitance double-layer (Cdl) reduced value by
addition of PKSE molecule is owing to the increase in
the thickness of the electric double layer and/or decrease
in the dielectric constant.

Adsorption isotherm

The adsorption of inhibitor molecules onto the metal-
lic surface, with water molecules displacement, can be
explained by the inhibition mechanism for organic inhibi-
tors in an aqueous solution, especially in acid solutions.
The adsorption isotherm can be used to describe the inter-
active nature between the carbon steel surface and the
PKSE molecule throughout the inhibition process. It is
informative to investigate the possible mode of adsorption
by testing the obtained experimental data with different
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Fig.6 Langmuir isotherm plot
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adsorption isotherms in the situation where it is suspected
that the metal corrosion inhibition occurred due to the
inhibitor molecules’ adsorption onto the metal surface.
The inhibitor efficiency depends on concentration and
increases with PKSE concentrations; this is because more
PKSE molecules would be adsorbed onto the surface of
the metal at high PKSE concentration, thus enhancing
inhibition efficiency and increasing surface coverage
(@) (Sanni et al. 2022a). Adsorption isotherms provide
important information about the interactions and related
thermodynamic values. In order to determine the best
isotherm, it is assumed that the corrosion inhibition effi-
ciency is linear relationship with the surface coverage (0),
and this values were derived from percentage inhibition
efficiency values (Kaya et al. 2023).

In this study, obtained data from weight loss techniques
was graphically tested for fitting different adsorption
isotherms such as Freundlich (0.85), Frumkin (0.756),
Langmuir (0.99925), and Temkin (0.7321). The Langmuir
adsorption isotherms show the best fit for PKSE. This
hypothesis is confirmed by the linear regression coeffi-
cient, which would be considerably large (0.99925) and
near to 1 (Kaya et al. 2023). It is well known that the
PKSE molecule has antioxidative property; this denotes
that the PKSE molecule in the hydrochloric acid solution
retards the hydrochloric oxidation and decreases the cor-
rosive rate. Figure 6 shows the plot of (Cinhibitor/6) ver-
sus Cinhibitor, and a linear relationship is obtained. The
Kads were calculated from the intercepts of the straight
lines. The regression coefficient R? value close to one
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confirmed that the adsorption of PKSE on the carbon
steel surface fits the Langmuir adsorption isotherms.
The straight line slope is very close to one, denoting that
the inhibitor molecule adsorbed forms monolayer on the
metal surface (Sanni et al. 2018). The high adsorption
equilibrium constant Kads value reflects the high inhibi-
tor adsorption ability on the metal surface.

Mechanical properties

The elastic modulus and hardness of the inhibited sam-
ples were characterized by nanoindentation tests, and
the obtained results are shown in Fig. 7. The increase
of PKSE concentration from 100 to 500 ppm leads to a
decrease in tensile stress value. The reduced tensile stress
with PKSE arises probably because of the excess atoms
in the PKSE film. The decreased tensile stress with PKSE
film can be ascribed to the organic compounds forming
composite PKSE film and incorporation of metal-oxygen.
The mechanical property of the PKSE film obtained from
nanoindentation tests is presented in Fig. 8. The material
wear behavior is normally characterized by a long elastic
strain to failure, as described in Fig. 8, indicating that the
PKSE in this experiment possesses excellent mechanical
properties. With increased PKSE concentration, the hard-
ness shows an obvious decline trend. With 100 ppm PKSE,
the hardness was 80.99 GPa. However, when the PKSE
concentration increased to 500 ppm, the hardness of the
inhibited sample increased to 118 GPa, which is related
mainly to the inhibitor transformation from amorphous
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Fig.7 Nanohardness profiles for
the carbon steel as a function of
inhibitor concentration
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Fig.8 Wear rate variation as a
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structures to crystalline structures. Leyland and Matthews
(2000) believed that the high H/E ratio (that is hardness
(H) is the main mechanical property which determines
the wear resistance of materials. Young’s modulus (E) has
also been shown to influence the wear resistance. The H/E
ratio is often used as an index to represent wear resistances
of materials and coatings) is normally a reliable indicator
of good wear resistance. The calculated H/E value was
found to increase with inhibitor concentration. The amor-
phous phase formed eliminates defects and micro-stress in
the inhibitor and improves the inhibitor strength. The tran-
sition from amorphous states to crystalline states increases
the number of grain boundaries in the inhibitor, which
intensifies the blocking effects on the internal defect of
the inhibitor and enhances the inhibited sample hardness
(Lian et al. 2022).

Surface analyses

The SEM and EDX of the PKSE used in this study are
presented in Fig. 9. The SEM images in Fig. 10 visually
compare the corrosion morphology with and without cor-
rosion inhibitor. Figure 10a, b corresponds to the corrosion
morphology without and with 500 ppm PKSE. Comparing
Fig. 10 a and b, it was observed that the uninhibited steel
surface becomes uneven and severely corroded in the hydro-
chloric solutions with deep cracks. Also, surface degrada-
tion owing to exposure to the acid solution can be seen,
while there is less damage on the samples’ surface with
500 ppm PKSE. As depicted in Fig. 10b, this result shows
that PKSE addition decreases the corrosion rate and the
PKSE inhibition is effective. Figure 11 shows the elemental
composition present on the electrode surface. An increase
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Fig.9 SEM/EDX of palm Electron Image 14
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Fig. 10 SEM image of the
carbon steel after weight loss
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Fig. 11 EDX analysis after weight loss test a without and b with inhibitor

in the percentage of oxygen on the carbon steel surface is
the reason for the formed corrosion products on the carbon
steel surface. Decreased O and increased Fe in thel M HCI
solution with 500 ppm PKSE is the reason for the protective
carbon steel substrate. Herein, SEM figures can confirm the
electrochemical and gravimetric results and prove that the
PKSE adsorption films play a crucial role in retarding the
carbon steel corrosion in the hydrochloric acid solutions.

Corrosion inhibition mechanisms

The possible inhibition behavior of PKSE was estimated
using experimental methods and surface examination. The
phytochemical analysis of the palm kernel was conducted
by Ofori-Boateng and Lee (2013) and Tsouko et al. (2019);
Ogbiede et al. (2022) also reported the same. Organic com-
pounds in PKSE contain N and O atoms in their functional
groups, such as C-O, O-H, C=0, N-H, and O-heterocyclic
ring in their molecular structure. This property satisfies the
property of a corrosion inhibitor. Therefore, this compound
is responsible for the observed efficiency of PKSE on the
carbon steel surface in the inhibitor-hydrochloric acid solu-
tions. Carbon steel corrosion in an aqueous solution depends
on the anion concentration in the solution. The corrosion
mechanism of the carbon steel must be known, to predict
the adsorption type.

The results obtained in this study indicate that PKSE
exhibits effective corrosion inhibition for carbon steel and
the inhibition performance was enhanced with increased
length of the alkyl tail. These mechanisms show that the
anodic reaction kinetic is influenced by two intermediates:
the oxide involving the adsorbed inhibitor molecule and the
hydroxyl adsorbed. The adsorption of palm kernel shell on
the carbon steel surface can occur directly via donor—accep-
tor interaction between the free pair electrons of the het-
erocyclic atom and zn-electrons and the vacant d orbital of

surface iron atoms. The PKSE may be adsorbed on the car-
bon steel surface as a natural molecule. Electron sharing
occurs amid the nitrogen, oxygen atoms, and the surface of
the metal, thus decreasing the carbon steel corrosion rate.

The functional groups in the PKSE constituents were
chemically identified via Fourier transform infrared spec-
troscopy (FTIR), as shown in Fig. 12. The broad peak
centered at 3320 cm™! is ascribed to the stretching vibra-
tion of O—H, resulting from the hydroxyl-terminated poly-
phenols and flavonoids (Abdelaziz et al. 2021). The peak
at 2913 cm™! is associated with the stretching vibration of
the alkyl groups ((COOH) (Fan et al. 2020). The stretch-
ing of the typical C =C can be identified at 1637 cm™".
Another featured vibration for flavonoid is recognized
at 1147 cm™!. The peak at 1019 cm™' is the character-
istic adsorption of the glycosidic structure (Solomon
et al. 2018). According to the FTIR analysis, the oxygen
heteroatoms, aromatic rings, and conjugated unsaturated
bonds in PKSE can behave as active sites for adsorption
on the C-steel surface and thus inhibit dissolution of the
metal in the acidic media. FTIR spectrum of the protec-
tive film is also shown in Fig. 12 after immersion in 1 M
HCI the in presence of 500 ppmml/PKSE at 60. With
decreased transmittance, somewhat comparable spectrums
were obtained, and shifts in transmittance were caused
by interactions between the steel surface and the PKSE
molecules.

Comparative study of the PKSE extract

Corrosion inhibitors are considered as one of the most
economical and effective means of protecting metals from
corroding. Integrated waste valorization is a progressive
form of resource conservation due to its environmen-
tal and economic values. In almost every country in the

@ Springer



Environmental Science and Pollution Research

Fig. 12 FTIR for PKSE inl M
HCI solution and for protective
film formed on the carbon steel
surface

—— After PKSE
—— Before PKSE

Table 2 Comparing the efficiency of PKSE agro-industrial waste against other inhibitors in similar conditions

Compound Average efficiency Media Concentration Reference

Pistachio shell extract 92% 1 M HCL 800 ppm Shahmoradi et al. 2020
Zea mays hairs waste extracts 87.92% 1 M HCI 0.15gL™! Aourabi et al. 2020
watermelon rind extract 46.12% Artificial saliva 1000 ppm Nahusona and Koriston 2019
Punica granatum extract 83% 0.05 M HCl1 10 uM Magni et al. 2020

Walnut fruit green husk extract 95% 1 M HC1 800 ppm Shahmoradi et al. 2021
Ircinia strobilina crude extract 82% 1 mol L™" HCI 20gL™! Fernandes et al. 2019
Spirogyra algae extract 93.03% 0.5 M HCl 2gL™! Verma and Khan 2016
Peach pomace extract 88% 0.5 M NaCl 800 ppm Vorobyova and Skiba 2021
Purple onion extract 67% 0.5 M HCl 220gL! Galo et al. 2021

Jujube shell extract 91% 1 M HCI1 2¢/1L71 Jmiai et al. 2021

Tea waste extract 83.6% 1 M HCI1 500 mg L™! Pal and Das 2020

Ammi visnaga L. extract 84% 1.0 mol/L HC1 700 ppm Zaher et al. 2022

Palm kernel shell 95.3% 500 ppm 95.3% This work

world, the extraction of organic compounds from waste Conclusion

has become a significant concern in waste management.
Searching for cost-effective, efficient, and environmentally
friendly corrosion inhibitors in aggressive media is a con-
tinuous process. In this study, we tried to propose PKSE
as an inhibitor that satisfies the above-mentioned quali-
ties. PKSE showed a high inhibition efficiency of 95.3% in
1 M HCI solution; to confirm the inhibition performance
of PKSE, its efficiency was compared with the results of
other authors. As can be seen in Table 2, the PKSE pre-
sented excellent inhibition efficiency on carbon steel cor-
rosion in 1 M HCI solution.

@ Springer

The use of palm kernel shell extract (PKSE) as a corro-
sion inhibitor for 1018 low carbon steel was assessed in 1 M
HCI solutions using weight loss, electrochemical impedance
spectroscopy, and polarization methods. The important con-
clusions derived from the study are summarized as follows:

v/ PKSE shows excellent inhibitive performance for
carbon steel in 1 M HCI solutions, and an increase in
its concentration gives a noticeable improvement in the
inhibition efficiency.
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v/ The weight-loss test demonstrates inhibition efficiency
of 95.3% at 500 ppm concentration of PKSE. Electro-
chemical measurements indicated that PKSE in the acidic
environment acts as a mixed-type inhibitor.

v/ The Langmuir adsorption isotherm represents the
PKSE adsorption on the carbon steel surface, denoting
that the PKSE molecule obscured a classic adsorption
region when deposited on the metal/solution interface.
v/ The surface analysis via SEM technique confirmed the
protective films formed by the PKSE component on the
carbon steel.

v/ The FTIR analysis also confirmed the adsorption of
PKSE on the carbon steel surface. According to SEM
data, the adsorption of the inhibitor on the metal surface
reduces surface damage. The outcome of this study con-
firmed the primary benefit of using agricultural waste-
based corrosion inhibitors for protecting metal.

Author contribution Conceptualization: O. Sanni; methodology: O.
Sanni; formal analysis and investigation: O. Sanni; writing—original
draft preparation: O. Sanni, J. Ren, and T-C Jen; writing—review and
editing: O. Sanni, J. Ren, and T-C Jen; funding acquisition: J. Ren
and T-C Jen; supervision: J. Ren and T-C Jen. All authors read and
approved the final manuscript.

Funding Open access funding provided by University of Pretoria. The
authors thank the Research Supporting Project for funding this work
through National Research Foundation, South Africa, and the PDRF
from University of Pretoria, Pretoria, South Africa.

Data availability The data will be made available on reasonable
request.

Declarations
Ethical approval Not applicable.
Consent to participate Not applicable.

Consent to publication All the authors have approved the manuscript
and agreed with the submission.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abdallah M, Soliman KA, Alfakeer M, Hawsawi H, Al-Bonayan AM,
Al-Juaid SS, Abd El Wanees S, Motawea MS (2023) Expired
antifungal drugs as effective corrosion inhibitors for carbon steel
in 1 M HCI solution: practical and theoretical approaches. ACS
Omega 8(38):34516-34533

Abdelaziz S, Benamira M, Messaadia L, Boughoues Y, Lahmar H,
Boudjerda A (2021) Green corrosion inhibition of mild steel in
HCI medium using leaves extract of Arbutus unedo L. plant: an
experimental and computational approach. Colloids Surf a: Phys-
icochem Eng Asp 619:126496

Alamiery A, Mahmoudi E, Allami T (2021) Corrosion inhibition of
low-carbon steel in hydrochloric acid environment using a Schiff
base derived from pyrrole: gravimetric and computational studies.
Int J Corros Scale Inhib 10(2):749-765

Allaoui M, Rahim O, Lounes A (2020) Eco-friendly inhibitors by Mor-
inga oleifera leaves extract on the corrosion of carbon steel in 1
M hydrochloric acid. Moroccan J Heterocycl Chem 19(2):19-22

Ananaba UG, Okonkwo UC (2023) Characterization of telfairia occi-
dentalis stem and banana leaf and its application to corrosion inhi-
bition of mild steel in hcl. Open Access Repository 10(4):131-142

Aourabi S, Driouch M, Kadiri M, Mahjoubi F, Sfaira M, Hammouti B,
Emran KM (2020) Valorization of Zea mays hairs waste extracts
for antioxidant and anticorrosive activity of mild steel in 1 M HCl
environment. Arab J Chem 13(9):7183-7198

Avdeev YG, Kuznetsov Y1 (2021) Nitrogen-containing five-membered het-
erocyclic compounds as corrosion inhibitors for metals in solutions of
mineral acids-An overview. Int J Corros Scale Inhib 10(2):480-540

Batah A, Chaouiki A, El Mouden OI, Belkhaouda MH, Bammou L,
Salghi R (2022) Almond waste extract as an efficient organic
compound for corrosion inhibition of carbon steel (C38) in HCl
solution. Sustain Chem Pharm 1(27):100677

Beniken M, Salim R, Ech-chihbi E, Sfaira M, Hammouti B, Touhami
ME, Mohsin MA, Taleb M (2022) Adsorption behavior and cor-
rosion inhibition mechanism of a polyacrylamide on C—steel in 0.5
M H2S04: electrochemical assessments and molecular dynamic
simulation. J Mol Liq 348:118022

Bidi MA, Azadi M, Rassouli M (2020) A new green inhibitor for low-
ering the corrosion rate of carbon steel in 1 M HCI solution: Hya-
lomma tick extract. Mater Today Commun 1(24):100996

Cao L (2022) Dimocarpus longan Lour leaf extract as green corrosion
inhibitor for copper in sulfuric acid solution. Int J Electrochem
Sci 17(220743):2

Chen L, Lu D, Zhang Y (2022) Organic compounds as corrosion inhib-
itors for carbon steel in HCI solution: a comprehensive review.
Materials 15(6):2023

Chowdhury MA, Ahmed MM, Hossain N, Islam MA, Islam S, Rana
MM (2023) Tulsi and green tea extracts as efficient green cor-
rosion inhibitor for the corrosion of aluminum alloy in acidic
medium. Results Eng 1(17):100996

Damej M, Molhi A, Lgaz H, Hsissou R, Aslam J, Benmessaoud M,
Rezki N, Lee HS, Lee DE (2022) Performance and interaction
mechanism of a new highly efficient benzimidazole-based epoxy
resin for corrosion inhibition of carbon steel in HCI: a study based
on experimental and first-principles DFTB simulations. J] Mol
Struct 29:134232

Didouh H, Buyuksagis A, Hadj Meliani M, Dilek M, Kayali Y, Sulei-
man RK, Saleh TA (2023) Investigating the use of Moringa oleif-
era leaf extract as an environment-friendly corrosion inhibitor for
API 5L X52 steel in 1 M HCI. J Mol Liq 390:122910

Dit M (2007) Palm kernel shell (PKS) is more than biomass for alterna-
tive fuel after 2005. In: Proceedings of chemistry and technology
conference

@ Springer


http://creativecommons.org/licenses/by/4.0/

Environmental Science and Pollution Research

El Ibrahimi B, Jmiai A, Bazzi L, El Issami S (2020) Amino acids
and their derivatives as corrosion inhibitors for metals and alloys.
Arab J Chem 13(1):740-771

Fan G, Liu H, Fan B, Ma Y, Hao H, Yang B (2020) Trazodone as an
efficient corrosion inhibitor for carbon steel in acidic and neutral
chloride-containing media: facile synthesis, experimental and
theoretical evaluations. J Mol Liq 1(311):113302

Fernandes CM, Fagundes TD, dos Santos NE, Rocha TS, Garrett R,
Borges RM, Muricy G, Valverde AL, Ponzio EA (2019) Ircinia
strobilina crude extract as corrosion inhibitor for mild steel in acid
medium. Electrochim Acta 20(312):137-148

Florez-Frias EA, Barba V, Lopez-Sesenes R, Landeros-Martinez LL,
los Rios JP, Casales M, Gonzalez-Rodriguez JG (2021) Use of a
metallic complex derived from Curcuma longa as green corrosion
inhibitor for carbon steel in sulfuric acid. Int J Corros 2021:1-13

Galai M, Rbaa M, Ouakki M, Abousalem AS, Ech-Chihbi E, Dahmani
K, Dkhireche N, Lakhrissi B, EbnTouhami M (2020) Chemically
functionalized of 8-hydroxyquinoline derivatives as efficient cor-
rosion inhibition for steel in 1.0 M HCl solution: experimental and
theoretical studies. Surf Interfaces 21:100695

Galo GT, Morandim-Giannetti AD, Cotting F, Aoki IV, Aquino IP
(2021) Evaluation of purple onion (Allium cepa L.) extract as a
natural corrosion inhibitor for carbon steel in acidic media. Metals
Mater Int 27:3238-3249

Gu T, Xu Z, Zheng X, Fu A, Zhang F, Al-Zaqri N, Chen J, Tan B, Li
W (2023) Lycium barbarum leaf extract as biodegradable cor-
rosion inhibitor for copper in sulfuric acid medium. Ind Crops
Prod 1(203):117181

Gunasekaran AK, Sahoo G, Amit SC, Rodrigues PV (2009) Corro-
sion inhibition by Justicia gendarussa plant extract in hydro-
chloric acid solution. Corros Sci 51(12):2848-2856

Guo L, Tan B, Li W, Li Q, Zheng X, Obot IB (2021) Banana leaves
water extracts as inhibitor for X70 steel corrosion in HCI
medium. J Mol Liq 1(327):114828

Hajjaji FE, Salim R, Taleb M, Benhiba F, Rezki N, Chauhan DS,
Quraishi MA (2021) Pyridinium-based ionic liquids as novel
eco-friendly corrosion inhibitors for mild steel in molar hydro-
chloric acid: experimental & computational approach. Surf
Interfaces 22:100881

Haldhar R, Prasad D, Mandal N, Benhiba F, Bahadur I, Dagdag
O (2021) Anticorrosive properties of a green and sustain-
able inhibitor from leaves extract of Cannabis sativa plant:
experimental and theoretical approach. Colloids Surf, A
5(614):126211

Handaya H, Susanto H, Indrawan D, Marimin M (2022) Supply and
demand characteristics of palm kernel shell as a renewable energy
source for industries. Int J] Renew Energy Dev 11(2):481-490

Hayajneh MT, Almomani MA, AlSharman WM (2023) A study on
Jordanian green natural agro-wastes as potential inhibitors of mild
steel corrosion in HCI solution. Green Mater 40(XXXX):1-4

Hembram KC, Kumar R, Kandha L, Parhi PK, Kundu CN, Bindhani
BK (2018) Therapeutic prospective of plant-induced silver nano-
particles: application as antimicrobial and anticancer agent, Arti-
ficial Cells Nanomed. Biotechnol 46:38-51. https://doi.org/10.
1080/21691401.2018.1489262

Huang Y, Liu H, Yuan H, Zhan H, Zhuang X, Yuan S, Yin X, Wu C
(2018) Relevance between chemical structure and pyrolysis behav-
ior of palm kernel shell lignin. Sci Total Environ 15(633):785-795

Huong DQ, Lan Huong NT, Anh Nguyet TT, Duong T, Tuan D, Thong
NM, Nam PC (2020) Pivotal role of heteroatoms in improving the
corrosion inhibition ability of thiourea derivatives. ACS Omega
5(42):27655-27666

Ikeuba Al, John OB, Bassey VM, Louis H, Agobi AU, Asogwa FC
(2022) Experimental and theoretical evaluation of aspirin as a
green corrosion inhibitor for mild steel in acidic medium. Results
Chem 27:100543

@ Springer

Izuagie T, Umar S, Bashar KM (2023) Inhibition potential of extract
of leaves of sodom apple in the corrosion of mild steel in 1.0 M
H2S04. CalJoST 5(3):294-299

Jafari H, Rezaeivala M, Mokhtarian N, Berisha A, Ameri E (2022)
Corrosion inhibition of carbon steel in 0.5 M H2SO4 by new
reduced Schiff base ligand. J Bio-and Tribo-Corros 8(3):1-3

Jiang S, Zhang H, Song K, Liu X (2021) Corrosion protection appli-
cation of liquid-infused surface with self-healing via regional
growth of layered double hydroxide films on aluminum alloy.
Colloids Surf, A 5(612):125996

Jmiai A, Tara A, El Issami S, Hilali M, Jbara O, Bazzi L (2021) A new
trend in corrosion protection of copper in acidic medium by using
jujube shell extract as an effective green and environmentally safe
corrosion inhibitor: experimental, quantum chemistry approach
and Monte Carlo simulation study. J Mol Liq 15(322):114509

Kaur J, Almujibah H, Alam MM, Singh A, Saxena A, Verma DK,
Berdimurodov E (2024) Electrochemical and DFT studies of
the Pistacia integerrima gall extract: an eco-friendly approach
towards the corrosion of steel in acidic medium. ACS Omega
9(7):7643-7657

Kaya F, Solmaz R, Gegibesler TH (2023) Investigation of adsorption,
corrosion inhibition, synergistic inhibition effect and stability
studies of Rheum ribes leaf extract on mild steel in 1 M HCI
solution. J Taiwan Inst Chem Eng 1(143):104712

Kazantseva IS, Chausov FF, Lomova NV, Vorob’yov VL, Maratkanova
AN (2022) Mechanism of enhancing corrosion inhibition of car-
bon steel by nitrilo-tris (methylenephosphonato) zinc in neutral
chloride-containing environments: electrochemical and XPS stud-
ies. Mater Today Commun 32:104022

Kerru N, Gummidi L, Maddila S, Gangu KK, Jonnalagadda SB (2020)
A review on recent advances in nitrogen-containing molecules and
their biological applications. Molecules 25(8):1909

Kouache A, Khelifa A, Boutoumi H, Moulay S, Feghoul A, Idir B,
Aoudj S (2022) Experimental and theoretical studies of Inula vis-
cosa extract as a novel eco-friendly corrosion inhibitor for carbon
steel in 1 M HCI. J Adhes Sci Technol 36(9):988-1016

Lavanya DK, Frank VP, Vijaya DP, Bangera S (2021) Inhibition effect
of thiourea derivative for mild steel corrosion in acid medium:
experimental and theoretical studies. J Bio-and Tribo-Corros
7(2):1-5

Leyland A, Matthews A (2000) On the significance of the H/E ratio
in wear control: a nanocomposite coating approach to optimised
tribological behaviour. Wear 246(1-2):1-1

Lgaz H, Saha SK, Chaouiki A, Bhat KS, Salghi R, Banerjee P, Ali
IH, Khan MI, Chung IM (2020) Exploring the potential role of
pyrazoline derivatives in corrosion inhibition of mild steel in
hydrochloric acid solution: insights from experimental and com-
putational studies. Constr Build Mater 10(233):117320

Li N (2019) The extraction of a natural dye berberine and evaluation
of its corrosion inhibition properties for P110SS steel. Int J Elec-
trochem Sci 1(14):1830-1842

Li X, Deng S, Du G, Xie X (2020) Synergistic inhibition effect of
walnut green husk extract and sodium lignosulfonate on the cor-
rosion of cold rolled steel in phosphoric acid solution. J Taiwan
Inst Chem Eng 1(114):263-283

Lian X, Cui H, Wang Q, Song X, Yang X, Cui Z (2022) Corrosion
and mechanical behavior of amorphous-nanocrystalline NiCrMo
coatings. J Alloy Compd 15(927):167010

Lin BL, Shao JJ, Xu YY, Lai YM, Zhao ZN (2021) Adsorption and
corrosion of renewable inhibitor of pomelo peel extract for mild
steel in phosphoric acid solution. Arab J Chem 14(5):103114

Magni M, Postiglione E, Marzorati S, Verotta L, Trasatti SP (2020)
Green corrosion inhibitors from agri-food wastes: the case of
Punica granatum extract and its constituent ellagic acid. A vali-
dation study. Processes 8(3):272


https://doi.org/10.1080/21691401.2018.1489262
https://doi.org/10.1080/21691401.2018.1489262

Environmental Science and Pollution Research

Mahmud KN, Hashim NM, Ani FN, Zakaria ZA (2020) Antioxidants,
toxicity, and nitric oxide inhibition properties of pyroligneous
acid from palm kernel shell biomass. Waste Biomass Valoriza-
tion 11(11):6307-19

Mejeh KI, Isaac OE, Oparadike FE, Luke AA (2020) Study of corro-
sion inhibitive behaviour of Moringa oleifera leaf extract on mild
steel. J Newviews Eng Technol (JNET) 2(2):21-28

NACE International (2000) Laboratory corrosion testing of metals in
static chemical cleaning solutions at temperatures below 93 °C
(200 °F), TM0193-2016-SG

Nahusona DR, Koriston P (2019) The effectiveness of watermelon rind
extract as corrosion inhibitor in stainless steel orthodontic wire.
IntJ Appl Pharm 11(4):2225-2233

Ntenga R, Mfoumou E, Béakou A, Tango M, Kamga J, Ahmed A
(2018) Insight on the ultrastructure, physicochemical, thermal
characteristics and applications of palm kernel shells. Mater Sci
Appl 9(10):790-811

Ofori-Boateng C, Lee KT (2013) Sustainable utilization of oil palm
wastes for bioactive phytochemicals for the benefit of the oil palm
and nutraceutical industries. Phytochem Rev 12(1):173-190

Ogbiede OK, Omorotionmwan EA, Igenumah OD, Ifijen HI, Akhigbe
IU (2022) Comparative analysis on physicochemical properties
and chemical composition of coconut and palm kernel oils. Chem-
Search J 13(1):70-75

Okoroigwe EC, Saffron CM (2012) Determination of bio-energy
potential of palm kernel shell by physicochemical characteri-
zation. Niger J Technol 31(3):329-335

Pal A, Das C (2020) A novel use of solid waste extract from tea
factory as corrosion inhibitor in acidic media on boiler quality
steel. Ind Crops Prod 1(151):112468

Raghavendra N, Hublikar LV, Patil SM, Bhat P (2021) Microwave
assisted biosynthesis of silver nanoparticles using banana leaves
extract: phytochemical, spectral characterization, and anticancer
activity studies. ] Water Environ Nanotechnol 6(1):49-61

Raisemche L, Kaabi I, Douadi T, Al-Noaimi M, Alrashed A,
Mubarak MS, Elboughdiri N, Zouaoui A, Benguerba Y (2024)
Corrosion inhibition of mild steel in acidic environments: mech-
anistic insights and protective effects of azo-cum inhibitor. J
Environ Chem Eng 12(2):112354

Rbaa M, Abousalem AS, Rouifi Z, Benkaddour R, Dohare P,
Lakhrissi M, Warad I, Lakhrissi B, Zarrouk A (2020) Synthesis,
antibacterial study and corrosion inhibition potential of newly
synthesis oxathiolan and triazole derivatives of 8-hydroxyqui-
noline: experimental and theoretical approach. Surf Interfaces
19:100468

Ren H, Liu Y, Gong Z, Tan B, Deng H, Xiong J, Shao P, Dai Q, Cao
J, Marzouki R (2024) Pumpkin leaf extract crop waste as a new
degradable and environmentally friendly corrosion inhibitor.
Langmuir 40(11):5738-5752

Sakinah MH, Amirruddin AK, Kadirgama K, Ramasamy D, Rahman
MM, Noor MM (2016) The application of response surface meth-
odology in the investigation of the tribological behavior of palm
cooking oil blended in engine oil. Adv Tribol 1:2016

Sanni O, Popoola AP, Fayomi OS (2018) Enhanced corrosion resist-
ance of stainless steel type 316 in sulphuric acid solution using
eco-friendly waste product. Results Phys 1(9):225-230

Sanni O, Ren J, Jen TC (2022a) Agro-industrial wastes as corro-
sion inhibitor for 2024-T3 aluminum alloy in hydrochloric acid
medium. Results Eng 30:100676

Sanni O, Ren J, Jen TC (2022b) Understanding the divergence of agro
waste extracts on the microstructure, mechanical, and corrosion
performance of steel alloy. S Afr J Chem Eng 40(1):57-69

Sanni O, Iwarere SA, Daramola MO (2023) Investigation of eggshell
agro-industrial waste as a potential corrosion inhibitor for mild
steel in oil and gas industry. Sustainability 15(7):6155

Shahmoradi AR, Talebibahmanbigloo N, Javidparvar AA, Bahlakeh
G, Ramezanzadeh B (2020) Studying the adsorption/inhibition
impact of the cellulose and lignin compounds extracted from agri-
cultural waste on the mild steel corrosion in HCI solution. J Mol
Liq 15(304):112751

Shahmoradi AR, Ranjbarghanei M, Javidparvar AA, Guo L,
Berdimurodov E, Ramezanzadeh B (2021) Theoretical and sur-
face/electrochemical investigations of walnut fruit green husk
extract as effective inhibitor for mild-steel corrosion in 1 M HCl
electrolyte. J Mol Liq 15(338):116550

Solomon MM, Umoren SA, Obot IB, Sorour AA, Gerengi H (2018)
Exploration of dextran for application as corrosion inhibitor for
steel in strong acid environment: effect of molecular weight, modi-
fication, and temperature on efficiency. ACS Appl Mater Inter-
faces 10(33):28112-28129

Soltani N, Tavakkoli N, Attaran A, Karimi B, Khayatkashani M (2020)
Inhibitory effect of Pistacia khinjuk aerial part extract for carbon
steel corrosion in sulfuric acid and hydrochloric acid solutions.
Chem Pap 74(6):1799-1815

Standard ASTM (2011) Standard practice for preparing, cleaning, and
evaluating corrosion test specimens. American Society for Testing
and Materials G1-03

Su G, Zulkifli NW, Ong HC, Ibrahim S, Bu Q, Zhu R (2022) Pyrolysis
of oil palm wastes for bioenergy in Malaysia: a review. Renew
Sustain Energy Rev 1(164):112554

Sun Y, Zhang Y, Xu C, Tan B, Li W, Zheng X, Brahmia A (2023)
Honeysuckle extract as an environment-friendly corrosion
inhibitor for copper in sulfuric acid medium. Ind Crops Prod
1(197):116551

Tan B, Fu A, Guo L, Ran Y, Xiong J, Marzouki R, Li W (2023) Insight
into anti-corrosion mechanism of Dalbergia odorifera leaves
extract as a biodegradable inhibitor for X70 steel in sulfuric acid
medium. Ind Crops Prod 1(194):116106

Tan B, Gong Z, He W, Xiong J, Guo L, Marzouki R (2024a) Insight
into the anti-corrosion mechanism of crop waste Arachis hypogaea
L. leaf extract for copper in sulfuric acid medium. Sustain Chem
Pharm 38:101449

Tan B, Liu Y, Gong Z, Zhang X, Chen J, Guo L, Xiong J, Liu J, Mar-
zouki R, Li W (2024b) Pyracantha fortuneana alcohol extracts as
biodegradable corrosion inhibitors for copper in H2SO4 media. J
Mol Liq 1(397):124117

Tiwari N, Mitra RK, Yadav M (2021) Corrosion protection of petro-
leum oil well/tubing steel using thiadiazolines as efficient corro-
sion inhibitor: experimental and theoretical investigation. Surf
Interfaces 22:100770

Toghan A, Gadow HS, Dardeer HM, Elabbasy HM (2021) New prom-
ising halogenated cyclic imides derivatives as potential corrosion
inhibitors for carbon steel in hydrochloric acid solution. J Mol
Liq 1(325):115136

Tsouko E, Alexandri M, Fernandes KV, Freire DM, Mallouchos A,
Koutinas AA (2019) Extraction of phenolic compounds from palm
oil processing residues and their application as antioxidants. Food
Technol Biotechnol 57(1):29

Umoren S, Obot IB, Gasem Z, Odewunmi NA (2015) Experimental
and theoretical studies of red apple fruit extract as green corrosion
inhibitor for mild steel in HCI solution. J Dispersion Sci Technol
36(6):789-802

Verma C, Quraishi MA, Ebenso EE (2020) A review on ammonia
derivatives as corrosion inhibitors for metals and alloys. Sustain
Ammonia Prod 49-67

Verma DK, Khan F (2016) Green approach to corrosion inhibition of
mild steel in hydrochloric acid medium using extract of spirogyra
algae. Green Chem Lett Rev 9(1):52-60

Vivier V, Orazem ME (2022) Impedance analysis of electrochemical
systems. Chem Rev 122(12):11131-11168

@ Springer



Environmental Science and Pollution Research

Vorobyova V, Skiba M (2021) Peach pomace extract as novel cost-
effective and high-performance green inhibitor for mild steel cor-
rosion in NaCl solution: experimental and theoretical research.
Waste Biomass Valorization 12:4623-4641

Wan S, Wei H, Quan R, Luo Z, Wang H, Liao B, Guo X (2022) Soy-
bean extract firstly used as a green corrosion inhibitor with high
efficacy and yield for carbon steel in acidic medium. Ind Crops
Prod 1(187):115354

Wang Q, Wu X, Zheng H, Xiao X, Liu L, Zhang Q, Gao P, Yan Z, Sun
Y, LiZ, Li X (2022a) Insight into anti—corrosion behavior of Cen-
tipeda minima leaves extract as high—efficiency and eco—friendly
inhibitor. Colloids Surf A: Physicochem Eng Asp 5(640):128458

Wang Q, Zheng H, Liu L, Zhang Q, Wu X, Yan Z, Sun Y, Li X (2022b)
Insight into the anti—corrosion behavior of Reineckia Carnea
leaves extract as an eco—friendly and high—efficiency corrosion
inhibitor. Ind Crops Prod 15(188):115640

Wei W, Liu Z, Liang C, Han GC, Li Y, Li Q, Han J, Zhang S (2020)
Corrosion inhibition performance of nitrogen-containing metal
organic framework compounds on copper flakes in dilute HCI
medium. Prot Met Phys Chem Surf 56(3):638-650

XuZ, Gan Y, Zeng J, Chen J, Fu A, Zheng X, Li W (2023a) Green
synthesis of functionalized fluorescent carbon dots from biomass
and their corrosion inhibition mechanism for copper in sulfuric
acid environment. Chem Eng J 26:144425

Xu Z, Tan B, Zhang S, Chen J, Li W (2023b) Exploring of an eco-
logical corrosion inhibitor of wood hibiscus leaf extract for the
Cu/H2S04 system based on experimental study and theoretical
calculations. J Taiwan Inst Chem Eng 1(143):104686

Yang HM (2021) Role of organic and eco-friendly inhibitors on the
corrosion mitigation of steel in acidic environments—a state-of-
art review. Molecules 26(11):3473

@ Springer

Zaher A, Aslam R, Lee HS, Khafouri A, Boufellous M, Alrashdi AA,
Lgaz H, Ouhssine M (2022) A combined computational & elec-
trochemical exploration of the Ammi visnaga L. extract as a green
corrosion inhibitor for carbon steel in HCI solution. Arab J Chem
15(2):103573

Zainal SA, Mamauod SN, Zainal NH, Ismail H, Mamauod MI (2024)
Preparation and characterization of activated palm kernel shell/
carboxylated nitrile butadiene rubber (APKS/XNBR) vulcanizate.
J Mech Eng (JMechE) 21(1):217-235

Zhang QH, Hou BS, Li YY, Zhu GY, Liu HF, Zhang GA (2021) Effec-
tive corrosion inhibition of mild steel by eco-friendly thiourea
functionalized glucosamine derivatives in acidic solution. J Col-
loid Interface Sci 1(585):355-367

Zhang W, Zhang D, Li X, Li C, Gao L (2022) Excellent performance
of dodecyl dimethyl betaine and calcium gluconate as hybrid
corrosion inhibitors for Al alloy in alkaline solution. Corros Sci
1(207):110556

Zheng H, Zhang B, Wang X, Lu Y, Li F, Li C (2022) Improved corro-
sion resistance of carbon steel in soft water with dendritic-poly-
mer corrosion inhibitors. Chem Eng J 6:139043

Zhou Z, Min X, Wan S, Liu J, Liao B, Guo X (2023) A novel green
corrosion inhibitor extracted from waste feverfew root for carbon
steel in H2SO4 solution. Results Eng 1(17):100971

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Electrochemical, surface, and theoretical investigations of palm kernel shell extract as an effective inhibitor for carbon-steel corrosion in 1 M HCl solution
	Abstract
	Introduction
	Experimental procedure
	Materials and extract preparation
	Extraction of inhibitor

	Corrosion tests
	Weight loss measurement
	Electrochemical measurement

	Evaluation of tribological properties
	Adsorption isotherm
	Surface morphology analysis
	FTIR analysis
	SEM and EDX analysis


	Results and discussion
	Weight loss test
	Potentiodynamic polarization measurements
	Electrochemical impedance spectroscopy (EIS)
	Adsorption isotherm
	Mechanical properties
	Surface analyses
	Corrosion inhibition mechanisms
	Comparative study of the PKSE extract

	Conclusion
	References


