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Abstract: Corrosion is a pervasive issue affecting metallic materials, with significant economic losses
and safety risks in various industries. Mild steel, extensively used in construction and infrastructure,
faces corrosion challenges, needing continuous research to effectively tackle them. Natural com-
pounds, because of their eco-friendliness and corrosion inhibition potential, are attracting increasing
interest for corrosion control. Lawsonia inermis (LI), or henna, a plant native to North Africa and South
Asia, has bioactive compounds exhibiting corrosion inhibitive properties. This study comprehen-
sively explores Lawsonia inermis’s effectiveness as a corrosion inhibitor for mild steel, filling a gap in
the existing research. Various concentrations of Lawsonia inermis extract were tested in acidic solutions
to evaluate corrosion inhibition. Experimental results indicate a significant reduction in the corrosion
rate with increasing inhibitor concentration. Langmuir adsorption isothermal analyses reveal the
adsorption mechanism as being an interplay between physisorption and weak chemisorption. Electro-
chemical measurements demonstrate Lawsonia inermis’s capability to alter both cathodic and anodic
reactions, leading to improved corrosion resistance. Scanning electron microscopy reveals a more
even surface morphology in the presence of the Lawsonia inermis, indicating corrosion inhibition. Gas
chromatography-mass spectrometry (GC-MS) analyses identified organic compounds in Lawsonia
inermis extract responsible for corrosion inhibition. Overall, Lawsonia inermis emerges as a promising
corrosion inhibitor for mild steel, offering excellent inhibition efficiencies. This study sheds light
on its adsorption behaviour and provides insights into its mechanism of action. These findings
underscore Lawsonia inermis’s potential as a green corrosion inhibitor, paving the way for its practical
application in industrial corrosion protection strategies.

Keywords: corrosion inhibitor; mild steel; Lawsonia inermis; GC-MS; electrochemical experiments;
SEM; adsorption mechanism

1. Introduction

Corrosion is a ubiquitous phenomenon that affects various metallic materials, causing
significant economic losses and safety hazards across industries [1]. Mild steel stands out
as a material susceptible to corrosion in industries, which poses a considerable challenge,
necessitating continuous research to develop effective mitigation strategies. Recently,
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there has been growing interest in exploring natural compounds as corrosion inhibitors
because of their eco-friendly nature and potential effectiveness in inhibiting corrosion [2].
Lawsonia inermis (LI), commonly known as henna, is one such natural compound that has
shown promise in corrosion inhibition studies [3]. This plant, native to North Africa and
West and South Asia, produces bioactive compounds that exhibit inhibitory properties
against metal corrosion. Lawsonia inermis is a plant species belonging to the Lythraceae
family. Indigenous to North Africa, West Asia, and South Asia, Lawsonia inermis has
been traditionally used for its medicinal, cosmetic, and dyeing properties. The plant
contains bioactive compounds, such as lawsone (2-hydroxy-1,4-naphthoquinone), tannins,
flavonoids, and polysaccharides, which exhibit various biological activities, including
antioxidant and antimicrobial properties [4].

Several studies have investigated the potential of Lawsonia inermis as a corrosion
inhibitor for different metals and alloys, such as aluminium, copper, and carbon steel. A
study by Devi et al. [5] confirmed the corrosion inhibition of mild steel in well water in
the presence of a Lawsonia inermis leaf extract, using weight loss, polarisation techniques,
and AC impedance spectroscopy. Fourier-transform infrared (FTIR), scanning electron
microscopy (SEM), and atomic force microscopy (AFM) investigations confirmed the
presence of a protective iron—-lawsone complex that was adsorbed on the metal surface. In
addition, Zulkifli et al. [6] have explored the corrosion inhibition potential of henna for
aluminium alloys in seawater. These studies revealed the protective film formation of the
henna on the surface of the metal to reduce the corrosion rate and improve the corrosion
resistance of the metal. The work of Muthamil et al. [7] showed the adsorption pattern
of physisorption, confirming the presence of hydroxyl and carbonyl groups, using FTIR.
Singh [8] used Lawsonia inermis extract to inhibit the corrosion of 304 stainless steel in 1.0 M
H)S04 using weight loss measurements and SEM analysis. The findings of that study
showed Lawsonia inermis extract as a good inhibitor of 304 stainless-steel corrosion, with
the inhibition efficiency increasing with increased extract concentration and decreasing
with decreased temperature.

Rahman et al. [9] studied the anodic inhibition of steel in 8 M H3PO4 by Lawsonia
inermis, using the galvanostatic polarisation technique. The results showed Lawsonia inermis
as a good corrosion inhibitor of steel, as the inhibition efficiency increased with an increase
in the inhibitor concentration. El-Sharmy et al. [10] investigated the corrosion inhibition of
steel alloy 4130 in 3.5 wt.% NaCl solutions, using the electrochemical method at diverse
concentrations of the extract and at three different temperatures. The results showed that
Lawsonia inermis extract slowed the corrosion of steel alloys, as shown in the increase in the
inhibition efficiency with an increase in the concentration and a decrease in the inhibition
efficiency with an increase in the temperature. El-Bindary et al. [11] evaluated the corrosion
inhibition of carbon steel by an aqueous extract of Lawsonia inermis in saline media, using
open-circuit potentials, the potentiodynamic polarisation technique, and electrochemical
impedance spectroscopy. The results showed a decrease in the cathodic and anodic corro-
sion currents and the rate of the corrosion with an increase in the inhibitor concentration.
Brixi et al. [12] studied the synergistic inhibition effect of Lawsonia inermis, lawsone, and gal-
lic acid on the corrosion of steel in a simulated concrete pore solution of 0.5 M NaCl, using
the potentiodynamic polarisation technique and electrochemical impedance spectroscopy.
The highest inhibitor efficiency of 93% was seen in henna leaf extract in comparison with
lawsone and garlic acid. Rani [13] evaluated the corrosion inhibition of carbon steel in saline
media by Lawsonia inermis, using open-circuit potentials, the potentiodynamic polarisation
technique (PD), and electrochemical impedance spectroscopy (EIS). The results showed a
decrease in the corrosion of the metal with an increase in the concentration of the inhibitor,
thus revealing decreases in cathodic and anodic currents.
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2. Material Preparation
2.1. Preparation of Materials
2.1.1. Preparation of Mild Steel Specimens

Mild steel specimens of dimensions 3 cm X 3 cm x 0.14 cm and percentage-by-
weight compositions C (0.30), Mn (0.30), P (0.045), S (0.050), Cr (0.064), Cu (0.040), Ti
(0.04), and Fe were prepared by mechanically cleaning with abrasive paper to remove any
surface contaminants, degreased in acetone, and dried in warm air before preservation in a
moisture-free desiccator.

2.1.2. Plant Extract Preparation

Lawsonia inermis extract was prepared from fresh leaves of the Lawsonia inermis plant.
The leaves were thoroughly washed to remove any dirt or impurities and air-dried to
preserve their bioactive constituents. The dried leaves were ground into a fine powder
using a mortar and pestle, and the resulting powder was subjected to solvent extraction
using 70% v/v of ethanol The powdered plant was soaked in 400 mL of ethanol for 48 h
at a temperature of 30 °C to enable the solvent to penetrate and dissolve the bioactive
compounds. There was occasional stirring and shaking to improve the extraction efficiency.
This was followed by filtration using a qualitative filter paper to obtain an extract which
volume was close to the original volume of ethanol used, accounting for a slight loss during
filtration. The filtrate was evaporated under reduced pressure to reduce the volume of the
solvent to 200 mL to obtain a concentrated extract. The concentrated extract was evaporated
further to obtain a dry mass of 7 g. The concentrations of the plant extract used for the
corrosion experiment were obtained by dissolving 3 g of the dry mass in 1 dm> of water to
obtain 3000 mg/dm?, 2 g in 1 dm? of water to obtain 2000 mg/dm?, 1 g in 1 dm? of water
to obtain 1000 mg/dm?3, 0.5 g in 1 dm? of water to obtain 500 mg/dm?, and 0.1 g in 1 dm?
of water to obtain 100 mg/dm? concentrations.

2.2. Weight-Loss Measurements

Mild steel coupons of dimensions 3 cm x 3 cm x 0.14 cm were polished, degreased
in absolute ethanol, dried in warm air, and weighed using an analytical balance. They
were then suspended in beakers, with glass hooks and rods inside beakers, where the test
solutions were put. Experiments were carried out with the metal totally immersed in 300 mL
of the test solution at 30 °C. The coupons were retrieved at 24 h intervals progressively
for 120 h, cleaned by dipping into water, dried, and re-weighed. The difference between
the initial weight and subsequent weight of the metal coupon gave the weight loss, which
was recorded. The weight loss was taken as the difference between the weight of the
coupons at a given time and their initial weights. The results reported are averages of
triplicate determinations.

The corrosion rate and corrosion inhibition efficiency were calculated using the fol-

lowing formulae:
AW

1
Axt @
where AW = weight loss due to corrosion (in milligrams); A = surface area exposed to
corrosion (in square decimetres); T = time of exposure (in days), and

Corrosion rate (mdd) =

IE (100) = (W1 — Wy)/(W;) = (1 — x;) x 100 @)

where W1 = the weight of the metal before exposure to the corrosive media; W, = the
weight of the metal after dipping into the corrosive solution; IE = inhibition efficiency.
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2.3. Electrochemical Measurements

A three-electrode corrosion cell, having a PAR 263 potentiostat/galvanostat, was used
for the electrochemical assessments. The metal specimens were encapsulated in epoxy
resin such that one surface was left uncovered. The exposed area (1 cm?) was polished
with emery papers of various grades (200-1000). A graphite rod and a saturated calomel
electrode were used as counter and reference electrodes. Mild steel was used to fabricate
the working electrode. The electrolyte solutions, which initiate the corrosion process, were
chosen; in this case, they were 0.1 M and 1 M HCI acidic solutions. The potentiodynamic
polarisation was initiated by applying a potential sweep at a potential range of 250 mV
and scan rate of 0.333 mV/s. The readings were taken after 0.5 h of immersion, with the
solution unstirred at 30 °C. The potentiodynamic polarisation curve was recorded as the
applied potential versus the current density. Measurements were taken in triplicates to
ensure reproducibility.

IE (100) = ((icorrbl - icorrinh)/(icorrbl)) x 100 (3)

where i o) and icorrinn are the corrosion current densities in the absence and presence of
the inhibitor.

2.4. Gas Chromatography—Mass Spectrometry (GC-MS) Measurements

GC-MS analysis was performed using a Clarus 600 GC-MS fitted with an HP-5MS
capillary column (30 m x 0.25 m, coated with 5% phenyl methyl-siloxane; film thickness:
0.25 m). The mass spectrometer was operated at an electron impact of 70 eV with an ion
source temperature of 2300 °C. The already-extracted Lawsonia inermis was injected into the
GC system with the aid of an auto-sampler, taking care to ensure reproducibility. The GC
program was started to initiate the separation of the compounds according to their retention
times. The GC oven temperature was programmed from 50 to 250 °C at a rate of 5 °C/min.
The injector and detector temperatures were maintained at 250 °C. Helium was used as
the carrier gas at a flow rate of 1 mL/min. The separated compounds were monitored
using the display on the GC system. The separated compounds were allowed to enter
the MS system as soon as they were eluted from the GC column, whereby the MS ionised
the compounds and generated the mass spectra according to the molecular weights and
fragmentation patterns. The results were interpreted to give insight into the compounds by
matching them with already-existing literature data, which was achieved with a software
tool to input the experimental spectra and search for a match with already-existing mass
spectra in the database. The compounds in the database that had the highest scores were
considered as being the most likely matches. Other parameters, like the retention times
obtained from the GC-MS analysis, can equally be used to confirm the matches.

2.5. SEM (Scanning Electron Microscopy)

Surface investigations of the metals were undertaken by SEM examinations of the
electrode surfaces exposed to different test solutions, using an XL-30FEG scanning electron
microscope. Mild steel specimens of dimensions 15 mm x 15 mm x 2 mm were cleaned
as previously described and immersed for 24 h in the blank solutions (hydrochloric acid)
with or without the inhibitors under study at 30 °C. The metal samples were washed
with distilled water and dried in warm air before being subjected to surface examination.
The already-prepared samples were mounted on the SEM sample holder with the aid of
conducting adhesives. The prepared sample holder was loaded into the SEM chamber,
whereby the electron beam was focused on the sample for image capture to examine its
surface morphology. The SEM images obtained were analysed to identify surface structural
defects, and the results were documented for further analysis.
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3. Results and Discussion
3.1. Gravimetric Results

In Figure 1, the corrosion rate reduced significantly as the concentration increased
from 100 mg/dm3 to 3000 mg/dm?, that is, from 8.4259 to 0.0576 for 0.1 M HCl and
from 0.034 mdd to 0.0121 mdd in 1 M HCI, respectively. At the higher concentrations of
2000 mg/dm? and 3000 mg/L, the corrosion rates approach zero, thus indicating good
corrosion inhibition of mild steel at the studied concentrations. The significant reduction in
the corrosion rate observed with increasing inhibitor concentrations (from 100 mg/ dm3
to 3000 mg/dm?) for mild steel exposed to 0.1 M and 1 M HCl solutions highlights the
effectiveness of the corrosion inhibitor in mitigating corrosion. This phenomenon can be
attributed to the adsorption of the inhibitor molecules (for example, hexadecanoic acid-2,3-
dihydroxy ester and hexadecanoic ethyl ester) on the metal surface, forming a protective
barrier that inhibits the corrosion process. In acidic environments, like hydrochloric acid
(HCI), mild steel is susceptible to rapid corrosion due to the dissolution of iron ions (Fe?*)
in the solution. However, when corrosion inhibitors are introduced to the solution, they
interact with the metal surface through physical or chemical adsorption, hindering the
electrochemical reactions responsible for corrosion. The mechanism of the adsorption
of the Lawsonia inermis extract is an interplay between physisorption and chemisorption.
At the initial time, the LI extract first adheres physically to the surface of the mild steel
through weak van der Waals forces. However, as the contact continues over time, some
of the molecules may chemisorb by the formation of strong covalent or ionic bonds be-
tween the iron atoms in mild steel and hydroxyl and carbonyl groups in the identified
compounds. The inhibitor molecules may block active sites on the metal surface, pre-
venting aggressive species, like H* ions, from accessing and reacting with the metal. The
observed corrosion rates of 8.4259 mdd reducing to 0.0576 mdd for 0.1 M HCl and from
0.034 mdd to 0.0121 mdd for 1 M HCl at higher inhibitor concentrations (2000 mg/dm?
and 3000 mg/dm?), approaching zero, suggest that the corrosion inhibition efficiency is
quite high. A corrosion rate approaching zero indicates the effective protection of the mild
steel, as the inhibitor is able to significantly reduce the rate of metal loss due to corrosion.
Figure 1 shows that the weight loss of the metal coupons is lowered in the presence of
Lawsonia inermis when compared with the blank solution. It is shown that the loss in the
weight of the coupons reduces at all the various concentrations of the inhibitor, indicating
good corrosion inhibition performance. Alaneme, Olusegun, and Alo (2016) also observed
a similar trend of behaviour when they studied the corrosion inhibitory effect of elephant
grass (Pennisetum purpureum) extract on mild steel corrosion in a 1 M HCI solution by
employing the mass loss technique. The results of their work showed that mass loss and
corrosion rates decreased as the concentration of the extract was raised. The work of Njoku,
Chidiebere, Oguzie, Adindu, and Momoh-yahaya [14] confirmed a similar behaviour, as it
was observed that the extract of Terminalia chebula inhibited the corrosion of mild steel in
acidic media. The work of Oguzie [15] also found Hibiscus sabdariffa extract to slow the
corrosion of mild steel in 2 M hydrochloric and 1 M sulphuric acidic solutions.

In Figure 2, there was no significant weight loss over time for the different concentra-
tions of the Lawsonia inermis, thus signifying the stability of the inhibitor with respect to
time under the studied environmental conditions. This shows that the inhibitor is stable
under the studied conditions with respect to time. This is quite appreciable and critical in
assessing the reliability and performance of corrosion inhibitors to protect metals during
prolonged immersion times in aggressive environments. The extract of the Lawsonia inermis
functions by forming a protective film across the metal surface, thus preventing the elec-
trochemical process responsible for corrosion from taking place. With reference to one of
the identified compounds in Lawsonia inermis, hexadecanoic acid-2,3-dihydroxy ester, the
following interactions play out. It might involve breaking the ester bond according to the
following equation:
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C16H31COOCH,;CH(OH)CH3 — C14H3;COOH + CH,CH(OH)CH3

Weight Loss (g)
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Figure 1. Weight loss versus concentration for mild steel coupons in (a) 0.1 M and (b) 1 M HCl with
or without Lawsonia inermis at 30 °C.
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Figure 2. Weight loss versus time for mild steel coupons in (a) 0.1 M and (b) 1 M HCI with or without
Lawsonia inermis at 30 °C.

The dissociated product, C14H31COOH, interacts with the mild steel’s surface via the
carboxyl and hydroxyl groups present to form covalent bonds with the iron in the mild
steel according to the following equation:

Fe(s) + C14H31COOH — Fe(C16H31COOH)adS + H,

This adsorbed layer, according to the equation above, forms a protective layer on the
organic molecule on the mild steel’s surface and mitigates the corrosion process.

The variation in the inhibition efficiency with the concentration of the Lawsonia inermis
for mild steel coupons in 0.1 M and 1 M HCl solutions is shown in Figure 3. The results
demonstrate that the inhibition efficiency increases with a rise in the concentration of the
LI extract. At 1000 mg/dm?, the inhibition efficiency values obtained for LI were rela-
tively poor. However, by increasing the concentration to 2000 mg/dm? and 3000 mg/dm?,
the inhibition efficiency improved significantly to 93.90% and 97.30%, respectively. This
study provides valuable insights into the effectiveness of Lawsonia inermis as a green cor-
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rosion inhibitor for mild steel corrosion in acidic solutions. Increasing the concentration
of the LI extract to 500 mg/ dm?® in 1M HCl notably increased the inhibition efficiency to
95.5%. Further increasing the concentration to 3000 mg/dm? did not show a significant
increase in the inhibition efficiency, indicating that 500 mg/L is the optimal concentra-
tion for achieving a high inhibition efficiency. At the highest inhibitor concentrations of
2000-3000 mg/ dm?3, the inhibition efficiencies were notably high, ranging from 97.2% to
97.8%. These results highlight the effectiveness of the Lawsonia inermis as an excellent
inhibitor of mild steel corrosion under the studied conditions. These insights underscore
the importance for optimising the inhibitor concentration for highly effective corrosion
inhibition, with Lawsonia inermis proving to be particularly useful in mitigating corrosion
in industrial applications and practical scenarios.

o
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Figure 3. Inhibition efficiency versus concentration of Lawsonia inermis for mild steel corrosion in
(a) 0.1 M and (b) 1 M HCl at 30 °C.

The work of Ihebrodike, Anthony, Kelechukwu, and Gregory [16] showed a similar
trend of behaviour, as the inhibition efficiency of the Solanum melongena leaf extract in-
creased with the rise in the concentration of the extract. Akawu et al. [17] also observed a
similar behaviour, as Caesalpinia coriaria pod extract acted as an effective inhibitor of the
corrosion of mild steel in acidic media. When the concentration of the extract was increased
to 500 mg/dm?, the inhibition efficiency increased to 95.5% of that of LI. Increasing the
concentration to 3000 mg/dm? did not show any significant increase in the value of the
inhibition efficiency, showing that 500 mg/dm? is the optimal concentration. Dananjaya,
Edussuriya, and Dissanayake [18], having studied the inhibition action of lawsone (the
active ingredient of Lawsonia inermis) on the dissolution of mild steel in hydrochloric acid,
obtained an inhibition efficiency of 93.14% at a 500 mg/dm?> concentration of the inhibitor
in 1 M HCL The present study gives a better inhibition efficiency for the same plant at the
studied concentration.

3.2. Electrochemical Measurements

Electrochemical measurements are useful to identify the effects of corrosion inhibitors
on anodic and cathodic reactions [19] and, at the same time, monitor the progress of
these reactions.
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Potentiodynamic Polarisation (Pdp) Results for Mild Steel

The Pdp graphs for the mild steel in 0.1 M and 1.0 M HCl with or without LI at 30 °C
are as seen in Figure 4 below. The electrochemical variables, like the corrosion potential
(Ecorr) and corrosion current densities (Icorr), are presented in Table 1.

Table 1. Potentiodynamic polarisation variables for mild steel corrosion in 1 M and 0.1 M HCl in the
presence and absence of the inhibitor.

System Ecorr Icorr (3] IE (%)
1M HCI —500.4 183
100 mg/dm3 LI —468.3 113.5 0.381 38.1
1000 mg/dm? LI —461.9 26.6 0.855 85.5
0.1 M HC1 —496.2 145.7
100 mg/dm3 LI —490.3 85.6 0412 41.2
1000 mg/dm3 LI —497.9 15.8 0.892 89.2
14 -1
-2 -2
34
R 7 { o
£ 41
O -4 o
< <]
-5 2
k! 25,
6 -
|
7{——1MHCI 5 ——J0.1 MHCl
——100 mg/L LI ~—100 mg/L LI
P T 0 1000 mglL LI
-0.8 0.7 -06 05 0.4 0.3 0.2 0.8 07 -06 05 -04 0.3 -0.2 -0.1
E vs SCE (V) E vs SCE (V)
(a) (b)

Figure 4. Pdp graphs for mild steel in (a) 1 M and (b) 0.1 M HCI with or without LI

The results depicted in Figure 4 show that there was a significant shift in (Ecorr)
towards more positive (anodic) values when the LI extract was added to the 0.1 M and
1 M HCl solutions. The two arms of these curves represent the cathodic and anodic arms.
The upper curve represents the corrosion behaviour of the mild steel before the addition of
the inhibitor. The lower curve represents the shift in the cathodic and anodic arms with
the addition of the inhibitor. This shift suggests that the electrochemical behaviour of the
mild steel’s surface was modified when the surface was in contact with the LI extract, thus
suggesting a change in its corrosion kinetics and mechanism. This behaviour typically
shows an increased tendency for the metal to resist corrosion, which is often associated
with the adsorption of the inhibitor on the metal surface to block active sites for contact
of the metal with the corrosive environment, thus reducing the rates of the anodic and
cathodic half-reactions. In addition, the observed changes in the cathodic and anodic curves
suggest the ability of the LI extract to affect multiple steps of the corrosion process. The
cathodic half-reaction suggests that the reduction of the oxygen may have been slowed
down with the addition of the LI plant extract, while the anodic reaction showed the
suppression of the iron dissolution as a result of modifications in the surface chemistry.
This indicates the ability of the LI extract to effectively alter the corrosion of metals in
aggressive environments and preserve the integrity of the metal.
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Table 1 presents the polarisation variables for the mild steel in the corrosive and
inhibited solutions. The highest shifts in the Ecorr values for Lawsonia inermis (LI) are
385 mVin1M HCl and 1.7 mV in 0.1 M HCIl. Moreover, there was a notable reduction in
the corrosion current density (Icorr) by 156.4 A /cm? in the presence of the LI in 1 M HCI;
the reduction was 129.9 pA/cm? in 0.1 M HCL. The shift in the Ecorr value and decrease
in Icorr signify the effectiveness of the LI in suppressing the corrosion rate of the mild
steel under acidic conditions. These changes indicate the potential of the LI to modify the
electrochemical characteristics of the metal and fortify its corrosion resistance power in
hydrochloric acid solutions. When the shift in Ecorr is below 85 mv, the inhibitor is classified
as a mixed inhibitor; values above 85 mv could mean that the inhibitor functioned either as
an anodic or a cathodic inhibitor. In Figure 4, the inhibitor (LI) produced a significant shift
in Ecorr to more positive values (anodic) in both 0.1 M HCl and 1 M HCl and inhibited both
the cathodic and anodic processes, thus showing the behaviour of a mixed-type inhibitor.
A polarisation study by Nagiub et al. [19] on the effects of mono-, bis-, and tris-azo dyes
on the dissolution of mild steel in acidic solutions showed that these compounds acted
as mixed-type inhibitors. In addition, the work of Oguzie, Chidiebere, Oguzie, Adindu,
and Momoh-yahaya [20] evaluated the effects of Terminalia chebula (TC) on the inhibition
of mild steel corrosion in acidic media, using the potentiodynamic polarisation method,
and revealed TC as a mixed-type inhibitor. These results are in agreement with those of the
present study.

3.3. Adsorption Consideration of Lawsonia inermis Plant Extract

The adsorption behaviour of the Lawsonia inermis extract was studied by fitting the
data obtained to Langmuir adsorption isotherms using the equation below:

c

n
6 Kads

+ nc 4)

where C = the inhibitor’s concentration; § = the degree of surface coverage; n = the number
of moles of the inhibitor molecule; K45 = the adsorption equilibrium constant.

Figure 5 is a plot of § versus ¢, and the linearity of the graph shows that the data
are well fitted to the Langmuir adsorption isotherm, although the graph in Figure 5a did
not completely fit the Langmuir adsorption model. This could be as a result of significant
adsorption between adsorbed molecules or as a result of the heterogeneity of the metal’s
surface or multi-layer adsorption on the metal’s surface, which the Langmuir model could
not adequately account for.

= 0.1 MHCI
3500 — MS

3000
2500

2000

C/O

1500

1000

500

T T T T T T
0 500 1000 1500 2000 2500 3000

Concentration of Lawsonia inermis (mg/l)
(a)

Figure 5. Cont.
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Figure 5. Langmuir isotherms for mild steel in different concentrations of Lawsonia inermis for mild
steel corrosion in (a) 0.1 M and (b) 1 M HCl at 30 °C.

Linear Regression Analysis

Standard free-energy values were determined from the values of the K,45 and are
presented in Table 2 below.

Table 2. Adsorption isotherm parameters obtained from the corrosion data for mild steel coupons in
0.1 M and 1 M HCl containing Lawsonia inermis.

AG
Isotherm Intercept Slope Kads Ln Kads RZ (Kng‘iis_l)
Langmuir
Mild steel (0.1 M) 513.3307 0.8728 0.002 6.267 0.8899 —15.787
Langmuir
Mild steel (1 M HCI) 12.2050 1.0203 0.0819 2.503 0.9999 —6.305

The equilibrium constant value of 0.002 and the R? value of 0.8899 for 0.1 M HCl and
0.0819 and 0.9999 for 1 M HCl signify a perfect fit to the Langmuir adsorption isotherms,
which shows strong adsorption. This shows that LI adsorbed appreciably on the metal’s
surface. The negative value of —15.787 kJ/mol for AGads suggests that the adsorption
process of the Lawsonia inermis on mild steel surfaces in the 0.1 M HCI solution is an interplay
between both physisorption and weak chemisorption mechanisms. Initially, there is the
physical interaction of the components of the Lawsonia inermis plant extract (for example,
hexadecanoic ethyl ester and hexadecanoic acid-2,3-dihydroxy ester) through van der Waals
forces. However, with extended contact time, covalent bonding between the Fe component
of the mild steel and the carboxyl or hydroxyl groups in the identified components takes
place, leading to the chemisorption of the Lawsonia inermis components on the mild steel.
More negative AGads values above —20 kJ/mol depict a strong chemisorption interaction
mechanism [21]. Negative values closer to zero indicate a physisorption mechanism [22].
The negative calculated standard free-energy value of —6.305 kJ/mol obtained for 1 M HCl
suggests that the adsorption process was energetically favourable, depicts a physisorption
mechanism, and underscores the potential of the LI to inhibit the corrosion of the mild steel
in acidic media.
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3.4. Scanning Electron Microscopy (SEM) Analysis

The surface structures of the products of the corrosion on mild steel surfaces in 0.1 M
and 1 M HCl with or without inhibitors were studied, and the photographs are presented
in figures, as shown below.

Figure 6a is the picture of the surface of the polished metal before dipping it into
the acidic solution; it has a lustrous appearance. Figure 6b,c are pictures of the surface of
the metal after it was dipped in 0.1 M and 1 M HCI, respectively; both showed a marred
appearance, but the effect is greater in Figure 6c because of the higher concentration of the
1 M HCl over the 0.1 M HCL. Figure 6d,e are pictures of the metal in 0.1 M and 1 M HCl
with LI the pictures appear even, showing the ability of the introduced LI extract to slow
the corrosion of the mild steel in the corrosive environment [23-26].

(b)

Figure 6. (a) SEM picture of polished mild steel surface; (b,c) SEM photographs of mild steel surfaces
dipped in 0.1 M and 1 M HCI; (d) SEM picture of mild steel dipped in 0.1 M HCI containing LI;
(e) SEM picture of mild steel dipped in 1 M HCl containing LI

3.5. GC-MS Analysis Results for Lawsonia inermis

The GC-MS analysis of the extract is presented in Figure 7. It is very clear from
the graph that Lawsonia inermis (LI) has eight prominent organic compounds, including
n-hexadecanoic acid, hexadecanoic acid ethyl ester, oleic acid, octadecanoic acid, E-13
docosenoic acid, hexadecanoic acid-2,3-dihydroxy ester, hexadecanal, and squalene. These
compounds collectively contribute to the corrosion inhibition of the mild steel by forming a
stable, adherent, and hydrophobic protective film on the metal’s surface, thus significantly
reducing the rate of the corrosion [27]. n-Hexadecanoic acid (palmitic acid) is a saturated
fatty acid that forms a hydrophobic film on the steel’s surface, preventing direct contact
with the corrosive medium. This hydrophobicity is crucial in minimising water penetration,
which is necessary for the corrosion process [28]. Hexadecanoic acid ethyl ester (ethyl
palmitate), an ester of palmitic acid, enhances the film’s formation by increasing its stability
and effectiveness. The ester linkage provides an additional interaction with the metal’s
surface, thereby reinforcing the barrier [28]. E-13 docosenoic acid is metabolised to oleic
acid, an unsaturated fatty acid, creating a compact and adherent layer on the steel, which
effectively blocks active corrosion sites and reduces metal dissolution. The presence of the
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double bond in the oleic acid introduces kinks to the molecular structure, allowing for it
to pack tightly and form a robust barrier [29]. Octadecanoic acid (stearic acid), another
saturated fatty acid, forms a protective film similar to that of palmitic acid, acting as
a barrier against corrosive agents. The long alkyl chain in stearic acid contributes to a
hydrophobic layer that further prevents moisture penetration [30]. Hexadecanoic acid-2,3-
dihydroxy ester, an ester with polar groups, strongly adsorbs on the metal’s surface because
of the presence of hydroxyl groups. These polar groups increase the binding affinity to the
metal, creating a robust protective layer that reduces corrosion rates [31]. Hexadecanal,
an aldehyde, forms complexes with the metal’s surface, contributing to the formation of
a protective film that prevents oxidation and corrosion. The aldehyde group can interact
with the metal, forming a stable complex that acts as a barrier [30,31]. The combined effect
of these mechanisms results in a stable and effective protective layer that minimises the
direct exposure of the steel to the corrosive hydrochloric acid environment, significantly
reducing the rate of the corrosion [27].

1V E IC*L00

30

Method
Figure 7. Chromatogram for Lawsonia inermis.

4. Conclusions

The following conclusions were drawn from the thorough investigation of Lawsonia
inermis as a corrosion inhibitor of mild steel under acidic conditions:

1. The extract of the Lawsonia inermis noticeably inhibited the corrosion of the mild steel
in the HCI acidic environment, the effect of which increased with the increase in the
concentration of the plant extract, thus presenting Lawsonia inermis as an effective
corrosion inhibitor;

2. The Langmuir adsorption isothermal analysis reveals that the adsorption of Lawsonia
inermis’s phytochemicals on the mild steel’s surface follows a combination of ph-
ysisorption and weak chemisorption mechanisms. This indicates that the inhibitor
molecules form a protective layer on the metal’s surface, thereby reducing the corro-
sion rate;

3. The potentiodynamic polarisation measurements demonstrate that the Lawsonia in-
ermis extract alters both the cathodic and anodic reactions and shifts the corrosion
potential to more positive values, leading to improved corrosion resistance of the
mild steel;
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4. This study highlights the importance for optimising the concentration of the Lawso-
nia inermis extract for the maximum corrosion inhibition efficiency. Concentrations
ranging from 2000 mg/L to 3000 mg/L demonstrate excellent inhibition efficiencies,
suggesting the effectiveness of the extract at higher concentrations;

5. In addition, the organic compounds identified in Lawsonia inermis played a role by
forming cross-links to create a thin film layer over the steel’s surface, which inhibited
the oxidation of the metal and reduced corrosion.
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