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Abstract

Portulaca oleracea leaf extract (POLE) was tested for corrosion inhibition on mild steel in1 M
HCI solution using the potentiodynamic polarization (PDP) and weight loss tests with different
concentrations at room temperature. The results suggest that POLE is an excellent corrosion
inhibitor and the inhibition efficiency is concentration and time-dependent. The inhibition
efficiency increases with increasing POLE concentration and immersion time. The maximum
inhibitory efficiency of 93.84% was observed at a concentration of 4 g/L at room temperature.
As can be seen from the PDP test, the POLE behaves as a mixed inhibitor and the anodic effect
is predominant. The results show that POLE inhibited the corrosion process through the physical
adsorption mechanism according to the Langmuir adsorption isotherm model. The Fourier
Transform Infrared Spectrometer (FTIR) confirmed the presence of several functional groups
with heteroatoms, while the adsorption phenomenon was verified using the UV-visible
spectroscopy technique. The results ensure that POLE can form an effective barrier and control
corrosion. The obtained results of various tests proved that POLE is an effective green inhibitor
for the corrosion of mild steel in an acidic solution.
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Notation

i2 : Corrosion current densities in the absence of the inhibitor in 1 M HCI;

Icorr: COrrosion current densities in the presence of the inhibitor in 1 M HCI;
n%: inhibitions efficiency based on corrosion current density;

Ecorr: COrrosion potential;

Ba: Tafel anodic slope;

Bc: Tafel cathodic slope;

Aw: average weight loss;

Wo: weight loss of the substrates in the absence of the inhibitor in 1 M HCI;
wi: weight loss of the substrates in the presence of the inhibitor in 1 M HCI,;
Cr: corrosion rate;
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p: density of the mild steel;

A: area of the mild steel sample;

t: the period of immersion in hours;

Cx, : corrosion rate of the substrates in the absence of the inhibitor in 1 M HCI;

Cr: corrosion rate of the substrates in the presence of the inhibitor in 1 M HCI;
%IE: inhibition efficiency based on weight loss;

0: degree of the surface coverage;

c: inhibitor concentrations;

f: corrosion inhibitor interaction parameter;

Kads: the adsorption equilibrium constant;

R?: correlations coefficients;

AG?,.: the standard adsorption free energy;

R: gas constant 8.314 J/mol;

T: absolute temperature 298 K;

1-10°: concentration of the water molecules in mg/l.

1. Introduction

Corrosion occurs when a metal reacts with a chemical in its environment, causing the metal
surfaces to change from unstable to stable through an electrochemical process [1]. Corrosion
inhibition plays a crucial role in various industries and applications where metals are used.
Corrosion, the gradual degradation of materials, especially metals, due to chemical reactions
with the environment, can lead to significant economic losses, safety hazards, and
environmental damage. Corrosion inhibition finds applications across a wide range of
industries and sectors, each with its unique requirements and challenges such as the oil and
gas industry, aerospace and aviation, automotive industry, marine and shipbuilding, and
chemical processing industry [2]. The most widely used form of steel is mild steel, which is
also referred to as low-carbon steel due to its relatively low carbon content, typically ranging
from 0.08% to 0.28% [3]. Mild steel finds application in various manufacturing and
construction sectors, including chemical reactors, storage tanks, heat exchangers, and
transporting pipelines [4]. Metal alloys, particularly mild steel, are now extensively utilized
in numerous industrial applications due to their affordability compared to other alloys, ready
availability, high ductility, and good mechanical resistance [5].

Mild steel has been observed to corrode rapidly and with little corrosion resistance after
a short period. To remove scales, oxide, and surface contaminants, acid solutions are used
in a variety of industrial processes such as acid cleaning, descaling, and pickling.
Hydrochloric (HCI), sulfuric (H2SO.), phosphoric (HsPO), and nitric (HNOs3) acids are
commonly utilized cleaning agents. The most frequently used acids among these are HCI
and H2SO4 because they are readily available, efficient, and manageable [6]. Although HCI
IS more expensive than H>SOs, it is usually used because of its less cleaning time, better
surface quality, and the cleaning process at low temperatures [7]. Unfortunately, when mild
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steel is exposed to these acids, its corrosion rate speeds up, causing material damage and
economic losses [8].

Therefore corrosion inhibition plays a critical role in various industries and applications
where metals are exposed to corrosive environments such as the oil and gas industry,
aerospace and aviation, automotive industry, and marine and offshore structures. So,
corrosion inhibition is essential across various industries and applications to mitigate the
detrimental effects of corrosion, ensure operational safety, prolong the service life of assets,
and reduce maintenance costs. By employing suitable corrosion inhibition strategies and
technologies, industries can enhance productivity, protect valuable assets, and promote
sustainable practices.

Many protection techniques can be used to control mild steel corrosion, including
coating, cathodic protection, anodic protection, and corrosion inhibitors. The corrosion
inhibitors are the simplest and most effective method of controlling mild steel corrosion.
They are also the most cost-effective method. However, the corrosion inhibitors are usually
added in small amounts to acidic solutions to lower the corrosion rate of the metals [7, 9].

Generally, inhibitors are classified as organic or inorganic. Organic inhibitors contain
a large number of active compounds that contain heteroatoms (e.g., (O), (N), (S), (P), and/or
(Q) bonds in their molecular structure [10—13]. These heteroatoms can be absorbed through
the metal surface and block the active sites, forming a thin film, thus decreasing the corrosion
rate [14]. It should be mentioned that most organic and synthetic inhibitors are toxic,
expensive, and dangerous to humans and the environment [6].

Corrosion protection research in recent years has focused on using efficient, non-toxic
corrosion inhibitors, often called green organic inhibitors, which are extracted in extract form
from natural products. These inhibitors can be extracted from seeds, leaves, roots, bark,
fruits, and medicinal plants [15]. Green organic corrosion inhibitors are also used for
different metals such as aluminum, copper, and mild steel. Green organic corrosion
inhibitors contain chemical compounds like alkaloids and flavonoids. They also contain
amino acids and proteins. They are renewable, eco-friendly, biodegradable, and cost-
effective. The active compounds are easily extracted with simple methods. They are
environmentally friendly and compatible with humans and the environment [16].

Many researchers have studied the use of plant extracts as corrosion inhibitors for mild
steel in acidic media. Hayajneh et al. [17] investigated the potential of Jordanian green
natural agro-wastes as green organic corrosion inhibitors for mild steel corrosion in HCI
solutions. The authors examine ten green inhibitors, identifying the most effective ones as
green zucchini leaf extract (CPLE), oak leaf extract (QLE), and okra leaf extract (AELE).
Through corrosion tests, including potentiodynamic polarization and weight loss, the
researchers highlight these agro-wastes’ considerable corrosion inhibition capabilities. The
maximum efficiency obtained for CPLE was 95.43% at 500 ppm, 94.42% at 800 ppm for
QLE, and 95.07% for AELE at 500 ppm. Almomani et al. [18] investigated the corrosion
inhibition capabilities of Ceratonia siliqua L. pulp extract on mild steel exposed toa 1 M
solution of HCI. Through potentiodynamic polarization and weight loss tests at room
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temperature, the results indicate that the pulp extract acts as an effective corrosion inhibitor.
The inhibition efficiency is influenced by both concentration and time, with higher
concentrations and longer immersion times increasing efficiency. At a concentration of
800 ppm, the extract achieves a maximum observed inhibition efficiency of 92.32%.
Dehghani and Ramezanzadeh [19] investigated the effect of Rosemary leaf extract as a
corrosion inhibitor to protect mild steel in 1 M HCI. The result revealed that the extract of
the leaves reduces the mild steel corrosion rate with a high inhibition efficiency of 92% at a
concentration of 800 ppm. The thermodynamic data showed that the adsorption process was
dominated by chemisorption and obeys the Langmuir adsorption isotherm [20]. The
inhibitory behavior of an agueous extract of eucalyptus leaves was studied by Dehghani et al.
[1]. The results of their study showed that an 88% inhibition efficiency was obtained using
800 ppm ELE after 2.5 hours of exposure. The thermodynamic parameters indicate that the
inhibitor molecules are adsorbed on the surface of the mild steel via physical and chemical
interaction. Electrochemical studies revealed that ELE reduces the anodic and cathodic
reaction rates, with slight cathodic prevalence. Guruprasad and Sachin [21] reported
Amorphophallus paeoniifolius leaves (APL) extract for protection of mild steel in 1 M HCI
using electrochemical tests. Their experimental studies indicated that 92.49% protection
ability could be obtained at a 10% v/v concentration. Keramatinia et al. [22] reported an
experimental and theoretical study of Nettle leaf extract for mild steel protection in 1 M HCI
solution. It was found that 93.90% inhibition efficiency could be achieved at 600 ppm after
1.5 hours of immersion. After a longer exposure time, the inhibition efficiency remains
above 80%.

As summarized above, numerous extracts have been utilized as corrosion inhibitors. A
majority of these extracts are sourced locally, making the enrichment of local and natural
compounds highly advantageous to the industry. One such compound is purslane (Portulaca
oleracea L.), a warm, annual herbaceous plant belonging to the Portulacaceae family. This
plant is known by various names across different countries, such as purslane in Australia and
the USA, purslane in Egypt, pigweed in England, pourpier in France, and Ma-chi-Xian in
China. Thriving in tropical and subtropical regions worldwide, purslane is commonly
consumed as a Potherb and added to soups and salads in Mediterranean and tropical Asian
countries [23]. Portulaca oleracea has a long history as a folk medicine in numerous
countries, exhibiting various medicinal properties including febrifuge, antiseptic, and
anthelmintic effects. Furthermore, it possesses a broad spectrum of pharmacological
benefits, such as antibacterial, antiulcer, anti-inflammatory, antioxidant, and wound-healing
properties. The World Health Organization recognizes Portulaca oleracea as one of the most
widely used medicinal plants, often referred to as the “world panacea” [24]. Rich in
phytochemical components, this plant offers a plethora of substances such as flavonoids,
alkaloids, a-linolenic acid, linoleic acid, omega-3 fatty acids, terpenoids, sugars, vitamins,
sterols, proteins, and minerals [25].

The significance of corrosion inhibition research lies in addressing current gaps in
knowledge and technology to improve corrosion protection across industries. So, this study
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aims to explore the potential of Portulaca Oleracea L. leaf extract (POLE) as a natural
corrosion inhibitor for safeguarding mild steel in a highly corrosive 1 M HCI solution.
Corrosion inhibition was investigated using Potentiodynamic Polarization (PDP) and weight
loss techniques. To enhance the assessment of the phytochemical composition of POLE,
Fourier Transform Infrared (FTIR) spectra and UV-visible spectroscopy of the extract were
employed.

2. Experimental Work

2.1. Preparation of the material

The sample used in this investigation was mild steel. The mild steel samples that the supplier
provided, with the following weight percentage and chemical composition (C: 0.08-0.12,
Si: 0.3, Mn: 0.25-0.5, S: 0.04, P: 0.03, Cr: 0.1, Cu: 0.3, As: 0.08, and Fe is balanced), were
used for the tests. To cut the test samples, 0.1 cm thick mild steel sheet with carbon content
(0.08-0.12 wt%) was used. Two sizes of square samples were cut from sheet metal. Samples
measuring (6x6) cm? were used for potentiodynamic tests and (3x3) cm? were used for
weight loss tests. The surface of the sample was covered with an adhesive except for a
circular area in the center of 1 cm?, which prevents the electrolyte from reaching the
underlying metal. Before all experiments, mild steel samples were thoroughly washed with
distilled water, acetone, and ethanol. This was followed by ultrasonic degreasing for
5 minutes using a bath of distilled water and ethanol. The samples were then dried with hot
air.

2.2. Preparation of plant extract

Dried leaves of Portulaca Oleracea L. were crushed into a fine powder. 5 g was added to
100 ml of 1 M HCI. The mixture was heated and stirred for six hours. The extract was cooled
and filtered and then made up to 100 ml with 1 M HCI. This was considered the standard
solution. The required concentrations were prepared by diluting the standard solution.

2.3. Preparation of test solution

Analytical grade HCI (35.4%) in distilled water was diluted to create 1 M HCI corrosive
media. The utilized extract’s concentration ranged from 1 to 4 g-L, and the electrolyte
volume was 100 ml. To make comparisons and determine the inhibitor efficiency, the 1 M
HCI test solution was utilized as a blank.

2.4. Electrochemical cell setup

In this setup, a flat cell offered by Gamry was used. Working electrodes were made from the
cut specimens, which had dimensions of 6 cm by 6 cm and a thickness of 0.1 cm. The
working electrode’s surface area that was exposed to the electrolyte was set to 1 cm?. The
reference electrolyte was a saturated calomel electrode, while the counter electrode made of
graphite. The electrolyte in the control experiment was a 1 M HCI solution. Then, as
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previously described, the tests were carried out using 1 M HCI and different extract
concentrations.

2.5. Potentiodynamic polarization test

In the (PDP) test, a three-electrode cell setup has been used. These electrodes are the working
electrode (the metal sample), reference electrode (saturated calomel electrode), and counter
electrode (Graphite electrode). 1 M HCI solution was prepared using analytical grade HCI
and deionized water to be used as an electrolyte. The temperature was maintained at room
temperature (25+2°C). ASTM G5 Standard has been used for making potentiodynamic
polarization measurements.

Before the polarization test, the samples were immersed in the electrolyte for 2.5 hours
to achieve steady-state conditions. Subsequently, potentiodynamic polarization experiments
were initiated by applying a potential to the samples, deviating from the steady state, and
measuring the resulting current. The initial point was set at 250 mV below the open circuit
potential (OCP). The applied potential was then incrementally increased at a constant sweep
rate of 1 mV/sec, concluding the test when the applied potential exceeded the OCP by
250 mV. The experiments were conducted using a reference 600 potentiostat controlled by
Gamry framework software version 7.9.1. Additionally, Gamry Echem Analyst software
was employed to analyze the polarization curves and extract corrosion parameters such as
free corrosion potential (Ecorr), corrosion current density (icorr), and Tafel anodic and cathodic
slopes (Ba, Bc) using the Tafel extrapolation method with a 100 mV interval around the Ecorr
value.

2.6. Weight loss test

Due to its simplicity and availability, researchers have used a weight loss method to measure
corrosion rates [26]. First, the samples were cleaned, dried, and weighed using an Ariston
digital scale. Then, they were completely immersed in 100 mL of HCI solution without and
with different concentrations of POLE at room temperature. After 2 hours of immersion, the
sample was removed from the corrosive solution, dehydrated with acetone, ethanol, and
distilled water, dried with an air dryer, and weighed again. To test the effect of time,
experiments were repeated at immersion periods of 4, 6, 24, and 48 h, with three replicates
for each experiment performed. Each sample was weighed three times before and after
immersion in the corrosive environment to ensure accurate weight measurement. The
average weight is then used to calculate the corrosion rate.
The following equation was utilized to determine weight loss over a specific period:

AW =W, — W, (1)

where Aw: average weight loss (mg), wo: average weight loss of the specimen without
inhibitors, wi: average weight loss of the specimen with the inhibitor.

The weight loss data was used to calculate the corrosion rate and inhibition efficiency,
using equations 2 and 3 respectively, as outlined in the studies [27, 28].
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Cr(Mmpy)=—"— (2)

where Cg: corrosion rate (mpy), p: density of the mild steel (7.78 g/cmq), A: area of the mild
steel sample (cm?), and t: the period of immersing time.

It is important to note that three replicates were carried out for each test condition
(inhibitor concentration and time), and the average corrosion rate values were calculated
from these parallel experiments. Using the average of several duplicate samples can help
minimize result variability and provide a more precise estimation of the corrosion rate. This
contributes to enhancing the dependability of the weight loss test findings and offers a
stronger assessment of the inhibitor’s effectiveness. The following equation was utilized to
determine the percentage of inhibition efficiency %IE:

C, -C
%IE = {MJ .100% (3)
Cr,

where C, : corrosion rate of the specimens without inhibitor (mpy), and Cy : corrosion rate
of the specimens with inhibitor (mpy).

2.7. FTIR analysis

Plant extracts are rich in compounds that are responsible for inhibiting corrosion. One of the
highly effective and precise methods used to analyze the functional groups present in these
extracts is the FTIR. By examining the peaks in the FTIR spectra, valuable information about
the functional groups can be obtained. The FTIR spectra in this study were obtained using
the Burker ALPHA 11 infrared spectrometer. A small amount of the 1 M HCI with 4 g/l
concentration before and after the weight loss test after 48 h was placed on the sample holder.
The FTIR spectra were taken out in the wavelength range of 4000450 cm™1.

2.8. UV-visible spectroscopy

UV-visible spectroscopy is employed to assess the adsorption characteristics of the inhibitor
on a mild steel surface immersed ina 1 M HCI solution, both in the presence and absence of
POLE, over a 48-hour immersion period. The UV-visible spectral analysis is conducted
using a Shimadzu UV-2250 photometer within a wavelength range spanning 200—800 nm.

3. Results and Discussion

3.1. Potentiodynamic polarization test

Figure 1 shows polarization curves (E) vs. (logi) in the Tafel region for mild steel samples
in 1 M HCI solution at room temperature. Curves are shown both in the presence and absence
of different concentrations of POLE. Table 1 shows the electrochemical parameters,
including Ecorr, icorr, and Pe, Pa, respectively, which were determined by the Tafel curve
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extrapolation method [29]. In addition, the percentage inhibition efficiency n (%) and surface
coverage (0) shown in Table 1 were calculated using the equations [30].

HY

0= s .

corr

i(?orr — icorr
0= T (5)

corr

where % _: corrosion current density in the absence of POLE in 1 M HCI (nA/cm?) and icon:

corr *

corrosion current density in the presence of POLE in 1 M HCI (uA/cm?).
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Figure 1. Tafel plots of mild steel in 1 M HCI solution in the absence and presence of
different concentrations of POLE.

Table 1. The electrochemical parameters for the mild steel in 1 M HCI solution in the absence and presence
of different concentrations of POLE.

Cinn Ba —Bc icorr Ecorr Cr o

/L) (mVidecade) (mV/decade) (uA/em?  (MV)  (mpy) (%) o

Blank  80+16 8748 112+28  —478+11  67=19 _
1 84417 109+12 23+3  -460£10 101 80% 0.80
2 8446 97+4 1760 —470£5 80 85% 0.85
3 7143 1041 13+1  —452+0 640 88% 0.88
4 7246 112+8 942 44125 421 92% 0.92
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Based on Figure 1, the addition of inhibitors to the corrosive solution resulted in the
inhibition of both anodic metal dissolution and cathodic hydrogen evaluation responses.
Furthermore, the literature reveals that if the Ecor exceeds £85 mV/SCE compared to the
blank acidic solution, the inhibitor is categorized as either cathodic or anodic. Whereas, if
the Ecorr Value is less than =85 mV/SCE the inhibitor is classified as a mixed-type inhibitor
[31]. The current study reveals that the POLE serves as a mixed-type corrosion inhibitor as
the Ecorr Values are within 85 mV/SCE compared to the blank sample [29]. It is important to
note that the introduction of higher concentration levels leads to a significant reduction in
both the Ba and Bc. However, the greater variation observed in Ba compared to e suggests
that the reaction primarily occurs in an anodic manner. The data presented in Table 1
demonstrates that as the inhibitor concentration increases, the corrosion current densities
decrease. It is already established that adsorptive inhibitors impede the release of hydrogen
gases on the surface of mild steel and/or hinder the dissolution process of mild steel in
aggressive solutions by blocking active sites on the surface. Additionally, they can act as a
protective barrier, shielding the electrode from the acidic solution [32]. Consequently, it is
expected that the inhibition efficiency will increase with a higher concentration of POLE.

3.2. Weight loss test
3.2.1. Effect of concentrations

The weight loss test was conducted at room temperature to study the spontaneous dissolution
of mild steel in the presence of POLE as a corrosion inhibitor in 1 M HCI. After immersing
the steel for 2 hours, various corrosion parameters were calculated, including Cr and %IE,
These calculations were done using equations 2, and 3 respectively, and presented
graphically in Figures 2 and 3.

600
500
400
300

200

Corrosion Rate (mpy)

100

0
0 1 2 3 4 5

Concentration (g/1)

Figure 2. Change of the mild steel corrosion rate as calculated from the weight loss test with
different concentrations POLE in 1 M HCI at room temperature.
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Figures 2 and 3 demonstrate that the corrosion rate of mild steel decreases as the
concentration of POLE increases. Consequently, the inhibition efficiency of POLE also
increases with higher concentrations, reaching a value of 93.35% at 4 g/L. This phenomenon
can be attributed to the adsorption of POLE molecules on the surface of the mild steel at
higher concentrations. This adsorption leads to a greater coverage of the surface and the
formation of a thin protective film. This is due to the inhibitor acting as an adsorbent and
forming a barrier layer over the metal surface, effectively blocking reaction sites and
protecting it from corrosion and dissolution in acidic media. Consequently, the inhibition
efficiency increases and the corrosion rate decreases as the number of adsorbed molecules
on the mild steel surface increases [6, 33].

100%
95%
90%
85%
80%

75%

Inhibition Efficiency (% I.E.)

70%
65%

60%
1 2 3 4 5

Concentration (g/L)

Figure 3. Change of the inhibition efficiency inhibition efficiency (%IE) of the mild steel in
various concentrations of POLE as calculated from the weight loss test in 1 M HCI at room
temperature.

3.2.2. Effect of immersion time

Immersion time is another important parameter for assessing the behavior, inhibition
efficiency, and corrosion rate of the inhibitor over a longer immersion period. The inhibition
efficiency values (%IE) and corrosion rate obtained from the weight loss test at different
POLE concentrations in 1 M HCI and at different immersion times of 4, 6, 24, and 48 hours
at room temperature are listed in Table 2 and 3 and in Figure 4 shows graphically. Corrosion
rate values decrease with immersion time due to the formation of a protective oxide layer on
the metal surface. This oxide layer acts as a barrier, protecting the underlying metal from
further corrosion. Over time, this passive layer may become thicker and more stable, leading
to a decrease in the corrosion rate and increasing the inhibitor efficiency.

Tables 2 and 3 and Figure 4 demonstrate that the maximum inhibition efficiency and
minimum corrosion rate were observed after 48 hours of immersion time for all examined
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concentrations of POLE. The %IE increased and the Cr decreased with increasing
immersion time. This phenomenon can be attributed to the fact that sufficient adsorption of
the inhibitor molecules on the metal surfaces requires considerable time at relatively low
concentrations [34]. The stability and persistence of POLE films on mild steel surfaces in
acidic solutions were also indicated, which could last for a long time [35]. Additionally,
the %IE increased with time due to the formation of inhibitor complexes over the metal
surface and the construction of strong bonds with the substrate atoms. As time increased, the
production rates of these complexes increased, resulting in higher efficiency and more
restrictions on the corrosive electrolyte to reach the metal surfaces [36]. This led to a broader
surface cover, blocking the reaction sites and protecting the metal surfaces from corrosion
attack and dissolution in acidic media [6]. These findings are consistent with those reported
in the literature.

Table 2. Corrosion rate (mpy) values for the mild steel in 1 M HCI solution in the absence and presence of
different concentrations of POLE.

Concentration (g/L)

Time (h) Blank 1g/L 2g/L 3g/L 4 g/L

Corrosion rate (mpy)

529+29 196+£32 128+6 73£6 3549
4 526+20 114+25 79+3 54+2 34+6
501+17 88+21 62+4 50+4 32+1
24 410+24 62+2 5142 38+2 25+5
48 361+13 49+1 43+2 33«1 24+1

Table 3. The corrosion inhibition efficiency (%IE) values for the mild steel in 1 M HCI solution for different
concentrations of POLE after different immersion times.

Concentration (g/L)

Time (h) 1g/L 2 g/L 3g/L 4 g/L

Inhibition Efficiency (%IE)

62.95% 75.77% 86.22% 93.35%
4 78.26% 84.95% 88.44% 93.55%
82.54% 87.72% 90.06% 93.57%
24 84.94% 87.52% 90.72% 93.84%

48 86.35% 87.98% 90.73% 93.45%
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Figure 4. Corrosion inhibition efficiency (%IE) for the mild steel in 1 M HCI solution in the
absence and presence of different concentrations of POLE after different immersion times.

3.3. Adsorption studies

Adsorption isotherms offer valuable insights into the behavior of adsorption and the nature
of interactions between inhibitor molecules and the metal surface. This can be achieved by
establishing a relationship between surface coverage and inhibitor concentrations. While
numerous isotherm models are mentioned in the literature, the most commonly used ones
are Langmuir, Temkin, and Frumkin. The selection of an appropriate isotherm model should
be based on a comprehensive analysis of experimental data. One commonly employed
technique involves fitting multiple isotherm models to the data and comparing their
goodness of fit using statistical measures like the correlation coefficient (R?). Ultimately, the
best isothermal model for a given system is the one that provides the closest fit to the
experimental data, accurately describes the underlying adsorption mechanism, and is
practical to implement. The efficiency of inhibition is directly proportional to the fraction of
adsorbed molecules that cover the surface (0), where 6=(n/100). The change in C/0, as a
function of the extract concentration, determines the adsorption isotherm that best describes
the system. The fit of the obtained data to the Langmuir isotherm can be illustrated by
plotting against concentration according to the following equation [30].

Langmuir: 9:i+c (6)
9 ads
where, C: inhibitor concentrations, 0: the degree of the surface coverage, kags: the adsorption
equilibrium constant.
The linear plots in Figure 5 display (R?) of 0.9991 for the weight loss test and 0.9992
for the potentiodynamic polarization test, with slopes of 1.040 and 1.0392, respectively.
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Figure 5. Langmuir isotherm for POLE adsorption on the mild steel surface.

The kags and R? values are listed in Table 5, where R? is the degree of fit between the
experimental data and the isotherm equation. The plot showed good linearity, with R? values
close to unity, indicating that the Langmuir model is suitable for describing adsorption. It
also indicates strong adsorption of POLE on the surface of mild steel [37]. Langmuir
iIsotherms assume that the adsorption of each molecule on the surface is independent of the
other molecules and that the adsorbed surface is homogeneous and has a finite number of
adsorption sites [38]. Table 4 includes the kas and R? values, with R? indicating the degree
of fit between the experimental data and the isotherm equation. The plot displayed strong
linearity, with R? values near one, indicating that the Langmuir model is appropriate for
explaining adsorption. Furthermore, it shows the strong adsorption of POLE on the mild
steel surface [37].

Table 4. Langmuir adsorption isotherm parameters for adsorption of POLE on the mild steel surface.

Methods Intercept Slope R? Kads (L/Q) AGags (kJ/mol)
Weight loss test 0.1546 1.0400 0.9959 6.4683 -21.74
PDP 0.2462 1.0392 0.9992 4.0617 —20.59

The molecules of the inhibitor gained stability when their free energies were reduced
by their adsorption on the surface of the mild steel, where they rearrange themselves or react
with the ions or molecules near the surface [39].

The standard adsorption-free energy AG?, was used to investigate the mechanism of
the adsorption of the inhibitors. However, the values AG., were calculated according to the

following equation (7) to determine the adsorption mechanism:
AG?, =-RT In(55.5kads) (7)

ads

The AG?

ads

Table 4. Overall, negative values of the AG

value, the adsorption equilibrium constant kags, R?, and slopes are shown in
° indicate that the adsorption process of the

ads
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extracted inhibitor is spontaneous and stable. In addition, according to the literature, the
absolute value of the AG., <20 kJ/mol is considered to be a physisorption mechanism,
which is related to the electrostatic interaction between the positively charged particles of
the extracted inhibitor and the negative charge of the metal surface. However, the absolute
values of AGJ,>40 kJ/mol were considered as a chemisorption mechanism, which involves
the formation of a chemical bond between the extracted inhibitor molecules and the metal
surface through electron transfer or sharing. Furthermore, AG.,. values between these ranges
are generally attributed to a mixed mechanism, sometimes referred to as physico-
chemisorption [40, 41]. The AG., values in this work were (-21.74 kJ/mol and

—20.59 kJ/mol) for POLE, which shows the adsorption of POLE on the surface of mild steel,
which consists of physical adsorption interaction.

3.4. FTIR analysis

POLE showed good anti-corrosion properties due to the presence of antioxidants present in
its molecular structure containing heteroatoms such as N, C, and O. For example, POLE
contains amino acids and phenols. Infrared plots for 1 M HCI with 4 g/L POLE before and
after the weight loss test after 48 hours of immersion are shown in Figure 6. The pre-test
FTIR peak and functional group results are shown in Table 5 [42].

Table 5. FTIR peaks value and assigned functional groups for 1 M HCI with 4 g/L POLE before weight
loss test.

Wavenumber cm Bond Functional group
3294.0 O—H stretch Alcohols
2882.2 S—H stretch Thiol
2126.8 N=C=N stretch Carbodiimides
1902.8 C=C=C stretch Allene
1633.6 N—H bending Amine
1263.8 C—N stretch Aromatic amine
610.3 C—Br stretch Halo-compound

The functional groups have coordinated with Fe?*, forming a Fe?* inhibitor complex
that improves the inhibitive influence of the mild steel surface [19]. Moreover, it is well
known that OH™ can passive the steel protecting it against corrosion, it reacts with Fe?* ions
to form Fe(OH). responsible for the steel passivation. Amine is also known to form a good
passive film on mild steel surfaces from corrosion, and it can be protonated to give
FeONH?*+H* and probably the FeEONH?* complex, which remains on the mild steel surface
to protect it [43]. Figure 6 shows shifts and moves in frequencies in the 1 M HCI+4 g/L
POLE spectra after the weight loss test. These results indicate interference between the
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POLE and the mild steel surface. The shifts in spectra show an interaction between the POLE
and mild steel happened through the mentioned function groups. The missed groups explain
the desorption procedure of POLE on the mild steel outer surface [39].

(3294.0)

Trasmittance (a.u)

(3302.2)

—— 1M HCI +4g/L before test
—— 1M HCI +4g/L After test

(1902.8)

(2552.2)

(2126.8) (1263.8)

(1880.2)
(2529.6)

(2096.0) (610.30)

(1633.6) v
(1237.0)

(600.03)
(1637.7)

4000 3500

3000

2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 6. FTIR spectra of 1 M HCI+4 g/L POLE before and after weight loss test.

3.5. UV-visible spectroscopy analysis

UV-visible spectroscopy technique has been used to verify the adsorption phenomenon.
UV-visible analysis has been done for the 1 M HCI with 4 g/L of POLE before and after the
weight loss test. Figure 7 shows the UV-visible. Spectra of the inhibitor. In the two spectra
shown one for UV-visible. Spectra before the corrosion test, and the second one after the

corrosion test.

Absorbance (%)

—— 1M HCI+4g/L After test
= 1M HCI+4g/L before test

T
200

400 600 800
Wavelenghth (nm)

Figure 7. UV-Visible spectra of 1 M HCI+4 g/L Of POLE after and before the weight loss

test.
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Before the test, the inhibitor shows two adsorption peaks at 222 nm and 291.5 nm. These
peaks can be assigned as (n—=n*) and (n—n*) transitions. With the help of Figure 7, the graph
shows a low adsorption peak after the corrosion test. In comparison between the spectra,
there is a significant change in the adsorption band, this can be explained by the inhibitor
molecules getting adsorped on the mild steel surface. This result confirms very well with the
research in the literature [31, 44].

4. Conclusions

The inhibition performance, as well as the related mechanism of POLE for mild steel
protection in 1 M HCI, have been studied, and the following are major conclusions:

1. The results obtained from the corrosion tests demonstrate that POLE acts as an effective
inhibitor for mild steel in 1 M HCI.

2. The maximum inhibitory efficiency of 93.84% was observed at a concentration of 4 g/L
at room temperature.

3. Potentiodynamic polarization tests suggest that POLE acts as a mixed-type inhibitor, and
the anodic impact is predominated.

4. The weight loss test results demonstrate that POLE efficiency increases with
concentration and immersion time.

5. The adsorption mechanism for POLE on the mild steel surface follows the Langmuir
adsorption isotherm.

6. The AG,, values indicate that the POLE extract adsorption process is spontaneous and
stable, and it is adsorbed on the mild steel surface by physical adsorption.

7. Various functional groups containing heteroatoms and unsaturation in the POLE
phytochemical constituents were verified using the FTIR technique.

8. UV-Vis spectroscopy technique verified the formation of coordination bonds between
inhibitor molecules and Fe?*.
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