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Abstract

The adsorption activity and inhibitory effect of Corchorus olitorius stem extract (ECS) were investigated as a safe inhibitor for
the dissolution of carbon steel in a 1 M hydrochloric acid solution. In this study, different electrochemical techniques, such as
electrical frequency modulation, potentiodynamic polarisation, electrochemical impedance spectroscopy, a chemical method
(gravimetric method), and theoretical investigation, were all applied. Along with these approaches, we used a variety of other
strategies to look at the surface morphology of carbon steels (AFM,XPS, and FTIR). This extract is a mixed-type inhibitor,
according to the results of the polarisation technique measurements. Parameters related to thermodynamics were calculated and
discussed. The adsorption of Corchorus olitorius obeys the Langmuir and Temkin adsorption isotherms stems extract on the
alloy. Using a gravimetric technique, the extract provides a fantastic inhibitory efficiency of 95.53% at 300 ppm from Corchorus
olitorius stems. The computed I.E.% from experiments and the theoretical studies were found to be related. The location of
sterols and fatty acids has long been determined using the molecular electrostatic potential (MESP).

Keywords: corrosion; carbon steel; electrochemistry; theoretical study.

1. Introduction

Due to its accessibility, low cost, and favourable
physio-chemical  characteristics  [1],  various
applications typically use carbon steel, including those
related to construction, and equipment for processing
and manufacturing [2, 3]. The most significant issue
with using carbon steel in industrial applications is
corrosion. When exposed to a hostile environment,
metallic materials deteriorate [4]. The hydrochloric
solution is commonly used for industrial cleaning, acid
pickling, and descaling [5,6]. However, when
corrosion happens due to the use of acid, it can lead to
numerous financial issues. Coronation costs the
world's economies approximately US $2.5 trillion
annually [7]. Corrosion expenses are divided into
direct and indirect costs [8]. To solve this issue,
several strategies have been employed. Using organic
compounds—especially heterocyclic compounds—is
a cost-efficient and successful way to reduce

corrosion. Coating, painting, alloying, dealloying, and
galvanising are examples of current techniques that
can help cut the cost of corrosion by 15% to 35% [7].
Due to its effectiveness and widespread applicability
in many industries, corrosion inhibitors are one of the
most common approaches [9,10]. When modest doses
of corrosion inhibitors are introduced to the acid
media, metal dissolution is reduced [11]. Corrosion is
effectively inhibited by several synthesized chemical
inhibitors [12, 13]. Synthetic compounds having
electronegative elements like nitrogen, oxygen,
phosphorus, and sulphur, plan conjugate arrangements
with different aromatic rings, and unsaturated bonds
make up the majority of anticorrosion agents, too,
organic corrosion inhibitors can delay active
dissolving sites in addition to forming thick protective
coating on metal surfaces. These adhere to the metal
surface and stop steel from corroding [ 14]. Little
dosage, high corrosion prevention effect, and ease of
use are all benefits of corrosion inhibitors. Scientists
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working on corrosion protection have therefore given
it a lot of attention. While having many benefits, many
corrosion inhibitors are expensive, have poor
solubility, are prone to agglomerating when used, and
many will significantly pollute the environment when
used. Human environmental consciousness has grown
as the founding of a sense of community with a shared
future for humanity [15]. As a result, corrosion
protection professionals now agree to use eco-friendly
corrosion inhibitors. Amino acids, plant extracts,
biological macromolecules, food tastes, and oral
medications are typical environmentally friendly
corrosion inhibitors. Plant extracts stand out among
them for their benefits as corrosion inhibitors. Using
plant extracts as corrosion inhibitors has the following
benefits: a wide range of sources, renewable energy,
environmental friendliness, and low cost. According to
recent research on corrosion protection, numerous
plants can be employed as inhibitors. In a 0.5 M
H2SO4 medium, the anti-corrosion mechanism of
Veratrum root extract (VRE) for Cu was explored.
According to electrochemical results, VRE has a 97%
anti-corrosion capacity. With rising temperatures,
veratrum root extract can still display significant levels
of corrosion resistance [ 16]. The ability of Artemisia
herba alba extract to prevent steel in hydrochloric acid
media was discussed. The extract of Artemisia herba
alba contains 0.4 g/L and has a 92% anti-corrosion
efficiency [ 17]. Other researchers looked at the walnut
fruit husk extract's ability to prevent corrosion in steel
when exposed to a corrosive solution of 1 mol/L HCI.
According to electrochemical findings, the anti-
corrosion effectiveness of walnut fruit green husk
extract is 95% when the concentration reaches 800
ppm [18]. Investigated was the ability of 5-(4-
methoxyphenyl)-3-h-1, 2-dithiole-3-thione to
suppress corrosion on copper in a 0.5 M sulfuric acid
solution. The findings of the theoretical calculations
and the experiments support the possibility of
corrosion  inhibition  performance for 5-(4-
methoxyphenyl)-3-h-1,2-dithiole-3-thione [19]. To
prevent the corrosion of carbon steel, an aqueous
extract of wild clary has been employed in place of a
corrosion inhibitor. At a concentration of 20 mol/L and
a temperature of 298 k, it exhibits a good inhibitory
efficiency (IE) of 83.078% [20]. Apply the leaf extract
of Falcaria vulgaris (FV) to reduce mild steel (MS)
corrosion ina 1 M HCI environment. The polarisation
results showed that when the ideal concentration of
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800 ppm of FV leaf extract was added to the acid
solution, the corrosion current density dropped from
264.0 Alcm2 (for the sample submerged in the blank
solution) to 20.4 A/cm2. After six hours of immersion,
electrochemical impedance spectroscopy (EIS)
measurements showed an inhibitory efficiency of
91.3% at this dose [21]. The anti-corrosion properties
of oregano (Origanum vulgare) leaf essential oil for
carbon steel in hydrochloric acid have been
investigated. The maximum O. vulgare inhibition
performance was discovered to be 85.64% at 2 g/l in 1
M HCI [22]. In addition to that, other studies have also
used natural compounds extracted from seeds, fruits,
and leaves to prevent the corrosion of metals and
alloys [23-27]. Table 1 provides an overview of the
literature evaluations and key characteristics [27-36].
In plant extracts, electronegative atoms, planar
conjugate systems with different aromatic rings, and
unsaturated bonds are present in numerous chemical
compounds that include nitrogen,  oxygen,
phosphorus, and sulphur as primary constituents. The
Corchorus olitorius plant is where some of these
organic compounds can be located and harvested [37].
Egypt, Algeria, Lebanon, Nepal, Thailand, and many
nations have Corchorus olitorius plants. While the rest
of the plant, including the roots and stem, is typically
thrown away as garbage. In Egypt, the leaves are used
to prepare a traditional culinary dish. In this work,
Corchorus olitorius stems from Egypt were treated
with a warm water/ethanol solution to extract the
organic material. The extract, collectively known as
ECS, was utilised to prevent carbon steel corrosion in
an aqueous solution of 1 M hydrochloric acid.

The objective of the current study was to assess
the inhibitory effect of ECS as a green coating on
carbon steel corrosion in a 1M HCI solution using a
variety of techniques, including weight loss analysis,
potentiodynamic, electrical frequency modulation,
and impedance studies, thermodynamic parameters,
and surface examination (FTIR, AFM, and XPS). The
theoretical method involves simulations of molecular
dynamics and quantum chemistry calculations

2. Materials and techniques

2.1. Chemicals
Hydrochloric acid was used to produce six molars,

and the required concentrations were obtained by
dilution with 37% HCI (rankem), and 0.1 M NaOH
(rankem) was used in the experiment. Multiple
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solutions having 1 M HCI were made using the
produced HCI, either without or with various dosages
of ECS ranging from 50 to 300 ppm.

The volume of the exam solution utilized in these
investigations is 50 ml. They were prepared using non-
ionized water. The temperature was regulated to 0.50
°C using a water thermostat.

2.2. The chemical conformation of ECS
The chemical composition of the stem has been

extensively researched and well-recognized. Table 2
lists the most important types of sterols and fatty acids
in Corchorus olitorius extract found in plants grown in
Egypt [38, 39].

2.3. Preparation of an ECS inhibitor

Egypt's local supermarket is where | bought a fresh
Corchorus olitorius plant. The stems (50 g) were
divided and cleaned with deionized water. The stems
are trimmed, dried, and then put in a grinder to be
ground into powder. then treated with a 200-ml, viv =
80/20 water/ethanol solution in a sealed bottle at 60 °C
for eight hours. Following that, for 24 hours, the
filtrate was maintained in a vacuum at 50 °C [12]. The
acid was the corrosive medium. 1000 mL of water was
applied to dilute 1 gram of the ECS to a concentration
of 1000 ppm, and 1 M HCI was ready as a corrosive
medium. Different volumes of ECS (1000 ppm) were
taken from the stock solution to produce different
concentrations of an extract with a corrosive medium.

Table 1 steel corrosion inhibition by natural products

Plant extract solutions metals % References

Olea europaea 2MHCI Carbon steel 93 25

Cotula cinerea, 2.3 M) sulphuric | X52 mild steel | 67 26

Retama retam, acid

and Artemisia

herba

Rauvolfia 1 M HCI and | Mild steel 94 27

serpentina H2SO04

Lupinus albus 1 M HCI and | steel 86.5 28
H2SO4

Solanum IM HCl and | Mil steel 91.3 29

tuberosum 1H>SO4

Retama 1M HCI Carbon steel 83 29

monosperma

Olive leaves 1M HCI Carbon steel 93 30

Eruca sativa seed | 1M HCI Carbon steel 94.8 31

extract

Murraya 1M HCI Carbon steel 80 32

koenigii

ginger 1MHCI Carbon steel 94.9 33

roots extract

Black Tea 1IMHCI Carbon steel 72 34
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Table 2 The constituents of the extract from ECS along with their names, formulas for molecular weights, structures [40,41].

HO e

-

3

z
=z
H

>
v

Chemical structure Name Formula,
MW,
Fatty acids
_ ;c»- Linoleic acid | CisH3202
280.45
Oleic  acid | C1sH3sON
amide 281.48
DRalmitic - OH | C1sH3202
acl
256.42
ric acifH | CisH3602
284.48
Oleanolic C30H480s3
acid
456.36
2- CoH1003
hydroxyethy | 166.17
| benzoate
Sterols
Stigma C29H130
sterol 412.7
B-Sitosterol | CaaHs00O
414,71
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2.4. Preparation of samples
Carbon steel samples contain Si (0.002%), P

(0.007%), C (0.200%), Mn (0.910%), and the
remaining iron. Carbon steel pieces that measured
1x1x0.2 cm were used to assess weight loss (WL). The
carbon steel sheet was polished at several grits (600,
800, 1000, and 1200) of sandpaper. The weight-loss
experiment was carried out in compliance with ASTM
guidelines [50]. After sanding, washing with double-
distilled water, drying, and weighing the carbon steel
coupons, ECS was added in quantities ranging from 50
ppm to 300 ppm. After being weighed, the samples
are returned to their solutions. Up to the experiment's
conclusion for 24 h, the stages are repeated every half-
hour for the first (3 h), after (6 h), (12 h), and 24 h. All
solutions prepared were 50 mL. The tests are
conducted three times to obtain the most precise
results; average values are calculated. The range of
temperatures is 25 to 55 °C. The following formulas
are used to determine inhibition efficiency (1.E.%) and
corrosion rates (C.R.), respectively [42]:

C.R(rate of corrosion) = Am/St.

®
%1E=1—[$]=9x100
)

S stands for sample surface area in contact with the
solution in cm?, m stands for mass decrease, and t
stands for submersion period in min.

2.5. Examination of Potentiodynamic Polarization
Through the use of a cell made up of three

conventional electrodes, including a working
electrode made of carbon steel with a surface area of 1
cm? exposed to a corrosive solution and treated as
before in the WL method, a reference electrode (SCE),
and an auxiliary electrode (Pt foil), the
potentiodynamic polarisation technique was used. The
working electrode is submerged in the corrosive
solution for 30 minutes to reach a steady state.
Polarization curves were originally captured between
-0.5 and 0.5 V at a constant scan rate of 0.1 mVs*
(SCE). Three times are repeated in an experiment to
ensure repeatability. This is the inhibition efficiency
that ECS has enabled [43]:

1E% = [icorr — ‘lw x100
3)

0= [icorr -
4

icorr aNd icorr inn) @re the corrosion current density values
in the absence and presence of ECS. These values were

icorr(inh)

Leorr

Egypt. J. Chem. 67, No. 9 (2024)

determined by extrapolating both Tafel lines to the
corrosion potential.
2.6. EIS (Electrochemical Impedance
Spectroscopy) investigation

This technique made use of the same cell as the
potentiodynamic polarisation strategy. The studies
apply potential circuits and AC signals with peak
amplitudes of 10 mV at frequencies between 100 kHz
and 0.1 Hz (OCP). All EIS results agree with the
proper equivalent circuit using the Gamry Echem
software and the charge transfer resistance as a
function of knowing the level of protection using the
following equation [44].

Ret

IE% = (1 - R—o) x100

ct

(5)
Rct and R%: e resistance of charge transfer with and
without inhibitor respectively.

2.7. EFM (Electrochemical Frequency
Modulation) Research
The signal with a size of 10 mV was applied during

the EFM studies using two sinus waves with a
frequency range of 2 to 5 Hz, and the decision was
made based on three factors [45]. This technique is a
fast and non-destructive technology. Through the
higher peaks, the corrosion current density (icorr),
causal factors (CF-2 and CF-3), and Tafel slopes (Ba
and Pc) were identified [46]. Gamry
Potentiostat/Galvanostat/ZRA (PCl4-G750) was the
instrument utilized in the EFM experiments in an
electrochemical investigation. Gamry includes the
DC105 corrosion program, the EIS300 EIS program,
and the EFM140 program as a computer for data
collection. Data were plotted, computed, and gathered
using Echem Analyst 55. At 25 °C, solely
electrochemical investigations were done.

2.8. The Surface Examination
Carbon steel samples were handled similarly to

weight-loss samples in the previous section using
carbon steel sheets that were 1 x 1 x 0.2 cm in size.
The carbon steel pieces were subsequently polished
with sandpaper in grades 600, 800, 1000, and 1200.
The components were cleaned with filtered water,
stripped off with acetone, and dehydrated as
previously indicated [47].

2.8.1. Examination using Atomic Force
Microscopy (AFM)
Atomic force spectroscopy (AFM) was used to

examine the morphological properties of the carbon
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steel surface. In the absence of ECS and the event of
the maximum concentration of ECS (300 ppm), this
examination is conducted in 1 molar of hydrochloric
acid. Contact AFM was applied using a silicon nitride
probe (MLCT model; Bruker). Software IP 2.1 was
used to analyse the images., The scanning settings
were tracked using the Proscan program 1.8.

2.8.2. Analysis using X-Ray Photoelectron
Spectroscopy (XPS)
Electronic X-ray spectroscopy (XPS) was used in

this study to test the morphology of carbon steel
coupons before and after submerging in a solution of
1 M hydrochloric acid in the presence and absence of
ECS (300 ppm) for 24 h. Measurements were taken
using the ESCALAB 250Xi, made by Thermo-
Scientific in the USA. Carbon steel samples were
handled in the same treatment coupons from earlier
sessions' weight loss method.

2.8.3. Analysis of Fourier Transform Infrared
(FTIR) Spectroscopy
After adding ECS at a concentration of 300 ppmin

a solution of 1 M HCI without dipping the carbon steel
sample and in 1M HCI after a day of carbon steel
dipping, the efficient groups in the ECS were
determined using the FTIR technique and FTIR
investigation  through  (FT/IR-4100typeASerial
B117761016).

2.9. Computing using quantum chemistry
We investigated molecules using the Material

Studio DMol3 module (version 7.0). A core group of
double-digit polarization (DNP) and Becke One
substitutable relationship functions (BOP) were added
to the well-liked gradient method (GGA) in the DMol3
unit, and solvent effects were controlled via COSMO
control. As mentioned in the equations below, the
technique was utilised to locate specific chemical
features such as electronegativity (-y, chemical
potentials (Pi), fineness (o), and global solidity (n)
[48, 49].

Pi=—y
(6)

Pi = ELUMO"Z'EHOMO
(@)

n=

(8)

Universal hardness determines softness:

4E _ Erymo—EHOMO
2 2
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1
o==

n
(9)
Using the following equation and the parameters of
global solidity and electronegativity, we determined

the proportion of transported electrons (AN):
AN = XFe”Xinh
2(Mintipe)
(10)

The absolute electronegativity data for the alloy and
the inhibitory extract from ECS are denoted by the
symbols yee and ynn, respectively. The measurements
for iron's electronegativity are 4.28 V mol?, and its
solidity is zero volt/ mol., individually, as said by
multiple publications [50,51]. Using Fukui function
accounting, a molecule's local reactivity was also
finished. The primary targets for electrophilic and
nucleophilic attacks by chemicals of ECS,
respectively, are Fukui* and Fukui-.

2.10. Monte Carlo experiments
Monte Carlo simulations were used to achieve the

interaction between the Fe (110) plane surface and the
ECS inhibitor. The adsorption locator module from
Biovia-Accelerys Inc.'s Material Studio 7.0
programme was used in this simulation [52]. In this
work, the maximum steady Fe (110) plane was chosen
to simulate the surface of carbon steel. This work
mimicked the surface of carbon steel by using the top
steady Fe (110) plane. Fe (110) was continued with
periodic boundary positions using a box simulation of
(32.27A°, 32.27A°, and 50.18A°) to imitate a standard
part of the interface and prevent any arbitrary border
impacts. The Forcite classical simulation engine was
also used for the optimisation of energy. When the
alloy surface (110) was first shaped, its surface area,
supercell structure, and periodicity were changed. The
plurality of the space, which at the time had a density
of 20A0, was constructed on the Fe (110) surface [53].
The layer function Object [native code] } first
minimises the Fe (110) surface before designing the
corrosion arrangement with the new inhibitor
molecules. The potential for the adsorption of the
novel molecules on the surface of the Fe (110) plane
was modelled using the condensed phase optimised
molecular potential for atomistic simulation studies
force field (COMPASS). To identify the lowest-
energy adsorption spots and their effects on the
effectiveness of inhibition, corrosion-inhibiting ECS
molecules were modelled on the Fe (110) surface [54].
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3. A discussion of the findings

3.1. Measurements of weight loss
3.1.1. The influence of inhibitor concentration
To evaluate the inhibitory effect of ECS on steel

corrosion, weight loss at 298 K following 24 h of
immersion was used (Tables S1-S4). Fig. 1 depicts the
influence of different ECS concentrations on corrosion
rate and inhibition efficiency. ECS prevented the
corrosion of carbon steel in 1 M hydrochloric acid. At
298K, raising the concentration of ECS reduces the
corrosion rate. At 300 ppm and 298K, the inhibition

95-?‘2*
90 o
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efficiency increased to 95.53%. Corrosion inhibition
can be explained by the fact that ECS contains
different organic compounds with diverse functional
groups and heteroatoms, aromatic rings, and
conjugated double bonds that form a protective
coating on the metal surface after adsorbing [55-57].
The ECS's abundance of chemicals also suggests
intramolecular synergy through the cooperative
adsorption of the functional groups in the extract.
Adsorption on the metal surface occurs through
favourable contact [58-61].
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Fig.1: The carbon steel electrode's corrosion rate and inhibition effectiveness following an immersion time(0.5-
24h) in a 1 M hydrochloric acid at 25 °C, both with and without varying ECS concentrations (50-300 ppm).

3.1.2. The influence of contact time
Some authors suggest that in corrosion testing, the

best scenario should be achieved by simulating real-
world conditions by reproducing a favourable
processing environment [62]. It has been emphasised
that 6 to 8-hour HCI stimulation sessions are typical
[63]. While some studies have shown that
investigations within 4-48 hours can vyield reliable
data regarding the rate of corrosion in HCI [64], most
studies now find that a 24-hour test is more feasible
and typical.

3.1.3. Temperature influence
The effectiveness of corrosion inhibition and the

adsorption of the inhibitor on the metal surface are
both significantly influenced by temperature [65—68].

Egypt. J. Chem. 67, No. 9 (2024)

Corrosion happens more quickly as the
temperature rises. In fact, at 300 ppm concentration,
the corrosion rate at 298 K temperature was
0.005881mg cm2min*and 0.114944 mg cm2?min? at
328 K temperature. At 328 K, the inhibition efficiency
for 300 ppm dropped from 95.03% at 298 K to
81.71%. Fig.2. This modification shows that when the
temperature rises between the inhibitory molecules
and the carbon steel surface, there is a balance between
adsorption and desorption (Tables S1 and S2). This
equilibrium leans in the direction of desorption [69—
71]. This implies that the ECS molecules may adhere
to the metal surface and that temperature affects how
the ECS interacts with the carbon steel. Figs. S1-S12
demonstrate the effect of different temperatures on
inhibition efficiency, weight loss, and corrosion rate.
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Fig.2: The carbon steel electrode's corrosion rate and inhibition effectiveness following a 90(min.) immersion in a 1 M hydrochloric acid at
various temperatures (25-55 °C), both with and without varying ECS concentrations (50-300 ppm). [

3.1.4. kinetic and thermodynamic parameters
The Arrhenius equation (11) [72-75] determines the

link between the activation energy and the rate of
corrosion in a corrosion reaction, and the standard
enthalpy (AH*) and activation entropy (AS*) are
obtained from the transition state equation.

log(C.R) = (2.3_053“”) + logA (1)
AS* AH* R
logC.R = 2303k 2.303RT +log (E) (12)

The Avogadro number, Plank constant, apparent
activation entropy, pre-exponential factor, apparent
activation energy, and activation enthalpy are all
represented by the following formulas: AS™ = apparent
activation entropy, AH" = activation enthalpy, N =
Avogadro number, pre-exponential factor =A, and
apparent activation energy = (Ea*). Arrhenius plots
produced in the presence of various extract
concentrations and in the presence of a 1 molar HCI
medium are shown in Fig. 3. By performing a linear
regression on log(C.R) and log(C.R/T) as functions of
1000/T, the Ea*, AH*, and AS* were considered. Table
3 shows the thermodynamic variables. The slope of
log (C.R.) about 1000/T is represented by the values
of Ea* multiplied by (2.303xperfect gas constant). The
DH* is estimated from its slope multiplied by (2.303x
perfect gas constant), and the DS* is derived from the
intercept of log (C.R/T) relative to 1000/T (Fig. 4)
[76]. These findings suggested that the inhibitor
physisorption adsorption is adsorbed on the metal
surface since the Ea* obtained in the presence of ECS
is more than 1 M hydrochloric acid [86]. The rise in

Egypt. J. Chem. 67, No. 9 (2024)

E."- with ECS concentration is viewed as an
electrostatic metal's inhibiting response, which forms
a physical barrier. The controlled solution had a higher
activation energy than the uncontrolled solution.
These results are consistent with earlier studies [77—
83]. Pre-exponential factor (A) variance in both acids
was discovered to be comparable to visible activation
energy variation (see Fig. 5). Other investigations
found results that were similar to these [84-86]. The
current investigation demonstrated a relationship
between more apparent activation energy and more
pre-exponential variables, whereas a relationship
between lower pre-exponential factors and lower
activation energies was discovered. The tested
inhibitor met its aims by preventing corrosion even at
low corrosion activation energies. Because all E*
values in both acids exceed comparable AH* values, a
gaseous reaction, such as hydrogen evaporation,
occurs  throughout  the  corrosion  process.
Additionally, RT's average is almost the same as the
moderate discrepancy between activation energy and
enthalpy. Additionally, the corrosion development is
an unimolecular reaction, as stated by equation (13)
because the half value of the variation amongst
activation energy and enthalpy is almost equivalent to
the intermediate value of RT, where T is a temperature
in the investigational temperature variety [87]:
E: — AH* = RT (13)

Positive AH* values indicate endothermic
adsorption. [88-90]. Metal dissolution decreases when
ECS concentrations grow due to an increase in AH*.
The more ECS there is, the more positive the sign of
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DS* becomes. The active complexes produced are less
ordered, indicating that the corrosion reaction media
are less ordered since ECS molecules are present [91—
93]. The AE* and AH* values increased dramatically
when ECS particles (50 ppm) were counted in the
corrosive medium compared to the uncontrolled
solution, rising from 5.877 to 66.88 kJ/mol. and 5.677

to 64.38 kJ/mol., respectively. These results imply that
the addition of ECS particles to the corrosion medium
induces an inhibitory film to form as a shield on the
surface of the alloy, resulting in an energy fence for
the corrosion process compared to the unfettered
solution and reducing the corrosion rate.

Table 3: The thermodynamic activation parameters for carbon steel corrosion in 1 M HCI in the presence and absence of ECS at various

concentrations.

Inhibitor E*a K.Jmol? AH" KJmol? | -AS"J moltk? |logA
conc.(ppm)

blank 5.877 5.677 197.03 0.9237
50 66.88 64.38 138.10 10.64
100 70.9 68.30 133.44 10.65
150 72.18 69.64 131.14 10.92
200 72.97 70.73 128.37 11.25
250 76.29 73.70 124.95 11.66
300 78.79 76.37 124.07 11.76
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£
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>
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o -1.5= @ Blank R*=0.972
(&) @ 50ppm R’=0.983
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—_ @ 200ppm R*=0.977
-2.0 = @ 250ppm R*=0.957
@ 300ppm R*=0.985
-2.5 wley v r r . . .
3.05 3.10 3.15 3.20 3.25 3.30 3.35
1000/T

Fig. 3: Arrhenius curves for carbon steel in 1 M HCI with and without quantities of ECS (log C.R against 1000/T).
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Fig. 4: Shows the transition states of alloy electrodes in a 1 M hydrochloric acid with varying concentrations of the ECS.
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Fig.5: The relationship between E*a and A with various doses of ECS at 1 M HCI.

3.1.5. Adsorption research
Because the binding energy between the water

particles and the outside surface is lower than that
between the particles of the inhibitor and the metal's
surface, the ECS inhibitor has shown through
adsorption on its surface that it can prevent carbon
steel from oxidising in corrosive media [94].

xHZOads + Orgsol - Orgads + xH,0
(14)

Where x represents the number of single organic
particles used in place of water molecules, particles of
metal can be physisorbed or chemisorb; the
physisorbed molecules combat metal corrosion by
reducing the cathodic riposte, while the chemisorbed
particles obstruct the anodic response by lowering the
potential reaction of the corroding alloy at the sites of
adsorption [95]. The observed ECS's adsorption
activity on the surface of carbon steel can be modelled
using the adsorption isotherm. Using data from weight
loss tests, we chose the best adsorption isotherm to
describe the adsorption mechanism of ECS on the
alloy surface in acidic environments [96-101]. In our
circumstances, Langmuir and Temkin adsorption
isotherms were discovered to be the optimal isotherms
for the adsorption process (equations 15 and 16) and
(Figs. S13-S18 and Figs. 6 and 7).
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c_ 1

ot Cinh
(15)
where C represents the concentration of ECS and Kags
is the adsorption equilibrium constant.

al=InK,;C
(16)
Kags is the equilibrium adsorption constant, (a) is a
molecular interaction parameter, and C is the
concentration of ECS, respectively.
Specifically, the binding force of the alloy surface of
the inhibitor particles is shown by the Kags value,
which also represents the potency of the adsorption
force between the alloy surface and the ECS
molecules. The Big Kags value, for instance, means that
the ECS particles cling to the alloy surface more
powerfully. It demonstrated that the equilibrium
constant was higher than in previous research [102,
103]. It was found that Langmuir isotherms are more
precise than Temkin isotherms in describing how ECS
adheres to the surface of the alloy. The adsorption data
of Gibbs free energy are determined using equation
@an).

0
1 AGagds
Kaas = 555 0xp(5r)

(17)
The projected AG° ads' negative values are
displayed in Table 4, proving that alloy spontaneity is



EXPERIMENTAL AND THEORETICAL INVESTIGATIONS ON THE USE OF CORCHORUS OLITORIUS STEM EXTRACT.. 541

an exothermic operation that is temperature-dependent
and allows the inhibitor to be adsorbed on the steel's
surface as the reaction temperature rises [104]. In the
duration of corrosion inhibition, chemisorption and
physisorption are the two adsorption types that are
widely discussed [105]. The electrostatic interaction
between the negatively charged carbon surface and the
charged molecules of the ECS is referred to as physical
adsorption. Between 20 kJ/mol., and 40 kJ/mol With
the reading heads set to 40, chemical adsorption often
outweighs physical adsorption; however, at 40 kJ mol-
1, there is simple chemical adsorption. Readings of
AG%gs up to 20 kJ mol? are by physical adsorption
[106]. Adsorption enthalpy (DHOads) and entropy of

adsorption (AS%gs) are two thermodynamic adsorption
parameters that can be intended using the combined
form of the VVan't Hoff equation (18) (Fig. 8) [107].

AHO AS2 1
inkoas = (= %7) + (53%) + 1n (555)
(18)

The exothermic character of the adsorption of ECS
on the alloy surface is designated by the negative sign
of AH%qs. Exothermic adsorption is connected with
negative values of AS%gqs. This is consistent with the
predicted outcome; even though adsorption is an
exothermic procedure, it should be followed by a
decline in entropy variation; even the opposite should
occur [108].

Table 4: Langmuir and Temkin isotherms (Kags andAG®.4s) for different concentrations of ECS in 1 M HCI solution

Langmuir isotherm Temkin isotherm
Temp- Kads R? 'AGoads 'AHOads a Kads R? 'AGOads 'AHOads
OC Asoads ASoads
(K.J) (K.J) (KJ)
Jkt J.k?
25 28.986 0.991 18.27 285 342 (412|321 0.965 12.84 27.14 45.7
35 21.39 0.994 18.13 4.02 | 3.11 0.932 13.19
45 12.75 0.995 17.35 6.53 | 2.084 0.991 12.56
55 10.72 0.959 17.42 5.09 | 1.129 0.934 11.28
0.40
0.35 o MW 25°C R°=0.991
@® 35°C R°=0.994
0304 A 15°C R?=0.995
W 55°C R*=0.959
0.25 o
3

0.20 =

0.15 =

0.10 =

0.05

0.05 0.10 0.15
C(g/L)

0.20 0.25 0.30

Fig.6: Langmuir adsorption isotherm of the extract of ECS for alloy corrosion in 1 M HCI solution at 25 °C as C/6 vs. log C.
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Fig.8: Equation for Van't Hoff (relation between absolute temperature and adsorption equilibrium constant).

3.1.6. The extract's anti-corrosion components
Previous research on pure synthetic or other organic

compounds derived from natural resources allowed for
the natural organic compounds listed in Table 2 to
inhibit metal corrosion. Some metals, these pure
chemicals, or their derivatives have affected corrosion
inhibition. Various fatty acids have been reported to be
effective, ecologically friendly stainless steel
corrosion inhibitors [109]. Stearic acid and stearic
imidazoline were used as corrosion inhibitors of iron
in 0.1 mol dm® HCIO, aqueous solutions, and the
inhibition efficiency was 55% for stearic acid and
78.7% for stearic imidazoline [110]. Also, with an
emphasis on long-term immersion testing, the
synergistic inhibitory impact of stearic acid and (+)-a-
tocopherol (E307) as a green inhibitor within a highly
hydrophobic layer was explored on the corrosion of
low-carbon, ferritic, and stainless steel, and the
corrosion inhibition was 99.75% [111]. Linoleic acid's
(LA) effectiveness at preventing corrosion of 1018
carbon steel in a 0.5 M H,SQO, solution was assessed
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using a combination of methods (including
electrochemical research and a theoretical study). The
corrosion inhibition arrived at 97% [112]. B-Sitosterol,
extracted from rice hulls, is a powerful mild steel
corrosion inhibitor in 1M H,SQOs, with an efficiency of
76% [113]. With the aid of a microwave reactor,
palmitic acid imidazole (PI) was created. The obtained
product was investigated to determine the mild steel's
ability to prevent corrosion in 1 mol. Lt H,SO4. At
ambient temperature, it provided the highest level of
90% inhibitory efficiency [114].

3.2. Electrochemical studies
3.2.1. Measurements of the open circuit potential
(OCP)

The fluctuation of the alloy electrode's OCP over
time in a 1M HCI solution at 25 °C in the presence and
absence of various ECS concentrations is shown in
Fig. 9. The concentrations of ECS increased, and a
significant shift to higher positive values was
identified in the OCP. This can be caused by the ECS
molecules adhering to the alloy surface. Intriguingly,
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as depicted in Fig. 9, the OCP versus time seems to
stabilise more, indicating that, in contrast to the control
experiment, there is a dynamic equilibrium between
the inhibitor molecule's adsorption and desorption on

the steel surface [115]. The addition of the inhibitors
to the corrosive medium has a powerful effect on the
anodic response.

-0.43
-0.44 po——
-0.45
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O
D 0.46
b=
L
-0.47 —=— Blank
—e— 50ppm
—a— 100ppm
—v— 150ppm
—e— 200ppm
-0.48 —<— 250ppm
—»— 300ppm
o] 100 200 300 400 500 600
Time(SEC)

Fig.9: OCP potential-time curves for carbon steel in 1 M HCI when the ECS is absent or present at various concentrations.

3.2.2. Method of potentiodynamic polarization

A carbon steel electrode was subjected to anodic
and cathodic polarisation in a 1 M HCI solution with
and without varying amounts of the ECS at 25 °C (see
Fig. 10). Important electrochemical parameters, such
as current density of corrosion (icorr), coOrrosion
potential (Ecorr), cathodic (Bc) and anodic (Ba) Tafel
slopes, the resistance of polarization (Rp), corrosion
rate (C.R), and inhibition efficiency (I.E%), are all
represented by values in Table 5. These values were
obtained from the polarization curves that correspond
to these parameters. The results show that adding
modest concentrations of 300 ppm of ECS caused the
C.R. values to quickly drop from 234.32 of the
uninhibited solution (blank) to 12.4 mpy. Only by
adding a tiny concentration (300 ppm) of ECS did the
Ecorr move to a positive value due to the inhibitor
molecules adhering to the metal surface. It's
interesting to see that lowering the inhibitor
concentrations causes the corrosion potential numbers
to rise once again. Ecorr statistics also show that the
inhibitors under study exhibit mixed-type inhibitor
behaviour because of the minimal volatility in the
acquired Ecor Vvalues [116]. Potentiodynamic
polarization experiments demonstrate that the anodic
and cathodic curves of corrosion current density (icor)
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have substantially changed to lower values in the
presence of inhibitor molecules. Because ECS slows
down the anodic and cathodic processes of the steel
electrodes, corrosion rates (C.R.) dropped, but
percentage inhibition potency (1.E.%) rose. When it
was introduced to the corrosion medium of 1M HCI,
ECS had a maximum LE. of 95.5% ina 1 M HCI
solution at a concentration of 300 ppm. When the
inhibitor concentrations were changed, the values of
the Tafel slopes only slightly changed, demonstrating
that the dissolution process is still carried out by
anodic metal dissolution and cathodic hydrogen
evolution [117]. It is still unclear why the corrosion
potential readings went more negative again when
inhibitor doses increased. The most likely explanation
for this is that the ECS inhibitor influences the
hydrogen evolution and oxygen reduction processes of
alloys, raising alloy surface resistance and generating
selective precipitation on the surface of the iron.

Another intriguing finding was a strong correlation
between the Tafel polarisation results and the
examinations of weight loss. Because of the extract's
adsorption on the surface of the carbon steel, as seen
in Fig. 11, increasing the concentration of ECS
increased the polarisation resistance [118].
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Table 5 displays the impact of the concentration of ECS on the variables used in experiments using the potentiodynamic method to measure
the alloy corrosion in 1 M HCI at 25 °C.

Conc.,ppm | -Ecorr, Rp, icorr, Ba, -Be 0 +%I.E
mV vs. | ohm HA.cm? | mV.dec | mV.dec
SCE 1 1
blank 49742 | 7.36£0.2 | 69048 159.4+2 | 208.2+3 | -----
50 425+4 | 14.67+0.1 | 230.3+3 | 85.2+3 | 170.8+2 | 0.666 | 66.6
100 43245 | 15.32+0.1 | 157.2+2 | 79.241 | 149.3+2 | 0.772 | 77.2
150 439+2 | 18.23+0.3 | 129.2+2 | 78.5+3 | 137.2+3 | 0.813 | 81.3
200 444+4 | 19.69+0.2 | 106.4+1 | 78+2 132+1 0.845 | 84.5
250 455+3 | 21.45+0.3 | 87.2+0.5 | 76.5+1 | 129.9+2 | 0.873 | 87.3
300 46746 | 23.78+0.1 | 31.3£0.3 | 70.743 | 118.7+1 [ 0.954 | 955
0.2«
0.0«
’g-o.4-
%-0.6- —=— Blank
—=—50ppm
084 —+— 100ppm

—~— 150ppm
—— 200ppm
-1.04| —«— 250ppm
—— 300ppm

1.2 - - - -
1E-6 1E-5 1E-4 1E-3 0.01 0.1

log I(Acm™)

Fig.10: Corrosion of carbon steel in 1 M HCI in the absence and presence of various amounts of ECS.
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Fig.11: The carbon in 1 M HCI displayed by linear sweep voltammetry using various doses of the ECS.
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3.2.3. Electrochemical impedance Spectroscopy
(EIS)

The  electrochemical  changes at  the
metal/electrolyte interface can be observed in real time
using EIS. It is a good technique for understanding
physical processes and gaining new knowledge [119,
120]. The environment around the carbon
steel/electrolyte contact is complex, and it has two
lines, each of which includes an ion, one of which is
positively charged and the other is negatively charged.
As a result, the ions that diffuse into the metal surface
and the charges that travel in and out of it generate a
range of impedances in the oxide layer that covers the
surface of the alloy electrode. Additionally, the oxide
coating contains capacitance caused by the electrical
double layer Cqi, the resistance of charge transfer (Rc),
and the resistance of solution (Rs). Table 6 provides an
overview of the EIS parameters obtained for carbon
steel electrodes immersed in 1 M HCI and varying
doses of ECS corrosion inhibitor at 25 °C. Figs. 12 and
13 show that the Nyquist and Bode plots were
produced when various ECS concentrations were
present. Due to higher charge transfer resistance,
increasing the concentration of ECS causes the
semicircle's diameter to rise during the corrosion
process [130]. As a result, the chosen corrosion
inhibitors are adsorbed at the electrolyte/metal
interface, increasing corrosion resistance and lowering
the corrosion rate. Referring back to Table 6, it can be
observed that adding the concentration of ECS (300
ppm) significantly reduces the Cdl values compared to
what they would have been in the bulk solution.
Inhibitor  molecules are adsorbed at the
electrolyte/metal interface, which results in a thicker
electric double layer or a lower local dielectric
constant [121, 122]. The impedance diagram, which
has a practically semicircular shape, illustrates the
charge transfer mechanism that regulates carbon steel
corrosion. The Bode graphs of carbon steel soaked in
1 M HCI are shown in Fig. 13 in the absence and
presence of various ECS concentrations. The
impedance modulus for the blank solution is enhanced
by 1-2 orders of magnitude in the low-frequency
region, as seen in Fig. 13. The impedance modulus
increases more visibly with ECS. Also, in the broad
frequency range of the middle, the phase angle value
is close to 90, and the slope of log |Z| and log f is close
to -1. This shows the carbon steel surface generates
perfect capacitive behaviour 123]. Due to the overlap
of the two peaks in the phase angle plots, the phase
angle diagram becomes noticeably broader as ECS
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concentration rises. As a result, it may be concluded
that two time constants are produced, one of which is
a result of the electric double-layer capacitance (Cq) at
the metal/solution interface. Another factor
contributing to the relaxation process at the carbon
steel/solution contact is the adsorption and desorption
of ECS [124]. The more the ECS adsorbs the carbon
steel surface, the broader the phase angle maps are.
The equivalent circuit that the EIS data is simulated
through is shown in Fig. 14. This circuit was chosen
because it mimics various non-homogeneities without
the need for capacitors by using CPE (constant-phase
elements), including grain boundaries, surface
roughness, and surface contaminants in steel. The
following equation [125] can be used to represent
frequency, which is a significant factor in element
impedance:

Zepg = (jw)n_lyo_l
(19)

Yol is the CPE value, j? is an imaginary number
equivalent to (-1) and stands for the sine wave
modulation angular frequency (o= 2=nf; f= ac
frequency). The identical circuit's quality was
evaluated using the chi-square value [126]. Table 6
demonstrates that the accepted chi-square data
(0.00017 to 0.00022) pinpoints a good fit for the
suggested circuit. Because of the influence of
numerous parameters, including surface electrode
roughness, heterogeneity of the surface, and the
dielectric constant, the magnitude of n in total
experimental settings ranges from 0 to 1.

The n value of 1M HCI alone is high in our study
compared to the inhibition system. When the ECS
concentration increases, the rate drops, demonstrating
that the surface of the alloy is reasonably
homogeneous and the inhibitor adsorption is not
uniform [136]. The double-layer capacitance (Cqj) was
estimated using the following equation [127, 128].

Cy = Yow™ 1/sin[n (g)]
(20)

Intriguingly, the findings from the EIS data were in
good accord with those from measurements of
potentiodynamic polarization and weight loss. ECS
was used to achieve a maximum 1L.E. of 94.2% at a
concentration of 300 ppm ina 1 M HCI solution.
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Table 6: The outcomes of the EIS method for corrosion of alloy at 25°C in 1 molar hydrochloric acid with varying amounts of extract from

50 =
O«

Z real (€2 cm?)

ECS.
Conc., Ret, Rs YOX10° nx10® Cax10* 0 1.E%¢s '
(ppm) Qcm? Q.cm? pQtS"em? Fcm?
Blank 40.2+0.03 1.27+0.014 433.0£2.2 841+3.6 A N B 0.00017
50 130.31£1.3 1.195+0.014 421.0+2.1 773+2.8 154 0.689 68.9 0.00019
100 176.9+1.4 1.16+0.013 411.8+1.9 753.6+2.9 149 0.772 77.2 0.00018
150 220.3+2.1 1.36+0.015 407.8+£1.7 744.8+2.4 1.30 0.817 81.7 0.00013
200 264.5+2.2 1.38+0.012 400.0+£1.8 737.3+1.9 1.11 0.848 84.8 0.00014
250 355.5+2.4 1.084+0.011 365.5+1.9 723.1+£1.8 0.987 0.886 88.6 0.00020
300 700.5+3.2 1.063+0.012 345.242.3 717.3£1.9 0.789 0.942 94.2 0.00022
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Fig.12: Nyquist plots for the corrosion of carbon steel at 1 M HCI in the presence and absence of various amounts of ECS.
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Fig.14: Typical of an analogous circuit for computing EIS information.
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3.2.4. Electrochemical frequency modulation
technique (EFM)
Given that EFM has a lot of benefits, including rapid
testing and corrosion current values that are delivered
without the requirement for prior Tafel constant
information, also the reality that it isn't destructive, it
is utilized in this job [129]. Similar to EIS, this
technique also uses a short AC signal, only it also
features two sine waves that can be applied to the cell
simultaneously, individually it containing a distinct
frequency. Because of the current's non-linear
connection to the potential excitation in this technique,
the input frequencies are included in the current
response. This method’s input frequency is the total,
multiples, and differences of two input frequencies.
Minuscule frequencies that increase an integer from
the fundamental frequency, which determines the
experiment's duration, are essential. Table 7 displays
the EFM corrosion characteristics for carbon Eg.21
was used to compute the inhibitory -efficiency
percentage (I. E %).

1EY% = [iEFM_'iEFM(inh)] %100 (1)

LEFM

To internally verify the validity of the EFM strategy,
the abbreviations CF-2 and CF-3 are utilized [130].
CF-2 and CF-3 typically have values of 2 and 3,
respectively. Because the causal components in this
scenario deviate significantly from the expected
values, noise distorts the measurements. Another
cause for the inadequate effectiveness of the inhibitor
is a variation of the causative factors from their ideal
values, which can happen when either the resolution
of the frequency spectrum is insufficient or/and the
inactivation amplitude is too modest [131,132]. Data
on causation factors are included in Table 7, and it is
evident that the measured values are of the highest
possible calibre. The intermodulation spectrum is a
spectrum of the current response as a function of
frequency, and it is used to illustrate the outcomes of
the EFM experiment. ECS was used to record the
intermodulation spectrum of an alloy electrode in a
solution of 1 M HCI, both in the absence and presence
of various doses, as shown in Fig.15. The outcomes
are totally in line with those from Tafel polarization,
EIS, and weight loss studies.

Table 7. The EFM technique was used to measure the electrochemical carbon steel parameters in 1 M HCI in the absence and presence of

various concentrations of ECS at 25 °C.

conc., | icor, Ba Be. CF-2 CF-3 0 IE% |CR
ppm HAcm? | mV dec?! inv dec mpy
Blank 280.34+£3 | 66.99+0.4 | 88.28+2 | 2.009+0.02 | 3.66+£0.05 | ------ | ------ 36.6
50 89.58+0.9 | 83.57+0.2 | 124.5+3 | 2.016+£0.02 | 3.11+0.04 | 0.680 | 68.0 32.83
100 78.95+0.7 | 73.95x0.5 | 116.7+2 | 1.980+£0.04 | 3.22+0.05 | 0.718 | 71.8 26.93
150 56.1920.8 | 109.6+1.1 | 113.7+4 | 2.050£0.03 | 2.93+£0.06 | 0.799 | 79.9 23.87
200 42.25+0.2 | 93.93+0.3 | 112.7£2 | 1.99+0.02 | 3.08+£0.05 | 0.849 | 84.9 20.52
250 34.91+0.3 | 87.33+0.2 | 136.2+3 | 2.009+£0.06 | 2.94+0.02 | 0.875 | 87.5 18.67
300 17.24+0.4 | 79.57+0.4 | 115.1+2 | 1.87£0.03 | 3.03+0.03 | 0.938 | 93.8 15.94
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Fig.15. carbon steel intermodulation spectrum at 1 M HCI in the absence and presence of various concentrations from ECS at 25 °C.

3.3. The Surface Exams

3.3.1. AFM assessment.

To verify the earlier results, this study used atomic
force microscopy, a highly accurate technique (AFM).
The resolution for organizing nanoscale fractions
during this scan, however, is fixed at 1000 times the
optical deviation limitation [133]. Table 8 displays the
findings of this check. The symbol Sqg, which
represents the average measured height deviations
obtained inside the assessment length and measured
from the mean line, stands for root-mean-square
roughness. The sign Sa, which displays the average
departure of the roughness prole at all spots throughout
the evaluation, from an average line, stands for the
average roughness. The letter P-V stands for the peak-
to-valley height values that are the highest. Figure 16
displays three illustrations of alloy. The first model
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just covers alloy, the second model includes carbon
steel that has been exposed to 1 M HCI for three h.,
and the third model includes alloy that has been
exposed to 1 M HCI while also containing the greatest
concentration of ECS. Atmospheric corrosion caused
a minor flaw on the polished carbon steel surface.
Figure 16 shows the corroded alloy surface without the
extract of ECS soaked in 1 M HCI. The surface heights
of carbon steels Sq, Sa, and P-V are 591.08 nm,
496.932 nm, and 3933 nm, respectively. These
findings show that the refined alloy's surface is
smoother than the alloy surface that has been
immersed in 1 M HCI. While deep in 1 M HCI, the
typical surface roughness of the alloy fell from
496.932 to 185.5 nm when 300 ppm of ECS was
present. Because the ECS particles adhered to the
carbon steel surface and smoothed the surface, the
maximum concentration of ECS reduced the contact
of the carbon steel with hydrochloric acid. This
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stopped the surface of the alloy from corroding

uniformly (Fig.16).

Table 8: The morphological information of the surface of carbon steel after being immersed for a day in a solution of 1 M HCI without and

with 300 ppm of ECS.

Models Sq(nm) | Sa(hm) | Maximum peak- to-valley
height(nm)
Refined alloy 24.793 | 20.6278 | 136.067
Alloy in 1 molar hydrochloric acid 591.08 | 496.932 | 3933
Alloy+1M HCI+300ppm ECS 203.5 185.5 3856.5
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Fig.16. (A) free AFM image of a carbon steel electrode surface. (B) the surface of the alloy electrode after one day in a 1 M HCI solution, and
(C) the surface of the alloy electrode afterwards one day ina 1 M HCI solution containing 300 ppm ECS.
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3.3.2. Technique of X-ray photoelectron
spectroscopy (XPS)

Noticing how an adsorbed layer forms on the alloy
surface in a hydrochloric acid medium using the XPS
technique, the type of ECS adsorption was
demonstrated. Figure 17 shows the XPS decay spectra
of ECS implanted in the surface membrane produced
in an inhibitor composition-containing solution are
displayed. These spectra are all explained by applying
the essential binding energies that have been offered in
the literature, according to published research on the

explanation of XPS spectra for thin membranes. As
shown in Fig.17(a-f), the carbon steel XPS spectrum
recorded at 1M hydrochloric acid in the presence of
300 ppm ECS contains components of Cl 2p, Fe 2p, O
1s, N1s, and C 1s. Table 9 provides the binding
energies (BE, eV) for each peak component along with
the matching assignment [134-136]. Three distinct
peaks including binding energies of about 286.43,
285.12, and 284.52 eV in the alloy C 1s spectra were
discovered in 1 M HCI with 300 ppm ECS. O 1s
spectra, by binding energies of 530.33, 532.02, and
529.33 (eV), were present on three unlike peaks.

Table 9. The binding energies (eV) for the enormous core positions discovered on the surface of alloy after being subjected to an extract
made from ECS.

Core line 1 molar Hydrochloric acid
BE, ev Functions

Cls 286.43
285.12 C=0, C-C,C-H, C-*O
284.52

Fe2p 711.94
723.89
719.82 Fe203,Fe2p1 of
717.87 Fe* FeOOH, Fe,0s, FeCly,
727.76 Ferric compounds satellites
712.42

Cl2p 198.01 FeCl.
199.58

O1s 530.33 Metal oxide, Hydroxide, FeO
532.02 and Fe203
529.33

N1s 399.9 NH:

Egypt. J. Chem. 67, No. 9 (2024)
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Fig.17. Scanning elements, Cl 2p, N1s, O 1s, C 1s, and Fe 2p respectively for photoelectric X-rays for carbon steel at 1 M HCI with 300 ppm

ECS.

3.3.3. FT-IR evaluation

FT-IR is an effective method for identifying
functional groups in various molecules and chemical
compounds. In Fig.18, the ECS spectra of a carbon
steel coupon are depicted before and after a day of
soaking. These graphs demonstrate that before the
carbon steel was submerged in 1 M HCI plus 300 ppm
ECS, significant peaks were observed at 3383.1,
1646.3, 1435.03, and 725.06 cm?®. which are
comparable to the stretching vibrations of the O-H,

C=0, aliphatic C-H, and Fe, respectively. The infrared
spectra obtained after a carbon steel electrode was
immersed in the test solution for a day show that all of
the functional groups in the ECS under examination
are still discernible. These functional groups did not
change other than their locations, pointing to a
potential interaction between the ECS and the metal
surface. As a result, these functional groups can join
with Fe?* to create complexes that defend the steel
against corrosion [137].

1413.03  1680.3
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— After
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Fig.18. FT-IR spectrum of ECS before and after they were adsorbed on a carbon steel surface.
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3.4. Parameters for quantum chemistry

Like other natural product extracts, the inhibitory
activity of ECS can be linked to phytochemical
components adhering to the surface of the alloy. It is
challenging to accurately experimentally quantify the
involvement of several constituents in the owverall
inhibitory impact due to the biomass extract's complex
chemical makeup. To highlight the distinctive
contributions of numerous isolated compounds of
ECS, the current work used molecular dynamics
simulations and quantum chemical parameters.
(Fig.20 & Fig.21) depict the two scenarios where the
ECS orbitals (LUMO and HOMO orbitals) have the
best geometric structure (neutral and protonated).
Higher Enomo Vvalues show a compound's better
capacity to provide electrons to the vacant d-orbital of
the metal surface, whereas lower E_ ymo values show a
compound's capacity to accept electrons [138]. The
material with the most facilities successfully inhibits
corrosion. The data of Enomo and ELumo derived in
Table 10 reveal that the investigated ECS can either
give or receive electrons. In its neutral state, linoleic
acid's HOMO orbital is mostly distributed at the
carbon atom, but in its protonated state, it is dispersed
at the hydroxyl group and carbonyl group. In both the
neutral and protonated cases, the hydroxyl group and
carbonyl group are where the LUMO orbital at linoleic
acid is most widely dispersed. Oleic acid amid' s
HOMO orbital is primarily distributed at the carbon
atom in its neutral state, but when it is protonated, it is
scattered at amid group. The amid group is where the
LUMO orbital at the oleic acid amid 's is most
extensively spread in both the neutral and protonated
scenarios. The HOMO and LUMO orbitals are
distributed into the hydroxy group and carbonyl group
in the neutral and protonated situations of cetylic acid
and stearic acid. Oleanolic acid's HOMO orbital is
distributed on the cyclic hydrocarbon in its neutral
form, while its LUMO orbital is spread in the carboxyl
group. Nevertheless, in its protonated form, both the
HOMO and LUMO orbitals are distributed in the
cyclic hydrocarbon. In the 2-hydroxyethyl benzoate
compound's neutral form, the LUMO orbital is
distributed in the benzene ring, but the LUMO orbital
is also distributed in the benzoic acid's oxygen.
However, in the compound's protonated form, the
HOMO orbital is distributed in the benzene ring and
the hydroxyl group and LUMO orbital are distributed
throughout almost the entire compound. This refers to
the entire 2-hydroxyethyl benzoate molecule being
adsorbed. In the neutral form, the HOMO orbital is
dispersed around the hydroxyl group and cyclic
carbons in the stigma sterol molecule, and the LUMO
orbital is scattered around the carbon chain, and in a
protonated form, the opposite occurs. Both the HOMO

Egypt. J. Chem. 67, No. 9 (2024)

and LUMO orbitals of B-Sitosterol are distributed
around the hydroxyl group and cyclic carbon in the
neutral form, and in the protonated form, the HOMO
orbital is distributed around the cyclic carbon of the
hydroxyl group and the LUMO orbital is distributed
around the cyclic carbon and hydroxyl group. The
energy gap (AE), whose size indicates whether or not
molecules are reactive during adsorption on the metal
surface, is another critical parameter. An inverse
correlation exists between the reaction during
adsorption and the value of AE. Compounds with low
energy gap values make good corrosion inhibitors
because it takes slight ionization energy to knock an
electron out of its outer shell orbital [139]. The
components of the ECS have a smaller energy gap
(AE) in the proton form versus the neutral state (Table
11), which may indicate that the extract reacts to the
surface of steel more powerfully in the proton form
(Fig.19), Moreover, compared to other components,
oleanolic acid's protonated and neutral forms have a
smaller energy gap [140]. Smaller energy gaps result
in softer molecules than larger ones. Because they can
carry electrons to their acceptor quickly, soft
molecules react faster than tougher molecules. Using
the absolute hardness (n) and softness (o) values, it is
possible to determine the make-up, stability, and
reactivity of molecules. Only the area of the ECS
molecule with the maximum value may become
adsorbate for the simplest electron transfer [141]. In
the corrosion structure, the alloy turns into a Lewis
acid, whilst the molecules of the ECS turn into Lewis
bases. Soft-base inhibitors are the most efficient for
preventing acid corrosion in bulk metals that take mild
acids into account. The dipole moment is the third
crucial parameter, which is used to move and
rationalize the construction [142, 143]. Superior
values take into account the likelihood that stronger
connections amongst the ECS molecules and the alloy
surface were achieved, resulting in more effective
inhibition (higher 1. E %) and better adsorption.
Because an organic dipole and an exciting alloy
surface are electrostatically attracted to one another,
the physical adsorption of the organic retarder onto the
alloy surface is boosted. Therefore, the adsorption
molecules’ greater dipole moment is preferred.
Indicating that the ECS is physically adsorbed on the
steel surface as a proton can be, a measurement of
dipole moments revealed that the shape of the dipole
torque altered considerably in protons [144]. The
larger value of the inhibitor molecule makes it more
likely for the inhibitor to adsorb onto the carbon steel
interface, changing the thickness of the Cdl and
creating a flawless isolation film on the carbon steel
interface, and oleanolic acid has a large value of dipole
moment in the protonated form. Despite this, there
isn't any evidence in the literature for a relationship
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between it and inhibition efficacy [145]. The ability of
the electronic inhibitor on the metal surface is said to
increase inhibition efficiency if AN is less than
3.6[146]. Electronegativity is the property of an
electron to bind inhibitors (y). The value of i
(electronegativity) increases as the desire to adsorb an
electron from an alloy surface becomes higher (A
protonated form is more valuable). Because of this

stronger surface interaction between ECS particles
with higher electronegativity and the surface of the
alloy, inhibition is increased. Compared to earlier
research [147], Tables 10 and 11 show that the ECS
functions as a powerful inhibitor. Increasing the area
of the ECS molecules increases the effectiveness of
inhibition because it expands the space where those
molecules may interact with the surface of carbon

steel.

Table 10 The quantum information for the neutral form of the examined ECS.

Neutral Linoleic acid Oleic acid amid Ce_tylic Stearic acid

-Enowmo (eV) -5.374 -5.560 ?g.l(;jﬂ -6.025

-ELumo (V) -0.986 -0.355 -0.709 -0.708

AE (eV) 4.384 5.205 5.318 5.320

n (eV) 2.192 2.603 2.659 2.660

o (eV)? 0.456 0.384 0.376 0.376

Pi (e.V) -3.18 -2.957 -3.368 -3.367

X (eV) 3.18 2.957 3.368 3.367

dipole moment (debyes) 1.7167 5.3920 2.4783 2.4594

Molecular area (A° ?) 390.597 405.2656 357.824 | 397.585

ANrmax (€) 0.250 0.254 0.171 0.172

Neutral Oleanolic acid | 2-hydroxyethyl benzoate | Stigma B-Sitosterol
sterol

-Enomo (8V) 6.367 6.273 5.623 5.249

-ELumo (eV) 3.670 2.168 2.489 2.145

AE (eV) 2.697 4.105 3.314 3.104

n (eV) 1.35 21 1.66 1.55

o (eV)?! 0.740 0.467 0.602 0.645

Pi (e.V) -5.018 -4.221 -4.056 -3.697

2 (eV) 5.018 4.221 4.056 3.697

dipole moment (debyes) 7.86 4.98 6.83 6.34

Molecular area (A° ?) 510.3 204.142 430.4 435.9

ANrax (€) -0.273 0.014 0.068 0.188
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Table 11. The quantum information for the protonated form of the examined ECS.
Protonated Linoleic Oleic acid amid | Cetylic | Stearic acid
acid acid
-Enomo (eV) -4.630 -4.916 -5.464 -5.494
-ELumo (eV) -1.940 -3.285 -3.782 -3.811
AE (eV) 2.69 1.631 1.682 1.683
n(eV) 1.345 0.816 0.841 0.841
o (eV)L 0.745 1.23 1.19 1.19
Pi (e.V) -3.285 -4.100 -4.623 -4.653
1 (V) 3.285 4.100 4.623 4.653
dipole moment (debyes) 40.4090 45,1523 45,1589 | 51.0793
Molecular area (A° ?) 410.418 410.163 371.0268 | 410.15
ANmax () 0.369 0.11 -0.203 -0.221
Protonated Oleanolic 2-hydroxyethyl | Stigma | B-Sitosterol
acid benzoate sterol
-Enomo (eV) 4.67 4.39 5.38 5.26
-ELumo (8V) 3.97 2.87 4.32 4.24
AE (eV) 0.7 1.52 1.06 1.02
n(eV) 0.35 0.76 0.53 0.51
c(eV)?! 2.87 1.32 1.89 1.96
Pi (e.V) -4.32 -3.63 -4.85 -4.75
7 V) 4.32 3.63 4.85 4.75
dipole moment (debyes) 76.9 45.8 56.8 57.6
Molecular area (A° ?) 546.79 230.5 446.9 463.7
ANmax (€) -0.057 0.427 -0.538 -0.460

AE(eV)

B Neutral
I protonated

Fig.19. AE values for several compounds in the extract of ECS
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| Optimized structure

acid | Linoleic acid

Oleic
amid

Cetylic
acid

Stearic
acid

Oleanolic
acid

2-hydroxyethyl

benzoate

Stigma sterol

B-Sitosterol

Fig. 21. The HOMO and LUMO orbital shapes and molecular structure improvement for vital components in ECS were determined using the
Dmol3/GGA/BOP approach (Protonated).
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3.4.1. Mulliken charges and Fukui indices.

The position of the donor and acceptor of the
molecule's active centres will be identified using
Mulliken atomic charges and Fukui indices. The
Mulliken distribution values are negative and positive,
indicating that the donor-acceptor active sites in the
ECS compounds enhance these species' allergy to iron
atoms. Similar behavior in the duration of total
negative charge (TNC) was seen, with the TNC
declining as the ECS was protonated, according to the
illustration in Fig.22 [148]. The electrostatic attraction
between protonated constituents and chloride ions that
adsorbed on the surface of the alloy shows an increase
in the structural interaction of protonated particles.
According to TNC, oleanolic acid has a better ability
than other chemicals to function as an attractor. They
can therefore attach to metal surfaces more
successfully. In settings with acidity (HCI),
heteroatom-containing organic compounds can
protonate, resulting in the production of positively
charged particles. The chloride anions that are widely
dispersed on the tissue's surface interact with these
molecules. This concept will be applied here to
examine the effects of protonation on the local centers

of inhibitory substances. As additional markers
(Fukui's index (FI)), Figs. (23), and figs(S19-S25)
illustrated the atoms of the molecules under study with
higher values of f (" and fi in both protonated and un-
protonated systems. This figure's analysis as a total
reveal that each molecule contains unique atoms for
both electrophilic and nucleophilic assault systems.
The particle in the molecule that has the highest Fukui
function (fc*) is related to the LUMO and increases
reactivity to donor reagent, and is the one that is the
most frequently attacked by nucleophiles. For
electrophilic assault, the atom in the target molecule
with the highest values of the HOMO-related Fukui
function (f«), which also gives reactivity in the
direction of an acceptor substance, is chosen. In the
protonated state, the values of f - for atoms reduced
because the donor property was lost because the
centres were blocked by protons H+, and the values of
f * for particles grew after protonation since these
atoms could take electrons Fig.(23), and Figs. (S19-
S25). Also, various particles in the self-same
compound own varied f * and f - values, which means
that the extract scan receives and supplies electrons in
two separate situations (protonated and neutral
systems).

B \cutral
I Protonated

Linoleic aci d

Oleic acid amid Cetylic acid Stearic acid

Oleanolic acid 2-hydroxyethyl benzoate Stigma sterol Beta-Sitosterol

Fig.22. Protonated and unprotonated molecules are extracted from ECS using TNC.
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Fig.23. A graphic depiction of oleanolic acid's Fukui indices for its more reactive atoms in both their un-protonated and protonated forms.

3.4.2. Molecular electrostatic potential (MESP).
The location of a chemical reaction has long been
determined using the molecular electrostatic potential
(MESP). The electrostatic potential is colored
differently at different locations on the surface of the
electron density. The electrically active and
electrophilic area depicted in red is in a region with a
mainly negative electrostatic potential. Blue parts (the

Linoleic acid Oleic acid amid

nucleophilic zone) have the maximum positive
electrostatic potential, while green areas (the areas
with little possibility) are shown by the color
green[149,150]. The majority of heteroatoms and
double conjugate bonds can be found in places with a
high electron density. Indicating negative zones that
encourage electrophilic attacks are oxygen and
nitrogen groups. According to Fig. 24, blue hydrogen
atoms are more likely to be attacked by nucleophiles.

Cetylic acid Stearic acid

Neutral
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Oleanolic acid
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Stigma sterol B-Sitosterol

Neutral

protonated

Fig. 24. The electrostatic potentials of the protonated and un-protonated molecules as the contour of the inhibitor's electrostatic field.

3.5. Monte Carlo experiments

For the adsorption of ECS (adsorbate) on the Fe
(110) crystal, the adsorption locator module was
selected as the ideal structure (adsorbent) in the
corrosion-simulating fluid (250 H.O molecules plus
10 HzO" and 10 CI"). In the maximum and sideways
perspectives of the iron (110) substrate, respectively,
Fig.25 and Fig.26 depict the adsorption mechanisms
of the ECS molecules in neutral and protonated forms.
The results of the Monte Carlo simulation for the total
energy, solid adsorption, and deformation energies are
presented in Table 12. Total energy (kcal mol?)
computation for the substrate and ECS as a result of
combining molecular energies from solid adsorption
with deformation energies. dEas/dNi is a unit of
measurement for the energy obtained during the
separation of one of the adsorbate particles from the
adsorbent substrate (kcal mol). The ECS adsorption

Egypt. J. Chem. 67, No. 9 (2024)

energies are displayed in Table 12. Therefore, as
shown by theoretical and practical research, it is likely
that the molecules of the ECS are adsorbed on the
surface of carbon steel, producing adsorbed coatings
and protecting the surface from corrosion caused by
hydrochloric acid solution. The studied components
worked effectively in solution, as shown by Tables 12
and 13 and earlier investigations [34,148] (high
adsorption energy). A careful examination reveals that
the molecular structure of the local molecule is parallel
to the surface [151]. The components of the retarding
particle will take on this adsorption pattern to increase
the contact area or surface covering capabilities with
the alloy. Instead of causing unwanted chloride anion
assaults, the increased metal/inhibitor contact zone
will reduce substrate access [140,141]. When a
charged proton component is present, it is predicted
that the electron transfer from the metallic surface to
the elements of the ECS takes place in reverse,
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reversing the reaction. ECS molecules strongly adsorb
on the alloy surface to form sturdy adsorbent layers
that shield the alloy surface from hydrochloric solution
acid corrosion, as shown in theoretical and practical
research (Table 13). We studied the adsorption of
molecules in a vacuum and an acidic (neutral and
proton) environment (Figs. 25-27). In the existence of
an aqueous solution, the adsorption energies increase
above the vacuum value, demonstrating that ECS
molecules adsorption on the alloy surface is more
efficient (Tables 12 and 143 for further details). The

following formulas can be used to determine the
amount of energy that ECS will adsorb onto the Fe

(110) contact [140].

Ebinding = —Einteract

(22)

Einteract = Etot - (Esub+Einh)

(23)

Ewt Stands for the system's overall energy in the
simulation. Water molecules and substrate energy are
denoted by the symbol Esus respectively.

Table 12. The data and settings used to simulate Monte Carlo to adsorb iron -ECS(neutral)

Factors(Neutral) Oleic acid amide | Linoleic acid Cetylic acid Stearic acid
Total energy(kcal /mol) -4957.262 -5041.256 -4973.196 -4989.064
Adsorption energy(kcal /mol) -4869.39 -4946.619 -4869.514 -4879.29
Rigid adsorption energy(kcal /mol) | -5044.3 -5128.38 -5042.73 -5054.164
Deformation energy(kcal /mol) 174.9 181.76 173.21 174.87
dEad/dNi (kcal /mol) -80.26 -135.56 -51.84 -76.08
Factors(protonated) Oleanolic acid 2-hydroxyethyl benzoate | Stigma sterol | p-Sitosterol
Total energy(kcal /mol) -4896.050 -4871.797 -5078.714 -4935.789
Adsorption energy(kcal /mol) -4953.077 -4900.031 -5005.435 -4859.818
Rigid adsorption energy(kcal /mol) | -5031.353 -5073.618 -5189.961 -5036.609
Deformation energy(kcal /mol) 78.28 173.59 184.526 176.79
dEad/dNi (kcal /mol) -158.739 -113.530 -213.082 -33.289
Table 13. The data and settings used to simulate Monte Carlo to adsorb iron —-ECS (protonated)
Factors(protonated) Oleic acid amide Linoleic acid Cetylic acid Stearic acid
Total energy(kcal /mol) -5024.999 -5045.8313 -5035.209 -5006.409
Adsorption energy(kcal /mol) -4970.224 -4987.666 -4963.814 -4928.950
Rigid adsorption energy(kcal /mol) -5149.731 -5164.262 179.32684421 -5106.277
Deformation energy(kcal /mol) 179.5 176.595 179.33 177.33
dEad/dNi (kcal /mol) -145.36 -196.27 -176.55 -123.43
Factors(protonated) Oleanolic acid 2-hydroxyethyl | Stigma sterol B-Sitosterol
benzoate
Total energy(kcal /mol) -5105.382 -4940.502 -5210.708 -5010.9183
Adsorption energy(kcal /mol) -11930.44 -4939.728 -5210.708 -4941.450
Rigid adsorption energy(kcal /mol) -5206.185 -5116.179 -5328.867 -5121.971
Deformation energy(kcal /mol) -6724.252 176.451 184.81 180.521
dEad/dNi (kcal /mol) -1.97 -61.990 -171.944 -150.33
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Table 14. shows the data and settings used to simulate Monte Carlo to adsorb iron -ECS (vacuum)

Factors Oleic acid | Linoleic acid Cetylic Stearic

amide acid acid
Total energy(kcal /mol) -274.91 -238.58 -241.39 -266.226
Adsorption energy(kcal /mol) -187.04 -180.40 -169.99 -188.768
Rigid adsorption energy(kcal /mol) | -192.197 -189.27 -174.072 | -193.08
Deformation energy(kcal /mol) 5.158 8.87 4.085 4.316
dEag/dNi (kcal /mol) -187.039 -180.40 -169.99 -188.767
Factors Oleanolic | 2-hydroxyethyl | Stigma B-

acid benzoate sterol Sitosterol
Total energy(kcal /mol) -84.872 -67.650 -261.454 | -263.377
Adsorption energy(kcal /mol) -147.042 -95.878 -194.80 -193.90
Rigid adsorption energy(kcal /mol) | -56.987 -96.6996 -210.20 -207.62
Deformation energy(kcal /mol) -90.055 0.8212 15.40 13.715
dEag/dNi (kcal /mol) -147.043 -95.87 -194.80 -193.90
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Fig.25. The adsorption locator module's recommendation for the best formation for the adsorption of ECS
on carbon steel (110) (neutral form).
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Fig.26. The adsorption locator module's recommendation for the best formation for the adsorption of ECS
on carbon steel (110) (protonated form).
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Fig. 27. The adsorption locator module's recommendation for the best formation for the adsorption of ECS
on carbon steel (110) (vacuum form).
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4. Mechanism for inhibiting corrosion

A film that protects the alloy's surface from the
corrosive medium was formed by the adsorption of
ECS on the alloy surface and was confirmed using
theoretical investigations, weight loss,
potentiodynamic polarization, EIS, EFM, and
numerous surface analysis systems. How much
inhibition and interaction the ECS molecules have
with the alloy surface depends on the chemical
composition, molecular size, and other relevant factors
like the reactivity of benzene ring substituents,
functional groups, electron density, alloy charge, and
the nature of the corrosive middle of the alloy. The
reactivity of ECS molecules can be influenced by two
different types of functional groups. Since the benzene
ring has electron-withdrawing groups, the cyclic -
system's electron density is decreased as a result of the
removal of electrons (making the ring electron
deficient and less reactive), they were identified as the
disruptive groups, carbonyl groups and carboxylic
acid. Binding aromatic rings, in contrast, electron-
donating groups like the hydroxyl group on the one
hand, stabilize an electron by giving electrons to the
reaction position, which is the ring that is more
reactive and rich in electrons [152]. The main ways
that the ECS molecule reacts with the surface of an
alloy, according to the literature, are adsorption
mechanisms like chemical and/or physical adsorption
[153,154]. The progression of alloy corrosion in
hydrochloric acid has been anticipated to occur in
several phases [153,154].
Anodic site reactions:

Fe + Cl” —» (FeCl™)qq4s
O]
(FeCl™)qas = (FeCl)gqs + €
(1
(FeCl)gqs — FeClt + e~
(nn
FeCl* —» Fe?* + Cl™
(V)
The cathodic location's responses
Fe+ H" - (FeH") 45

(V)
( (I;'eH+)ads t+te - (FeH)ads
VI

(FeH)pqs + HF + e~ > Fe + H,
Vi)

The procedure described above shows that the
degree of corrosion of iron in hydrochloric acid is
measured by Fe anodic decay and cathodic hydrogen
growth. The inhibitory mechanism of hetero atom
adsorption on the alloy surface in the current
investigation can be explained by one or more of the

Egypt. J. Chem. 67, No. 9 (2024)

following hypotheses. There are two ways that the
molecules of the ECS can adsorb on the surface of
iron: first, by transferring the unshared pair electrons
from oxygen, nitrogen atoms or/and = electron charge
to the iron's unoccupied d-orbital, which takes place in
the anodic region and has low energy; second, by
forming a coordinate chemical bond between the
molecules of the ECS and the surface of the iron. As a
result of electrostatic attraction (physical adsorption)
brought on by the protonation of the ECS molecules
by chloride anions, bridges amid the ECS molecules
and alloy are created utilizing (FeCl")ags. The ECS is
then adsorbed on the cathodic region to vie with ions
of hydrogen (equation V), causing an increase in the
cathode polarization [153]. The use of chemical and
electrical interactions is another possibility [154]. The
second approach is supported by considerable
experimental results and theoretical computations.
Hydrochloric acid protonates the ECS molecules right
away and then transforms them into positively charged
inhibitor species. Zero charge potential known as the
carbon steel surface charge at zero, must be
determined (ZCP). It applies the formula (Ecor -EQ =
0). A positive surface charge is present when (Ecor - Eq
= 0) is greater than zero [145]. lron's ZCP in HCI
solution is, as earlier established [146], Eq = -530 mV
vs SCE. When comparing ECS components to SCE,
the maximum Ecor values are -467 mV at 300 ppm
(refer to Table 5). Consequently, it is projected that Fe-
ZCP will have a value of 63 mV, which indicates a
positively charged alloy surface. It is anticipated that
the positively charged steel surface and the protonated
charged ECS will repel one another electrostatically.
Hydrochloric acid with negatively charged chloride
ions (CI") should be applied to the surface of the alloy
due to the electrostatic attraction amongst the anionic
species and the protonated species of ECS on the
electrolyte/alloy interface. When ECS molecules with
positive charges adhere to the surface of the alloy, the
chloride bridge helps to give the first coating of
adsorption. This method involves the physical
adsorption of these molecules, which results in a thin
layer of protection covering the entire alloy surface
and a significant decrease in the speed of corrosion of
carbon steel. The second discovery is that the
molecules of ECS have a predicted value of AG%ads
that is fewer than 20 kJ/ mol. (Table 4), representing
an electrostatic relationship between the charged ECS
particles and the negatively charged iron surface, or
physosorption. As said by the XPS findings, a complex
film of molecules made up of iron oxide/hydroxide
and an extract of ECS form on the metal surface. By
separating the corrosive media in hydrochloric acid,
these components have a shield that prevents the
corrosion of carbon steel.
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5. Conclusion

Utilising weight loss, electrochemical methods,
and surface analysis, experimental studies of the
corrosion inhibition of ECS as an efficient green
inhibitor on carbon steel in 1M HCI solution were
conducted. A correlation between weight loss and
electrochemical  studies (EIS, EFM, and
potentiodynamic) showed that inhibitory efficacy rises
with increasing ECS concentration, peaking at 300
ppm. ECS is a mixed type inhibitor. The outcomes
showed that the presence of the ECS inhibitor
identified by FT-IR, AFM, and XPS spectra may
conform to the complex film generated between the
carbon steel and the active groups found in the ECS.
The reactive sites of the ECS components with
corrosion inhibition abilities have a strong tendency to
adsorb on the carbon steel surface, according to
theoretical studies that also included molecular
dynamics and quantum mechanics simulations. All the
results also showed significant correlations between
them. As a consequence of combining theoretical
calculations with experimental findings, it can be said
that the ECS has the potential to be created as an
environmentally benign inhibitor for carbon steel
corrosion.
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