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Abstract: This study demonstrates the ability of Convolvulus microphyllus extract to prevent low-
carbon steel corrosion (LCS) by varying inhibitor concentration. The effectiveness of the corrosion
reaction was examined using gravimetric techniques and electrochemical procedures in a corrosive
0.5 M sulfuric acid medium. The results of polarization show a mixed adsorption nature on the
LCS surface. C. microphyllus-derived film (extract) had an inhibition efficiency (IE) of 92.47% at an
inhibitor concentration of 600 mg/L and a temperature 298 K. To examine the morphology, a scanning
electron microscope (SEM) and atomic force microscope (AFM) were used to analyze the external
films that protect LCS from sulfuric acid. A thin protective coat of inhibitor outside the LCS substrate
follows the Langmuir adsorption isotherm. Additionally, computational exploration provided vital
insights. The results of these experimental inhibitory outcomes are consistent with those of molecular
dynamic simulations.

Keywords: Convolvulus microphyllus; natural corrosion inhibitor; surface morphology; electrochemical;
theoretical calculations

1. Introduction

Low carbon steel (LCS) is a basic metal that contains qualities from several different
materials [1,2]. In addition to its use in acidic media and the consequent disintegration of
low-carbon metals, it is now involved in numerous procedures such as cleaning, descaling,
and pickling [3]. To cure or safeguard metals from environmental corrosion, inhibitors with
phosphorus, oxygen, nitrogen, sulfur, and 7-electronic frameworks are adsorbed on metal
surfaces [4-7]. There are two methods for carrying out this adsorption: physisorption and
chemisorption [8,9]. Physical adsorption happens at low temperatures and worsens as
the temperature rises [10], and it has a lower activation energy. At normal temperatures,
chemisorption occurs and worsens as the temperature rises [11,12]. In a natural process
known as corrosion, metals start to corrode when they come into contact with moisture [13].
It is a combined development of hydrogen evolution and anodic corrosion of metals [14].
Another significant financial issue is this that metals must be shielded from corrosion.
There are several techniques to prevent corrosion in metals, but the majority of them are
both expensive and unfriendly to the environment [15]. Various agricultural materials are
non-toxic, non-hazardous, and environmentally beneficial, such as organic goods, seeds,
dried leaves, bark, and the peels of some fruits. These materials are experts in corrosion
resistance and are more advantageous due to their simple accessibility and affordable
price [16]. The corrosion inhibition action depends on the key components in the phyto-
chemicals. The greater the number of heteroatoms and aromatic rings present in the major
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phytochemicals, the higher the corrosion inhibition efficiency. The main advantage of using
C. microphyllus aerial parts extract as a corrosion inhibitor over other reported inhibitors is
the presence of key phytochemicals present in this plant extract. C. microphyllus-derived
film (extract) contains two key phytochemicals, kaempferol and p-hydroxycinnamic acid,
which contain many heteroatoms and aromatic structures and can efficiently inhibit the
corrosion process. Moreover, the geometry of these key phytochemicals plays a vital role in
inhibiting action, where the presence of a linear structure is more desirable to cover the
entire surface of the LCS surface, leading to maximum adsorption and thus enhancing the
anti-corrosion properties.

The aerial parts of C. microphyllus-derived film (extract) (eco-waste) are generally
present in our surroundings. To dispose of this waste, burning is often the common
practice, which may cause air pollution. In this study, we aimed to use this plant waste as
a natural corrosion inhibitor for steel in acidic media. This makes the waste a significant
component in a financially sustainable environment. Another aspect of our research is
to use this plant waste as a valuable product with a low manufacturing cost. In this
study, we utilized a biomass extract as a natural corrosion inhibitor with high inhibitory
performance at a low inhibitor concentration. Although there are numerous corrosion-
resistant materials available, a large portion of them utilize synthetic engineered items that
are poisonous and harmful to the climate [17-20]. Therefore, it is important to develop
harmless, eco-friendly corrosion inhibitors. C. microphyllus is a remarkable plant that
belongs to the Convolvuaceae family. The leaves are small, round, and nearly chipped,
bearing 1-33 blossoms. Many these species have been featured in business shows known
as shankhpushpi and bindweed. These plants are found across the world, from India to the
coast of West Africa. They may also be found in Rajasthan, which is in the northern region
of India. The two main phytochemicals found in C. microphyllus-derived film (extract) are
kaempferol and p-hydroxycinnamic acid [21].

Our research is innovative in that it seeks to replace synthetic corrosion inhibitors
with natural ones. It is also novel and efficient in that it uses natural waste as a corrosion
inhibitor. The advantages of using natural extract as a green inhibitor include the following:
(1) natural goods are safe for both humans and the environment, and (2) natural goods
create a usable substance out of waste materials at a low cost. Additionally, compared to
similar studies, the film (extract) made from C. microphyllus offers greater surface adsorption
and corrosion inhibition effectiveness at lower inhibitor concentrations.

The corrosion resistance capabilities of C. microphyllus-derived film (extract) have been
detected in sulfuric acid corrosive conditions through weight loss estimations and electro-
chemical evaluations. Additionally, using SEM and AFM technologies, the adsorption of
the green inhibitor on the LCS surface was investigated. FTIR spectroscopy revealed vari-
ous functional groups in the plant extract, and the adsorption phenomena were confirmed
by UV-visible spectroscopy. Additionally, computational analyses using methmolecular
dynamics simulations and density functional theory were conducted to validate the results
of the experiments.

2. Experimental
2.1. Materials and Methods

The aerial parts of the C. microphyllus plant were collected from Dehradun, Uttrak-
hand, India. All synthetic compounds were purchased from Sigma Aldrich Incorporation
(St. Louis, MO, USA). The low-carbon steel was purchased from a local hardware store.
The steel sheet was cut as per the requirements of the studies. The chemical composition of
the low carbon specimen used was 0.08% (C), 0.12% (P), 0.039% (Si), 0.43% (Mn), 0.45% (Cr),
0.43% (Cu), 0.27% (N1i), and 97.83% (Fe) (weight %) [22]. Low carbon steel specimens mea-
suring 1.00 cm x 1.00 cm x 0.03 cm were used for the weight loss studies [23-25]. For
electrochemical studies, low carbon steel specimens measuring 1.00 cm x 1.00 cm x 8.00 cm
were used, with only 1.00 cm? of the surface exposed to the electrolyte (the remainder was
covered with epoxy) [26]. The low-carbon steel specimens were sequentially abraded with
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220, 400, 600, 800, 1000, and 1200 grades of sandpaper, then dried, cleaned with acetone,
and washed with distilled water before use. In order to create the electrolyte (0.5 M HySO;),
99.999% sulfuric acid (mw 98.08) was employed. The pH of the corrosive solution was
approximately 2.

2.2. Preparation of Plant Extract

The extraction process involved collecting C. microphyllus and verifying it with a
botanist, Professor Bhatt from LPU, India. The raw plant materials were washed under
tap water, cleaned, and then dried under natural conditions. After the drying process, it
was crushed and converted into a powder. The extraction process was carried out using
the Soxhlet apparatus by adding 400 g of C. microphyllus powder to 1000 mL of MeOH.
The obtained materials were separated and concentrated [27], resulting in an extraction
yield of approximately 20%. The extract was then stored in a vacuum desiccation under
a controlled temperature for further corrosion inhibition studies. Figure 1 presents a
schematic illustration of the plant extract preparation process. The pH of the pure plant

extract was approximately 9.
i Use as inhibitor
©
—

) Storage l

Concentration

] e Extraction '
©
@ Drying & |
cec® © crushing

“ @ Collection of

plant material

Figure 1. Schematic representation of the process of plant extract preparation.

3. Methods
3.1. Extract Characterization
3.1.1. FT-IR Analysis
In order to detect distinct active and aromatic groups, FI-IR data was employed. For
the creation of a standard pallet, the plant extract and KBr were combined. Shimadzu’s

FTIR 8400S frequency spectrometer (Kyoto, Japan) was used to analyze this material over a
range of 400 to 4000 cm 1 [28].

3.1.2. UV-Visible Analysis

The test solution was examined using a Shimadzu UV-1800 UV-visible spectrophotometer
before and after the corrosion test. The resultant spectrum was used to verify the procedure [28].
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3.2. Weight Loss Study

The weight loss test was conducted in accordance with the American Society for
Testing and Materials (ASTM) G 31-72. All the weight loss measurements took place
between 298 K and 318 K over 24 h [29-31]. A water thermostat (PPI Fini X 48) was used to
maintain the temperature throughout the process. For each experiment, 500 mL of newly
made corrosive solution was utilized [32]. The metal sample was weighed for corrosion
testing. The metallic samples were taken out of the test solution after the corrosion test
(which lasted 24 h) and cleaned with distilled water as well as acetone, then dried with
nitrogen flow. They were then weighed again to determine any weight loss [33]. All the
weight measurements were made using Shimadzu electronic scales (BL-220H/D455006313).

3.3. Electrochemical Study

Potentiodynamic Polarization (PDP) measurements were performed after conducting
electrochemical tests using electrochemical impedance spectroscopy (EIS) [34,35]. All
electrochemical experiments were conducted using a CHI760E electrochemical workstation
at 25 °C in 0.5 M sulfuric acid with varying inhibitor concentrations. A three-electrode
model was used, which included a saturated calomel electrode (SCE) as the reference
electrode, a platinum plate as the counter electrode, and a square of low carbon steel (1 cm?)
as the working anode [36-39]. A freshly prepared electrolyte solution of 250 mL was used
for all electrochemical tests [40]. The EIS curve was analyzed in the frequency range of
100,000 Hz to 0.01 Hz with an amplitude perturbation of 5.00 mV. When compared to the
saturated calomel electrode, the Tafel curves were evaluated at a potential of 250 mV and
a scan rate of 1.00 mV s~! [41]. In the past, to acquire the Open Circuit Potential (OCP)
constant, the working electrodes were submerged in the solution for 3600 s [42,43].

3.4. Surface Study

In addition to SEM and AFM analyses, this study employed a low-carbon steel model
for an experiment on weight loss [44—46]. The metal samples were subjected to surface
testing in an acidic environment with an inhibiting concentration of 600 mg/L. Studies on
surface morphology provided evidence of the adsorption of inhibitor compounds on metal
surfaces. The SEM and AFM models demonstrated the advantage of enhancing the surface
adsorption of inhibitor molecules while producing a protective coating on the metal surface
that shields it from an acidic environment [47]. The SEM experimental parameters, such as
acceleration voltage, were set at 15 kV with a pressure of 20-10 Pa. The NT-MDT-INTEGRA
set was designed for AFM, and the LEO-435 VP set was used for SEM microphotographs.

3.5. Computational Studies
3.5.1. DFT

Computational research has enabled a deeper comprehension of adsorption meth-
ods and confirmed the occurrence of this experiment. Here, quantum computation was
employed in combination with theoretical tests. Plants are known to have multiple phyto-
chemical components, and in this analysis, we selected the most important component in
the plant C. microphyllus [21]. The selection of molecules or phytochemicals was achieved
using quick handling Density Functional Theory (DFT) with a HyperChem software pack-
age using a DFT/B3LyP functional and 6-31G (d,p) basis set [48-50]. Crucial values were
obtained from the optimized structures of examined inhibitor molecules.

3.5.2. MD Simulations

In order to ascertain the strength and nature of the molecular interactions on the
surface of metallic Fe(110), a molecular dynamics simulation (MDS) was carried out [51,52].
The modeling was carried out using Material Studio, with a simulated grid size of 32.270 x
32.270 x 34.134A3. Periodic boundary conditions with composites (inhibitors, 20H;0* +
108042~ + 500H,0) and Fe(110) were also used. The design was evaluated at 298 K with
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an NVT simulation duration of 1000 ps and a time step of 1.0 fs under the direction of an
Andersen thermostat [53].

3.6. Statistical Analysis

All experiments were performed in triplicate, and the results were presented according
to the mean of different measurements =+ standard deviation. The statistical analysis was
performed using the ANOVA method according to the Dunnett experiment with SPSS
version 23 (SPSS Inc., Chicago, IL, USA), or the Kruskal-Wallis and Mann-Whitney test.

4. Results and Discussions
4.1. Characterization of C. microphyllus Extract
4.1.1. FT-IR Study

The FT-IR strategy was utilized to identify the presence of different functional groups
and aromatic gatherings in the plant material. The FTIR spectra of the pure C. microphyllus
plant extract are shown in Figure 2.
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Figure 2. FTIR spectra of pure C. microphyllus plant extract.

The specific peaks found in C. microphyllus plant extract were related to the various
functional groups that are listed in Table 1. In the pure C. microphyllus plant extract,
the obtained spectra confirmed the presence of CH; (aromatic), C-O, -OH, and C = O
groups, suggesting the availability of aromatic and heteroatoms in the sample [54]. These
heteroatoms can easily transfer their electrons, which do not bind the vacant d-orbit to the
LCS metal to form a compound. Aromatic molecules or parts can also use their electron
segregation to aid in the surface adsorption of inhibitory molecules on the metal surface.
As the plant extract is a complex organic mixture, it may contain many C-C and C=C
bonds [55]. The small peaks near 1620 cm~! to 1680 cm~! were due to the presence of C=C
bonds, while a few small peaks around 1200 cm ™! to 1400 cm ! were due to the presence
of C—C bonds [56].

Table 1. FT-IR spectra analysis of C. microphyllus extract.

FT-IR (Wavenumber; cm—1)

2931.89 C-H stretching
1118.89 C-O stretching
1610.61 C=0 stretching
3389.04 O-H stretching
1670.63 C=C stretching

1305.25 C—C stretching
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4.1.2. UV-Visible Study

Further evaluation of the adsorption accuracy was done using UV-visible spectroscopy.
The test was conducted both before and after the weight loss measurement. Figure 3 shows
the UV-vis spectra of the inhibitory solution for both species.

3.00000 T T T T
M — Before immersion

After immersion

1.50000

Absorbance

0.00000 L 1 . s :
200.00 300.00 400.00
Wavenumber (nm)

Figure 3. The inhibitor solution’s UV-vis spectra in both modes.

The corrosion inhibitor solution exhibited two peaks at 218.00 nm as well as 287.00 nm
prior to the weight loss examination, indicating n-7t* and 7t-7t* transitions, respectively [57].
The signal at 218.00 nm indicated a 7-7t* transition associated with the C=C conjugation of
aromatic rings. A visible peak suggesting an n-m* transition of several functional groups,
including heteroatoms such as oxygen, was detected in the frequency range of 250.00 to
350.00 nm. These results indicate that the adsorption peaks underwent a hypsochromic
shift following the weight loss assessment [58,59]. The absorption maxima (A4x) before im-
mersion (218.00 nm 287.00 nm) shifted to a shorter wavelength (202.00 nm and 270.00 nm).
The peak related to before immersion showed an absorbance maximum intensity of approx-
imately 2.9 a.u. and 0.75 a.u., which decreased to approximately 2.65 a.u. and 0.65 a.u. after
immersion. Additionally, the strength of the adsorption peaks was dramatically decreased.
These modifications demonstrate that complex formation among inhibitor molecules and
iron particles occurs at a certain point. When comparing the two spectra, it is generally
agreed that the inhibitor molecules were able to detect an essential shift in the inhibitory
adsorption particles” outer adsorption band.

4.2. Weight-Loss Study

A simple and manual testing procedure, the weight-loss approach provides insight into
the link between inhibitor concentration and inhibition efficiency. This test was performed
using the ASTM technique at 298 + 0.5 K to 318 £ 0.5 K for 24 h with various inhibitor
doses [14,53,60]. The following equations were used to obtain important parameters such
as corrosion rate, inhibitory effectiveness, and surface coverage value [45]:

Aw = wy — wj 1)
87,600 x Aw

CR= """ 2

R AD )

where:
CR = corrosion rate (mmy~!);
W, = initial weight of the LCS (g);
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w; = final weight of the LCS (g);

Aw = weight loss of the LCS (g);

D =7.86 g cm 3 (density of iron);

t = immersion time (h);

A = area of the LCS (cm?).

The following formulas were used to calculate the surface coverage values and the
inhibitor’s effectiveness [47]:

CorrosionRate — CorrosionRate;,}, o
CorrosionRate

IE(%) = 100 ®)

0_ CorrosionRate — CorrosionRate;,, @)
CorrosionRate

where:

0 = surface coverage values;

CorrosionRate;,;, = corrosion rate of the LCS with inhibitor;

CorrosionRate = corrosion rate of the LCS without inhibitor.

Table 2 displays the results of the weight loss tests, which indicate that as the in-
hibitor concentration increases, inhibition efficiency also increases, and the corrosion rate
decreases [61]. The corrosion rate reaches up to 11.33 mmy ! without the inhibitor, but at a
concentration of 600 mg/L, the inhibitor exhibits the highest corrosion inhibition efficiency
of 86.95% and reduces the corrosion rate to 1.47 mmy . After 600 mg/L, no significant
change was observed in inhibition efficacy, suggesting that 600 mg/L is the optimum or
highest inhibitor concentration for achieving the best anti-corrosion performance. Based
on these results, the Langmuir adsorption isotherm was also plotted [62]. In addition, we
can observe that as the temperature increased, the corrosion inhibition performance of
C. microphyllus-derived film (extract) decreased, which is attributed to the degradation of
phytochemicals because phytochemicals are organic molecules that are known to easily
degrade at higher temperatures.

Table 2. Corrosion rate and inhibition efficiency of C. microphyllus-derived film (extract) with different
concentrations, both with and without inhibitor.

Temperature (K)  Inhibitor Concentration C (mg/L) Corrosion Rate Cg (mmy—1) Inhibition Efficiency IE (%)
Blank 11.33 -
100 3.67 67.55
200 3.08 72.74
298 300 242 78.59
400 1.89 83.27
500 1.72 84.78
600 1.47 86.95
Blank 15.29 -
100 5.59 67.61
200 4.70 72.81
308 300 4.07 78.64
400 3.51 83.31
500 2.40 84.81
600 2.39 87.02
Blank 19.14 -
100 7.57 63.44
200 6.33 69.26
318 300 5.75 73.38
400 491 77.04
500 4.07 78.73

600 3.88 79.73
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4.3. Electrochemical Studies
4.3.1. OCP

Electrochemical experiments were conducted to assess the inhibitory power of the in-
vestigated plant extract and to determine the corrosion resistance of metals. The initial elec-
trochemical test carried out was open circuit potential (OCP) measurements. Low-carbon
steel samples were submerged in 0.5 M H,SO4 in both the absence and presence (600 mg/L)
of the investigated inhibitor, and the corrosion potential was determined. Figure 4a shows
a stable OCP both with and without an inhibitory concentration of 600 mg/L. When the
potential rapidly drops after the first immersion, it usually indicates that the native oxide
layer is dissolving. The creation of a protective coating on the surface is typically linked to
the subsequent movement of the potential towards more positive values. In the EIS and
PDP tests, low-carbon steel samples were immersed in the corrosive environment for one
hour to ensure a stable open circuit potential. To describe the EIS diagram, we used a simple
electronic equation model [63]. Measurement of the OCP took 200 s [14]. The low-carbon
steel OCP was first reduced without inhibitors and then stabilized at 465 mVvs SCE. The
stabilizer at 600 mg/L was stable at 463 mVvsSCE, which was due to the formation of an
insoluble metal oxide layer on the metal surface. This indicates that there was a barrier
molecule that changed the state of interaction between the carbon materials and electrolytes.

() (b)

0454 T T T

0456 — Blank (05M H,S0,)

—— C microphyllus (600 mg/L) | |

04584

-0.460

-0.462 4

log (/A cm™2%)

—— 600 mg/L
500 mg/L
4400 mg/L
v 300 mg/L
4200 mg/L
> 100 mg/L
—+—0.5M H,50
| ity us.|

0464

VF (V vs. SCE)

-0.466

04684

470 T T T T T T T T -5 T T T T T T
0 50 100 150 200 -2 -0 8 A6 04 -2 00 02

Time (sec) E(Vvs, SCE)

Figure 4. Stable OCP (a) and PDP curves (b) with and without several concentrations of inhibitor

solution.

4.3.2. PDP

Polarization measurements in 0.5 M sulfuric acid made it possible to determine the
corrosion resistance of low-carbon steel during adsorption. The polarization curve of
low-carbon steel in the aggressive 0.5 M sulfuric acid environment at 298 K was observed
with and without varying concentrations of C. microphyllus-derived film (extract), as shown
in Figure 4b.

PDP measurements provide key parameters such as corrosion potential (Ecorr), anodic tafel
slope (f3a), cathodic tafel slope (f¢), and corrosion current density (icorr). The corrosion resistance
performance or corrosion inhibition efficiency was calculated using the following equation [64]:

o\ dcorr — il
IE(%) = ——= x 100 (5)
1corr
where:
icorr = the corrosion current density without inhibitor;
icorr™ = the corrosion current density with inhibitor.
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The results of PDP for LCS both with and without C. microphyllus-derived film (extract)
are shown in Table 3. The inhibitory-active chemicals in the C. microphyllus extract were
adsorbed on the surface of the LCS and prevented corrosion of the metal in an acidic
environment. The anodic as well as cathodic Tafel slopes became less steep as a result of
this process [65]. The anodic tafel slope (3,) and cathodic tafel slope (3.) were altered with
every increment of C. microphyllus-derived film (extract) concentration, demonstrating that
the inhibitor molecules hinder the metal-dissolving process and the hydrogen evolution
reaction. The observation that the cathodic and anodic Tafel slopes remained essentially
unchanged before and after the addition of the C. microphyllus extract proves that charge
transfer regulates the cathodic and anodic reaction processes. As a result, without altering
the reaction mechanism, the main components of the C. microphyllus extract were adsorbed
into the steel surface, preventing LCS corrosion. Several natural substances found in the
C. microphyllus extract may electrostatically adsorb to the surface of steel and form strong
coordination interactions with iron through their heteroatoms. The functional particles of
the C. microphyllus extract are strongly bound to the steel surface due to the combination
of physisorption and chemisorption. This protects the steel from corrosion, as evidenced
by the decline in corrosion current density values. These results show that the corrosion
current density decreases as the concentration of the C. microphyllus extract increases.

Table 3. PDP parameters of C. microphyllus-derived film (extract) for LCS in 0.5 M sulphuric acid.

C (mg/L) —Ecor mV vs. SCE) icorr (WA cm—2) Ba (mV/dec) —B. (mV/dec) 1E (%)
Blank 465 890.90 141.66 164.25 -
100 239 251.70 53.00 106.62 71.74
200 452 226.20 62.22 107.00 74.61
300 625 144.40 68.28 106.70 83.79
400 460 141.80 45.21 108.45 84.08
500 469 103.00 58.96 122.80 88.44
600 463 67.06 34.79 107.40 92.47

Additionally, it has been observed that as the concentration of C. microphyllus-derived
film (extract) increases, the values of icorr (corrosion current density) gradually decrease.

This might be due to the strong coordination link that exists between the free electrons
of heteroatoms and the unoccupied d-orbitals of iron in the C. microphillus extract [66].
The lowest icorr value (67.06 pA cm~2) was observed with the highest concentration of C.
microphyllus-derived film (extract) at 600 mg/L concentration, resulting in an IE of 92.47%.
Beyond 600 mg/L inhibitor concentration, there was no significant change observed in inhi-
bition efficacy, indicating that 600 mg/L is the optimum or highest inhibitor concentration
where it shows the best corrosion inhibition performance.

4.3.3. EIS

The EIS spectra were drawn using a Randle electric equivalent circuit. The Nyquist
plots are shown in Figure 5a, and the Bode plots are shown in Figure 5b. The results are
shown in Table 4. The following equations were used to determine the corrosion inhibition
effectiveness and other important factors [67]:

inh
Rét — Ret
inh
Rct

IE(%) = x 100 (6)
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Figure 5. Nyquist curves (a) and Bode curves (b) for LCS with and without several concentrations of
inhibitor solution (Z' = real, Z” = imaginary, Z = vector of length, freq = Frequency).

Table 4. EIS parameters for C. microphyllus-derived film (extract) for LCS in 0.5 M sulphuric acid.

C (mg/L) Ret (Q cm—2) Cg1 (uF cm~2) IE (%)
Blank 15.71 269.00 -
100 49.98 247.43 68.56
200 72.58 232.19 78.35
300 76.40 220.21 79.43
400 104.60 211.34 84.98
500 117.09 205.05 86.58
600 155.13 155.15 89.87

The following equation was used to estimate the double-layer capacitance (Cg;) [68]:
Cat = Yo (2nfma)™" @)

where:

R = the charge transfer resistance with inhibitor;

Rt = the charge transfer resistance without inhibitor;

Yo = the magnitude of the CPE;

fmax = the frequency at maximum imaginary impedance;

n=2x/m;

o = the phase angle.

The corrosion of LCS is controlled by the charge transfer mechanism of corrosion,
as represented by the capacitive loops. Figure 5a illustrates how the diameter of the
semicircles grows as C. microphyllus extract is added to the corrosive media. The greater the
corrosion inhibition, the larger the loop’s diameter. In comparison to other concentrations,
the C. microphyllus-derived film (extract) concentration at 600 mg/L exhibited the widest
semicircle, indicating its superior corrosion resistance ability [69].

With increasing inhibitor concentration, Cq; decreased and Rt increased, as shown
in Table 4. The inductive loops associated with the EIS curves for the initial solution were
at low frequencies due to the relaxation of the adsorbed product intermediates from the
steel surface. Typically, the demise of the inductive loop is considered a “degradation”
phenomenon for EIS for the remaining concentrations. The Nyquist plot’s semicircle
diameter variation trend was consistent with the impedance value variation trend in the
Bode plot using C. microphyllus extract concentration in the Bode modulus curves. On all
phase angle-frequency curves, a single wave could be observed, validating the Nyquist
plot’s one-time constant. In accordance with the literature, if the phase angle is equal to 90°
or 0°, the electrochemical reaction at the steel solution interface is capacitive or resistive,
respectively.

These findings demonstrate the remarkable surface adsorption of the film (extract)
generated from C. microphyllus. The results of the EIS approach were consistent with
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the PDP as well as measures of weight reduction. C. microphyllus-derived film (extract)
exhibited 89.87% inhibition at 600 mg/L and Ret (155.13 Q cm?). Beyond 600 mg/L inhibitor
concentration, there was no significant change observed in inhibition efficacy, indicating
that 600 mg/L is the optimum or highest inhibitor concentration for achieving the best
corrosion inhibition performance.

4.4. Adsorption Isotherm

The Langmuir adsorption isotherm graph was created using data from trials on weight
loss [70]. Figure 6 shows a graph of the Langmuir adsorption isotherm, which represents the
relationship between the inhibitor concentration/surface coverage value and the inhibitor
concentration (C/0 and C). Adsorption isotherms provide a clearer illustration of the
interaction between the inhibitor molecules and the LCS surface. The ability of an inhibitor
to inhibit corrosion depends on how efficiently its particle adsorbs to a metal surface.
Reintroducing water particles to the metal solution interface is a step in the adsorption
process. It was previously understood that the adsorption of natural inhibitor particulates
between the metal and the solution is the first stage in reducing metal corrosion. Surface
coverage is determined by the concentration of the inhibitor and the inhibition efficacy,
expressed as (0 = IE (%)/100). With an increase in inhibitor concentration, more molecules
are adsorbed onto the surface.

C/0 (mg/L)
oy
g
1

300
L = 298 K; R*=0.994
1 y = 1.05x + 60.59
100 T T T T T T T T T T T
100 200 300 400 500 600
C (mg/L)

Figure 6. The Langmuir adsorption isotherm plot for C. microphyllus inhibitor.

It was previously stated that the inhibitor would follow Langmuir adsorption and form
a monolayer on the metal surface if the regression coefficient and slope values were close
to one. Our results indicate that the inhibitor follows the Langmuir isotherm and forms a
protective monolayer over the metal surface to protect it from corrosive environments. The
obtained values were extremely close to one. This occurrence can be described as [71]:

Z=—+C 8)

where:
0 = the surface coverage;
C = inhibition concentration;
Kags = the equilibrium adsorption constant.
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4.5. Surface Studies
SEM and AFM Analysis

Using SEM and AFM methods, surface morphological investigations were conducted to
obtain surface micrographs of LCS after the weight loss study with and without the inhibitor
in the corrosive medium [72]. Figure 7 displays photomicrographs (SEM and AFM) of pol-
ished LCS surfaces following weight reduction with and without an inhibitor (600 mg/L).
SEM and AFM photomicrographs of the used LCS surface before the test are shown in
Figure 7a, which are referred to as polished LCS. The surface roughness was 2.99 nm, and
the maximum height was 60 nm. SEM and AFM photomicrographs of the LCS surface
during a weight loss test without an inhibitor are shown in Figure 7b [68]. The uneven
SEM micrographs were apparent because of the high corrosion rate. The LCS surface was
corroded, resulting in a severely corroded surface with a very high surface roughness value
(138.81 nm) and a maximum height of 2100 nm. Figure 7c shows the LCS surface following
the testing for weight loss with a 600 mg/L inhibitor concentration. This demonstrates
that the the inhibitor forms a shield on the LCS surface, shielding it from the corrosive
medium and giving it a surface that is relatively smooth with a reduced surface roughness
value (15.25 nm) and a maximum height of 160 nm [73]. The surface roughness values and
maximum height values decreased from uninhibited to inhibited LCS. These lower values
of surface roughness and maximum height for the inhibited LCS compared to the corroded
LCS suggest surface adsorption and the creation of a protective thin film on the metal
surface to protect it from the corrosive media. This shows that C. microphyllus-derived film
(extract) absorbs on the metal surface, creating a protective layer to prevent corrosion on
LCS surfaces.

60 nm

0.16 pm

0.00 pm

Figure 7. SEM and AFM micrographs of (a) polished, (b) corroded, and (c) protected surfaces of LCS.
Reprinted with permission from [68]. Copyright 2021, Elsevier.

4.6. Computational Studies
4.6.1. DFT

Density functional theory has been used in computational investigations [74]. As
referenced before, C. microphyllus-derived film (extract) is rich in phytochemicals, making it
very hard to predict the corrosion inhibition activity of any specific molecule present in the
C. microphyllus extract. Therefore, we chose two key/major phytochemical constituents for
the DFT studies: kaempferol (M1) and p-hydroxycinnamic acid (M2), which are present in
C. microphyllus-derived film (extract) [21]. Figure 8 displays the HOMO, LUMO, and MEP
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(Molecular Electrostatic Potential) directions of kaempferol (M1) and p-hydroxycinnamic
acid (M2). The key parameters were calculated using the following equations [60]:

AE = Erymo — Enomo )
1
X = _E(ELUMO + Exomo) (10)
1
n= E(ELUMO — Enomo) (11)
o= 1 (12)
n
. n
AEBackDonation - _Z (13)
XFe — Xinh
AN = XFe ~ Xinh _ (14)
2(T1Fe - T]inh)
= —x (15)

where:

Xinh = the electronegativity of the inhibitor molecule;

Ninh = hardness of inhibitor molecule;

Xre = the electronegativity of the iron;

Tre = hardness of the iron;

Enomo = energy of highest occupied molecular orbital;

Erumo = energy of lowest un-occupied molecular orbital;

AE = energy gap;

o = global softness;

AN = energy from inhibitor to metals;

7 = chemical potential.

The vital components of kaempferol (M1) and p-hydroxycinnamic acid (M2) are
shown in Table 5, which are significant due to their influence on the electron bonding of
the inhibitor molecule with the metal ions. A low Ej ymo suggests that the molecule under
evaluation has a strong potential for absorbing electrons [75]. A high Exjomo score implies
that the molecule under examination has a high potential for free electron donation. A
stable inhibitor-metal combination is indicated by a low AE value. The capacity of the
tested inhibitor molecule to donate electrons is indicated by a low value of x [76,77].

Table 5. Theoretical parameters of kaempferol (M1) and p-hydroxycinnamic acid (M2).

Enomo  Erumo AN AEB,ck-Donation n o X .
Molecule (eV) (eV) AE (V) (eV) (eV) (eV) (ev-1) (eV) (eV)
Kaempferol (M1) ~5.36 241 2.94 0.22 ~0.36 1.47 0.67 3.88 ~3.88
p-hydroxycinnamic ;- 251 3.19 0.27 ~0.39 1.59 0.62 411 411

acid (M2)
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Figure 8. Optimized, HOMO, LUMO, and MEP structures of the M1 and M2 molecules.
4.6.2. MDS

The aim of this study was to theoretically or computationally investigate the influence
of the test substances’ adsorption on low carbon steel. Molecular dynamics simulations
(MDS) were performed on the Fe(110) surface in a medium containing HySO4 [78]. The
optimal adsorption system for the inhibitor molecules (M1 and also M2) at the attack site
is shown in Figure 9a. The investigated molecules (M1 and M2) were found to effectively
adsorb at the molecular limit to reduce the density of the metal and the surface area
of the corrosion cycle. Furthermore, surface and horizontal images showed how the C.
microphyllus extract adhereed to the surface of Fe(110), improving the performance of the
film (extract) made from C. microphyllus on the primary iron layer.
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Figure 9. MDS (a) and MC (b) simulation of studied molecules on the metal (Fe(110)) surface.

The energies of adsorption and binding were used to compute the functions of chemical
molecule adsorption and dissociation on the surface of the LCS. The binding energy (Epinding)
and interaction energy (Einteraction) Were calculated using the following equation [79]:

Emteraction = Etotal - (Esurface+solution + Einhibitor) (16)

Ebinding = —Einteraction (17)

All the results are shown in Table 6. An inhibitor molecule’s adsorption on the metal
surface is indicated by a high binding value and a low interaction value, implying that C.
microphyllus-derived film (extract) molecules are highly reactive with the LCS surface area [80].

Table 6. Einteraction and Epinding energies of Kaempferol (M1) and p-hydroxycinnamic acid (M2).

Systems Einteraction (KJ/mol) Epinding (KJ/mol)
Fe(110)/M1 —620.00 620.00
Fe(110)/M2 —545.00 545.00

The findings demonstrate that p-hydroxycinnamic acid (M2) has a higher adsorption
efficiency than kaempferol (M1) for subsequent uses. The outcomes of this experiment
were validated using this system. The Monte Carlo simulation of the (Fe(110)-inhibitor)
adsorption is depicted in Figure 9b. These findings imply that substances adhere to metal
surfaces via coordination bonds [81].

4.7. Inhibition Mechanism

To ensure the impact of C. microphyllus-derived film (extract) on the surface of low
carbon steel in a corrosive environment containing 0.5 M sulfuric acid, the outcomes of
this investigation need to be analyzed in terms of the electronic, chemical, and structural
properties of inhibitory molecules. C. microphyllus-derived film (extract) contains differ-
ent phytochemicals, which have various aromatic rings and heteroatoms [60]. As these
molecules behave like a Lewis base, they establish coordination bonds with the free d-
orbital of iron by donating their non-bonding electrons. They are then adsorbed onto the
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metal surface. This procedure adds a protective coating to the metal substrate’s surface
to protect it from damage. Therefore, it is possible to anticipate that chemisorption and
physisorption will affect the relationship between inhibitory particles and iron. The aro-
matic rings’ m-electron content may be used for retro-donation [70]. Theoretical studies
and polarization findings both support this conclusion. The structure of the kaempferol
molecule for adsorption on a metal surface is shown in Figure 10. Figure 11 compares the
relative corrosion inhibition efficiencies attained using weight loss, PDP, and EIS for various
factors. Table 7 compares the effectiveness of previously published work with the current
study in terms of inhibition. Li et al. [82] studied the suppression of copper in alkaline
electrolytes using M@0.33P. The M@0.33P nanohybrids protection mechanism is explained
by the corrosion inhibition mechanism, which points to a superior barrier effect and the in-
terfacial passivation-maintenance process. Dong et al. [83] hypothesized that the corrosion
attack sequence on the TiO,(110) surface was S>~ > CO32~ > Cl~ > HS~ > HCO3~ when
corrosive ions (Cl~, HS~, $>~, HCO3~, and CO327) adsorbed on the surface. The envi-
ronment containing H,S will cause substantial corrosion in TC4 titanium alloy, followed
by the environment containing CO,, which has comparatively strong corrosion resistance
to C1~. The corrosion of the TC4 titanium alloy will be more severe when the corrosion
products HyS, CO,, and Cl™ coexist in the corrosion medium. Liu et al. [84] investigated
supermolecular assemblies based on benzothiazole derivatives as effective copper corrosion
inhibitors in artificial seawater. Following a cathodic-dominated mixed-type inhibition
mechanism, the authors hypothesized that MBT and ABT were stably integrated into 3-CD
with differing thermodynamic characteristics, yielding optimum inhibition efficiencies of
95.6% and 89.2% at a 0.5 g/L dose. The corrosion inhibition of metal involves two reactions
(anodic and cathodic reactions). The anodic reaction mechanism of iron in sulfuric acid
solution takes place in two continuous steps:

Fe = Fe* + e~
Fet = Fe?* + e~
FeSO4%2™ — (FeSO42 )abs
(FeSO4% )aps — (FeSO4)aps + 26~

(FeSO4)aps — Fe?* + 504%™

The cathodic reaction is as follows:

2H" +2¢~ —» H,
O? +2e~ +4H* — 2H,0
O? +2e~ +2H* — H,0,

Hzoz +2e” +2H" — ZHzo
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Figure 10. Proposed adsorption phenomenon of kaempferol molecules on the LSC surface.
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Figure 11. Inhibition efficiencies of C. microphyllus-derived film (extract) obtained by different
techniques at several inhibitor concentrations.
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Table 7. Comparison of inhibition efficiency between previously reported and the current study.

o Optimum Corrosive o

Sr. No. Inhibitor Concentration Media IE (%) Ref.
1 Citrullus lanatus 800 ppm 1M HCl 91 [2]
2 Eucalyptus 800 ppm 1 M HCI 88 [6]
3 Garlic 10 cm®/L 0.5 M HpS04 88 [10]
4 Cuscuta reflexa 2¢g/L 1 M HCI 81 [27]
5 Glycyrrhiza glabra 800 ppm 1 MHCI 88 [40]
6 Lavandula mairei 0.4g/L 1M HCI 92 [43]
7 Lilium brownii 200 mg/L 0.5 M H,S0,4 85 [44]
8 Achyranthes aspera 500 ppm 0.5M H,SO4 90 [52]
9 Aegle marmelos 500 ppm 0.5 M H,SO4 83 [85]
10 Asparagus racemosus 100 mg/L 0.5M H,SOy4 93 [86]
11 Muyristica fragrans 500 mg/L 0.5M H,SO4 87 [61]
12 Ficus religiosa 500 mg/L 0.5M H,SO4 92 [62]
13 Alkana tinctoria 500 mg/L 0.5M H,S0,4 91 [66]
14 Pfaffia paniculate 600 mg/L 0.5 M H,SO4 88 [73]
15 Convolvulus microphyllus 600 mg/L 0.5M H,SO4 92 This work

5. Conclusions

The anti-corrosive properties of C. microphyllus-derived film (extract) in 0.5 M sulfuric

acid were found to be effective for low carbon steel. Based on the results obtained, the
following observations can be made:

K2
0‘0

K2
0‘0

K2
0‘0

Electrochemical analysis revealed that the inhibitory effect of C. microphyllus-derived
film (extract) at a concentration of 600 mg/L provides approximately 92% protection
against corrosion for low carbon steel at 298 K.

Potentiodynamic polarization estimates indicated that this natural product is a mixed-
type inhibitor and also functions as an adsorptive inhibitor. Therefore, the efficiency
of the inhibition may be improved by increasing the inhibitor concentration.

When the concentration of the inhibitor was increased, electrochemical impedance
spectroscopy showed a decrease in the electrical double layer’s CPE and an increase
in the charge transfer resistance.

These findings further demonstrate that the C. microphyllus-derived film (extract)
extract only affects the metal /solution interface by adsorption.

The FT-IR technique demonstrated the presence of heteroatoms and unsaturated
mixtures that were used as inhibitors.

The coordination connections between the inhibitor molecules and Fe?" were con-
firmed by the UV-visible spectroscopic technique.

The SEM the AFM approaches explored the adsorption of the C. microphyllus-derived
film (extract) inhibitor on a metal substrate.

The experimental results indicate that these inhibitor compounds are strongly ph-
ysisorbed and chemisorbed onto the LCS surface.

Studies in DFT, MC, and MDS demonstrated that inhibitors frequently cured and safe-
guarded metals due to their distinct ability to attract and withdraw electrons from metals.
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Abbreviations

AFM  Atomic force microscopy M1 Kaempferol

ASTM  American society for testing and materials M2 p-hydroxycinnamic acid

DFT Density functional theory MSD  Molecular dynamic simulation
EIS Electrochemical impedance spectroscopy =~ OCP  Open circuit potential

FTIR Fourier transform infrared spectroscopy PDP  Potentiodynamic polarization
1IE Inhibition efficiency SEM  Scanning electron microscopy
LCS Low carbon steel SCE  Saturated calomel electrode
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