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Abstract: Green corrosion inhibitors are of great interest due to their exciting and environmentally
friendly behavior in mild steel corrosion control during and after the acid cleaning process. Herein,
alkaloids were extracted from the stem of Ageratina adenophora and were ensured by qualitative
chemical tests as well as spectroscopic test methods. The corrosion inhibition efficacy of the alkaloids
against mild steel corrosion was evaluated by gravimetric, electrochemical and EIS measurement
methods. In addition, the adsorption isotherm, free energy of adsorption and thermodynamic
parameters of the process were evaluated. The investigations indicated the most promising inhibi-
tion efficacy of the alkaloids for mild steel corrosion. The adsorption isotherm study revealed that
the adsorption of inhibitor molecules on the MS interface was manifested by dominant physisorp-
tion followed by chemisorption. Free energy and thermodynamic parameters are well suited to
endothermic processes.
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1. Introduction

Corrosion is detrimental and threatening to beneficiation, especially in metallic ma-
terials, which are crucial in today’s industrialized, mechanized, commercialized, and
technologically advanced era [1]. The cost of metallic corrosion in terms of monetary loss
is approximately US$900 million in Saudi Arabia, US$26.1 billion in India, US$276 billion
in the United States, and US$310 billion in China [2,3]. In the context of Nepal, the cu-
mulative annual cost of corrosion corresponds to about 4.3% of the GDP [4]. Moreover,
the indirect impacts of metallic corrosion include public service interruptions, accidents,
forced shutdowns, the release of toxic substances, and other issues [5]. Sulfuric acid is the
most extensively used chemical in the world, with 200 million tons consumed every year.
It is typically used in acid pickling, descaling, the production of various chemicals and
fertilizers, and the leaching of metallic ores [6]. Mild steel is a preferred, widely used and
reasonably priced metallic material for many construction and structural applications due
to its mechanical, thermal, magnetic, and electrochemical properties [7]. However, despite
its exposure to the environment, it is more vulnerable and susceptible to corrosion through
electrochemical reactions [8].

Minimization or inhibition, through various means such as electro-polishing [9],
coatings [10], and applications of inorganic and organic inhibitors [11], may be the only
way to prevent catastrophes. However, designing economically feasible, sustainable,
accessible, efficient, and ecologically safe materials to counteract corrosion through more
dependable methods is currently directing corrosion research toward green inhibitors [12].
In addition to other natural products, plant-derived alkaloids are drawing attention as
effective corrosion inhibitors [13–17]. Alkaloids are allelochemical compounds mostly
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comprising basic nitrogen, oxygen and sulfur atoms with electron-rich centers, making
them strong contenders for green inhibitors [18]. Various plant-based alkaloids, such as
N-methylisococlaurine [19], Taxine B [20], Voacangine [21] and Tryptamine [22], have been
isolated and used as green inhibitors for metallic corrosion in acid media and found to
be very efficient. The alkaloids even showed stability in temperatures of up to 58 ◦C [7].
Their inhibitory effectiveness, however, was reported to be inferior to those of entire plant
extracts [19]. Table 1 summarizes part of the recent (from 2020 to 2022 AD) literature on
alkaloids as green corrosion inhibitors.

Table 1. Some of the literature on alkaloids as green corrosion inhibitors from 2020 to 2022 A.D.

Plant/Part Substrate Medium Experimental Details Results Ref.

Coriaria nepalen-
sis/Stem

Mild Steel
(MS) 1M H2SO4

• Alkaloid: 4-pyrimidinecarboxylic
acid as reference

• Extraction by maceration and
solvent extraction techniques

• Temperature, concentration and
immersion time effect

• Methods: Weight loss
measurement, potentiodynamic
polarization (PDP), and
adsorption isotherm

• FTIR: Alkaloids showed various
functional groups, e.g., carbonyl
group, hydroxyl group, methyl
group, amine group, etc.

• UV-vis spectrum: Sharp peak at
340 and 422 nm.

• ∆Gads: −28.75 kJ/mol
• Findings: 1000 ppm gave 96.4%

inhibition efficiency (IE) in the
weight loss method and 97.03%
IE in the polarization test.

[23]

Cinnamomum
zeylan-

icum/Bark
MS 1M H2SO4

• Alkaloids: Taxine B, Isotaxine B,
2-Deacetyltaxine as reference

• Surfactant-based extraction
with sonication

• Temperature and concentration
effect at 2 h immersion time

• Methods: Weight loss, PDP,
electrochemical impedance
spectroscopy (EIS), Scanning
Electron Microscopy (SEM),
thermodynamic study, quantum
chemical calculations, and
molecular dynamics (MD)

• Quantum chemical calculations:
Lower EHOMO value of Taxine B,
and for all alkaloids the fraction
of electron transferred (∆N)
value is <3.6, indicating higher
electron donation.

• Taxine B had a higher binding
energy value and strong
adsorption.

• ∆Gads: −27.31 and
−28.15 kJ/mol.

• Findings: 200 ppm gave 83.85,
84.49, and 86.12 % IE in weight
loss, PDP, and EIS test,
respectively.

[24]

Taxus
baccata/Aerial

parts
Carbon steel 1M HCl

• Temperature (◦C): 25
• Concentration: 25, 50, 100, 200, 300

and 400 ppm
• Methods: Weight loss, PDP, EIS,

thermodynamic study

• ∆Gads: −22.03 kJ/mol
• Findings: 400 ppm inhibitor

gave 97.82% IE and the inhibitor
was mixed-type.

[20]

Rhynchostylis
retusa MS 1M H2SO4

• Alkaloids: Dendroxine as a
reference

• Extraction: Cold percolation and
solvent extraction methods

• Temperature (◦C): 25 and 35
• Immersion time: 0.5, 3, 6, 9, and

24 h
• Concentration: 200, 400, 600, 800,

and 1000 ppm
• Methods: Weight loss, PDP,

optical imaging

• FTIR: Primary, secondary, and
tertiary amine groups in the
alkaloids are confirmed.

• ∆Gads: −27.33 kJ/mol
• Findings:
• 1000 ppm gave 87.51 and 93.24%

I.E. in weight loss and PDP tests.
• Optimum temperature for the

inhibitor to work is 35 ◦C.

[25]

The Ageratina adenophora Spreng. (synonym Eupatorium adenophorum) plant is a major
conspicuous, invasive, prevalent, and alien species known to be of Mexican origin and
belonging to the Asteraceae plant family (Figure 1). The plant possesses high adaptability
and reproducibility in the invaded environment by modifying the microbial communities in
the soil, which has the potential to affect the soil, plants and biodiversity of the area [26,27].
According to the review of the literature on phytochemical [28], phytotoxicity [29], invasive
nature, biological control [30] and pharmacological [31] studies, the Ageratina plant has
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been a prolific producer of numerous primary and secondary bioactive phytochemicals,
making it beneficial for antibacterial, anti-inflammatory, antioxidant, and pharmacological
purposes. Additionally, this plant has historically been utilized by traditional medicine
practitioners for curing various ailments.
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[33], and the phosphorus heteroatoms are considered to have the greatest inhibition effi-
ciency in a series of heteroatoms (oxygen < nitrogen < sulfur < phosphorus) [25,34]. 
Consequently, the plant is a promising green inhibitor. To date, however, there has been 
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in the Genus Ageratina is represented in Figure 2. 

Figure 1. (a) The morphological structure of the Ageratina adenophora plant and (b) Small nodules
developed on the plant’s stem.

A recent study on the phytochemical screening of Ageratina leaves reported a higher quan-
tity of alkaloids than other bioactive components such as saponin, tannin and flavonoids [32].
Interestingly, the chemotaxonomic study of this plant’s alkaloids also reported the presence
of the phosphorus-containing functional groups P-O-P and P-O-C [33], and the phosphorus
heteroatoms are considered to have the greatest inhibition efficiency in a series of het-
eroatoms (oxygen < nitrogen < sulfur < phosphorus) [25,34]. Consequently, the plant is
a promising green inhibitor. To date, however, there has been no research on Ageratina
adenophora as a green inhibitor for mild steel corrosion. The chemical structure of variously
reported pyrrolizidine alkaloids such as lycopsamine [35], 3-Hydroxy-2-methyl-butyric
acid-retronecinester, and other acetyl derivatives [36] in the Genus Ageratina is represented
in Figure 2.
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2. Materials and Methods
2.1. Chemicals and Instruments

For the extraction and characterization of the alkaloids as well as to prepare the
corrosive media, the chemicals and instruments were used as described in the literature [7].
Sulfuric acid (Fischer Scientific, Hampton, NH, USA, 97%, sp. gr. 1.835), oxalic acid (Fischer
Scientific, 99%), and sodium hydroxide (Merck life Science, Darmstadt, Germany, 97%) were
used to prepare the corrosive media. Dichloromethane (Galaxo Laboratories, Greenford,
UK, sp. gr. 1.326), methanol (Thermo Fischer Scientific, Waltham, MA, USA, sp. gr. 0.792),
tartaric acid (RANBAXY Lab., Gurgaon, India, 99.0%), and ammonia (Sisco Research Lab.,
Maharashtra, India, sp. gr. 0.91) were used to extract the alkaloids. All the chemicals were of
laboratory grade and were used as received, without any purification. Instruments such as
UV (Labotronics, LT-2808), FTIR (Perkin Elmer 10.6.2), a rotary evaporator (IKA 10), and the
Digital Vernier Caliper were used as analytical tools. For the electrochemical measurements
(i.e., potentiodynamic polarization and electrochemical impedance spectroscopic analyses),
the Gamry Framework analyst program version 7.9.0 was used.

2.2. Plant Collection and Alkaloid Extraction

The stems of Ageratina adenophora (AA) were collected from Ghorahi (Latitude: 28.0583◦ N,
Longitude: 82.4880◦ E), Dang, Nepal. The shade-dried plant’s stems were milled into a
powder. One hundred grams of the powder sample was soaked in 750 mL of methanol
solution for a week. The alkaloid was extracted from the methanol extract according to
the procedure outlined in the literature [23]. The filtrate obtained after the filtration of
the mixture was then collected in a beaker and acidified with 5% tartaric acid until the
pH reached 3.0. Alkaloids were precipitated in the form of salt. The mixture was then
filtered. The residue was taken, and ammonium hydroxide solution was added to maintain
pH 10. The alkaline solution was subjected to solvent extraction with an equal volume of
dichloromethane (DCM), i.e., alkaline solution, and DCM in (1:1) ratio. The DCM layer
contained alkaloids which were collected in a beaker and concentrated using a rotary
evaporator. The concentrated solution was then dried using a water bath at 40 ◦C up
to dryness.

2.3. Qualitative Tests for As-Prepared Alkaloid

Preliminary chemical analyses such as Mayer’s test, Dragendroff’s test, and Wagner’s
test were carried out for the confirmation of alkaloid phytoconstituents. Furthermore, UV-
visible spectrophotometry and Fourier Transform Infrared Spectroscopy were performed
for the spectrophotometric characterizations of the alkaloid. The UV Spectrophotometer
(Labtronics, LT-2802) was used to record the UV-Vis spectrum of alkaloids in the 200–800 nm
wavelength range. Similarly, the Perkin–Elmer Spectrum IR version 10.6.2 was used to
record spectral data from a 450–4000 cm−1 wavenumber range with 4 cm−1 resolution, but,
before each experiment in spectroscopy, the background correction was performed using
isopropanol solvent.

2.4. Preparation of MS Specimen, Corrosive Media, and Inhibitor Solution

Mild steel coupons were purchased from the local store in Kathmandu, Nepal. Each
coupon was then resurfaced with silicon carbide paper of varying grits (80–1000) and
stored in the moisture-free desiccator. The MS coupons were sonicated in ethanol for
10–15 min, dried, and their dimensions were recorded using digital Vernier calipers before
each weight loss and electrochemical experiment. The analytical grade of commercial
solutions of H2SO4 (Fisher Scientific, 97%, sp. gr. 1.835) was used to prepare 1M H2SO4 as
corrosive medium through the dilution process. The inhibitor solution was prepared by
dissolving one gram of as-prepared alkaloids in a minimum volume followed by dilution
up to 1000 mL by using 1M H2SO4. The resultant solution was 1000 ppm of stock solution
of AA. From this stock solution, a series of different concentrations (i.e., 200, 400, 600, and
800 ppm) were prepared by dilution.
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2.5. Weight Loss Measurement

The methodology described in the literature [7] was adopted for assessing weight loss
measurements. The previously abraded, sonicated, dimensioned, and initially weighed
MS coupons were submerged in the acid and various inhibitor solution concentrations
(200, 400, 600, and 800 ppm) for varying lengths of time (0.5, 1, 3, 6, 9, 18, and 24 h). After
immersing the MS coupons for the designated amount of time, each coupon was removed,
left to air dry, and then reweighed. Similarly, the temperature effect was investigated
by immerging MS coupons in various inhibitor solution concentrations for 1 h at 28, 38,
and 48 ◦C, respectively. The acquired data were used to assess the corrosion kinetics,
thermodynamic parameters, and adsorption isotherms.

The following Equation (1) was used to assess the weight loss data to calculate corro-
sion inhibition efficiency (IE%).

Inhibition efficiency (IE%) =
wa − wp

wa
× 100 (1)

where Wa and Wp are the weight loss of MS in acid and different concentrations of inhibitor
solutions.

2.6. Electrochemical Measurements

The electrochemical measurements were performed by the Gamry Interface 1010B
Potentiostat/Galvanostat instrument operated by the software Gamry Framework 7.9.0
analyst version at the APY Laboratory, Central Department of Chemistry, Tribhuvan
University, Nepal. A traditional three-electrode electrochemical setup was established
by taking MS as the working electrode, platinum (Pt) as the auxiliary electrode, and
saturated calomel electrode (SCE) as the reference electrode. The corrosive media and
inhibitor solutions were used as the electrolytes in which the pretreated MS samples were
submerged for one hour. Afterward, the electrochemical setup was enclosed in a CHI
picoamp booster and Faraday cage to prevent electrical interference and frequency noise.
Since potentiostatic electrochemical impedance spectroscopy (EIS) is a non-destructive
analytical technique, it was carried out before potentiodynamic polarization (PDP) for all
one-hour immersed MS samples.

An open circuit delay was carried out for 99 s before each EIS analysis. The EIS curve
was then recorded in the frequency range of 100 Hz to 0.01 Hz by applying an AC voltage
of 10 mV rms at a scan rate of five points per decade, and the inhibition efficiency was
computed using the following Equation (2):

Inhibition efficiency (IE) =

(
1 − Rct

Rct(inh)

)
× 100 (2)

where Rct(inh) (Ω cm2) and Rct (Ω cm2) represent the charge transfer resistance of the MS
samples in the presence and absence of inhibitor solution, respectively.

The polarization curves were recorded by scanning in the potential range from −0.8
to −0.2 V at a scan rate of 1 mV/s, and the inhibition efficiency (IE) was computed from
the following Equation (3):

Inhibition efficiency (IE) =
(

1 −
Icorr (inh)

Icorr

)
× 100 (3)

where Icorr(inh) (A cm−2) and Icorr (A cm−2) are the corrosion current density of the MS
samples in the presence and absence of inhibitor solution, respectively.
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3. Results
3.1. Alkaloid Characterization

The qualitative chemical tests of the as-prepared alkaloids obtained from the Ageratina
adenophora (AA) stem gave a colorful precipitate with different chemical reagents [23,25]
and confirmed the presence of alkaloids, as displayed in Table 2.

Table 2. Confirmatory test for the alkaloids extracted from the AA stem.

Modes Mayer’s Test Dragendroff’s Test Wagner’s Test

Observation
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Precipitate Orange Orange-red Reddish brown
Inference Presence Presence Presence

The colored precipitate is due to the formation of complexes between the several
alkaloid molecules with the respective chemical reagents. The chemical reactions involved
in the phytochemical screening of alkaloids can be simplified and illustrated by considering
the lycopsamine compound as a reference alkaloid, as seen in Figure 3. The precipitate
formation is due to the formation of potassium salt of alkaloid [23,25,37], and the color
development is due to charge transfer/electron transfer reaction within the salt [38,39].
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The interaction of the as-prepared alkaloid with UV or visible light produced spectra
with a broad peak at 305 nm is shown in Figure 4. This is manifested by the n-π* elec-
tronic transition suggesting the presence of a lone pair of electrons or unsaturation in the
molecules [23,40,41]. If lycopsamine is used as a reference, then this peak signifies the
presence of a polyphenolic group and an aromatic ring with N as a heteroatom.
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The Fourier Transform Infrared Spectroscopic measurement was performed on the
polished MS specimen, pure alkaloid or inhibitor, as well as on the MS surface after 1 h
immersion in a 600 ppm inhibitor solution, as shown in Figure 5. The broad peak of
pure alkaloid at 3385 cm−1, in the range of 3469–3272 cm−1, is related to the O-H and
N-H stretching vibration of the hydroxyl and primary amine functional groups. Another
sharp peak at 2925 and 2859 cm−1 are due to C-H stretching vibrations by the aliphatic
asymmetric hydrocarbon group. The sharp peaks at 1717 and 1663 cm−1 are related to the
stretching vibrations of the asymmetric and symmetric carbonyl groups (C=O). Similarly,
the absorption peak at 1459 cm−1 is related to the O-H bending vibration, and a sharp peak
at 1374 cm−1 is related to the aldehydic C-H bending vibrations. In the 1240–1064 cm−1

range, multiple peaks are observed among which an elongated peak at 1064 cm−1 is due to
the C-N stretching vibrations [40]. Furthermore, a small sharp peak at 977 cm−1 could be
due to the P-O-P or C-N-C group [42], but a broad peak around 700 cm−1 and a sharp peak
in the 1050–970 cm−1 is absent, indicating the absence of the P-O-P group but the presence
of the C-N-C group [40].
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FTIR spectra of inhibitor adsorbed on the MS substrate demonstrates a broad peak
around 3397–3288 cm−1, indicating the adsorption of the O-H and N-H groups of the
inhibitor molecules on the MS. Similarly, the adsorption of the C=O and C-N groups
was observed by the adsorption band at 1645 and 1084 cm−1. However, there are no
significant peaks on the polished MS surface. This indicates that a thin film of alkaloids
had developed on the MS surface after immersion [17]. The functional groups of organic
moieties, particularly O-H, N-H, C=O and C-N, are responsible for drawing vacant d-
orbitals of MS to them during the formation of adsorptive thin films.

3.2. Weight Loss Measurements
3.2.1. Effect of Inhibitor Concentration and Immersion Time

The corrosion inhibition efficiency of the alkaloid is a concentration-dependent pa-
rameter [19,25]. The observation showed the accelerated inhibiting performance of the
inhibitor’s concentrations in a series of 200 ppm < 400 ppm < 600 ppm < 800 ppm, as
depicted in Figure 6a. The highest inhibiting performance was shown by the 800 ppm
(96.95% IE) inhibitor solution due to the abundance of alkaloid molecules which almost
completely covered the MS surface for a 1 h immersion period during which the lowest
inhibition was seen for the 200 ppm (84.93% IE) inhibitor solution. The longest immersion
period during which substantial efficiency (above 70% IE) was seen was 18 h, except for
the 200 ppm inhibitor solution. However, after 24 h, the inhibitory performance of the 800
ppm inhibitor concentration declined to 77.88%, and the 200 ppm inhibitor concentration
to 40.89%. This is because there are fewer inhibitor molecules to cover the MS substrate,
allowing the acid’s corrosive attack to happen [23].
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(b) immersion time on the weight loss of MS samples in acid and different inhibitor solutions (n = 3
for each assay).

In general, Figure 6b illustrates a noticeable variation in weight loss per unit area of
the MS sample exposed to corrosive and inhibitor solution for the prolonged immersion
time, indicating an accelerated corrosion rate when inhibition efficiency decelerates. In
this experiment, the MS sample dipped in acid solution showed explicitly higher weight
loss compared to the corresponding sample in inhibitor solution for all immersion times.
The weight loss per unit area curve of the MS substrate was in a sequential order of acid
> 200 ppm > 400 ppm > 600 ppm > 800 ppm. When the MS substrate was submerged
in an acid solution for 18 h, the weight loss was 0.0678 g/cm2, while the weight loss for
MS submerged in an 800 ppm inhibitor solution for the same period was 0.0052 g/cm2.
The difference in weight loss caused by the inhibitor’s presence is 0.0626 units. This is
due to the formation of adsorptive layers, which masked the reactive metal ions from
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the corrosive media that reduces the weight loss from the substrate, thus increasing the
inhibition efficiency [17,25].

However, when immersion time increased, a sudden decrease in weight loss and
inhibition efficiency was observed; this may be due to the following two reasons. The first
reason may be the inhibitor molecule’s simultaneous desorption from the sample surface
triggering a subsequent dissolution in the exposed area [7], and the second one may be the
inhibitor molecules’ large size, orientation, and interaction, which results in a particular
type of defect on the inhibitor layer [25].

3.2.2. Effect of Temperature

The effect of temperature on the inhibitor solutions’ inhibitory action depends on the
molecular vibration, structure, and concentrations of the alkaloids [7]. In this experiment
the rise in temperature from 28–48 ◦C also showed a variation in the weight loss and
inhibition efficiency for the MS samples in both acid and inhibitor solutions, as depicted
in Figure 7a,b. Here, the sample in inhibitor solution shows implicit weight loss at room
temperature 28 ◦C. At 38 ◦C, the weight loss of MS dipped separately in acid solution, and
in the 200 ppm inhibitor solution this was almost the same. This may be due to the rapid
desorption of inhibitor molecules from the substrate. The sample in the 800 ppm inhibitor
solution showed minimal weight loss, and other inhibitors (i.e., 400 and 600 ppm) showed
relatively moderate weight loss. As shown in Figure 7a, more pronounced nonlinearity in
the efficiency of 200 ppm and less in 800 ppm of inhibitor were observed, but, from 38–48 ◦C,
linearity was observed for samples in the 400, 600, and 800 ppm inhibitor concentrations.
Furthermore, the observation showed a 20–50% decrease in inhibition efficiency from
28–38 ◦C; afterward, only a 1–8% decrease was seen. This indicates that the suitable
temperatures for the formation of the inhibitor layer are 28 and 48◦C.
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The inhibition performance of the alkaloid is primarily due to physisorption followed
by chemisorption which in turn is related to the molecular vibrations [25], so temperature-
induced physical desorption from the substrate is feasible due to increased molecular
vibrations at high temperatures. Not limited to this, at higher temperatures the decomposi-
tion of alkaloid molecules may also occur [43].

3.2.3. Adsorption Isotherm

Adsorption isotherm models are important graphical representations for understand-
ing the fundamentals of the adsorptive properties of the organic compounds on the MS
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surface [43,44]. The inhibitor solution was made by dissolving alkaloid in an acid solution;
it has been suggested by Karki et al. [17] that there always exists an equal possibility for the
simultaneous adsorption and replacement between the water and inhibitor molecules on
the MS surface. The weight loss measurement method was used to evaluate the adsorption
isotherms where the fraction of surface coverage (θ) and inhibitor concentration were
used. In this experiment, the molecular weight of the alkaloid Lycopsamine was used as
a reference to calculate the molar concentration of the inhibitor solution. The Langmuir
adsorption isotherm Equation (4) was used for the plot of Cinh

θ against Cinh (mol/L) as
shown in Figure 8a. A straight line with a regression coefficient (R2) value close to unity
(0.999) was obtained. This suggests a process of formation of monolayers before multilayers
on the equivalent adsorption sites [17,45,46].

Cinh
θ

=
1

Kads
+ Cinh (4)

where Cinh represents the inhibitor’s concentrations (mol L−1) and θ represents surface
coverage. The Kads represents the Langmuir adsorption equilibrium constant from which
the Gibbs free energy of the adsorption (∆Gads) was determined using Equation (5).

∆Gads = −RTln(55.55 × Kads) (5)

where R is the ideal gas constant (J mol−1 K−1). The calculated value of adsorption equilib-
rium and free energy of adsorption is 3333.33 L mol−1 and −30.35 kJ mol−1, respectively,
at 301 K. The obtained value of ∆Gads is less than 40 kJ mol−1 and greater than 20 kJ mol−1.
This indicates a weak electrostatic interaction, accompanied by the chemical interaction
of lone pairs of an electron at the electronegative sites of alkaloid molecules with the MS
sample [25,47], thus developing a thin protective layer on the MS interface.
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Similarly, the corrosion inhibition mechanism, the interaction nature, and the ad-
sorption processes’ spontaneity were studied from the Temkin and Freundlich adsorption
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isotherm models employing Equations (6) and (7). The fitting of the Freundlich isotherm
plot of ln θ versus ln Cinh yielded a slope of a straight line with an R2 coefficient value
in the merely acceptable range (0.971) and a slope (1/n) equal to 0.185 as illustrated in
Figure 8b. As the value of 1/n lies between 0 and 1, this verified a spontaneous adsorption
process [17].

θ = − 1
2a

lnCinh − 1
2a

ln K (6)

ln θ = ln K +
1
n

lnCinh (7)

where ‘a’ is an interaction parameter.
The fitting of the Temkin plot of θ against lnCinh gave a slope of a straight line

with an R2 coefficient value near unity (0.981), as shown in Figure 8c. The obtained
R2 value, however, was a little lower than the corresponding R2 value observed in the
Langmuir model, so the adsorption of inhibitor extracted from the AA onto the MS obeys
the Langmuir model. The calculated values of interaction parameters (a) and K from the
intercept and slope were found to be negative 3.31 and 181,679.60 indicating the strong
attraction and adsorption of the inhibitor molecules on the MS surface [17,48].

3.2.4. Corrosion Kinetics

The corrosion kinetic and thermodynamic activation parameters were elucidated by
considering the data obtained from the weight loss measurements at different temperatures.
The corrosion rate (CR) was calculated using Equation (8),

Corrosion rate (CR) =
K × W

A × T × D
(8)

where K is the corrosion rate constant (87,600), W is the mass loss of the MS (g), A is the
total surface area of each coupon in (cm2), T is the submerging time (h), and D is the density
of MS (g/cm3).

The activation energy of the corrosion reaction was calculated by using the Arrhenius
Equation (9).

log(CR) = log(A)− Ea

2.303RT
(9)

where A represents Arrhenius’s pre-exponential constant, Ea represents the activation
energy, and T is the absolute temperature. From a plot of log (CR) against 1/2.303RT, a
slope of a straight line was obtained from which activation energy was determined. The
Arrhenius plot in Figure 9 shows that the energy of activation of the reaction between MS
and the acid solution was 48.54 kJ/mol.

This activation energy increases with the addition of inhibitors to 107.26, 114.14, and
113.14, and reaches 139.28 kJ mol−1 for 200, 400, 600, and 800 ppm inhibitor solutions,
respectively. This increment in activation energy indicates a decrease in the dissolution of
MS in acid media. These calculated values lie in between physical and chemical adsorption.
Therefore, the adsorption of alkaloids on the MS surface in one molar acid solution is
mixed-kind adsorption with dominant chemisorption [17,49].

3.2.5. Thermodynamics of Corrosion

The transition state Equation (10) was used to determine the enthalpy and entropy of
the system.

log
(

CR
T

)
= log

(
R

hN

)
+

(
∆S◦

2.303R

)
− ∆H◦

2.303RT
(10)

where h is Plank’s constant (6.6261 × 10−34 J s) and N is Avogadro’s number
(6.0225 × 1023 mol−1). The transition state graph is fitted by plotting log

(
CR
T

)
against 1

2.303RT .
The enthalpy of activation (∆H◦) is measured from the slope of the straight line while the
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entropy of activation (∆S◦) is measured from its intercept in the absence and presence of
inhibitors, as seen in Figure 10.

Electrochem 2023, 4, FOR PEER REVIEW 12 
 

where ‘a’ is an interaction parameter. 
The fitting of the Temkin plot of θ against lnCinh gave a slope of a straight line with 

an R2 coefficient value near unity (0.981), as shown in Figure 8c. The obtained R2 value, 
however, was a little lower than the corresponding R2 value observed in the Langmuir 
model, so the adsorption of inhibitor extracted from the AA onto the MS obeys the 
Langmuir model. The calculated values of interaction parameters (a) and K from the in-
tercept and slope were found to be negative 3.31 and 181,679.60 indicating the strong at-
traction and adsorption of the inhibitor molecules on the MS surface [17,48]. 

3.2.4. Corrosion Kinetics 
The corrosion kinetic and thermodynamic activation parameters were elucidated by 

considering the data obtained from the weight loss measurements at different tempera-
tures. The corrosion rate (CR) was calculated using Equation (8), Corrosion rate (CR) = ୏ × ୛୅ × ୘ × ୈ (8)

where K is the corrosion rate constant (87,600), W is the mass loss of the MS (g), A is the 
total surface area of each coupon in (cm2), T is the submerging time (h), and D is the 
density of MS (g/cm3). 

The activation energy of the corrosion reaction was calculated by using the Arrhe-
nius Equation (9). log(CR) = log(A) െ Eୟ2.303RT (9)

where A represents Arrhenius’s pre-exponential constant, Ea represents the activation 
energy, and T is the absolute temperature. From a plot of log (CR) against 1/2.303RT, a 
slope of a straight line was obtained from which activation energy was determined. The 
Arrhenius plot in Figure 9 shows that the energy of activation of the reaction between MS 
and the acid solution was 48.54 kJ/mol. 

 
Figure 9. Arrhenius plot for the MS sample in 1M H2SO4 and different concentrations of the inhib-
itor solutions. 

This activation energy increases with the addition of inhibitors to 107.26, 114.14, and 
113.14, and reaches 139.28 kJ mol−1 for 200, 400, 600, and 800 ppm inhibitor solutions, 
respectively. This increment in activation energy indicates a decrease in the dissolution of 
MS in acid media. These calculated values lie in between physical and chemical adsorp-

Figure 9. Arrhenius plot for the MS sample in 1M H2SO4 and different concentrations of the
inhibitor solutions.

Electrochem 2023, 4, FOR PEER REVIEW 13 
 

tion. Therefore, the adsorption of alkaloids on the MS surface in one molar acid solution 
is mixed-kind adsorption with dominant chemisorption [17,49]. 

3.2.5. Thermodynamics of Corrosion 
The transition state Equation (10) was used to determine the enthalpy and entropy 

of the system. log ൬CRT ൰ = log ൬ RhN൰ + ൬ ΔS°2.303R൰ െ ΔH°2.303RT   (10)

where h is Plank’s constant (6.6261 × 10−34 J s) and N is Avogadro’s number (6.0225 × 1023 

mol−1). The transition state graph is fitted by plotting log ቀେ୘ୖ ቁ against ଵଶ.ଷ଴ଷோ் . The en-
thalpy of activation (ΔH°) is measured from the slope of the straight line while the en-
tropy of activation (ΔS°) is measured from its intercept in the absence and presence of 
inhibitors, as seen in Figure 10. 

 
Figure 10. Transition state plot for the MS sample in 1M H2SO4 and different concentrations of the 
inhibitor solutions. 

From the observation, the enthalpy (ΔH°) of the system in the presence of an inhib-
itor appeared higher than in the absence of an inhibitor. There was a gradual increase in 
the enthalpy value with an increase in inhibitor solution from 45.96 to 136.69 kJ mol−1. 
Here, the positive value of enthalpy (ΔH°) indicates that the adsorption took place 
through an endothermic process and reduced the corrosion rate [49]. Similarly, the en-
tropy of the system (ΔS°) is calculated from the intercept of the transition state plot. The 
entropy increased from negative 76.63 kJ mol−1 of acid solution to 104.69, 123.55, 118.08, 
and 197.96 kJ mol−1 for 200, 400, 600, and 800 ppm inhibitor solution. This represents a 
huge difference in value as it moves from the negative to positive entropy value. This is 
due to an increase in randomness in the transition state by the formation of activated 
complexes, i.e., associative mechanisms [17,45] and  to the free protons roaming in the 
solution [7]. This may be due to the replacement of water molecules on the MS surface by 
the alkaloid molecules during the adsorption process; the process is quasi-substitution 
[43]. 
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Figure 10. Transition state plot for the MS sample in 1M H2SO4 and different concentrations of the
inhibitor solutions.

From the observation, the enthalpy (∆H◦) of the system in the presence of an inhibitor
appeared higher than in the absence of an inhibitor. There was a gradual increase in the
enthalpy value with an increase in inhibitor solution from 45.96 to 136.69 kJ mol−1. Here,
the positive value of enthalpy (∆H◦) indicates that the adsorption took place through
an endothermic process and reduced the corrosion rate [49]. Similarly, the entropy of
the system (∆S◦) is calculated from the intercept of the transition state plot. The entropy
increased from negative 76.63 kJ mol−1 of acid solution to 104.69, 123.55, 118.08, and
197.96 kJ mol−1 for 200, 400, 600, and 800 ppm inhibitor solution. This represents a huge
difference in value as it moves from the negative to positive entropy value. This is due to
an increase in randomness in the transition state by the formation of activated complexes,
i.e., associative mechanisms [17,45] and to the free protons roaming in the solution [7].
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This may be due to the replacement of water molecules on the MS surface by the alkaloid
molecules during the adsorption process; the process is quasi-substitution [43].

The calculated values of Ea, ∆H◦, and ∆S◦ are presented in Table 3. Here, the Ea value
is higher than ∆H◦, indicating a cathodic hydrogen evolution reaction leading to a decrease
in total reaction volume. The average value of Ea–∆H◦ is 2.58 kJ mol−1, which is very close
to the value of RT; this obeys the relation Ea–∆H◦ = RT. Thus, the adsorption of alkaloids
occurs as the physical dominant chemical adsorption [7,45].

Table 3. Activation parameters of MS dissolution in 1 M H2SO4 without and with inhibitor.

Medium A (g/cm2) Ea (kJ/mol) ∆H◦ (kJ/mol) Ea–∆H◦ ∆S◦ (J/mol K)

Acid 32.98 48.54 ± 3.90 45.96 ± 3.88 2.58 −76.63
200 ppm 31.24 107.26 ± 30.85 104.67 ± 30.88 2.59 104.69
400 ppm 29.21 114.14 ± 29.95 111.56 ± 29.98 2.58 123.55
600 ppm 30.36 113.14 ± 33.28 110.57 ± 33.30 2.57 118.08
800 ppm 29.08 139.28 ± 33.62 136.70 ± 33.64 2.58 197.96

3.3. Electrochemical Measurements

The corrosion kinetics and inhibition type of the MS sample in 1 M H2SO4 solution with
and without different concentrations of alkaloid extracted from the AA was investigated
by PDP and EIS measurements at 293 K.

3.3.1. Potentiodynamic Polarization Tests (PDP)

The pretreated MS sample with the acid and corresponding inhibitor solutions (200,
400, 600, and 800 ppm) were placed in an electrochemical setup to record the one-hour
immersed polarization curves in the potential window of −0.8 to −0.2 V on the Gamry
Framework instrument at 293 K. Triplicate measurements were performed for the repro-
ducibility issue. Figure 11 shows the anodic and cathodic Tafel polarization curves of one-
hour-immersed MS sample in acid and different concentrations of inhibitor solution, from
which electrochemical parameters such as current density, corrosion potential, anodic slope,
cathodic slope, and inhibition efficiency are recorded by the extrapolation method and
placed in Table 4. The rapid physical adsorption and desorption of the inhibitor molecules
on the MS surface after its exposure to acid and inhibitor media showed a decrement in the
corrosion current density (Icorr) [7,17] with the increment in the inhibitor concentrations.
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Table 4. Polarization parameters of 1 h-immersed MS sample in acid solution with and without
inhibitor.

Medium OCP (V) Current Density
(µA/cm2) Anodic Slope Cathodic Slope Efficiency (%)

Acid −0.485 1.14 −5.77 ± 0.05 7.32 ± 0.09 –
200 ppm −0.468 0.31 −6.14 ± 0.03 12.19 ± 0.24 72.81
400 ppm −0.480 0.28 −5.83 ± 0.03 18.11 ± 0.41 75.44
600 ppm −0.472 0.18 −6.67 ± 0.02 13.56 ± 0.37 84.21
800 ppm −0.478 0.10 −7.31 ± 0.04 20.17 ± 0.60 91.23

The Tafel plot of the one-hour-immersed MS sample exhibited a decreasing Icorr value
with a corrosion potential in the range of −0.468 to −0.490 V as the inhibitor concentration
increased. The inhibitory performance of the 800 ppm solution appeared to have the highest
efficiency (91.23%) with an Icorr value of 0.10 µA/cm2. The decreasing Icorr value shown
in Table 4 is due to the physical adsorption of inhibitor molecules covering the substrate,
which reduces electron transfer from the surface, thus preventing potential attack from the
corrosive ions, resulting in the increased resistance of MS [7].

3.3.2. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy was performed to estimate the resistance or
impedance of the MS at one-hour immersion. Triplicate measurements were performed
in order to maintain reproducibility. Rct(inh) represents the charge transfer resistance of
the inhibitor molecules on the MS sample. The Nyquist and Bode plots obtained from
the EIS study are shown in Figure 12a–c, and the equivalent circuit model is shown in
Figure 12d. In the circuit model, Rs represents the solution resistance, Rct represents charge
transfer resistance at the metal/solution interface, and CPE is a constant phase element
representing the double layer capacitance of the metal/solution interface. The Rct value of
MS in acid solution is 6.59 Ω cm−2. The real corrosion system comprises non-homogeneity
due to the presence of surface roughness, the adsorption of inhibitors and the formation of
a porous layer on the electrode surface. The CPE in the model circuit compensates for this
non-homogeneity [50]. The impedance function is represented by the Equation (11) [48]:

ZCPE =
1

Q(jω)n (11)

where Q represents the magnitude of the CPE, j is the imaginary number andω is angular
frequency, and n is the CPE exponent that lies between −1 to +1; this could reflect the
non-homogeneity [48,49].

The observation showed an increment in the impedance value with an increase in the
concentration of the inhibitor molecules as in Table 5. The maximum inhibitory performance
(92.53%) was observed for MS in the 800 ppm solution, while the minimum inhibitory
performance was observed for the MS sample in the 200 ppm inhibitor solution. This is
due to the development of the thin protecting layer on the MS interface which prevents or
eliminates the potential penetration of the corrosive ions or molecules by increasing the
interfacial resistance/impedance of the MS sample.

Table 5. Electrochemical impedance parameters derived from the equivalent circuit using Z-view
software.

Medium Rs (Ω cm2) CPE (µΩ Sn cm−2) n Rct(inh) (Ω cm2) %IE

200 ppm 17.31 338.04 0.888 15.71 58.05
400 ppm 17.42 197.07 0.892 21.7 69.63
600 ppm 16.92 184.79 0.858 31.45 79.05
800 ppm 17.51 102.4 0.885 88.25 92.53
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It was found that the corrosion of MS in acid medium is controlled by the charge
transfer process without changing the mechanism, as indicated by a single capacitive
loop (Figure 12a) in the Nyquist plot and only one time constant in the Bode plot [51].
The gradual increase in capacitive loop diameter in the Nyquist plot upon increasing the
concentration of inhibitor represents an increment in charge transfer resistance due to more
substantial surface coverage by the inhibitor molecules [52]. The increase in the phase angle
in the Bode-phase plot also confirms the inhibitive behavior of alkaloids [20,53].

The adsorption isotherms were also fitted from the data obtained by the PDP and EIS
measurement methods. The best fitted data were for the Langmuir adsorption isotherm.
The R2 values for both cases are nearly equal to unity, indicating that the adsorption
followed the Langmuir adsorption isotherm. This finding is similar to the isotherm fitted
from weight loss data. Figure 13a,b presents the Langmuir adsorption isotherm fitted from
the PDP and EIS data, respectively.
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4. Discussion and Inhibition Mechanism

The maximum efficiency observed in the polarization experiment is, however, smaller
compared to that of the EIS tests, which in turn is smaller compared that of the weight
loss measurements. The handling and systematic errors may have contributed to differing
inhibition efficiencies between the weight loss and PDP tests [25]. Since EIS is considered
a more sensitive and accurate electrochemical technique than PDP [54], the efficiency of
inhibitors obtained from this method is acceptable.

Corrosion inhibition by organic molecules is described by their adsorption on the MS
surface. The presence of heteroelements and the polar functional groups in the organic
moieties are responsible for the adsorption process [7,55]. Initially, the protonated alkaloid
molecules interact with the negatively charged ions being adsorbed on the MS surface. Then,
after the successful release of the proton, the alkaloid molecules are adsorbed on the MS
surface, forming a protective layer [56]. This mechanism is supported by thermodynamic
values and electrochemical measurements [23,57]. The detailed inhibition mechanism is
displayed in Figure 14 below.
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5. Conclusions

An alkaloid as a green inhibitor has been extracted from the stem of the Ageratina
adenophora plant through the cold percolation method and solvent extraction technique. The
chemical and spectroscopic characterizations confirmed the presence of the as-prepared
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alkaloid molecules. The maximum corrosion inhibition efficiency (%) of 91.23, 92.53,
and 96.95 was exhibited by the 800 ppm inhibitor solution in the polarization, EIS, and
weight loss measurements, respectively, at 293 and 301 K. Based on the calculated values
of Kads and ∆Gads, the adsorption nature of the inhibitor molecule on the MS interface
strongly obeys the Langmuir adsorption isotherm model. Furthermore, the adsorption is
spontaneous due to the strong interaction between the inhibitor molecules, as suggested by
the Freundlich and Temkin models. It can thus be inferred that the Ageratina adenophora
alkaloid is a prospective green inhibitor against mild steel corrosion. However, more
studies are still needed to identify and determine major alkaloids and their individual
effects on inhibitory performance.

Author Contributions: Conceptualization, H.B.O. and D.P.B.; methodology, H.B.O.; software, H.B.O.;
validation, J.T.M., H.B.O. and D.P.B.; formal analysis, H.B.O.; investigation, J.T.M.; resources, D.P.B.;
data curation, J.T.M. and H.B.O.; writing—original draft preparation, J.T.M., I.K.B. and A.R.;
writing—review and editing, H.B.O. and D.P.B.; visualization, D.P.B.; supervision, H.B.O.; project
administration, D.P.B.; funding acquisition, H.B.O. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Will be provided based on ‘MDPI Research Data Policies’.

Acknowledgments: Authors would like to acknowledge the Department of Chemistry, Amrit Cam-
pus for laboratory support, and APY laboratory, Central department of chemistry, TU, for electro-
chemical work station.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Roberge, P.R. Corrosion Engineering: Principles and Practice; McGraw-Hill: New York, NY, USA, 2008; ISBN 978-0-07-148243-1.
2. Hou, B.; Li, X.; Ma, X.; Du, C.; Zhang, D.; Zheng, M.; Xu, W.; Lu, D.; Ma, F. The Cost of Corrosion in China. Npj Mater. Degrad.

2017, 1, 4. [CrossRef]
3. Koch, G. Cost of Corrosion. In Trends in Oil and Gas Corrosion Research and Technologies; Elsevier: Amsterdam, The Netherlands,

2017; pp. 3–30. ISBN 978-0-08-101105-8.
4. Karki, N. Development of Green Corrosion Inhibitor for Mild Steel Corrosion in Acidic Medium. Ph.D. Thesis, Tribhuvan

University, Kathmandu, Nepal, 2020.
5. Petrovic, Z. Catastrophes Caused by Corrosion. Vojn. Glas. 2016, 64, 1048–1064. [CrossRef]
6. King, M.J.; Davenport, W.G.; Moats, M.S. Sulfuric Acid Manufacture: Analysis, Control, and Optimization, 2nd ed.; Elsevier:

Amsterdam, The Netherlands, 2013; ISBN 978-0-08-098226-7.
7. Thapa, O.; Thapa Magar, J.; Oli, H.B.; Rajaure, A.; Nepali, D.; Bhattarai, D.P.; Mukhiya, T. Alkaloids of Solanum Xanthocarpum

Stem as Green Inhibitor for Mild Steel Corrosion in One Molar Sulphuric Acid Solution. Electrochem 2022, 3, 54. [CrossRef]
8. Groysman, A. Corrosion for Everybody; Springer: Berlin/Heidelberg, Germany, 2010; ISBN 978-90-481-3477-9.
9. Hryniewicz, T.; Rokosz, K.; Rokicki, R. Electrochemical and XPS Studies of AISI 316L Stainless Steel after Electropolishing in a

Magnetic Field. Corros. Sci. 2008, 50, 2676–2681. [CrossRef]
10. Voevodin, N.N.; Balbyshev, V.N.; Khobaib, M.; Donley, M.S. Nanostructured Coatings Approach for Corrosion Protection. Prog.

Org. Coat. 2003, 47, 416–423. [CrossRef]
11. Breston, J.N. Corrosion Control with Organic Inhibitors. Ind. Eng. Chem. 1952, 44, 1755–1761. [CrossRef]
12. Sastri, V.S. Green Corrosion Inhibitors: Theory and Practice; Wiley Series in Corrosion; Wiley: Hoboken, NJ, USA, 2011;

ISBN 978-0-470-45210-3.
13. Fdil, R.; Tourabi, M.; Derhali, S.; Mouzdahir, A.; Sraidi, K.; Jama, C.; Zarrouk, A.; Bentiss, F. Evaluation of Alkaloids Extract of

Retama monosperma (L.) Boiss. Stems as a Green Corrosion Inhibitor for Carbon Steel in Pickling Acidic Medium by Means of
Gravimetric, AC Impedance and Surface Studies. J. Mater. Environ. Sci. 2018, 9, 358–369. [CrossRef]

14. Idouhli, R.; Oukhrib, A.; Khadiri, M.; Zakir, O.; Aityoub, A.; Abouelfida, A.; Benharref, A.; Benyaich, A. Understanding the
Corrosion Inhibition Effectiveness Using Senecio anteuphorbium L. Fraction for Steel in Acidic Media. J. Mol. Struct. 2021,
1228, 129478. [CrossRef]

15. Ngouné, B.; Pengou, M.; Nouteza, A.M.; Nanseu-Njiki, C.P.; Ngameni, E. Performances of Alkaloid Extract from Rauvolfia
Macrophylla Stapf toward Corrosion Inhibition of C38 Steel in Acidic Media. ACS Omega 2019, 4, 9081–9091. [CrossRef]

http://doi.org/10.1038/s41529-017-0005-2
http://doi.org/10.5937/vojtehg64-10388
http://doi.org/10.3390/electrochem3040054
http://doi.org/10.1016/j.corsci.2008.06.048
http://doi.org/10.1016/S0300-9440(03)00131-0
http://doi.org/10.1021/ie50512a021
http://doi.org/10.26872/jmes.2018.9.1.39
http://doi.org/10.1016/j.molstruc.2020.129478
http://doi.org/10.1021/acsomega.9b01076


Electrochem 2023, 4 101

16. Palaniappan, N.; Cole, I.; Caballero-Briones, F.; Manickam, S.; Justin Thomas, K.R.; Santos, D. Experimental and DFT Studies on
the Ultrasonic Energy-Assisted Extraction of the Phytochemicals of Catharanthus roseus as Green Corrosion Inhibitors for Mild
Steel in NaCl Medium. RSC Adv. 2020, 10, 5399–5411. [CrossRef]

17. Karki, R.; Bajgai, A.K.; Khadka, N.; Thapa, O.; Mukhiya, T.; Oli, H.B.; Bhattarai, D.P. Acacia Catechu Bark Alkaloids as Novel
Green Inhibitors for Mild Steel Corrosion in a One Molar Sulphuric Acid Solution. Electrochem 2022, 3, 44. [CrossRef]

18. Babbar, N. An Introduction to Alkaloids and Their Applications in Pharmaceutical Chemistry. Pharm. Innov. J. 2015, 4, 74–75.
19. Faiz, M.; Zahari, A.; Awang, K.; Hussin, H. Corrosion Inhibition on Mild Steel in 1 M HCl Solution by Cryptocarya Nigra Extracts

and Three of Its Constituents (Alkaloids). RSC Adv. 2020, 10, 6547–6562. [CrossRef]
20. Hanini, K.; Benahmed, M.; Boudiba, S.; Selatnia, I.; Akkal, S.; Laouer, H. Experimental and Theoretical Studies of Taxus Baccata

Alkaloid Extract as Eco-Friendly Anticorrosion for Carbon Steel in Acidic Solution. Prot. Met. Phys. Chem. Surf. 2021, 57, 222–233.
[CrossRef]

21. Ngouné, B.; Pengou, M.; Nanseu-Njiki, C.P.; Ngameni, E. A Comparative Study Using Solution Analysis, Electrochemistry and
Mass Change for the Inhibition of Carbon Steel by the Plant Alkaloid Voacangine. Corros. Eng. Sci. Technol. 2020, 55, 138–144.
[CrossRef]

22. Shao, H.; Yin, X.; Zhang, K.; Yang, W.; Chen, Y.; Liu, Y. N-[2-(3-Indolyl)Ethyl]-Cinnamamide Synthesized from Cinnamomum
Cassia Presl and Alkaloid Tryptamine as Green Corrosion Inhibitor for Q235 Steel in Acidic Medium. J. Mater. Res. Technol. 2022,
20, 916–933. [CrossRef]

23. Oli, H.B.; Thapa Magar, J.; Khadka, N.; Subedee, A.; Bhattarai, D.P.; Pant, B. Coriaria Nepalensis Stem Alkaloid as a Green
Inhibitor for Mild Steel Corrosion in 1 M H2SO4 Solution. Electrochem 2022, 3, 47. [CrossRef]

24. Djellali, S.; Ferkous, H.; Sahraoui, R.; Meharga, S. Efficiency of Alkaloids Crude Extract of Cinnamomum Zeylanicum as Corrosion
Inhibitor of Mild Steel in Sulfuric Acid Solution. In Recent Advances in Environmental Science from the Euro-Mediterranean and
Surrounding Regions, 2nd ed.; Ksibi, M., Ghorbal, A., Chakraborty, S., Chaminé, H.I., Barbieri, M., Guerriero, G., Hentati, O.,
Negm, A., Lehmann, A., Römbke, J., et al., Eds.; Environmental Science and Engineering; Springer International Publishing:
Cham, Switzerland, 2021; pp. 1379–1384. ISBN 978-3-030-51209-5.

25. Chapagain, A.; Acharya, D.; Das, A.K.; Chhetri, K.; Oli, H.B.; Yadav, A.P. Alkaloid of Rhynchostylis Retusa as Green Inhibitor for
Mild Steel Corrosion in 1 M H2SO4 Solution. Electrochem 2022, 3, 13. [CrossRef]

26. Wan, F.; Liu, W.; Guo, J.; Qiang, S.; Li, B.; Wang, J.; Yang, G.; Niu, H.; Gui, F.; Huang, W.; et al. Invasive Mechanism and Control
Strategy of Ageratina Adenophora (Sprengel). Sci. China Life Sci. 2010, 53, 1291–1298. [CrossRef]

27. Zhao, M.; Lu, X.; Zhao, H.; Yang, Y.; Hale, L.; Gao, Q.; Liu, W.; Guo, J.; Li, Q.; Zhou, J.; et al. Ageratina Adenophora Invasions Are
Associated with Microbially Mediated Differences in Biogeochemical Cycles. Sci. Total Environ. 2019, 677, 47–56. [CrossRef]

28. Thapa, A.; Pokharel, A.; Karki, H.; Yadav, R.K.; Paudel, N.; Bharati, S.; Shrestha, T.; Maharjan, B.; Karanjit, S.; Shrestha, R.L.
Phytochemical Analysis, Cytotoxicity, Antibacterial and Antioxidant Activities of Extracts of Leaf of Ageratina Adenophora
(Spreng.). Amrit Res. J. 2022, 3, 84–93. [CrossRef]

29. Zhou, Z.-Y.; Liu, W.-X.; Pei, G.; Ren, H.; Wang, J.; Xu, Q.-L.; Xie, H.-H.; Wan, F.-H.; Tan, J.-W. Phenolics from Ageratina adenophora
Roots and Their Phytotoxic Effects on Arabidopsis thaliana Seed Germination and Seedling Growth. J. Agric. Food Chem. 2013, 61,
11792–11799. [CrossRef] [PubMed]

30. Poudel, A.S.; Jha, P.K.; Shrestha, B.B.; Muniappan, R. Biology and Management of the Invasive Weed Ageratina adenophora
(Asteraceae): Current State of Knowledge and Future Research Needs. Weed Res. 2019, 59, 79–92. [CrossRef]

31. Giri, S.; Sahu, R.; Paul, P.; Nandi, G.; Dua, T.K. An Updated Review on Eupatorium Adenophorum Spreng. [Ageratina Adenophora
(Spreng.)]: Traditional Uses, Phytochemistry, Pharmacological Activities and Toxicity. Pharmacol. Res. Mod. Chin. Med. 2022, 2,
100068. [CrossRef]

32. Devkota, A.; Das, R.K. Phytochemical Screening and In-Vitro Evaluation of Antimicrobial Activity of Invasive Species Ageratina
Adenophora Collected from Kathmandu Valley, Nepal. Sci. World 2022, 15, 120–126. [CrossRef]

33. Rosuman, P.F.; Lirio, L.G. Alkaloids as Taxonomic Marker of Four Selected Species of Eupatorium Weeds. SPU Res. J. Glob. Educ.
2016, 1, 114–117.

34. Verma, C.; Verma, D.K.; Ebenso, E.E.; Quraishi, M.A. Sulfur and Phosphorus Heteroatom-Containing Compounds as Corrosion
Inhibitors: An Overview. Heteroat. Chem. 2018, 29, e21437. [CrossRef]

35. Setzer, W. The Phytochemistry of Cherokee Aromatic Medicinal Plants. Medicines 2018, 5, 121. [CrossRef]
36. Becerra, J.J. Phytochemical and Analytical Studies of Feed and Medicinal Plants in Relation to the Presence of Toxic Pyrrolizidine Alkaloids;

Universitäts-und Landesbibliothek Bonn: Bonn, Germany, 2013.
37. Li, D.; Zhang, P.; Guo, X.; Zhao, X.; Xu, Y. The Inhibition of Mild Steel Corrosion in 0.5 MH 2 SO 4 Solution by Radish Leaf Extract.

RSC Adv. 2019, 9, 40997–41009. [CrossRef]
38. Du, H.; Hao, K.; Wang, Q.; Huang, X.; Wu, J.; Li, H.; Huang, C.; Xu, L.; Yin, L.; Lin, J. Studies on Crystal Structures, Optical,

Dyeing and Biological Properties of Protoberberine Alkaloids and Their Supramolecular Salts. Bioorganic Chem. 2023, 130, 106256.
[CrossRef]

39. Kokilaramani, S.; Rajasekar, A.; AlSalhi, M.S.; Devanesan, S. Characterization of Methanolic Extract of Seaweeds as Environ-
mentally Benign Corrosion Inhibitors for Mild Steel Corrosion in Sodium Chloride Environment. J. Mol. Liq. 2021, 340, 117011.
[CrossRef]

http://doi.org/10.1039/C9RA08971C
http://doi.org/10.3390/electrochem3040044
http://doi.org/10.1039/C9RA05654H
http://doi.org/10.1134/S2070205120060118
http://doi.org/10.1080/1478422X.2019.1700654
http://doi.org/10.1016/j.jmrt.2022.07.122
http://doi.org/10.3390/electrochem3040047
http://doi.org/10.3390/electrochem3020013
http://doi.org/10.1007/s11427-010-4080-7
http://doi.org/10.1016/j.scitotenv.2019.04.330
http://doi.org/10.3126/arj.v3i01.50500
http://doi.org/10.1021/jf400876j
http://www.ncbi.nlm.nih.gov/pubmed/24180556
http://doi.org/10.1111/wre.12351
http://doi.org/10.1016/j.prmcm.2022.100068
http://doi.org/10.3126/sw.v15i15.45660
http://doi.org/10.1002/hc.21437
http://doi.org/10.3390/medicines5040121
http://doi.org/10.1039/C9RA04218K
http://doi.org/10.1016/j.bioorg.2022.106256
http://doi.org/10.1016/j.molliq.2021.117011


Electrochem 2023, 4 102

40. Silverstein, R.M.; Webster, F.X. Spectrometric Identification of Organic Compounds, 6th ed.; Wiley: New Delhi, India, 2005;
ISBN 978-81-265-0972-0.

41. Sharma, Y.R. Elementary Organic Spectroscopy; S. Chand Publishing: New Delhi, India, 2007; ISBN 81-219-2884-2.
42. Yu, G.; Ma, C.; Li, J. Flame Retardant Effect of Cytosine Pyrophosphate and Pentaerythritol on Polypropylene. Compos. Part B

Eng. 2020, 180, 107520. [CrossRef]
43. Oli, H.B.; Parajuli, D.L.; Sharma, S.; Chapagain, A.; Yadav, A.P. Adsorption Isotherm and Activation Energy of Inhibition of

Alkaloids on Mild Steel Surface in Acidic Medium. Amrit Res. J. 2021, 2, 59–67. [CrossRef]
44. Wang, J.; Guo, X. Adsorption Isotherm Models: Classification, Physical Meaning, Application and Solving Method. Chemosphere

2020, 258, 127279. [CrossRef]
45. Ituen, E.; Akaranta, O.; James, A. Evaluation of Performance of Corrosion Inhibitors Using Adsorption Isotherm Models: An

Overview. Chem. Sci. Int. J. 2017, 18, 1–34. [CrossRef]
46. Andoor, P.A.; Okeoma, K.B.; Mbamara, U.S. Adsorption and Thermodynamic Studies of the Corrosion Inhibition Effect of

Rosmarinus Officinalis L. Leaves on Aluminium Alloy in 0.25 M HCl and Effect of an External Magnetic Field. Int. J. Phys. Sci.
2021, 16, 79–95.

47. Karki, N.; Choudhary, Y.; Yadav, A.P. Thermodynamic, Adsorption and Corrosion Inhibition Studies of Mild Steel by Artemisia
Vulgaris Extract from Methanol as Green Corrosion Inhibitor in Acid Medium. J. Nepal Chem. Soc. 2018, 39, 76–85. [CrossRef]

48. Tan, B.; Zhang, S.; He, J.; Li, W.; Qiang, Y.; Wang, Q.; Xu, C.; Chen, S. Insight into Anti-Corrosion Mechanism of Tetrazole
Derivatives for X80 Steel in 0.5 M H2SO4 Medium: Combined Experimental and Theoretical Researches. J. Mol. Liq. 2021,
321, 114464. [CrossRef]

49. Karki, N.; Neupane, S.; Gupta, D.K.; Das, A.K.; Singh, S.; Koju, G.M.; Chaudhary, Y.; Yadav, A.P. Berberine Isolated from Mahonia
Nepalensis as an Eco-Friendly and Thermally Stable Corrosion Inhibitor for Mild Steel in Acid Medium. Arab. J. Chem. 2021,
14, 103423. [CrossRef]

50. Elmsellem, H.; Nacer, H.; Halaimia, F.; Aouniti, A.; Lakehal, I.; Chetouani, A.; Al-Deyab, S.; Warad, I.; Touzani, R.; Hammouti, B.
Anti-Corrosive Properties and Quantum Chemical Study of (E)-4-Methoxy-N-(Methoxybenzylidene) Aniline and (E)-N-(4-
Methoxybenzylidene)-4-Nitroaniline Coating on Mild Steel in Molar Hydrochloric. Int. J. Electrochem. Sci. 2014, 9, 5328–5351.

51. Alagta, A.; Felhösi, I.; Bertoti, I.; Kálmán, E. Corrosion Protection Properties of Hydroxamic Acid Self-Assembled Monolayer on
Carbon Steel. Corros. Sci. 2008, 50, 1644–1649. [CrossRef]

52. Bentiss, F.; Traisnel, M.; Lagrenee, M. The Substituted 1, 3, 4-Oxadiazoles: A New Class of Corrosion Inhibitors of Mild Steel in
Acidic Media. Corros. Sci. 2000, 42, 127–146. [CrossRef]

53. Hegazy, M.; Abdallah, M.; Awad, M.; Rezk, M. Three Novel Di-Quaternary Ammonium Salts as Corrosion Inhibitors for API X65
Steel Pipeline in Acidic Solution. Part I: Experimental Results. Corros. Sci. 2014, 81, 54–64. [CrossRef]
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