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In pursuit of greener corrosion control, this study evaluates Trametes versicolor (Turkey Tail Mushroom)
extract as a corrosion inhibitor for mild steel in 1 M HCI. Using experimental and theoretical approaches,
the extract achieved up to 92.1% inhibition efficiency at 800 mg/L, though efficiency declined with higher
temperatures, suggesting predominantly physical adsorption with possible chemisorption. GC-MS/MS and
FTIR analyses revealed various bioactive compounds—mainly flavonoids and polyphenols—containing
functional groups like hydroxyl, carbonyl, and amine that promote protective film formation on the metal
surface. UV-Vis spectroscopy confirmed iron-inhibitor complex formation, indicating chemical interac-
tions at the interface. To support these results, DFT, MD, and MC simulations provided molecular-level
insights into adsorption behavior, highlighting myricetin and rutin as key compounds with strong binding
affinities and favorable electronic properties. A QSAR model with 22 molecular descriptors was devel-
oped to predict adsorption energies, identifying frontier orbital energies and surface area as major factors
influencing inhibitor performance. These findings demonstrate the potential of T. versicolor extract as an
eco-friendly corrosion inhibitor and offer valuable molecular insights for designing bio-based corrosion
control strategies.

Keywords: Trametes versicolor, Corrosion inhibition, Phytochemicals, Molecular dynamics simulations,
Sustainable inhibitors

1. Introduction

Iron and its alloys are widely utilized across various
industries due to their strength, durability, and
versatility [1-4]. However, when exposed to aggressive
environments, they are highly susceptible to corrosion,
which
functionality. One of the most effective strategies for

compromises  structural integrity and
mitigating corrosion is the use of inhibitors, which slow
down the corrosion process and significantly reduce
the degradation rate [5-9]. Traditionally, inorganic
compounds such as phosphates, chromates, silicates,

borates, tungstates, molybdates, and arsenates have
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inhibitors. These
substances have also been incorporated into primers

been employed as corrosion

and protective coatings to enhance metal longevity
[10,11]. their
environmental and health risks, leading to growing

However, toxicity poses severe
concerns and regulatory restrictions on their use. In
response to these challenges, the advancement of green
chemistry has driven the search for environmentally
friendly, Natural

compounds derived from plant and microbial sources

non-toxic corrosion inhibitors.
have gained significant attention as sustainable
alternatives for steel protection in acidic environments.
The effectiveness of these bio-based inhibitors is
attributed to their strong adsorption capabilities,
facilitated by active molecular components such as
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tannins, alkaloids, amino acids, and other organic
compounds containing heteroatoms like sulfur (S),
nitrogen (N), and oxygen (O) [12-15]. These functional
groups act as reactive centers, enabling adsorption onto
the metal surface and forming a protective film that
acts as a barrier against corrosive agents. The inhibition
efficiency of these compounds depends on the
mechanical stability, structural integrity, and chemical
properties of the adsorption layers formed under
specific environmental conditions. With the increasing
emphasis on sustainable industrial practices, research
into bio-based inhibitors continues to expand, offering
promising solutions for corrosion control while
minimizing environmental impact.

Although numerous studies have explored various
synthetic chemical inhibitors—including imidothiazoles
[16], epoxy resins and monomers [7,17-20], Schiff bases
[21], pharmaceutical compounds [22], nanomaterials [9-11],
smart coatings [23] and a wide range of plant extracts
[3,24-27] - research on mushroom-derived extracts as
corrosion inhibitors for metals and alloys remains
relatively limited. Despite their potential as eco-friendly
and sustainable alternatives, the use of fungal extracts in
corrosion protection has not been extensively investigated,
leaving a gap in the exploration of bio-based inhibitors
with unique biochemical properties and adsorption
mechanisms. Suarez-Hernandez et al. [28], investigated
the corrosion inhibition potential of Ganoderma lucidum
(Reishi Mushroom) extract for carbon steel in 0.5 M
H,SO,. Through weight loss measurements, they reported
an inhibition efficiency of 92%, stressing the extract's
strong protective capabilities. Ivusi¢ [29] explored the
corrosion inhibition potential of various fungal extracts
derived from species such as Lactarius volemus, Rozites
caperata, and Boletus pinophilus for carbon steel in a
0.5% NaCl solution. The study provided evidence of the
effectiveness of these natural extracts in mitigating
corrosion, further supporting the viability of fungi-derived
bio-inhibitors as sustainable alternatives for protecting
metals in chloride-rich environments. In an intriguing
study, Pereira Monteiro et al. [30] utilized fungal biomass
derived from cocoa bean shells (FBCS), produced through
solid-state fermentation (SSF) with Penicillium roqueforti,
as a natural corrosion inhibitor for carbon steel ina 0.5 M
HCI solution. Their findings demonstrated a remarkable
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maximum inhibition efficiency of 93%, highlighting the
potential of fungal-based biomass in corrosion protection
of metals.

This study systematically explored the corrosion
resistance of Trametes versicolor extract (TVE) on mild
steel (MS) in a 1 M HCI environment using a combined
experimental and theoretical approach. Gravimetric
analysis was conducted to evaluate its inhibition
efficiency, while computational methods - including density
functional theory (DFT) calculations, molecular dynamics
(MD) simulations, and Monte Carlo (MC) simulations -
were employed to gain deeper insights into the inhibition
mechanism. These theoretical investigations provided a
detailed understanding of the molecular structures and
adsorption behavior of key active compounds in the
extract, correlating their chemical properties with the
observed corrosion inhibition performance. The integration
of experimental and computational techniques highlights
the potential of this natural extract as a sustainable and
effective corrosion inhibitor.

2. Methods

2.1 Mushroom collection and treatment

Samples of Trametes versicolor were collected in
Gérmia Park, near Prishtina, from a Fagus sylvatica forest,
specifically from fallen wood and branches. Prior to
collection, specimens were photographed in situ and then
carefully wrapped in aluminum foil. Collection was
conducted with attention to maintaining the quality and
purity of the samples. Only healthy fruiting bodies, free
from visible contaminants, were selected. After collection,
samples were gently cleaned to remove surface impurities
such as dust and organic residues. The mushrooms were
then dried under controlled conditions to preserve their
bioactive compounds and prevent microbial growth. Once
fully dried, the specimens were finely ground into a
powder to facilitate the extraction process and subsequent
experimental analyses.

2.2 Soxhlet Extraction Process

A 4 g sample of dried and finely pulverized Trametes
versicolor mushroom was placed in a thimble and inserted
into the Soxhlet extraction apparatus. Methanol was used
as the extraction solvent, and the process was conducted
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for 6 hours. Following extraction, the solvent volume was
concentrated to 4 mL using a rotary evaporator and
subsequently stored at -10°C. Prior to corrosion
measurements and FTIR analysis, the extract underwent
further evaporation to remove any residual solvent.

2.3 GC-MS/MS characterization of Trametes versicolor
extract

Samples were analyzed using a GC-MS/MS system
operating under the Slow100.m method. Separation was
achieved on an Agilent DB-1 capillary column (12 m x
200 pm x 0.33 pm). The oven was programmed from
50°C (0.25 min hold) to 220 °C at 65 °C/min, then to
290 °C at 40 °C/min (5.38 min hold). Total run time was
9.99 min with helium as the carrier gas at 0.8 mL/min
(constant flow). Injection was performed in pulsed split
mode (100:1) at 290 °C using a 1 pL injection volume.
The inlet pulse pressure was 25 psi for 0.5 min. The MS
transfer line was set to 290 °C. The collision cell used
helium (1.25 mL/min) and nitrogen (1.5 mL/min) as
quench and collision gases, respectively.

2.4 FTIR measurements

The solid residues obtained from mushroom extracts
after solvent evaporation were analyzed using FTIR
spectroscopy. A Shimazdu instrument was employed to
record spectra in the 4500400 cm™ range, using KBr
pellets. These measurements were performed with a
resolution of 2 em™, and each spectrum was acquired over
500 scans to ensure high spectral accuracy.

2.5 Gravimetric tests

The mass loss measurement method offers a
straightforward and cost-effective approach to evaluating
corrosion inhibition, requiring minimal equipment [31-
33]. This technique involves determining the change in
mass of a surface sample after a 6-hour immersion in a
corrosive solution, both in the presence and absence of
the plant extract inhibitor, at a controlled temperature of
298 K. The metal surface is meticulously prepared before
testing by sequential polishing with fine-grit sandpaper
(ranging from 1200 to 100 grit) to eliminate surface
imperfections and etching marks. Prior to immersion, the
sample is thoroughly rinsed with distilled water and dried
using a nitrogen stream to ensure consistency. The
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corrosion rate (Cy) and inhibition efficiency (p,,) are then
calculated using the following equations:

Cp= o I
R AxT M
0 0i
C, —
pyl%] = == x 100 @
CR

All gravimetric measurements were performed in
triplicate to ensure experimental reproducibility. The
reported values represent the mean of three independent
trials, with variations between replicates not exceeding 2-
3%. The standard deviation of mass loss measurements
remained below 0.01 g, and the corresponding relative
standard deviations (RSDs) were consistently under 3.5%,
confirming the high precision and reliability of the
experimental data.

2.6 Computational studies (DFT, MC and MD)

To optimize the molecular structures, the DMol® module
within the Biovia Materials Studio (MatS) suite was
employed, utilizing Density Functional Theory (DFT)
calculations at the M06-L/DND level, incorporating the
COSMO solvation model for solvent inclusion [34-36].
To investigate the adsorption behavior and interaction
mechanisms between the inhibitor molecules and the mild
steel (MS) surface, Monte Carlo (MC) and Molecular
Dynamics (MD) simulations were conducted. The
molecular species under study - Rutin, Tentoxin,
Ergosterol, Myricetin - were modeled in interaction with
the MS surface [37-40]. MC and MD simulations are
widely recognized for their ability to predict adsorption
configurations and quantify the interaction energy
between inhibitor molecules and metallic surfaces
[32,41,42].The Forcite module in the MatS package was
employed to simulate the adsorption process of the
inhibitors onto the Fe(110) surface, chosen due to its high
stability among iron crystallographic planes. The system
was constructed using a periodic simulation box with
dimensions 24.8 A x 24.8 A x 82 A, along with a 45 A
vacuum layer to prevent boundary effects. The Fe(110)
surface was modeled as a multi-layered atomic slab to
closely represent real-world metal interfaces [31,32,37,38].
In the computational system, a single inhibitor molecule
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was introduced alongside 850 water molecules, 10
hydronium ions, and 10 chloride ions, effectively replicating
the electrochemical environment. The NVT ensemble was
applied in combination with the COMPASSIII force field
[43-45], maintaining a temperature of 295 K, a time step
of 1 fs, and a total simulation time of 800 picoseconds
[20,46-51]. Due to the inherent challenges in directly
characterizing the formation and density of thin inhibitor
films at metal-corrodent interfaces, the MD method was
utilized to approximate inhibitor film density over
simulation steps [52,53]. Conventional experimental
techniques have historically struggled to provide accurate
density measurements for these protective films,
reinforcing the necessity of computational methodologies
in elucidating inhibitor behavior at the molecular level.

2.7 Multiple Regression Analysis — QSAR

Multiple regression analysis [54,55] was employed in
this study to predict Monte Carlo adsorption energies
based on structural features of the inhibitors, thereby
constructing a robust QSAR [56] predictive model.
Multiple linear regression extends simple linear regression
to include more than one explanatory variable. The linear
multiple regression equation is expressed as:

Y= Ag+ S A, 3)
s=1

where

- Y —the dependent variable;

- W, W,,.., W, —the independent variables;

- n—the number of independent variables;

- Ay, 4,, ..., 4, —the unknown regression coefficients.
The unknown coefficients are estimated based on 7

observation for the dependent variable Y, and for each of

the independent variables W’s where i = 1,2,..., T.
Let us first write the sample regression function as

follows:

n
Yp=dy= S AW te;ip=12..T (4

where &, is the residual term, Y - the pth observation of the

dependent variable W, ..., W, —the p-thobservation of
the Wy, Wy, ., W,.
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In our case:

W,: Connolly surface area (Atom Volumes and
Surfaces); W, : Connolly surface occupied volume (Atom
Volumes and Surfaces); W,: HOMO eigenvalue (VAMP
Electrostatics); W, LUMO (VAMP
Electrostatics); W;: Total dipole (VAMP Electrostatics);
W,: Dipole x (VAMP Electrostatics); W,: Dipole y (VAMP
Electrostatics); W;: Dipole z (VAMP Electrostatics); W,
Mean polarizability (VAMP Electrostatics); W,
Hydrogen bond donor (Fast Descriptors); W,,: Hydrogen
W,,: AlogP (Fast
Descriptors); W,;: Balaban index JX (Fast Descriptors);
W,, : Balaban index JY (Fast Descriptors); W,,: Wiener
Zagreb index (Fast

eigenvalue

bond acceptor (Fast Descriptors);

index (Fast Descriptors); W,:
Descriptors); W,,: Molecular area (vdW area) (Spatial
Descriptors); W,,: Molecular volume (vdW volume) (Spatial
Descriptors); W,,: Ellipsoidal volume (Spatial Descriptors);
W,,: Dipole moment (magnitude) (Spatial Descriptors);
W,,: Dipole moment X (Spatial Descriptors); ,,: Dipole
moment Y (Spatial Descriptors); ¥: Eads.

We can use a least squares technique to calculate estimates
A,,. This

of Iéfo, ,éf], ...,Afn of the coefficients 4, 4,, ...,

amounts to minimizing the expression:
T n N A T
= Y Y=gt d, Wy, + .. +4,W, )] = 3 &,
=1 p=1
Taking the partial derivatives of E with respect to A 0>

AA1 , ..., A, that is 6_{5’ 6_1:7’ s 6_{? and setting them
04, 04, 04,

equal to zero, gives the following set of equations(called

the normal equations):

i $ i $ )i S, ®

T A AT N T A T
Z,Wlp Ay+ Z,Wlp A+ + ZWIPW,,]) p= ZYI,WI7 (6)
p=1 P p=1 r=1

=1

(2 JAO+(2 Wlszp]A +...+[p§ szWnp]Ap—pinpyp )

=1
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T N T n T 5|« T
(Z WanAo“'(Z Wlanp]A1+“'+[z WanAp_ S WY, (8)
=1 p=1 p=1 p=1
The above system of equations can be written in matrix
form:
M4 = N Equation (8)

T
| 3

Retention time [min]  Relative Concentration [%]

Compound name

2.960 17.860 Rutin

1.866 12.690 Tentoxin

5.880 10.860 Ergosterol

2.652 8.310 Muyricetin

4.061 5.440 D-Glucosyl-8-1,1'-N-palmitoyl-D-erythro-sphingosine
5.695 4.380 Meleagrin

1.257 2.970 Dulcitol

1.667 2.300 Stachydrine

2.050 1.810 Kojic Acid

1.531 1.420 2-azainosine

2.597 0.910 Ergocorninine

2.502 0.640 Elaidic Acid

1.838 0.480 2.4-Di-tert-butylphenol

(107 TICScan MeOH 2.6

1.866 2960

Myricetin Ergosterol Meleagrin

OH
HO

2,4-Di-tert-butylphenol

N-(hexadecanoyl)-1-beta-glucosyl-sphing-4-enine

(o]

Z OH
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\
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Fig. 1. Chromatogram of the Trametes versicolor extract (TVE) obtained through gas chromatography-tandem mass
spectrometry (GC-MS/MS); The figure highlights the most representative bioactive compounds detected, along with their

chemical structures and relative concentrations

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.6, 2025

415



QFENDRIM RAMSHAJ, ADELINA HALILI, VEPRIM THAGI, JETON HALILI, VALBONE MEHMETI, BEHAR BAXHAKU, MAKFIRE

SADIKU, ILIR MAZREKU, ARIANIT REKA, AND AVNI BERISHA

N is a symmetric matrix.

We can obtain estimates for the coefficients A 0 A 1o A .
by successive elimination or by solving for the inverse of
N. That is

A=M'N (10)

where M~' — is the inverse matrix of the matrix M.

After solving for AAO, A 1> ...,/fn, the estimates of the
dependent variable observations Y ,» can be obtained as
follows:

A n

Y,=Ady= Y AW, ip=12..T (11)
s=1

3. Results and Discussion

3.1 Chemical constituents in TVE

The analysis of the Trametes versicolor extract (TVE)
was carried out using gas chromatography-tandem mass
spectrometry (GC-MS/MS) to identify and quantify the
bioactive compounds present. The resulting chromatogram,
highlighting the most representative compounds, along
with their chemical structures and relative concentrations,
is presented in Fig. 1.

The TVE contains a diverse range of bioactive
compounds, including: Rutin, Tentoxin, Ergosterol,
D-Glucosyl-B-1,1'-N-palmitoyl-D-erythro-
sphingosine, Meleagrin, Dulcitol, Stachydrine, and Kojic

Myricetin,

Acid, among others. These compounds exhibit structural
features such as conjugated double bonds, polar functional
groups (hydroxyl, carbonyl, and amine groups), and
heteroatoms (oxygen, nitrogen, and sulfur). Due to their
molecular architecture, these constituents may interact
with metallic surfaces, potentially forming a protective
layer that hinders oxidation and metal dissolution, thereby
acting as corrosion inhibitors. Their inhibition efficiency
potential could be attributed to adsorption on metal
surfaces.

3.2 FTIR characterization

To identify the chemical constituents, present in the
TVE, Fourier Transform Infrared (FTIR) spectroscopy
was conducted at 25 °C, with the corresponding spectrum
illustrated in Fig. 2.
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Fig. 2. FTIR spectra of the Trametes versicolor extract
(TVE)

The spectrum obtained at 25°C reveals a distinct
absorption peak at 3410 cm™, characteristic of O-H
functional groups, which are known to play a role in metal
passivation. Furthermore, a prominent signal appears at
2927 cm’, indicative of N-H bonds, most likely associated
with amine groups (in molecules like: meleagrin,
ergocornine). Such compounds are widely recognized for
their effectiveness as corrosion inhibitors, particularly for
iron and steel in acidic environments. A pronounced signal
at 1629 cm™ corresponds to the C=O bond, serving as
strong evidence for the resence of carboxylic acid moieties
in the extract. Additionally, a distinct absorption band at
1395 m™ is associated with C-C vibrations, a characteristic
feature of aromatic ring structures. The signal detected at
1046 cm™ is assigned to C-N stretching, indicative of
amine or amide functional groups, while the absorption
peak near 990 cm™ corresponds to the vibrational modes
of C-H bonds.

3.3 UV-VIS

Fig. 3 illustrates the UV-Vis spectra of TVE before and
after immersing mild steel samples. According to previous
studies, any shift in the position or intensity of the
maximum absorbance peak in a UV-Vis spectrum suggests
the formation of a complex between the interacting
substances in the solution. In the spectrum, two key
absorption bands are observed.

The first, appearing in the 200-215nm range,

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.6, 2025
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Fig. 3. UV-vis spectra of TVE before (a) and after
immersion (b) of mild steel

corresponds to n—o* and m—n* electronic transitions,
which are characteristic of functional groups such as
carboxyl, ester, carbonyl, and amines [57]. The second
absorption band, located around 260-280 nm, is attributed
to m—m* transitions commonly found in aromatic and
polyaromatic compounds within conjugated molecular
structures. After immersion of the mild steel, both
absorption peaks exhibited a blue shift (a shift to lower
wavelengths) compared to the original TVE spectrum.
This shift indicates the formation of a complex between
the extract's active molecules and Fe?' ions, further
supporting the extract’s role in corrosion inhibition.

3.4 Gravimetric test

3.4.1 Effect of TVE extract concentration

Fig. 4 presents the results of the gravimetric analysis,
illustrating how different concentrations of TVE extract
influence key parameters such as corrosion rate (C) and
inhibition efficiency at 298 K. As shown in Fig. 2, TVE
demonstrates remarkable effectiveness in inhibiting mild
steel (MS) corrosion in a 1 M HCI solution, achieving a
maximum inhibition efficiency of 92.1% at a concentration
of 800 mg/L. This high level of protection is attributed
to the adsorption of the extract’s components, which
facilitate the formation of a robust organic layer on the
metal surface. This protective barrier significantly reduces
the impact of aggressive ions, thereby minimizing
corrosion in the acidic environment [58-60].

The gravimetric analysis indicates that the inhibitor

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.6, 2025
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Fig. 4. The development of inhibiting efficiency and C; in
1 M HCl without and with TVE in the c¢= [200-800 mg/L]

molecules in the extract readily adsorb onto the metal
surface, primarily due to the presence of multiple active
sites. These include oxygen atoms (O) and n-bonds, which
facilitate strong interactions with the metal, enhancing the
formation of a protective barrier that mitigates corrosion [60].

3.4.2 Effect of immersion time

As shown in Fig. 5, the presence of the extract in the
1 M HCI solution significantly reduces the corrosion rate
(CR) over an extended immersion period. Notably, after
24 hours, the CR stabilizes while maintaining a relatively
high inhibition efficiency. This behavior can be attributed
to the displacement of water molecules at the metal-
electrolyte interface by the organic molecules in the

T 0.80
93 4
=078

90 A L 0.76

-0.74

Cr, gecm2h”!
/°/
Y
©
Heorr? %

L 0.72
sl

T T T T T 0.70
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Fig. 5. The development of inhibiting efficiency and C, in 1

M HCI without and with TVE at different immersion times
[¢=800 mg/L]
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extract, which adsorb onto the surface. Consequently, the
formation of a stable and durable protective coating
effectively minimizes corrosion, ensuring sustained
inhibition over time [61-63].

3.4.3. Effect of temperature and different values of
the thermodynamic parameters

To understand the thermodynamic reactivity of the
TVE extract on the catalytic sites of steel when
changing the temperature parameter, we performed
mass loss studies of MS in 1M HCI acid without and
with inhibitor, at a temperature from 308 to 328 K for
immersion time of 8h and at a concentration of
800 mg/L. in which the inhibition efficiency reaches
the maximum value at T =35 °C. The results of this
study are presented in Table 1.

To further elucidate the thermodynamic nature of the
adsorption process, the standard free energy of adsorption
(AGY

ads. ) Was calculated using the Langmuir adsorption

model based on inhibition efficiencies at a fixed inhibitor
concentration (800 mg/L) and varying temperatures. The
surface coverage (0) values were derived from the
experimental inhibition efficiencies and used to estimate
the adsorption equilibrium constant (K, ) at 308, 318,
and 328 K. The resulting AGy,
—31.95, and —30.60 kJ/mol, respectively. These negative

s values were —31.87,
values confirm that the adsorption of Trametes versicolor
extract components onto the mild steel surface is a
spontaneous process. Furthermore, the magnitudes of
AGY, fall within the typical range for physisorption
(-20 to -40kJ/mol), indicating that the adsorption is
primarily governed by electrostatic interactions and
hydrogen bonding, possibly supported by very weak
chemisorptive contributions [12-15]. The slight decrease
in AG®,,
adsorption strength, which is consistent with the observed

~at higher temperatures suggests a decline in

S.

reduction in inhibition efficiency due to desorption effects.

To have a clear concept on the evolution of
electrochemical reactions involved during the process of
inhibiting the corrosion of metals. The determination of
thermodynamic quantities such as the enthalpy of
0

act

adsorption AH’ and the

s » the activation energy E

entropy AS_ , allow us to know the type and mechanism

of adsorption.

The apparent Egc was determined from the slopes of

t
0

In (Cy) versus 1000/T shown in Fig. 6. The E,_, are
therefore determined by the following relationship:
Eqe
In(Cp) = In(4) - —= (12)

RT

At the same time, the values of free enthalpy and the

entropy of adsorption are thus determined by the
following relation [64,65]:

CR R ASst AHst
ln(—) = ln(—}) +—-
T N R RT

(13)

C
Fig. 3 gives the variation of ln(%) depending on the

opposite of the absolute temperature in the form of straight

ads .
and extrapolation
RT P

lines with temperature slope —

. . R AS tolds
of these lines gives the values of ln(m) + ' from

which the values of AHZ 4 are calculated.

Table 1 indicates that as the temperature increases, the
inhibition efficiency of the TVE extract decreases, while
the corrosion rate (Cy) rises. This trend suggests that the
inhibitor gradually desorbs from the MS surface at higher
temperatures. Additionally, the activation energy in the
presence of the inhibitor is higher than in its absence,
implying that the adsorption mechanism is predominantly

Table 1. Different values of the thermodynamic adsorption parameters of the system in the presence and absence of the TVE

extract
308K 318K 328K 0 0
Inhibitor Cy ) Cy o Cy o [k?/‘;ﬁﬂ] [lé]l/-llltljgl]
[g/cmzh] HW [/0] [g/cmlh] HW [A’] [g/cmzh] “W [/0]
IM HCI 1.2901 - 1.997 - 3.812 - 45.39 42.75
800 mg/L of TVE  0.1484 92.0154 0.2841 88.9208 0.8211 77.213 71.64 68.99
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Fig. 6. Arrhenius transition curves for the C; of MS
coupons immersed in the 1M HCI acid solution without and
with the TVE

physisorption. This means the inhibitor interacts with the
metal surface through electrostatic forces rather than
forming strong chemical bonds.

The positive sign of enthalpy AH', , as determined

from Fig. 6, indicates that the corrosion process slows
down significantly after the addition of the TVE extract.
The higher enthalpy value in the presence of the inhibitor
suggests that the adsorption of TVE onto the metal surface
requires energy, making the dissolution process less
favorable. This confirms that metal dissolution in this
system is endothermic, meaning it absorbs heat to
proceed.

Tentoxin

Myricetin

3.6 DFT

To begin with, the process started by performing a
conformer search using Random Sampling, generating a
pool of 1000 possible structures [66]. This search was
guided by the COMPASS I force field, which helped
estimate the initial energies of the conformers. The
primary goal at this stage was to identify the structure
with the lowest possible energy—serving as an ideal
starting point for the subsequent DFT calculations and
helping streamline their computational cost. As illustrated
in Fig. 7, the DFT workflow began by selecting the
conformer with the minimum energy from the generated
set.

To generate the sigma-profile charge density curve, the
COSMO model employs partially charged atomic nuclei
to represent the electrostatic potential across the molecular
surface [67].

When an inhibitor dissolves in water, it engages in
hydrogen bonding - acting either as an H-bond donor or
acceptor - with surrounding water molecules. This
behavior plays a crucial role in determining the solubility
of the inhibitor. As illustrated in Fig. 8, all inhibitors
display peaks in their screening charge density profiles
beyond +0.01 and below —0.01, indicating that they
exhibit both H-bond donating and accepting capabilities.

Fig. 9 provides insight into the electronic behavior of
the inhibitors. For the inhibitors, the highest occupied
molecular orbital (HOMO) is localized on one side of the
O-containing ring, while the lowest unoccupied molecular
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Fig. 7. The energy profile of the conformer search and the lowest energy structures of the inhibitors
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Fig. 9. HOMO, LUMO, and ESP of the inhibitors

orbital (LUMO) is positioned on the opposite side. This
spatial separation suggests directional electron donation
and acceptance, which is essential for their interaction
with the metal surface [52,53]. The presence of
heteroatoms like oxygen (O) and nitrogen (N) enhances
this interaction, as their lone pair electrons can coordinate
with the empty d-orbitals of iron. This lone pair exchange
significantly boosts the molecule’s adsorption strength on
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the metal surface, thereby enhancing its protective
efficacy. The electrostatic potential (ESP) maps generated
using DMol® reveal distinct differences in the charge
distribution of the investigated molecules, providing
valuable insights into their potential as corrosion
inhibitors. Ergosterol exhibits a largely neutral surface
with minimal red or blue regions, indicating low polarity
and limited active sites for interaction with metal surfaces.
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In contrast, myricetin and rutin display pronounced
regions of negative and positive potential, particularly
around hydroxyl and aromatic moieties, suggesting a
strong capacity for electron donation and adsorption onto
metal surfaces. Notably, rutin shows an extensive polar
surface with highly localized charge densities, highlighting
its superior potential as a corrosion inhibitor. Tentoxin,
while demonstrating moderate ESP variation near its
amide and carbonyl functionalities, presents fewer
reactive zones compared to the flavonoids. Overall, the
ESP analysis underscores the enhanced inhibition
efficiency of rutin and myricetin due to their rich electron
density distribution and polar functional groups, whereas
ergosterol and tentoxin appear less favorable for strong
surface interactions. The DFT-derived descriptors (Table
2) proved to be very important in elucidating the electronic
and structural features of the molecules acting as corrosion
inhibitors. The equations used for these calculations are
provided elsewhere. The efficiency of a molecule as a
corrosion inhibitor is closely related to its electronic
properties, particularly its frontier molecular orbitals and
global reactivity descriptors derived from density
functional theory (DFT). Among the studied compounds
- ergosterol, myricetin, rutin, and tentoxin - distinct

variations in electronic behavior were observed,
suggesting different mechanisms and degrees of
interaction with metallic surfaces.

The energy of the highest occupied molecular orbital
(HOMO) indicates the electron-donating capability of the
molecule, with ergosterol exhibiting the highest HOMO
value (-4.78 eV), implying a greater tendency to donate
electrons to vacant d-orbitals of metal atoms and form
coordinate bonds. However, its relatively large HOMO—
LUMO gap (3.605 eV), high global hardness (1.80 eV),
and low softness (0.55 eV) suggest limited reactivity,
classifying ergosterol as a moderately effective inhibitor,
primarily through donor-based interactions. In contrast,
myricetin displayed the most favorable electronic
characteristics for corrosion inhibition. It possessed the
lowest HOMO-LUMO energy gap (2.591 eV), indicating
higher molecular reactivity and readiness to interact with
the metal surface. Furthermore, its high electronegativity
(3.88 V), low hardness (1.29 eV), and the highest global
softness (0.77 eV) enhance its ability to participate in
charge transfer processes. Myricetin also showed the
highest global electrophilicity index (5.81 eV), electrodonating
power (7.91 eV), and electroaccepting power (4.03 eV),
all pointing toward its strong dual nature as both electron

Table 2. DFT-derived electronic descriptors of four selected TVE extracts, highlighting their potential as corrosion inhibitors

Parameter Ergosterol Myricetin Rutin Tentoxin
HOMO -4.7800 -5.174 -5.403 -5.900
LUMO -1.1750 -2.583 -2.25 -2.404
AE(HOMO-LUMO) 3.605 2.591 3.153 3.496
Ionization energy (I) 4.7800 5.174 5.403 5.900
Electron affinity A) 1.1750 2.583 2.25 2.404
Electronegativity (X) 2.9775 3.8785 3.8265 4.152
Global hardness (1) 1.8025 1.2955 1.5765 1.748
Chemical potential () -2.9775 -3.8785 -3.8265 -4.152
Global softness (o) 0.5548 0.771903 0.634317 0.572
Global electrophilicity (o) 2.4592 5.805775 4.643864 4.931
Electrodonating (®-) power 4.1733 7.906962 6.754176 7.226
Electroappcepting (m+) power 1.1958 4.028462 2.927676 3.074
Net electrophilicity (Aw+-) 0.9562 3.901991 2.77962 2.935
Fraction of transferred electrons (AN) 0.0700 -0.25029 -0.18918 -0.264
Energy from Inhb to Metals (AN) 0.0088 0.081156 0.056424 0.122
AE back-donation -0.4506 -0.32388 -0.39413 -0.437
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donor and acceptor. This is further supported by its high
net electrophilicity (Aw™ =3.90 eV) and favorable energy
exchange with the metal surface (AN = 0.081), making it
the most promising candidate among the tested molecules.
Rutin presented intermediate behavior with a HOMO-
LUMO gap of 3.15 eV, global softness of 0.63 eV, and
moderate electrophilicity (4.64 eV). While its capacity to
donate and accept electrons was notable, its values were
consistently lower than those of myricetin, implying a
lesser, albeit still significant, inhibition performance.
Tentoxin, on the other hand, exhibited characteristics
indicative of strong electron-accepting ability. It had a high
electronegativity (4.15eV), considerable electrophilicity
(4.93 eV), and the most negative value for the fraction of
transferred electrons (AN =—0.264), suggesting that it can
act as an electron sink during adsorption. Although it does
not match myricetin in softness or reactivity, tentoxin’s
balanced donor-acceptor properties and favorable
interaction energy with the metal support its potential as
an effective corrosion inhibitor. The DFT descriptors
suggest that all four compounds possess the necessary
electronic features to function as corrosion inhibitors [68-
70], with myricetin emerging as the most potent due to
its high reactivity and balanced electronic characteristics.
Tentoxin also demonstrates strong potential, particularly
through its electron-accepting capability, followed by

Tentoxivw

Ergosterol

rutin and ergosterol, which exhibit moderate inhibition
efficiency properties primarily via electron donation.

3.7MC and MD

To gain deeper insights into material corrosion,
researchers frequently employ Monte Carlo (MC)
simulations using the Forcite module within the BIOVIA
software suite. This method enables atomistic modeling
of how ions and molecules interact with metal surfaces
under corrosive conditions. Leveraging quantum
(QM) calculations,

describes the electronic structure and adsorption behavior

mechanical Forcite accurately
of both corrosive species and inhibitor molecules, offering
a detailed view of the processes that govern corrosion at
the atomic scale [21,39,71,72]. The simulations generate
extensive data on interaction energies and molecular
geometries, which can be statistically analyzed to evaluate
the material’s response to environmental factors, such as
the presence of aggressive media [20,46,73,74]. This
approach provides a powerful framework for understanding
corrosion mechanisms and assessing the effectiveness of
potential inhibitors.

The simulation begins with the setup of the simulated
medium and its surrounding environment, followed by
the random selection of ions or molecules to participate
in surface adsorption events, based on the local probability

Rutinv Myricetinv

Fig. 10. MD poses for: a. single inhibitors and b. all four inhibitors interacting with mild steel surface
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of corrosion. As shown in Fig. 10, the inhibitor molecules
demonstrate significant interaction with the metal surface,
a result further validated by Mulliken Atomic Charge
(MAC) analysis [62,63,75,76]. In particular, the oxygen
and nitrogen atoms within the inhibitor structures play a
crucial role in these interactions. This finding is consistent
with previous studies, which have highlighted the strong
affinity of oxygen- and nitrogen-containing functional
groups stable
coordination bonds with surface atoms [31,42].

for metal surfaces, often forming

Therefore, it can be concluded that these heteroatoms
- and especially the hydroxyl groups - contribute
substantially to the inhibition mechanism, a conclusion
also supported by molecular dynamics (MD) simulation
outcomes. Monte Carlo simulation results reveal distinct
adsorption energy profiles for each inhibitor molecule,
reflecting differences in their affinity toward the metal
surface.

As shown in Fig. 11, Rutin exhibits the most negative
adsorption energies, predominantly clustered in the range
of —324 to —270 kcal/mol, indicating strong and stable
adsorption, which is suggestive of a high corrosion
inhibition efficiency. Similarly, Myricetin displays a
narrow distribution of energies centered around —270 to
—216 kcal/mol,
interaction with the surface. Tenoxin shows a moderate

reflecting consistent and favorable

adsorption profile, with most energies falling within the
—270 to —216 kcal/mol range, suggesting a relatively
stable, though less pronounced, surface interaction

-324 -270 -216 -144-132-120

rya
T T 777 T T
[ Ergosterol ]

|
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Fig. 11. Distribution of the adsorption energies for the
studied inhibitors obtained via MC
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compared to Rutin and Myricetin. In contrast, Ergosterol
demonstrates significantly weaker adsorption, with
energies mostly clustered around —144 to —120 kcal/mol,
indicating physisorption-like behavior and a comparatively
lower inhibition potential. The adsorption of inhibitor
molecules onto the metal surface can lead to the formation
of a protective layer that enhances the surface's resistance
to corrosion. This effect is primarily attributed to the high
adsorption energies exhibited by the inhibitors, as
illustrated in Fig. 11. These energies reflect strong
interactions between the inhibitor molecules and the metal
surface, facilitating stable adsorption. Initiated by the
metal’s surface properties, this process results in the
development of a compact and adherent molecular film
that acts as a barrier against corrosive agents, thereby
helping to preserve the metal in its original, uncorroded
state [77-84].

In most publications, theoretical computations of inhibitors
in the context of plant and other extracts are typically
conducted by treating the components as isolated entities.
However, in this study, we have advanced the complexity
by considering more realistic scenarios, where the
individual components of the extract interact simultaneously
with the MS surface. This approach not only reflects more
accurately the conditions encountered in practical applications
but also allows us to explore the synergistic effects of the
extract’s components. As observed in both cases, the
molecules are positioned in close proximity to the surface,
which aligns with their relatively large adsorptive
interaction energies, indicating strong and favorable
interactions. These findings highlight the significance of
collective interactions among extract components and
their potential for more effective surface adsorption.
Molecular dynamics (MD) simulations are widely regarded
as a reliable and accurate approach for investigating
adsorption phenomena on metal surfaces [46,51,73,85].

This perspective is supported by previous research
demonstrating that MD simulation outcomes can be
effectively validated through comparison with both
experimental data and theoretical predictions [42,71,86].
The current findings reinforce the idea that the adsorption
of inhibitor molecules onto metallic surfaces plays a
crucial role in enhancing corrosion resistance, with MD
simulations serving as a powerful tool for exploring these
interactions at the atomic level. Within the context of MD,
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Fig. 12. RDF graph for the O atoms of the analyzed corrosion inhibitors of the TVE extract

the radial distribution function (RDF) is particularly
valuable for examining molecular interactions with surfaces
[9,87,88]. Commonly denoted as “g(r)” the RDF provides
insight into the spatial distribution and structural
organization of atoms or molecules, and its significance
in adsorption studies is well-documented in the literature
[33,39,42]. Our results, presented in Fig. 12, reveal that
the oxygen atoms of these inhibitors are located within
3.5 A of the metal surface, as indicated by the RDF
analysis conducted in this study. This proximity
underscores the key interaction patterns between the
inhibitors and the metal surface, highlighting the strength
and specificity of these interactions.

3.7 The Study of the Film Density and the Self-Diffusion
Coefficients of corrosive species inside the inhibitor film

After the molecular dynamics (MD) simulations, the
density values of the inhibitor-formed films were

Table 3. Parameters for corrosion thin-film model

construction
a=b=c | a=fB=y Density
. 3 Number of Molecules
[A] [°] [g/em’]
2500 water
2 of each inhibitors
43.62 90 0.990 10 chloride
10 hydronium ions
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collected, and their average values are summarized in
Table 3.

The determination of the diffusion coefficient is
calculated by equation (14) [70]:

Na
D= érlim 3 (D=0 (14)
7=

where the ((r;(¢)— ri(O))2> is the mean squared
displacement values obtained from MD trajectory.

Inhibitors influence the movement of corrosive ions -
such as hydronium and chloride - at the interface of the
inhibitor film. Interactions like van der Waals and
Coulomb forces can shift the positions of the film-forming
inhibitor molecules within the corrosive environment,
altering the voids and structure of the film. These changes
directly impact how easily corrosive ions can move
through the film.

At the interface of the inhibitor-formed film, the
mobility of corrosive ions - such as hydronium and
hydronium ions - is significantly influenced by the
mobility of the inhibitor molecules themselves. These
film-forming inhibitors interact with the corrosive
environment through van der Waals and Coulomb forces,
which can cause their displacement within the film. As a
result, the volume and shape of the film’s internal cavities
are altered, directly affecting the diffusion pathways

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.6, 2025
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Fig. 13. a) The molecular dynamics (MD) simulation box setup, and b) the mean squared displacement (MSD) trajectories used
for calculating the diffusion coefficients of the inhibitors and corrosive species

available to corrosive ions. A film with higher molecular
mobility typically allows for greater ion diffusion, as
reflected by a larger diffusion coefficient. The observed
variation in diffusivity among the studied species can be
attributed to differences in molecular size, charge, and
interaction dynamics within the inhibitor film matrix.
Hydronium ions exhibit the highest diffusivity (0.465 A/
ps), consistent with their small size and the well-known
Grotthuss proton-hopping mechanism [89], which facilitates
rapid mobility even in confined environments. In contrast,
chloride ions display a lower diffusivity (0.0747 A%/ps),
likely due to their larger ionic radius and stronger
electrostatic interactions with the surrounding medium,
which hinder their movement. The organic film-forming
inhibitor molecules exhibit diffusivities in the range of
0.10-0.18 A%/ps (Fig. 13), reflecting their larger molecular
structures and the stabilizing van der Waals and
Coulombic interactions they engage in within the film.
These interactions reduce their dynamic freedom, thereby
limiting their overall mobility. Thus, their accumulation
(due to adsorption) in the nearby vicinity of the metal
surface acts as a barrier that prevents the corrosive species
from interacting with the surface, thereby offering surface
protection.

3.8 QSAR Modeling Results

Using R software [56] the correlation matrix and
multiple regression analysis among all of the the
computed QSAR inhibitor properties vs. Eads.
Quantitative Structure—Activity Relationship (QSAR)

CORROSION SCIENCE AND TECHNOLOGY Vol.24 No.6, 2025

modeling was employed to correlate molecular
descriptors of the bioactive compounds in the Trametes
versicolor extract with their adsorption energy (E,,),
obtained from Monte Carlo simulations. The aim was to
predict corrosion inhibition performance based on
molecular structure. The following steps were undertaken:
A. Descriptor Selection: 22 descriptors (W, to W,,) were
initially considered, ranging from quantum chemical
(HOMO, LUMO, dipole) to topological and spatial
descriptors (Zagreb, Wiener indices), and B. Dimensionality
Reduction: Due to multicollinearity and limited data (only
4 molecules: rutin, myricetin, tentoxin, ergosterol), only four
independent variables were retained: W,: Co nnolly surface
area; W,: Connolly surface volume; W,: HOMO, and W :
LUMO (the retained descriptors are physicochemically
relevant: Connolly area/volume relate to surface
accessibility and adsorption potential and the HOMO/
LUMO reflect electron-donating/accepting abilities,

crucial for metal surface interactions).

0
—-0.743178701
0
0.578167981
0.597721025

s
I

and so: y, = —0.743178701X, , + 0.578167981.X;, +
0.597721025X,; p=1,2,3, 4.

4p>
The following table shows the variance for multiple
linear regression.
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Analysis of Variance Table for Linear Multiple Regression

Source of Variance Degree of Freedom Sum of Squares Means Squares
Total T-1 SST=$(¥;- 7 MST = %
Regression n SST = z ( YJ — Y)Z MSR = %
Eror T sST= 307, s

The coefficient of determination and the correlation
coefficient are given by:

P = I—SS—E and r = H—SS—E
SST SST”

Inour case: = 1 =r = 1 The multiple regression
QSAR analysis provides meaningful mechanistic insight
into the molecular determinants of corrosion inhibition.
While preliminary due to the small dataset, it establishes
a valuable framework for screening and optimizing
natural inhibitors using QSAR descriptors.

3.9 Adsorption Mechanism

The molecules identified in TVE, as supported by
existing literature, strongly support the well-established
mechanism of corrosion inhibition under acidic
conditions. The text outlines that these inhibitor molecules
can adhere to the metal surface through four primary
modes of adsorption: (1) electrostatic attraction between
charged inhibitor species and the charged metal surface;
(2) coordination between lone electron pairs on the
molecule and vacant orbitals on the metal; (3) interactions
involving m-electrons from conjugated systems; and (4) a
synergistic combination of these mechanisms.

For physical adsorption to effectively take place in an
acidic medium, two essential conditions must be met: the
metal surface must have available empty orbitals, and the
surrounding solution should contain charged or polarizable
species - such as molecules with delocalized electrons or
heteroatoms bearing lone electron pairs. As depicted in Fig.
14, the studied inhibitors generally operate through a
combined  physisorption—chemisorption = mechanism.
Although scanning electron microscopy (SEM) analysis
was not available during the present study, similar
investigations using plant- and fungi-based corrosion
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Fig. 14. Pictorial diagram of the adsorption mechanism
(Myricetin molecule taken as an example)

inhibitors have consistently shown that such bioactive
compounds form protective films that result in smoother
and more uniform steel surfaces. These films typically
reduce surface roughness and minimize pit formation
caused by acidic corrosion. As supported by literature
[90], the adsorption of flavonoids and polyphenols onto
mild steel creates a compact barrier layer, which aligns
with our proposed mechanism of inhibitor action for the
compounds present in the Trametes versicolor extract.

4. Conclusion

This study comprehensively investigated the corrosion
inhibition potential of Trametes versicolor (Turkey Tail
Mushroom) extract on mild steel in a 1 M HCI solution
using a synergistic experimental-theoretical approach.
Gravimetric measurements demonstrated excellent
inhibition efficiency, reaching 92.1% at 800 mg/L, with
performance decreasing at elevated temperatures—
consistent with a physisorption-dominated mechanism.
Chemical and spectroscopic analyses (GC-MS/MS, FTIR,
and UV-Vis) revealed a diverse array of bioactive
compounds—particularly flavonoids such as myricetin
and rutin—featuring functional groups (hydroxyl,
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carbonyl, and amine) known for their affinity toward
metal surfaces. Computational methods including density
functional theory (DFT), Monte Carlo (MC), and
molecular dynamics (MD) simulations confirmed strong
interactions between the extract’s active constituents and
the Fe(110) surface, particularly through electron donation
and hydrogen bonding. Among the compounds studied,
myricetin exhibited superior electronic characteristics and
adsorption behavior, aligning well with experimental
To further elucidate structure—activity
relationships, a quantitative structure—activity relationship

observations.

(QSAR) model was constructed using 22 molecular
descriptors. The model identified frontier orbital energies
and molecular surface parameters as critical predictors of
adsorption energy, highlighting the potential of QSAR
tools in guiding the rational design of green inhibitors.
Trametes versicolor extract emerges as a sustainable, non-
toxic, and effective corrosion inhibitor. The integration of
experimental techniques with advanced theoretical
modeling offers a robust framework for future screening,
optimization, and application of bio-derived inhibitors in
industrial corrosion control.
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