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Metals and alloys, despite their advantageous properties, can suffer from
reduced corrosion resistance when exposed to certain environments, leading
to high costs of repair or replacement. In reinforced concrete, the corrosion
of steel reinforcements, particularly due to chloride ions, affects material
durability. To mitigate the issue, this study evaluated the corrosion inhibition
efficiency (El1%) of acetaminophen (A1) and acetylsalicylic acid (A2) on
XC48 and mild steel in 1 M hydrochloric acid (HCI). Electrochemical and
gravimetric methods showed that both inhibitors were effective, with a 5.10-3
M concentration yielding notable EI%. Adsorption followed the Langmuir
model. Moreover, computational simulations based on Density Functional
Theory (DFT) were also used in order to acquire a more in-depth and detailed
understanding of how the inhibitor compounds form interactions with
the metallic surface layers, with the aim of enhancing corrosion inhibition
performance. The results highlight the importance of material management
strategies and ongoing research to maximise the durability of metal structures,
reduce environmental impacts and improve the efficiency of corrosion
inhibition methods.

© UMT Press

Introduction

Corrosion represents

a ubiquitous process

production. Over the years, various techniques
that seek to reduce the consequences of such

exerting a substantial impact across multiple
sectors, leading to material degradation,
increased maintenance costs and, in some cases,
catastrophic failures. Cases of loss of material
strength due to corrosive processes translate
into huge financial implications, particularly in
sectors such as building, logistics and industrial

damage have been proposed and the use of
corrosion inhibitors has consistently emerged
as one of the most effective, efficient and cost-
effective strategies of providing protective
measures to metals against progressive
destruction (Al-Amiery et al., 2023; Eliboev et

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1494-1509



CORROSION INHIBITION OF XC48 AND MILD STEEL

al., 2023; Merimi et al., 2024). The mechanism
by which these types of corrosion inhibitors
work is by forming a thin and protective
layer along the metallic surface, so that the
corrosion reaction would not take place even
in cases where such inhibitors are used in
relatively small concentrations. In most cases,
their mechanism of action is related to organic
compounds containing heteroatoms (atoms
other than hydrogen in their molecular structure)
like oxygen (O), nitrogen (N), and sulfur (S) in
their molecular structure. The existence of these
atoms plays an important role in the increased
affinity of the molecules to the surface of the
metal, which in turn improves the adsorption
and helps in building a better barrier to prevent
corrosive reactions.

The success of corrosion inhibitors is
largely based on the adsorption capability of the
metal interface, and the adsorption mechanism
governs the development of a protective layer
over the corrosive species. The behaviour of
this adhesion greatly relies on the electronic
structure of the molecule used as an inhibitor,
which can decide reactivity, distribution of
charges and the potential of attachment to the
metal surface. Furthermore, the interaction of
the inhibitor with the metal is determined by the
adsorption mechanism (physical or chemical);
this basic difference eventually has a decisive
influence on the overall efficiency of corrosion
inhibition. Understanding these mechanisms
is crucial for the creation of superior, eco-
conscious and long-lasting corrosion-preventing
agents (Wan-Nik et al., 2010; Bertolini et al.,
2013; Zulkifli et al., 2021). Nowadays, research
efforts have been largely focused on enhancing
the durability and environmental benefits of
the inhibitors by exploring biodegradable, non-
toxic alternatives that can reduce environmental
impact while offering long-term protection
for metal structures (Zhang et al., 2016;
Kamaruzzaman et al., 2021; Kamaruzzaman et
al., 2022; Merimi et al., 2023).
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Specifically, material management
strategies for extending the service life of
structures have become increasingly important.
Long-term durability and the prevention
of corrosion are vital to the sustainable
management of industrial assets. Our research
team has previously explored various aspects
of corrosion inhibition, identifying key factors
that influence the inhibitory efficiency (EI%)
of different chemical substances, placing
specific emphasis on the function of organic
inhibitors and their adsorption behaviour and
electronic properties. These factors are essential
for developing advanced, cost-effective, and
sustainable solutions to combat corrosion.

To further advance this field and contribute
toward the creation of enhanced and enduring
corrosion-preventing agents, the current study
systematically evaluates the corrosion inhibition
performance of two organic compounds:
Acetaminophen (A1) and acetylsalicylic acid
(A2) (Zhang et al, 2016; Abdallach et al.,
2002; Selma et al., 2002). These inhibitors
were tested on mild steel and carbon steel
in a 1 M hydrochloric acid (HCI) solution, a
common corrosive medium. The findings of this
research aim to acquire critical comprehension
into the efficiency, adsorption characteristics
and potential mechanisms of action of these
inhibitors, while also highlighting their
potential as sustainable corrosion protectants.
This research contributes to ongoing efforts
to enhance corrosion protection, improve the
durability of industrial materials, and promote
environmentally friendly and long-term material
management strategies in industrial applications.

Material and Method
Inhibitors Structure

The chemical structure of inhibitors
acetaminophen (Al) and acetylsalicylic acid
(A2) is illustrated in Figure 1.
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Figure 1: Chemical molecular structures of (A1) acetaminophen and (A2) acetylsalicylic acid

Materials

The initial metal examined was XC48 carbon
steel, with a weight-based elemental composition
of C = 0.48%, Mn = 0.66%, Si = 0.27%, Ni
= 0.02%, Cr = 0.21%, Mo = 0.02%, and Fe =
98.21%. The other metallic material, identified
as mild steel was characterised by the following
elemental make-up by weight: C = 0.076%,
Mn = 0.192%, Cr = 0.050%, Si = 0.026%, P =
0.012%, Cu = 0.135%, Al = 0.023%, and Ni =
0.05%, with the remainder being Fe. Both steel
specimens were machined and prepared in the
form of uniform parallelepiped samples with the
dimension of 2.0 cm x 2.0 cm x 0.5 c¢cm, in order
to guarantee uniform surface area, controlled
geometry, as well as reliable reproducibility
during experiments. For each sample, the
total exposed surface area was approximately
0.28 cm? The specimens were mounted in
an inert resin for subsequent testing. Prior
to each corrosion assay, the specimens were
meticulously polished using sandpaper with
abrasive grades extending from 100 to 2,000,
followed by washing using purified water,
and any residual corrosion inhibitors (Al and
A2) were removed using acetone. Lastly, each
specimen was dried at 298 K to ensure a clean,
dry surface before the corrosion testing (Verma
et al.,2021; Merimi et al., 2023).

Solutions

The acidic medium consisting of 1.0 M HCI
was prepared by diluting 37% reagent-grade
HCl using distilled water. The inhibitors A1 and
A2 were applied at concentrations ranging from
10° M.

Electrochemical Measurements

Electrochemical evaluation was performed
systematically in aerated solutions at 308 K with
the use of a Volta Lab potentiostat (Radiometer
PGZ 100), under static condition control and
continuous control of Voltester 4 software for
the occurrence of reliable and repeatable data
acquisition during the entire experimental
programme. In this study, an experimental setup
was used, comprising a common three-electrode
corrosion system that consisted of a working
electrode made of mild and XC48 steel with an
exposed area 0of 0.32 cm?, and a counter electrode
made of platinum with an area of 1 cm? to
complete the electrical circuit, with a Saturated
Calomel Electrode (SCE) to act as a reliable
reference. Before the actual electrochemical
tests, the working electrode was introduced into
the test solution and left to rest for 30 minutes
to ensure that the open circuit potential (Eacp)
was fully stabilised and a steady-state condition
was achieved. Then, after the £ had settled to
a steady state, all the electrochemical tests were
done under the same conditions, making sure
that measurements taken were consistent and
could be compared.

The measurements of Electrochemical
Impedance Spectroscopy (EIS) were performed
within a frequency range between 100 kHz
and 0.1 Hz at the open circuit potential with a
continuous rms perturbation amplitude of 10 mV,
which was driven into the system to probe the
interfacial response without inducing significant
changes to the system. The semicircular
response that appears in the Nyquist plot was
optimally fitted by applying non-linear least-
squares adjustment on the experimental data
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points to find the intersection with the x-axis
with better precision. The effectiveness of
corrosion prevention was then determined using
the values of the charge transfer resistance (R )
as measured under each combination, as per
Equation (1):

RE

% %100

% =—

(1)
where R” and R’ represent the R without and
with inhibitors, respectively. The analysis of
potentiodynamic polarisation was conducted
in the inhibited and uninhibited medium on the
mild steel substrate, with the applied potential
to the substrate moved gradually from the
cathodic domain to the anodic domain over a
range of 250 mV at a constant scan rate of 1
mV/s! to produce similar polarisation profiles.
To determine the corrosion current densities
(1), the linear Tafel areas in the anodic and
cathodic branches were extrapolated until they
met each other at the corrosion potential. Then,
the I values were calculated by regressing the
polarisation data on Equation (2):

23AE

I = Icorr[exp exp (%) —exp exp (T)] 2)

The performance of the inhibitor was
assessed by calculating the 7 _values according
to Equation (3):

_ Icorr—Icorr(i)

nTafel% = —————=x 100 (3)

DFT Computations

To further enhance the wunderstanding of
how molecular configurations and electronic
characteristics  affect corrosion inhibition
mechanisms, a computational study of molecular
properties using the DFT approach was
employed. This computational methodology is
essential for bridging experimental corrosion
inhibition data with the chemical reactivity
properties predicted through DFT. In the
context of sustainability and long-term material
management, these theoretical models can
help identify environmentally friendly and
efficient corrosion inhibitors that could extend
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the lifespan of materials while minimising their
ecological impact. Molecular structures of the
studied inhibitors were optimised in the gas and
aqueous phases with the help of the Gaussian
09W software and DFT calculations were
performed with the B3LYP functional and the
6-311G++(d,p) basis set to ensure a consistent
and reliable electronic representation across the
board (Zarrok et al., 2012). Such computational
methods offer significant understanding into
the molecular-level interactions at the interface
of inhibitors and metallic surfaces, which
are critical for designing more durable and
sustainable corrosion protection strategies.

Based on the optimised molecular
configurations, an array of significant
parameters was systematically derived, namely,
electron density distributions with respect to the
Highest Occupied Molecular Orbital (HOMO)
or the Lowest Unoccupied Molecular Orbital
(LUMO), and the obtained parameters were
then utilised to calculate various other key
physicochemical properties, such as the dipole
moment, electronegativity, global softness
and global hardness. By analysing these
parameters, researchers can better understand
the efficiency of inhibitors and tailor them
for optimal performance, ensuring enhanced
corrosion resistance over time and reduced
environmental harm. The integration of DFT
with experimental data plays a crucial role in
developing corrosion inhibitors that not only
enhance material durability but also align with
sustainability goals. This approach allows for
the design of inhibitors that offer long-term
protection, reduce the frequency of maintenance
and contribute to a more environmentally
responsible management of industrial materials.
Such research underscores the importance of
adopting advanced computational tools to foster
innovations in corrosion protection and material
sustainability.

I = E(optimisedcation) — E(optimisedneutral)

=- EHOMO 4
A = E(optimisedneutral) — E(optimisedanion)
=- ELUMO (5)

Journal of Sustainability Science and Management Volume 21 Number 7, July 2026: 1494-1509



Chaimae Merimi et al.

%=—1 (EHOMO + ELUMO)  (6)

=% (EHOMO - ELUMO) ()

1 -2
o= n ~ EHOMO — ELUMO ®)
AE = ELUMO — EHOMO ©9)
AN = (¢, —Xi_ )/2(1, +1i ) (10)

Wherein, the features of Fe are ¢Fe = 4.82 eV
and nFe = 0.

Molecular Dynamics (MD) Simulation Approach

The behaviour of a smooth metallic surface
in contact with the chosen Schiff phenol
bases was studied by MD simulations and the
computational experiment was carried out in
the Adsorption Locator module in the Material
Studio 8.0 package to model the adsorption
behaviour (licensed by BIOVIA, Dassault
Systémes). Moreover, DNP+ basis sets and
suitable functionals of each component of the
system were used. All the system elements’
structures were optimised before the simulation.
This MD  approach allowed the
determination of adsorption and binding
energies from the modelling regarding the
interactions occurring between the iron surface
and the inhibitor molecules. Materials Studio
8.0’s Adsorption Locator module was employed
for this purpose in a controlled computational
setting (Sharma et al.,, 2019). The structure
of each inhibitor was first optimised to its
lowest energy structure prior to beginning the
simulations. The computational model was
made up of a Fe (110) crystalline surface and a
6.0 A thick slab, a (10 x 10) supercell, and a 50 A
vacuum layer. In all simulations, the geometries
of all the modelled systems were optimised in
the gas phase condition and aqueous medium by
parameters of the COMPASS 1I force field in a
way to ensure that the structure refinement in all
environments was uniform (Sun et al., 1998).

1498

Results and Discussion
Potentiodynamic Polarisation Curves

Figure 2 shows the potentiodynamic polarisation
response of XC48 steel and mild steel in
the 1.0 M HCI solution, under uninhibited
conditions and under different concentrations
of inhibitors (Al, A2, and Al + A2 systems).
Among the parameters of polarisation that have
been extracted were corrosion potential (E, ),
corrosion current density (/, ), and the anodic
and cathodic Tafel slopes (fa and fc), which
characterise the kinetics of the electrochemical
reactions involved in each branch. Based on
the plots of the Tafel fitted, the following
parameters, along with the corresponding
inhibition efficiency (E1%), were obtained and
then summarised in Table 1.

The findings shown in Figure 2 prove that
the addition of the inhibitors (A1, A2, and Al
+ A2) significantly inhibits both the cathodic
and anodic processes, suggesting a general
decrease in the corrosion reaction kinetics for
the tested medium. Presumably, the compounds
hinder metal oxidation at the anode and impede
hydrogen generation. Observations indicate
that the £ of XC48 and mild steel showed
a minor shift to a positive potential when the
inhibitors were present, compared to XC48 and
mild steel when immersed in the aggressive
solution. Furthermore, both the 7 of anodic
and cathodic currents were diminished. These
findings indicate that A1 and A2 were mixed-
type inhibitors (Zhan et al., 2016; Haque ef al.,
2020; Merimi et al., 2023).

When inhibitors were present, the /. values
of the mild steel surface were lower, which
indicated a clear reduction in the corrosion rate,
while the combined formulation of Al + A2
showed the highest E1%, as measured in Table
1. In addition, £ shifted toward more positive
potentials when inhibitors were present in
comparison to the uninhibited state, indicating
a measurable change in corrosion potential. The
combination of the inhibitors improved EI% in
both types of steel. The EI% of A1 + A2 was
94% in the case of XC48 and 97% in the case of
mild steel, at a concentration of 10 M.
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Figure 2: Polarisation profiles of carbon steel and mild steel in 1.0 M HCl, measured both without inhibitors
and with 10 M concentrations of A1, A2, and A1 + A2

Table 1: The electrochemical parameters corresponding to mild steel in a 1.0 M HCI solution (at 308 K)
without inhibitors and in the presence of different inhibitor concentrations

Inhibitors C(l(:;)c (ml\icso(rl’ii) (mV%ec“) (mV’iiEec“) (mA'em?) ”(T";,f)el
HCI 1M XC48 1.0 470 107.6 95.6 0.6216 -
Mildsteel 1.0 452 172.7 180.7 3.0063 -
Al XC48 5.10° 484.6 89 99.6 0.18 71.04
Mildsteel  5.10° 448 98.6 189.1 0.32 89.35
A2 XC48 5.10° 463.8 66.5 94 0.0365 9346
Mild stcel  5.10° 4472 83.9 176 02313 923
Al +A2 XC48 5.10° 469.9 812 106.5 00329 9470
Mildsteel  5.10° 4672 84.4 130 00785  97.67
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EIS studies

The Nyquist plane measurements of impedance
were done in order to assist in the interpretation
of some of the inherent reaction mechanisms
such as adsorption, diffusion, and charge
transfer. Based on the Nyquist plots, the R ,
C,» and the suppression effect were obtained
with respect to the differences between the
impedance at low and high frequencies
corresponding to the real axis, in the manner
that Tsuru and Jacquemin suggested (Tsuru
et al., 1978; Jacquemin et al., 2010). When
organic inhibitors were introduced to the
acidic medium, the diameter of the depressed
semicircle correspondingly increased and its
size increased depending on the concentration of
the inhibitors. The representative plots of Bode

160 T T T

1500

were plotted for carbon steel under different
concentrations of Al, A2, and A1 + A2. The
shape and magnitude of the impedance curves
also changed in the high-impedance region,
forming a concave semicircle. The frequency
response analysis revealed that at intermediate
concentrations of the inhibitors, the semicircle
reflected a proportional inhibitory effect that
was dependent on the type of steel, as illustrated
in Figure 3.

As illustrated in Table 2, the results of
the EIS analysis showed electrochemical
parameters that revealed a definite rise in R
with a corresponding decline in C,. The given
behaviour can be explained by the fact that the
local dielectric constant becomes lower and/
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Figure 3: Impedance diagram of carbon and mild steel in 1 M HCI medium containing various compounds
at 10°M
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or there is an increase in the thickness of the
electrical double layer at the interface. In general,
these differences indicate that the molecules of
the inhibitors act predominantly at the metal/
solution interface, creating a protective film,
which suppresses the charge transfer processes.

Scanning Electron Microscopy (SEM)

The morphology of the carbon steel and mild
steel samples was extensively analysed with the
help of SEM, which offers additional and more
comprehensive information about the inhibition
mechanism since the changes in the presence
of the inhibitor on the exposed surfaces of the
metals can be observed clearly (Ozkir et al.,

1501

2012; Oguzie et al., 2014). The micrographs of
the XC48 carbon steel and mild steel surfaces,
after the samples had been exposed for six hours
at 25°C in a 1 M HCI solution are shown in
Figure 4. These images were taken both with
and without inhibitors present (Al + A2) at a
concentration of 10~

Theoretical Calculations (DFT)

Quantum modelling assessments were used to
measure important molecular and electronic
properties that affect EI%, and the likely charge
interactions of the inhibitor molecules with the
steel surface were predicted through a detailed
analysis of the frontier molecular orbitals (Lgaz

Table 2: EIS parameters for the corrosion of carbon and mild steel in 1.0 M HCI at 308 K

Inhibitors Conc (M) R, (Q cm?) J (HZ) C, (uF cm?) EI (%)
HCl 1 M 1.0 15.27 108.7 95.82 -
1.10° 51.26 49.8 62.1 68.26
Carb‘in 1.10° 70.42 50 452 76.89
stee
Al+AD 1.10% 89.43 50.2 35.59 81.81
1.10° 155.12 31.64 32.43 89.51
1.10° 65.1 40 61.12 75.01
Mild steel 1.10°% 73.12 40 54.41 77.75
Al +A2 1.10% 98.65 40 40.33 83.51
1.10° 104.96 40 37.91 84.5
X(C48 Steel
() (b)

Mild Steel

(b) (©

Figure 4: Micrographs (SEM) of the surface of carbon and mild steel after six hours of immersion in (b) 1 M
HCland (¢) ] MHCI+ Al +A2at10° M
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et al., 2019). Optimised molecular structures
of Al and A2 and their Molecular Electrostatic
Potential Surfaces (MEPS) and density
distributions of HOMO and LUMO orbitals are
shown in Figure 5.

The evaluated quantum chemical descriptors
are summarised in Table 3. The ability of a
molecule to donate or accept electrons was
determined based on Frontier Orbital Theory,
which is dependent on the energies of the HOMO
and LUMO orbitals. It is widely recognised
that the energy gap (Egap) is associated with
molecular stability, and consequently, with its
reactivity (Kumar et al., 2017). The lesser the

1502

value of E,, is the greater the reactivity of the
molecule, and this is one of the characteristics
that a very good corrosion inhibitor must
have. The effectiveness of the inhibitors could
be evaluated as a consequence of the spatial
distribution of the frontier molecular orbitals
displayed graphically as those of HOMO and
LUMO. Despite the resemblance in the structure
of Schiff bases, their functional groups include
single or combinations of -OCHj;, -CHO, -NH
and -OH, which bring about differences. The
LUMO and HOMO electron density of the two
molecules was spread across all the functional
groups, as indicated in Figure 5.

Al A2
Structures o OH o
)k O)J\
N
H 0~ “oH
Acetaminophen (A1) Acetylsalicylic(A2)
Optimised
structures J
J
9 ﬂ’
i 4
' 0
HOMO
LUMO
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MEPS

Figure 5: The optimised structures, LUMO, HOMO, and MEPS of PSB3 and PSB4 in the aqueous phase, as
calculated with DFT/B3LYP/6-311G(d,p)

Table 3: Quantum chemical data in aqueous phase for Al and A2

Quantum Chemical Parameters Al A2
EHOMO (eV) -5.8689 -7.3446
ELUMO (eV) -0.6250 -1.9072

E,, V) 5.2439 5.4374
IE (eV) 5.8689 7.3446
A (eV) 0.6250 1.9072
x (eV) 3.2469 4.6259
n (eV) 2.6219 2.7187

u (Debye) 2.3082 2.8848
Q(eV) 1,0160 1,5305
o (eV) 0.3814 0.3678
AN 0.7157 0.4366
AE 0.6554 0.6796

b-d

Given that these groups are also understood
to have critical functions in inhibitory
activity, all compounds are anticipated to
have strong electron-donating and electron-
accepting activity. Accordingly, influences
of individual functional groups on HOMO-
LUMO distributions on minor differences
were observed. In particular, electron-donating
groups (hydroxyl) were found to exert a notable
influence on the reactivity of the inhibitor
molecules. Nonetheless, this specific occurrence

has yet to be comprehensively explained by the
frontier orbital distributions alone. Quantum
chemical parameters were analysed to provide a
clearer prediction of molecular reactivity and the
role of functional groups. The greater the HOMO
energies, the more electronic donating power
was shown, and the lower the LUMO energies,
the greater the electronic accepting power. The
results in Table 3 indicate that electron donation
occurred in the order of A1 > A2, but electron
acceptance occurred in the order A2 > Al. The
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energy gap is one important quantum chemical
parameter, and generally, the smaller the value
of the gap, the greater the reactivity and the
more the inhibitor would adsorb to the surface.
As such, since the £, and Egap values were in
close agreement with experimental values of A2,

this validates its better inhibitory performance.

Donation of the electrons towards the metal
surface by the inhibitors was evidenced by the
observation of positive AN values. Upon closer
examination of these values, it was found that A1
possessed a higher electron-donating capacity
compared to A2, a result that is in agreement
with the earlier studies reported. The general
process of corrosion prevention was found to
involve two processes occurring simultaneously.
Initially, electrons were transferred from the
HOMO of the inhibitor molecules to the vacant
3d orbitals of the iron atoms, followed by a
second step in which electrons from the filled
3d orbitals of iron were back-donated into the
LUMO of the inhibitor molecules, thereby
completing a bidirectional electron exchange
process. The results reported in Table 3 further
indicate that A2 showed a pronounced tendency
for adsorption on the mild steel surface, as
evidenced by the obtained back-donation energy
values (AE, ).

In addition, the AN parameter, representing
the number of electrons donated from the
inhibitor to the metal surface, was found to be
positive for both A1 and A2, which supports the
conclusion that these compounds predominantly
act as electron donors during the inhibition
process. However, the order predicted by AN
favours A2, which contradicts the experimental
results. This discrepancy may arise from
other factors such as the inhibitors’ molecular
structures, the way they are in contact with the
metal surface, or even the role of environmental
variables, which require further investigation. In
the context of sustainable material management,
understanding these molecular-level interactions
is crucial for designing corrosion inhibitors that
not only improve the durability of materials
but also minimise environmental impacts.
By refining our knowledge of the corrosion

1504

inhibition mechanisms, we can better select and
optimise inhibitors for long-term protection,
minimising the need to change and maintain
frequently while promoting the responsible use
of resources in industrial applications.

MD Simulations

There are numerous reports on calculations
performed using DFT, but these have not
comprehensively explained the interaction
mechanisms between inhibitors and a metal
surface. In this sense, computational modelling
of corrosion inhibition has been progressively
relying on MD simulations, which have also
been discovered to be an effective and potent
tool to investigate the inhibitor behaviour on
the molecular scale. These simulations allow
for the analysis of interactions at the interface of
inhibitors and a metal substrate when exposed
to corrosive species, providing an accurate
evaluation of adsorption processes (Singh et al.,
2018). Such developments permit researchers
to improve the knowledge and prediction
of how the metal surface interacts with the
inhibitor molecules and to aid in the creation
of new synthetic corrosion inhibitors. The MD
simulation parameters applied to all compounds
are also considered (Lgaz ef al., 2018; Obot et
al., 2019).

The additions of the corrosive species in
such simulations are done primarily to better
model the corrosion process. Figure 6 shows
the side and top views of the most favourable
adsorption arrangements of the two inhibitors
onto the iron surface, and the relevant properties
are tabulated in Table 4. Figure 6 shows that all
the molecules of the inhibitors are flattened and
are located at right angles to the Fe (110) surface.
This alternative position of the inhibiting
molecules on the metal surface facilitates a
greater level of surface coverage, thus improving
the general interaction of the inhibitors and the
substrate. With such an arrangement, the free
pair electrons and m-electrons at the active sites
of the inhibitors can easily react with the empty
d-orbitals of the iron atoms, forming a dense and
thick protective layer.
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The previous quantum chemical descriptors
have hinted that A2 could exhibit a good
corrosion inhibition ability, and this theoretical
idea was also backed by the completely parallel
alignment in the MD simulations. In addition to
this, the MD simulation data provided a more
detailed understanding of adsorption behaviour
and spatial orientation of the inhibitor molecules
on the metal surface, and the correct assessment
of inhibitor performance should also consider
the strength of adsorption, which is highly
dependent on the intermolecular interactions
between the inhibitor molecules and the Fe
(110) surface plane.

The total energy of the inhibitor or adsorbate
system is part of the parameters provided in Table
3, and it matches the sum of the energies of the
species in the adsorbed state. On iron substrates
exposed to acidic conditions, the inhibitors
exhibited total energies in the sequence A2 <Al.
These results offer an important understanding
of how corrosion inhibitors adsorb onto metal
surfaces, supporting the development of more
efficient materials management strategies that
enhance the durability of metal structures over
the long term. Additionally, the environmental
benefits of selecting corrosion inhibitors based
on such simulations are significant, as they can
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lead to the use of less harmful chemicals that
prolong the service life of materials, thereby
minimising the frequency of replacements and
maintenance, and thus decreasing resource
consumption and waste generation.

The energy associated with the attachment
of adsorbate species onto a substrate surface is
defined as the adsorption energy (E ). It is a
well-known fact that steel corrosion is prevented
by adsorption. Based on this fact, adsorption
energy may be used as a criterion to rank various
inhibitor molecules (Singh ef al., 2018). All the
adsorption energy values reported in Table 4
were found to be negative, indicating that the
adsorption process occurs spontaneously (Rbaa
et al., 2020). From a theoretical perspective, the
higher E1% of A2 can be attributed to its larger
absolute adsorption energy value. Based on the
calculated molecular properties listed in Table
4, both the reactivity and inhibition performance
of the compounds follow the order A2 > Al. In
this context, the A2-substrate system exhibited
the greatest stability along with the strongest
adsorption interaction. As a result, A2 was
identified as a more effective corrosion inhibitor
compared to Al, a conclusion that is fully
supported by the experimental findings.

Top
view

Side
view

Figure 6: Graphical depictions of the most stable adsorption arrangements of both inhibitors on the Fe (110)
surface, simulated in an environment containing 500 water molecules and 15 (H;O" + CI') ions
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Table 4: MD simulation results for A1 and A2

System
Parameters (Kcal/mol)
Fe(110)/A1 Fe(110)/A2
Total energy -150.005 -131.523
Adsorption energy -89.050 -104.659
Rigid adsorption energy -89.599 -102.208
Deformation energy 0.549 -2.450
Binding energy -167.8 -178.6
Conclusions

The current study is a comprehensive evaluation
of the corrosion preventive effectiveness of
Al and A2 as inhibitors for XC48 carbon
steel and mild steel in 1.0 M HCI solution. To
evaluate the effectiveness of these inhibitors,
both experimental and theoretical methods
were applied, including potentiodynamic
polarisation, EIS, SEM, MD simulations,
and DFT. The electrochemical measurements
demonstrated that both A1 and A2 effectively
inhibit corrosion by suppressing both anodic and
cathodic reactions, leading to a movement of the
corrosion potential toward more positive values
and a decrease in /. The EI% was highest
when both inhibitors were used together, with
an impressive E1% of 97% for mild steel and
94% for XC48 steel at a concentration of 10
M. According to these results, Al and A2 are
mixed-type inhibitors, effectively blocking the
corrosion process degradation reactions through
adsorption by adsorbing on the metal surface.
The EIS data further confirmed the findings
from the polarisation studies, indicating a rise
in R and a fall in C, when the inhibitors were
introduced. These results show that the inhibitor
molecules are adsorbed onto the metal surface,
which strengthens the protective layer and
curtails the further process of corrosion.

SEM analysis of the metal surfaces supported
these findings, with the surface morphology
indicating a protective layer formed by the
inhibitors that prevented additional corrosion
damage. Additional insight into the interactions
between inhibitor molecules and the metal
surface was provided through computational

analyses, including DFT and MD simulations.
The findings showed that the adsorption capacity
of A2 and its association with the metal surface
were superior to that of A1, which shows its high
corrosion inhibition behaviour. To sum up, both
experimental and theoretical findings emphasise
the efficiency of both Al and A2 in inhibiting
corrosion on mild steel and XC48 carbon steel in
acidic environments. These results help design
more effective and environmentally friendly
inhibitors to be used in industry, particularly
in sectors where corrosion resistance is critical
for the longevity of materials and infrastructure.
The synergistic effect observed when both
inhibitors are used together highlights the
potential for optimising inhibitor formulations
for enhanced corrosion protection, supporting
long-term material durability and minimising
environmental impacts.
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