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A novel eugenol-based benzoxazine monomer (EuBz-ada) was synthesized via the reaction of
paraformaldehyde, 3-amino-5-methylisoxazole, and eugenol, and its structure was confirmed by
proton NMR, FT-IR, and UV-visible spectroscopy. The resulting monomer and its polyurethane-
based copolymers were tested as corrosion inhibitors for mild steel; electrochemical polarization
and electrochemical impedance spectroscopy (EIS) studies showed that the coatings containing
EuBz-ada and different concentrations of polyurethane (PU) significantly increased corrosion
resistance. Inhibition efficiency increased with PU content, confirmed by computational
investigations using density functional theory (DFT), which suggested strong adsorption and
favourable electronic properties. Further investigations showed a decrease in water absorption
and an increase in gel content for the copolymeric coatings, which was in line with superior
barrier properties. These results indicate the potential of bio-based EuBz-ada/polyurethane
systems as effective and environmentally friendly corrosion inhibitors for mild steel protection.
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Steel's vulnerability to corrosive media has resulted
in significant financial losses and possible risks [1].
Currently, one of most successful techniques for the
prevention of corrosion is the application of organic
resin coatings on metal surfaces. As previously stated
[2-6], polybenzoxazines, an original type of phenolic
resin, maintain exceptional mechanical qualities,
including strong dielectric properties, high char yield,
minimal water absorption, as well as nearly zero
shrinkage upon curing. They can be used to
manufacture corrosion-resistant materials because
of these appealing qualities. Materials, particularly
metals, could be destroyed by chemical as well as
electrochemical reactions with their environment
during the natural process of corrosion. Corrosion
is estimated to cost the global economy more than
$2.5 trillion annually [1]. Because of their superior
mechanical properties, affordability, and accessibility,
metals such as carbon steel are employed extensively
in the industrial sector [5]. However, conducting
polymers have drawn increasing attention as protective
coatings and film-forming corrosion inhibitors
because of their notable anti-corrosion qualities and
environmental friendliness [6]. By creating a barrier
layer, organic coatings commonly stop corrosion
on metal surfaces. Their high electron density
from heteroatoms such as nitrogen, oxygen, sulfur,
and aromatic rings makes them effective anti-
corrosion inhibitors for mild steel (MS) under

various corrosive conditions [7-14]. Because of its
low dielectric constant, minimal water absorption,
as well as its strong resistance to heat and chemicals,
polybenzoxazine (PBZ) is a potential corrosion
prevention material [15, 16].

Compared to similar amines and aldehydes,
Schiff bases with aromatic rings as well as —C=N-
groups in their molecular structure have been
shown to be superior corrosion inhibitors [17]. By
adhering to the surface of Q235 steel, a chitosan
salicylaldehyde Schiff base was demonstrated to
prevent corrosion [18]. Another study discovered
that chitosan vanillin material prevented MS from
corroding by the formation of a protective layer on its
surface, utilising AFM as well as WCA analysis [19].
Furthermore, polybenzoxazine was utilized in a number
of applications, such as antifouling and anticorrosion
coatings [8, 20], high flame retardancy polymers [21],
as well as high voltage insulation materials [22]. It is
an ideal option for creating carbon structures with
catalysis applications that go beyond energy as well as
the environment. Because of its high char production
after carbonization, it is used in carbon compounds
[23]. Although polybenzoxazine coatings have
shown promising properties, most studies focus
on petrochemical-based benzoxazines or do not
systematically address environmental concerns.
Furthermore, many of the reported benzoxazine-based
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inhibitors achieve significant corrosion protection
only at relatively high loading levels, thus limiting
their practical application. Therefore, new bio-based
benzoxazine systems that exhibit high inhibition
efficiency at low concentrations and eco-friendliness
are highly desirable.

Currently, two methods have been proposed
to soften polybenzoxazine coatings: adding plastic
polymers or nanofiller (such as carbon nanotube) to
polybenzoxazine [24], adding flexible silane or alkyl
long-chain segments to the backbones or branched
chains of benzoxazine monomers [25, 26]. The goal
of such work is to use molecular design to include
an efficient Schiff base moiety in a benzoxazine
precursor. Polybenzoxazine coatings, such as poly
(SF-Tol-BZ) coatings, are being developed to reduce
corrosion in MS. Open circuit potential (OCP),
electrochemical impedance spectroscopy (Nyquist
and Bode plots) and potentiodynamic polarization
(Tafel curves) are among methods used to evaluate
the efficacy of these coatings in the maritime
environment. Over the past few years, bio-based
polybenzoxazine has garnered significant attention
in academia due to the mounting pressure of
environmental contamination [27, 28]. Eugenol [8,
15], pyrogallol, cardanol, urushiol [13], stearylamine
[14], furfurylamine [12, 16] and other renewable
raw materials were used to create bio-based
polybenzoxazines. Among other bio-based polymers,
polyurethane (PU) was chosen as the copolymer
matrix, because of its flexibility, high mechanical
strength, strong adhesion to metal substrates, and good
barrier properties against water and corrosive agents.
Although other bio-based polymers such as polylactic
acid, chitosan, and cellulose derivatives have been
studied for anticorrosion applications, they are
typically brittle, have poor film-forming ability, and
lack chemical resistance, which can limit their long-
term protection 8, 12, 13, 15]. In the present study, we
have synthesised bio-based EuBz-ada/polyurethane
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anticorrosion inhibitors and analysed their inhibition
properties on mild steel using experimental and DFT
methods.

EXPERIMENTAL
Chemicals and Materials

Infrared spectra were recorded with a Thermo Logical
Nicolet iS50 FT-IR spectrometer, and UV spectra
with a Labman LMSP UV-1200 UV-Vis spectrometer.
'"H NMR was performed using a Bruker 500 MHz
instrument with DMSO-Dg as the solvent. The
polarization measurements were performed using
a typical three-electrode cell. Ag/AgCl served
as a reference electrode, while platinum served
as the counter electrode. A Biologic SP 300 type
electrochemical workstation was used to detect
potentiostatic polarization. Water absorption tests
were performed as per ASTM D570, by immersing
coated mild steel samples in distilled water at 25 °C
for 24 hours, removing the specimens, wiping them
with a cloth to remove surface water, and weighing
them again to determine water uptake as a percentage
of the initial weight.

Computational Details

Calculations of DFT with a hybrid functional
B3LYP (Becke's three-parameter hybrid functional
using the BLYP correlation functional) and the
6-311G(d) basis set basis set using the Berny method
were performed with the Gaussian 09W program
[29]. No symmetry constraints were applied during
geometry optimization. The physical characteristics
used in the optimization of the molecular structures
of the proposed structure were (o) absolute softness
(x) electronegativities, electronic charge, (1) absolute
hardness, (@) global electrophilicity, (S) global
softness, and (Pi) chemical potential. These were
calculated using the following equations [30-34]:
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Scheme 1. Synthesis of the EuBz-ada monomer.

Synthesis of EuBz-ada Monomer 6-allyl-3,4-
dihydro-8-methoxy-3-(5-methylisoxazol-3-yl)-
2H-benzole][1,3]oxazine

All chemicals were purchased from Sigma-Aldrich
and were used as received, without any additional
purification. After dissolving paraformaldehyde
(0.365 g, 12 mmol) and 3-amino-5-methylisoxazole
(0.926 mL, 9.5 mmol) in 20 mL of chloroform, the
mixture was shaken for 30 minutes at 50 °C. Eugenol
(1 g, 6.09 mmol) and more chloroform (80 mL) were
added, and the mixture was refluxed for 24 hours at
80 °C [35]. TLC was utilised to track the reaction
progress. After the reaction was complete, chloroform
(100 mL), 1 N sodium hydroxide (200 mL), double
distilled water (100 mL), and sodium chloride
(100 mL) solution were added to the original mixture.
The organic layer was separated and dried over
anhydrous sodium sulfate. Finally, the EuBz-ada
monomer was extracted from the dried organic layer.
The following crude monomer was utilized to further
synthesise polymeric polymers with isocyanate.
A solution containing a certain ratio of isocyanate
hardener in toluene was used to re-dissolve this
synthetic monomer in 1,4-dioxane. Three different
EuBz-ada monomers as well as isocyanate composites,
EuBz-ada-PU100:60, EuBz-ada-PU100:80, and EuBz-
ada-PU100:100, were prepared by varying the
isocyanate content by 60, 80, and 100 in relation
to the monomer quantity.

Coating and Curing

The MS plate was sequentially cleaned with acetone,
hexane, and water to remove impurities prior to
coating, and was further enhanced with surface
roughening using Emery paper. The polymer coating
was then applied to the MS plate using a dip-coating
method followed by thermal curing. Three formulations
of the coating liquid were prepared by mixing the
monomer with different amounts of isocyanate
hardener in a 7:3 mixture of 1,4-dioxime and toluene.
The MS plate was immersed in the polymer solution
for 1 min and then withdrawn at a speed of 100
mm/min. The coated samples were thermally cured
in a furnace at 200 °C for 3 hours. The viscosity of the
polymer solution was characterized before coating and
controlled at 50 cP using a Brookfield viscometer. The
withdrawal speed of 100 mm/min was chosen based
on preliminary trials which showed that this speed
resulted in coatings that were uniform and free from
sagging or streaking. Coating uniformity was verified
by measuring the film thickness at five locations on
each substrate, as well as by optical microscopy. The
curing conditions (200 °C for 3 hours) were selected
from literature reports [35, 36] and further validated
by preliminary experiments in this study, which showed
that this protocol yielded coatings with adequate
adhesion and mechanical strength without thermal
degradation. The corrosion resistance of the coated
samples was evaluated by electrochemical analysis.
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Figure 1. 'H NMR spectrum of EuBz-ada monomer.

RESULTS AND DISCUSSION
NMR Analysis of EuBz-ada Monomer

The monomer structure was confirmed by 'H NMR
spectrometry. EuBz-ada, '"H NMR (500 MHz, DMSO-
Ds, ppm): 7.26 (2H, d, Ar-H), 6.51 (1H, s), 4.12 (2H,
s, HC=CH), 3.30-3.28 (4H, d, NCH>»), 2.05 (2H, s,
CH»), 3.94 (3H, s, OCH3), 1.77-1.61 (3H, t, CH3).
The '"H NMR spectrum exhibited aromatic proton
bands at 7.26 ppm (2H), consistent with the proposed
structure. These results clearly indicate that the
synthesized monomer possessed the expected structure,
as depicted in Figure 1 [35].
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FT-IR Analysis of Pure EuBz-ada and EuBz-ada
Blends with PU

The FT-IR spectra obtained are displayed in Figure 2.
FT-IR analysis was utilised to identify functional
groups present in the samples. The spectrum of the
monomer exhibited characteristic absorption bands at
2988 and 2976 cm™' (LsymCH3), 2875 and 2864 cm™!
(usymCH3), and 1714 cm™ (bC=0 stretching). Bands
were observed at 1544, 1512, 1488, and 1486 cm!
(vC=C); 1244 cm™! (LC=N); 1202 and 831 cm™' (C-O
stretching); and 1312, 1254, 1226, and 1018 cm"!
(yCH bending). Out-of-plane CH bending vibrations
were present at 918, 815, and 741 cm™'.
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Figure 2. FT-IR spectra of (a) EuBz-ada and (b) EuBz-ada blends with PU.
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Figure 3. UV-Visible spectra of (a) EuBz-ada and (b) EuBz-ada blends with PU.

UV Analysis of Pure EuBz-ada and EuBz-ada
Blends with PU

Electronic spectroscopy, sometimes called UV-visible
spectroscopy, analyses the electronic transition of
organic compounds. The UV-visible spectra of the
monomer and polymer composites obtained in room
temperature water are displayed in Figure 3.

The UV-visible spectrum of EuBz-ada had
two absorption bands at 292 and 315 nm. n-n*
as well as n-n* transitions of EuBz-ada were
responsible for these absorbance bands. The bands
moved to the redshift region when polyurethane
was added to EuBz-ada. The absorbances of
EuBz-ada:PUs were detected at 302 nm and 328 nm.
A low energy Intramolecular Charge Transfer (ICT)
n-m* transition is indicated by the absorbance at 328
nm, which is consistent with earlier observations of
benzoxazine. Additionally, the band corresponding
to an n-mw* transition increased in absorbance,
indicating that polyurethane significantly triggered
the monomer's electronic transition. This suggests
that the produced copolymers may exhibit greater
corrosion resistance.

Potentiodynamic Polarization

The synthesized 6-allyl-3,4-dihydro-8-methoxy-3-
(5-methylisoxazol-3-yl)-2H-benzo[e][1,3]oxazine

Corrosion rate = (Icorr x K x EW)/pAmmpy 1

(EuBz-ada) was evaluated for its corrosion inhibition
performance using potentiodynamic polarization
measurements (Fig. 4 and Table 1). The polarization
curves of the blank and EuBz-ada with different
concentrations (60 %, 80 %, and 100 %) showed clear
shifts in both anodic and cathodic branches compared
to the blank, which is indicative of mixed-type
inhibition with predominantly cathodic control. The
Ecorr values shifted toward a more negative value due
to the addition of EuBz-ada and its blends, and the
mixed-type inhibition mechanism was confirmed by
the variations in the anodic and cathodic branches, and
by the more pronounced suppression of the cathodic
current density. This suggests that the inhibitor had a
stronger effect on a cathodic reaction such as the
hydrogen evolution reaction, while still hindering
the anodic dissolution of iron. The IE % calculated
from the polarization curves increased with inhibitor
concentration, suggesting that a physical barrier
was formed, reducing the active surface area for
electrochemical reactions. The Tafel slopes (pa and
Bc) showed slight deviations, suggesting that the
inhibition mechanism did not change the nature of the
corrosion process, but rather hindered the kinetics of
electron transfer at the anodic and cathodic sites.

Here, Icon(b) represents the corrosion current
for an uncoated MS plate, Icorr(c) represents the
corrosion current for the EuBz-ada: PU coated
MS plates.

(1

Here, K=3272 mm year™' (rate constant), equivalent weight of mild steel =27.9 g

Mild steel density = 7.85 g cm™, A (area of sample) = 1 cm?

Corrosion efficiency (%) = [(Icorr(b) - Leorr(€))/(Icorr(b))] x 100 2)
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Table 1. Potentiodynamic polarization parameters for mild steel in NaCl, in the absence and presence of
different concentrations of inhibitors (Bz-ada:PU), at room temperature.

Tafel studies

Concentration of

Tafel constant

Corrosion Surface

Sample (EuBz- Icorr Ecorr mv/decade Effici C Corrosion
ada:PU) (mA) (mV) b, be iciency overage Rate (mmpy)
(%) ©)
Blank 4.87 -514.18 119.20 435.80 - - 56285.06
100:60 1.663 -498.26 177.19  106.78 65.85 0.6585 19339.27
100:80 1.167 -482.03 84.75 211.50 76.03 0.7603 18722.92
100:100 0.122 -560.98 42.50 83.92 97.48 0.9748 1418.75
2 - \
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Figure 4. Tafel curves for mild steel with variable concentrations of EuBz-ada.

Electrochemical Impedance Spectroscopy (EIS)

These findings are consistent with the polarization
studies (Figure 5), where the EIS measurements
showed depressed semicircles for all samples, typical
of corrosion processes controlled by charge transfer.
The diameter of the semicircle [37-39], which
represents the charge transfer resistance (Rct), became
larger with increasing EuBz-ada concentration. The
100% EuBz-ada sample showing the largest semicircle,
the highest Ret and hence best inhibition performance.
This was also confirmed by the increase of Rct with

inhibitor concentration and the decrease of the double-
layer capacitance (Cdl) with increasing inhibitor
concentration. This suggests that the EuBz-ada
effectively suppressed the electrochemical reactions at
the metal/solution interface by forming a protective
layer that displaced water molecules and decreased the
local dielectric constant. This was facilitated by the
adsorption of EuBz-ada molecules onto the surface, as
indicated by the presence of heteroatoms (N, O) and
aromatic rings in the EuBz-ada molecule, which can
interact with the metal through m-electron donation
and lone pair electrons.
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Figure 5. EIS for blank and various amounts of EuBz-ada on mild steel.

Adsorption and Surface Protection Mechanisms

The highly efficient inhibition performance of
EuBz-ada can be attributed to its chemical structure,
which contains multiple adsorption centres, including
nitrogen, oxygen, and the aromatic rings. These
functionalities facilitate strong adsorption onto the
metal surface via coordinate bonds and m-electron
interactions, displacing water molecules and forming
a compact, adherent protective film. The efficiency
data suggest that the adsorption of EuBz-ada follows
Langmuir adsorption behaviour, which was confirmed
by the linear plot of C/0 versus C (where 0 is the surface
coverage). The calculated adsorption equilibrium
constant (K,gs) and standard free energy of adsorption
(AG°®,4s) values indicate spontaneous and strong
adsorption, consistent with chemisorption.

The superior inhibition efficiency of the EuBz-
ada/polyurethane system can be attributed to the
presence of heteroatoms such as nitrogen and oxygen
in the molecular structure. These atoms possess lone
pairs of electrons that can coordinate with vacant
d-orbitals on the Fe surface, resulting in strong
chemisorption and the formation of a protective
inhibitor layer. Such coordination is well-supported in
the literature [8, 9, 12, 35], and plays a crucial role in
enhancing both the adsorption strength and inhibition
efficiency of organic inhibitors containing N, O, and
aromatic moieties.

Structure—Activity Relationship

The higher level of inhibition by EuBz-ada at 100%
compared to EuBz is due to the electron-donating
isoxazole and benzo[e][1,3] oxazine rings and the
methoxy and allyl substituents, which interact with
vacant d-orbitals on the metal surface and create a
thicker, more protective, and more electron-donating
inhibitor film, maximizing surface coverage and
film stability.

Practical Implications and Comparative
Performance

The combined potentiodynamic and EIS results
revealed that EuBz-ada was an effective corrosion
inhibitor for the studied system, with inhibition
efficiencies much higher than those of conventional
inhibitors at relatively low concentrations. This
indicates its potential for practical application in
industrial corrosion protection. In addition, the
precursor molecules for EuBz-ada preparation are
environmentally friendly, and the synthesis conditions
are mild (Scheme 1), thus making EuBz-ada an
eco-friendly corrosion inhibitor. The inhibition
mechanism of EuBz-ada includes mixed-type
behaviour, strong adsorption, and effective inhibition
of both anodic and cathodic reactions, which will
guide the design of new, high-performance, and green
corrosion inhibitors.
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HOMO

Figure 6. The frontier molecular orbitals (EHOMO, ELUMO), geometric structure and MEP images of EuBz-ada.

The environmentally friendly claim of the
developed coating is attributed to the use of eugenol,
a naturally occurring phenolic compound extracted
from clove oil, as the renewable raw material for
benzoxazine synthesis, which reduces dependency
on petroleum-based feedstocks and minimizes the
environmental footprint. The synthesis route does
not require hazardous reagents and proceeds under
relatively mild conditions. While these are not
specifically addressed in this performance study,
they represent important benefits over traditional
benzoxazine systems, which are typically derived
from petrochemical sources and often employ more
toxic chemicals.

Theoretical Calculations

The density functional theory (DFT) is the most
popular quantum chemical analysis [40-43] that has
been used to study the interactions between metal
surfaces and corrosion inhibitors. Because of time,
cost, and ecological implications, as well as the
inadequacy of conventional methods, the application
of computational studies to investigate metal corrosion
inhibition has skyrocketed. With this technique, the
degree of corrosion inhibition of a polymeric compound
can be obtained by determining its chemical reactivity.
Computations of molecular and electronic properties
were performed to fully understand the corrosion
protection system provided by specific molecules;
these results are presented in Table 2 and provide

evidence that these inhibitors adsorb favourably and
provide corrosion protection. Fig. 6 shows the
optimized geometries and HOMO-LUMO plots of
the newly synthesized EuBz-ada ionic liquids. The
physicochemical parameters were calculated in the
gaseous phase and aqueous (water) phase. The lowest
HOMO-LUMO gap was observed for EuBz-ada (5.31
eV in the aqueous phase and 5.33 eV in the gaseous
phase), which indicates its higher reactivity potential
and efficacy as an electron or charge donor and
acceptor. The dipole moment (n) values (which are
compared in D) also support these distinctions.
Electronegativity (y) results demonstrated that EuBz-
ada was the most electron-attractive. Global hardness
(n) results also indicated that EuBz-ada was the
hardest (2.654 e¢V), and therefore the most reactive,
which is consistent with the interpretation of band
gap. The electrophilicity index () demonstrated
a meaningful capability to receive electrons and
participate with electrophiles. These descriptors
suggest that EuBz-ada may be a very chemically
active and polarizable system, with interactions
with electron rich. The detailed insights into Enowmo,
Erumo, AE, 1P, EA, dipole moment, electronegativity,
hardness, softness, and AN collectively contribute to
unravelling the molecular mechanisms governing the
inhibitory action of EuBz-ada, paving the way for their
application in real-world scenarios related to corrosion
protection and beyond. Finally, the quantum chemical
parameters (HOMO-LUMO gap and electronegativity)
calculated for EuBz-ada showed its high reactivity
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and strong adsorption potential on the steel surface,
leading to efficient donor-acceptor interactions and
strong surface adsorption, thus contributing to the high
corrosion inhibition efficiency in electrochemical
experiments (see Table 2).

Water Adsorption Studies

The development of anti-steel corrosion products
is significantly influenced by the hydrophobic character
of polymeric materials. The hydrophobic characteristics
of polymeric materials may be influenced by their
densities of branching and cross-linking. The coating's
binder activity also has an impact on this property,
resulting in the creation of materials with a larger
cross-density polymer content and more potent
hydrogen bonding ability. Therefore, the urethane
content may improve the hydrophobic properties of
the polymer, which could result in more urethane-

Bio-Based Eugenol-Benzoxazine/Polyurethane
Copolymers as High-Performance Corrosion Inhibitor
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containing polymers having lower water adsorption
than their competitors. Figure 7. shows the water
absorption of the monomer and polymeric
complexes. The amount of water diffusion in the
monomer alone (1.89 %) was less than previously
reported. The novelty of the present work is the
design of a eugenol-derived benzoxazine
monomer functionalized with an adamantane group
and copolymerized with polyurethane, which integrates
the inherent hydrophobic and structural properties of
adamantane with the flexibility and enhanced barrier
properties of polyurethane. The EuBz-ada/polyurethane
system exhibited improved water resistance, gel
content, and corrosion inhibition efficiency at lower
additive concentrations compared to previous bio-
based benzoxazine coatings, and the use of renewable
resources and the synergistic effect between EuBz-ada
and polyurethane represents a significant improvement
over prior work.

Table 2. Quantum parameters of EuBz-ada.

Solvent | HOMO | LUMO | IP EA AE ¢ n h c w e w+ Dipole Toal
Moment | Energy
Gaseous | -5.564 -0.234 | 5.564 | 0.234 | 5329 | -2.899 | -2.899 | 2.665 | 0.375 | 1.577 | 0.634 | 0.034 | 5.12 -955.341
Phase
Aqueous | -5.787 -0.478 | 5.787 | 0.478 | 5308 | -3.132| -3.132 | 2.654 | 0.377 | 1.848 | 0.541 | 0.070 | 7.38 -955.355
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Figure 7. The water absorption % of the EuBz-ada monomer.
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The adamantane ring, which makes the entire
molecule more hydrophobic, may be the cause of this
wonderful result. As more urethane was added to the
polymeric material, the percentage of water diffusion
fell; for EuBZ-ada:PU 100, this percentage extent
a maximum of 0.75%. This study shows that the
urethane and adamantane rings' physical characteristics
greatly enhanced water diffusion. The following
formula was utilised to calculate the water absorption
percentage [35, 42]:

Percentage of water absorption =
[(Wa-Wb)/Wb] x 100 ‘(1)

where,

Wa = Weight of coated mild steel after exposure to
water absorption

Wb = Weight of coated mild steel before exposure to
water absorption

Gel Content

Gel formation is an important factor that may have
a correlation with water diffusion investigations.
More gel formation and less water diffusion results
from materials that can build stronger intra-linkages
between themselves, which can also decrease the
molecule's porosity. From this point on, every
polymeric and monomeric substance was analyzed,
and the outcomes are shown in Fig. 8. The amount
of urethane significantly increased the gel-forming
ability of the monomer EuBZ-ada, which was
almost 83.62 %. There was 92.13 % gel formation
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in the 100 % urethane. All polymeric materials
might potentially possess anti-corrosive properties, as
proved by the superior gel creation of all compounds
except the monomer. The subsequent formula was
utilised to evaluate the coating's gel content [35, 42]:

Percentage of gel content = (Wa/Wb) x 100 (2)

where Wa and Wb are the weights of coated mild steel
after and before extraction, respectively.

Microscopic Analysis

As with any corrosion investigation, the environment
of focus must be carefully chosen. Maximizing
thermal presentation and component lifespan (by
limiting corrosion product release and environmental
deterioration) is the aim of choosing the water
chemistry for a nuclear reactor. Erosion affects not
just the economy but also the environment, security,
and well-being. Consumption affects all initiatives,
including those involving assets, oil and gas, and most
human activities. In this study, the 60, 80, and 100 PU
in 3.5% NaCl-created polymeric materials showed
significant erosion relief both before and after loading
the monomer (Fig. 9). Notably, corrosion significantly
decreased as a result of adding more polyurethane.
Tests on EuBZ-ada:PU100-60, for example, showed
an advanced surface after consumption related to the
untreated sample, while tests on EuBZ-ada:PU100-80
showed further development in the example covered
with 80% polyurethane. Furthermore, compared to
its pre-consumption state, the specimen coated with
100% polyurethane exhibited nearly no roughness
on the delicate steel surface.
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Figure 8. Gel absorption of EuBz-ada and EuBz-ada blends with PU.
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Figure 9. Microscopic images of EuBz-ada-PU copolymers before and after immersion in 3.5% NacCl.

CONCLUSION

In this study, we integrated a monomer concentrated
on benzoxazine with a very hydrophobic adamantane
platform. A new eugenol-derived benzoxazine (EuBz-
ada) and its copolymers were reacted with polyurethane
(PU) to obtain high-performance, bio-based anti-
corrosion coatings for mild steel. These were
comprehensively characterized, and the developed
copolymers were tested electrochemically and showed
significantly enhanced corrosion inhibition efficiency,
water resistance, and gel content, compared to the
monomer and to reported bio-based alternatives.
This is attributed to the combined effects of the
hydrophobic adamantane group and the barrier and
flexible properties of PU, which led to robust,
adherent, and durable coatings. The use of renewable
eugenol and environmentally benign synthesis
conditions further enhances the eco-friendly nature
of the developed system. The EuBz-ada/PU coatings
showed high inhibition efficiencies at relatively low
additive concentrations and have good potential to
serve as a sustainable alternative to petroleum-based
inhibitors. Theoretical (DFT) studies confirmed the
strong adsorption and high reactivity of the developed
copolymers toward steel surfaces. Overall, the results
indicate the practical potential of EuBz-ada/PU
copolymers for industrial corrosion protection
applications. Future work will be dedicated to the
environmental assessment, long-term performance,
and optimization of the formulation for increased
substrate compatibility.
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