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The global market for benzoxazine resins is expected to grow significantly by 2026, primarily driven by the
coatings and composites sectors. These resins are notable for their ability to finely tune the covalent crosslinking
of cured systems, which directly influences the properties of the resulting polybenzoxazine for various appli-
cations. Understanding the impact of the chemical structure of each precursor on the final polymer properties is
essential. Benzoxazine serve as effective coatings and corrosion inhibitors, enhancing the corrosion resistance of
metallic substrates exposed to harsh environments. Notably, their application as corrosion inhibitors in acidic
media highlights the importance of structural changes on the adsorption energy of the inhibitor molecules. This
review summarizes the properties that make benzoxazines suitable for coating applications and discusses various
bio-based benzoxazines utilized in these cases. Furthermore, numerous studies have explored the relationship
between the chemical structure of benzoxazine monomers and the resulting polybenzoxazines, providing valu-
able insights into their performance. The information presented in this review is crucial for advancing our un-

derstanding and application of benzoxazine resins in protective coatings.

1. Introduction

Benzoxazine (Bz) was first introduced by Holly and Cope in 1944. Bz
is a molecule composed of an oxazine ring with nitrogen and oxygen
heteroatoms in a six-angle ring, and a benzene ring (Fig. 1) [1]. Bz is
synthesized from the combination of formaldehyde, primary amines,
and phenolic derivatives like phloretic esters [1-3]. Fig. 1 represents
schematic formation of Bz monomer and its polymerization in which R,
and R; can be different functional groups like aliphatic groups. Based on
the positions of nitrogen and oxygen atoms within the Bz structure,
different isomers of Bz can exist. However, only the 1,3-isomers are
capable of forming polybenzoxazine (pBz) [1,4,5].

Using multifunctional amines and phenolic derivatives in the syn-
thesis can produce multifunctional Bz molecules [5,6]. This versatility in
molecular design allows Bz to be tailored for various desired properties,
such as self-healing, self-cleaning, photo-sensing, and flame retardancy,
etc. [1,7-9]. One notable property of Bz is their near-zero shrinkage or
volume change during polymerization, which is crucial for their use as
coatings and adhesives. The expansion of a polymer upon curing can
cause mechanical interlocking to the substrate, while other thermosets
like epoxy exhibit high shrinkage, leading to residual stresses that
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diminish the coating’s protective performance [1,10]. Epoxy coatings
have been used extensively in scientific research and industrial appli-
cations. However, the curing process results in the formation of micro-
cracks, which facilitate the penetration of corrosive ions into the epoxy
layer, ultimately reaching the substrate. Therefore, these coatings
should be modified with nanomaterials to enhance their protective ca-
pabilities [11,12]. Other advantageous properties of pBz include very
low surface energy, good thermal and mechanical properties, and hy-
drophobicity [13-16]. Compared to epoxy, pBzs exhibit rapid physical
and mechanical property development at lower molecular weights,
while epoxy demonstrates suitable properties at elevated molecular
weights and a high degree of conversion [1].

In pBz, complex hydrogen bonding occurs, including both inter and
intramolecular OH---OH interactions, intramolecular OH---N in-
teractions (within the oxazine ring), and OH ... & interactions. These
hydrogen bonding interactions contribute to the unusual and advanta-
geous properties observed in this polymer [1,17,18]. The stable intra-
molecular six-membered ring hydrogen bond is responsible for the high
modulus, hydrophobicity, low dielectric constant, and high char yield.
The ratio of intramolecular to intermolecular hydrogen bonding is
dependent on the nature of the amine. Amines with higher pKa values
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Fig. 1. Synthesis of Bz monomer and the curing process of Bz by ROP, repro-
duced with permission from Ref. [4].

exhibit a higher intramolecular ratio compared to those with lower pKa
values. The majority of the phenolic OH groups form intramolecular
hydrogen bonds with N atoms [1].

Bz undergoes ring-opening polymerization (ROP) by heating the
monomers within the temperature range of 160-220 °C (Fig. 1) [19].
This polymerization process can occur without the need for strong acids,
making Bz suitable for various applications in industrial and academic
fields, such as additive manufacturing, membrane, aerospace, elec-
tronics, and carbon dioxide adsorption [5,20-29]. It is projected that the
global Bz resin market will experience substantial growth in the forth-
coming years, with an estimated Compound Annual Growth Rate
(CAGR) of approximately 7-8% from 2024 to 2030/2031 [30].

Despite the favorable characteristics of pBz, the purification process
for pBz has challenges due to the presence of impurities and solvents [1].
Additionally, pBz exhibits drawbacks such as low cross-linking density,
brittleness, and low toughness [5]. These limitations directly impact the
suitability of pBz for coating applications, as the material requires a high
curing temperature and produces a brittle and breakable film. However,
these deficiencies can be mitigated through modifications to the design
and structure of the Bz precursors or through the addition of fillers, fi-
bers, and nanoparticles [31-33]. For instance, incorporating functional
groups like OH, NHj, and CN can reduce the brittleness of pBz [34,35].
Moreover, the toughness of pBz can be enhanced by introducing inor-
ganic fillers to create a composite with improved properties [36].
Another approach involves lowering the curing temperature of Bz by
utilizing tertiary amines and excess OH groups, which catalyze and in-
crease transesterification reactions through nucleophilic activation of
hydroxyl groups [37]. Furthermore, incorporating long alkyl chains into
the chemical structure of precursors can yield liquid and low viscosity Bz
at room temperature [38,39]. The adhesion of pBz to metals is facilitated
by the interactions between the metal and the phenolic -OH groups,
making pBz suitable for coating applications. Additionally, the flexi-
bility of the pBz, resulting from the nature of the polymer backbone,
enhances its adhesion to metallic substrates [4]. One notable example of
high flexibility is polyester, which contains carboxylic acid and hydroxyl
functional groups [40]. Moreover, having longer alkyl chains in the
backbone of pBz can increase adhesion due to the flexibility of these
chains [3]. However, Bz with mono- or di-functional groups may lead to
brittleness and decreased adhesion of the resulting pBz [41]. Higgin-
bottom was the first who developed a cross-linked pBz with a
multi-functional Bz for coating applications [42]. As mentioned earlier,
the expansion of pBz after curing can enhance adhesion to the substrate
and improve corrosion protection. PBz coatings are effective in the
corrosion protection of metallic substrates in acidic and saline envi-
ronments [43-47].

The precursors of Bz often have environmental concerns and are
derived from petroleum-based reagents. Moreover, these precursors are
challenging to repair or recycle [3,5]. Additionally, when using Bz for
coatings, solvents like chloroform are typically employed, which are
known to be toxic [3]. Consequently, there is an urge for the production
of pBz using more sustainable and environmentally friendly precursors.
The production of bio-based materials has gained attention due to their
renewable nature and ease of formation [48]. Bio-based Bz can be
synthesized by utilizing bio-based compounds and derivatives of amines
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and phenols [49,50]. Examples of bio-based amines include furfuryl-
amine [51], dehydroabietylamine [52], stearylamine [53], laurylamine
[54]. Similarly, bio-based phenols such as vanillin [55-57], chalcone
[58], magnonol [59], eugenol [60,61], sesamol [62,63], chavicol [64],
coumarin [65], cardanol [66,67], biphenolic acid, guaiacol, pter-
ostilbene [68] can be used. Bz can also serve as corrosion inhibitors for
long-term protection of substrates in acidic environments [69-71].
Corrosion inhibitors are a type of compound used to delay the corrosion
of metals by their addition to the corrosive media or coatings [72]. They
regulate corrosion behavior in corrosive media by either forming a
protective film on the metal surface or altering the double-electrical
layer structures [73]. Corrosion inhibitors can be classified into two
general groups of inorganic and organic corrosion inhibitors. Chromate,
nitrate, phosphate, molybdate, and silicate are among the inorganic
corrosion inhibitors used to enhance the corrosion resistance of metallic
substrates [70]. However, these inorganic inhibitors have drawbacks,
such as reduced tendency to mix with the substrate,
non-biodegradability, and environmental issues [70]. Furthermore,
inorganic inhibitors exhibit low dispersion in organic coatings which
reduces the barrier efficiency provided by the coating [48]. On the other
hand, organic inhibitors are composed of compounds that contain
multiple bonds, aromatic rings, and hetero-atoms (e.g. nitrogen, oxygen,
phosphorus, and sulfur) in their chemical structure [74]. Carboxylate
and amine groups in aliphatic compounds have also been found to
inhibit corrosion [74]. These heterocyclic compounds, possessing both
double bonds and hetero-atoms, have demonstrated exceptional per-
formance in inhibiting corrosion of steel substrates due to their strong
affinity for the substrate [70]. The high affinity is related to the strong
attraction of hetero-atoms n-electron to the metal empty orbitals,
resulting in the formation of a protective layer that prevents further
corrosion [48,70]. The inhibition efficiency of these compounds is
affected by the size, molecular weight of the organic molecule, aroma-
ticity, number of hetero-atoms and bonding atoms in the molecule, and
the nature of corrosive media [71,74]. These factors influence the
adsorption efficiency of the organic inhibitor onto the metallic substrate
[69]. The inhibition mechanism of organic inhibitors begins with the
adsorption of the organic molecules onto the metal surface, followed by
their combination with metallic cations to form metal complexes that
create a protective layer [69,70,72]. In order to design effective organic
inhibitors and identify the active sites of inhibitors for adsorption on the
surface, quantum chemical calculations using Density Functional The-
ory (DFT) can be employed [71].

The inhibition efficiency of corrosion inhibitors or coatings can be
calculated using various data. Below, a list of equations utilized for
assessing the corrosion inhibition efficiency (E) and corrosion rate (CR)
is provided:

E(%) = [(Teorr — Lorr(c)) / Leorr] x 100 )
CR= (K x Lo X EW) / (A x d) o)
CR=(Mx Loy / (d x 1 x F) 3)
E(%) = [(Wo — Wi) / Wo] x 100 )

In these equations, Icorr, Icorrc), K, EW, A, d, n, and F, are corrosion
current values of bare and coated samples, corrosion rate constant,
equivalent weight of substrate, sample area, density of the substrate, the
number of transfer electrons, and Faraday’s constant, respectively. In
Eq. (4), Wo, and Wiy, are weight losses of the substrates in the absence
and presence of an inhibitor, respectively. Potentiodynamic polarization
measurements are used to determine corrosion current and potential
through the analysis of anodic and cathodic slopes in Tafel plots.
Generally, a more positive corrosion potential and a lower corrosion
current indicate a slower corrosion process [75,76]. Electrochemical
impedance spectroscopy (EIS) is a widely used technique for studying
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the corrosion protection of organic coatings and the corrosion resistance
performance of inhibitors. The Bode and Nyquist diagrams can be ob-
tained from EIS measurements, where systems with a higher impedance
modulus at low frequency exhibit higher corrosion resistance [77,78].

This short review provides a concise overview of Bzs that are spe-
cifically used for coating applications. In order to address the limitations
of traditional pBzs, various approaches have been explored to enhance
their applicability in coatings technology. These approaches include: 1)
changing the chemical structure of Bz, functionalizing the Bz monomer
or copolymerizing it with other Bzs or monomers, and 2) blending it
with nanoparticles/nanoplatelets. To comprehensively cover these
topics, this review is divided into two sections, each dedicated to sum-
marizing the approaches employed to modify Bzs for use in coating
technology. Additionally, the application of Bzs as corrosion inhibitors is
discussed in the final section.

2. PBz coatings

Polybenzoxazine (pBz) coatings are utilized for passive corrosion
protection of metallic substrates, thanks to their excellent thermal and
chemical stability, minimal shrinkage, and low surface free energy. To
enhance the active corrosion protection of pBz coatings, the Bz mono-
mer can be functionalized with various compounds, such as silane, long
alkyl chains, etc. [44]. This section reviews studies on pBz coatings with
various molecular designs, pBz functionalized with silane, and those
copolymerized with Bz monomers or other monomers for use in coating
applications. This versatility allows for achieving desired properties,
making the resulting resin suitable for coating applications.

2.1. PBgz coatings with different molecular designs

The conventional Bz was obtained by the incorporation of bisphenol
like bisphenol-A, bisphenol-F, bisphenol-S, and bisphenol-Z [79-81].
Bisphenol-A has been used extensively as the Bz precursor due to its
availability, low cost, and high purity [1]. Lu et al. [41] synthesized a
bisphenol A-based Bz using the mixture of bisphenol-A, aniline, and
paraformaldehyde with a curing temperature of 180 °C for 3h. The
coatings were applied on the surface of mild steel (MS) using dip coating
method. Comparing the results of obtained pBz coatings with commer-
cial epoxy coating, showed better corrosion protection of pBz coatings
(even with lower coating thickness than epoxy coating) due to the more
hydrophobic surface of pBz. Hydrophobicity is effective in the long-term
corrosion protection of the coatings by creating a barrier layer and
isolation for the penetration of corrosive media. Moreover, the effect of
monomer concentration and curing temperature of the coatings on the

HC, ~ CH,
a)
HO OH
0
c)
CHs
n—N

HO

pyrazolidine bisphenol
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corrosion protection was investigated. It was observed that increasing
the monomer concentration to 500 g/L (increase in the thickness of the
coating) and the curing temperature of 180 °C can have the best pro-
tection by creating a compact and complete cross-linking network. It has
also been demonstrated that elevating the curing temperature above
180 °C increase the volume and thickness of the coatings, thereby
reducing their compactness and consequently decreasing their corrosion
protection. The epoxy coating was employed as a reference to evaluate
the corrosion protection performance of the pBz coating. When both
coatings were prepared using the same amount of monomer concen-
tration of 500 g/L, the pBz coating exhibited a lower corrosion current
density (obtained from potentiodynamic polarization), with a value of
4.36 x 1073 pA cm ™2 compared to 1.68 x 1072 pA cm 2 for the epoxy
coating, representing the better performance of pBz coating [41].

The toxicity of bisphenol-A can have significant risks to both human
and marine life when employed as a coating in marine applications [82].
Some studies have replaced bisphenol-A with bisphenol-F; however, due
to their similar chemical structures, it is likely that they pose similar
hazardous effects [83,84]. The chemical structure of different bisphe-
nols is presented in Fig. 2(a) and (b). One of the substituents for these
toxic bisphenols is pyrazolidine bisphenol [85]. In their study, Manoj
et al. [85] utilized pyrazolidine bisphenol in combination with various
amines to synthesize Bz (Fig. 2(c)). The resulting Bzs exhibited lower
curing temperatures (approximately 30-50 °C) compared to
bisphenol-F-based Bz. Additionally, they demonstrated enhanced
corrosion protection and thermal stability. Furthermore, a comparison
among different amines revealed that octadecylamine, due to its octa-
decyl chain, exhibited higher hydrophobicity and more efficient corro-
sion protection (with an efficiency of 90 %, as determined from
corrosion current densities obtained from Tafel plots) than pBz with
dodecyl chain or 4-fluoroaryl chain in dodecylamine and 4-fluoroani-
line, respectively which was confirmed using polarization and EIS
studies. Krishnan et al. [86] developed a bisphenol-F-based Bz by
incorporating silane functional groups, aiming to utilize it as a coating
for the protection of MS substrates. Comparing results show that adding
silane functionality to the chemical structure of pBz coating increased
corrosion protection in comparison to conventional bisphenol-based pBz
coatings. A high corrosion protection efficiency was reported for the
silane-bisphenol pBz coating with the value of 96 %. A comparison of the
corrosion rates between bisphenol-A-based and
silane-bisphenol-F-based pBz coatings with almost the same thickness
reveals a lower corrosion rate with the addition of silane functionality
with values of 5.07 x 10> mm/year and 3.68 x 10~/ mm/year,
respectively [41,86].

PBz coatings were also employed to protect against the corrosion of

b) H
H
NH,

4-fluoroaniline

F
NH,—(CH,),,— CH, Dodecylamine

NH,—(CH,),;,—CH; Octadecylamine

Fig. 2. The chemical structure of a) bisphenol A, b) bisphenol F, and c) synthesis of Bz monomer using pyrazolidine bisphenol and different amines, reproduced

based on Ref. [85].
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aluminium (Al) substrates. Conventional pBz coatings with bisphenol-A
were used for corrosion protection of 1050 Al alloy [87]. Renaud et al.
[88] applied Phenol-paraPhenyleneDiAmine (P-pPDA) Bz on
sulfo-tartaric anodized Al alloy. In order to avoid the high curing tem-
perature of this Bz, a partial curing at a lower temperature was per-
formed with different temperature cycles. Moreover, the combination of
Al alloy anodization and Bz resin could enhance the corrosion protection
of the coatings by increasing the cohesive interface between the anodic
coating and the substrate. In another study, they used 4-Ethylphenol to
obtain 4-ethylphenol-para-phenylenediamine (4 EP-pPDA) [89].
Different curing cycles were performed to reduce the curing tempera-
ture. It was observed that corrosion protection is highly influenced by
thermal treatment and partial curing of the coating system can
compensate for the high curing temperature of Bz which makes them
suitable for thermal-sensitive alloys like Al.

Van Renterghem et al. [3] used phloretic acid, ethanolamine, and
different diols (dodecandiol (DD)/PEG200/ethylene glycol (EG)) for the
synthesis of Bz to investigate the effect of diols backbone in the
self-healing and recycling properties. The use of phloretic acid derived
from coumaric acid or apple tree leaves by-product, as well as long
flexible chains such as alkyl or ether alkyl in the precursors were found
to decrease the viscosity and enhance fluidity at room temperature. The
excess of the hydroxyl group in ethanolamine helped the trans-
esterification reaction and lowered the curing temperature. Comparing
the long-chain effect of dodecandiol and ethylene glycol showed that the
longer chain could increase hydrophobicity, self-healing, and corrosion
protection (1050 Al alloy) due to the flexibility of the chain, which fa-
cilitates the transesterification reaction. The polarity of the PEG and the
short chain of ethylene glycol decreased the self-healing ability of these
polymers [3]. The coatings were applied on the Al alloy using a
bar-coater without the incorporation of solvent. They used commercial
epoxy as a reference, observing that after 50 days of immersion in saline
solution, the impedance modulus at the low frequency of 0.01 Hz (ob-
tained from EIS results) was 1 x 10'° Q cm? for the sample with
dodecandiol and 6.5 x 10° @ cm? for the commercial epoxy, repre-
senting superior corrosion protection for pBz coatings on Al alloys. A
comparison of the results for pBz coatings on Al alloys indicates that the
impedance modulus at 0.01 Hz was in order of 10% Q cm? after 30 days
of immersion for the conventional pBz coating (the one containing
bisphenol-A) with a thickness around 10 pum and in order of 10° Q cm?
after 21 days for P-pPDA with a thickness around 4 pm [87,88]. In the
case of pBz with dodecandiol, despite their higher thickness, the
corrosion resistance remained sufficiently high, maintaining corrosion
protection properties for up to 50 days with an impedance modulus
value of around 10'° @ cm? [3].

Aromatic polyimides have proper properties like high mechanical
and thermal properties that can be related to their inert imide ring,
which can create strong intermolecular interactions [90,91].
Phthalimide-functionalized (as aromatic polyimides) Bz monomers are
effective in anti-corrosive coatings in saline and acidic solutions [45,92].
Fig. 3(a), (b) shows para- and ortho-phthalimide-functionalized used for
the synthesis of Bz monomer, referred to as pPP and oPP, respectively.
These coatings exhibit hydrophobic properties and a robust cross-linked
network structure, thereby minimizing the penetration of the electro-
lyte. A comparison of these two coatings revealed that the pPP coating,
cured at the optimum temperature of 180 °C, provided better corrosion
protection, achieving an efficiency of 98 %, compared to 95 % for the
oPP coating. The enhanced corrosion protection of the pPP coating is
attributed to its stronger coordinate bonding with the substrate [45].

Li et al. [93] investigated the effect of hydrogen bonding on the
corrosion protection of pBz coatings by incorporating the phenoxy group
in the structure of Bz (Fig. 3(d)). The phenolic sources used in this study
are shown in Fig. 3(c) and (d). It is fundamentally expected that the
monomer and the polymer that contain the phenoxy group are more
hydrophilic and expected to have the penetration of water and, hence,
weaker corrosion protection. However, they observed higher corrosion
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Fig. 3. a) Para- and b) ortho-phthalimide-functionalized phenols used for
synthesis of Bz monomer, reproduced based on Ref. [45]. Using c¢) methyl
(p-cresol), and d) phenoxy (4-phenoxyphenol) groups for the synthesis of Bz
monomer to check the effect of hydrogen bonding on the corrosion protection
of pBz coatings, reproduced based on Ref. [93].

OH

protection in the case of having a phenoxy group that is related to the
special hydrogen bonding in the structure of pBz coatings. The reason is
the steric hindrance caused by the phenoxy group that induced
hydrogen atoms in the phenolic hydroxyl group to interact with nitrogen
and hydrogen atoms in another phenolic group. So, it can be concluded
that having more intramolecular hydrogen bonds than intermolecular
bonds is influential for having a more hydrophobic coating and, there-
fore, better corrosion protection (the amount of the intra- and inter-
molecular hydrogen bonding was assessed by FTIR) [93,94].

In another study, a thymol-based Bz was synthesized according to
Fig. 4, using primary amines with different chain lengths (partially bio-
based Bz) [49]. The anti-corrosion properties of the obtained coatings
were investigated on stainless steel substrates (S5304). It was observed
that the hydrophobicity of the coatings increases with increasing the
number of carbons in primary amines and also with increasing curing
temperature [49,95]. Moreover, better corrosion protection of the
coatings with longer amine chains and higher curing temperatures was
observed. It was also noted that the corrosion current density of the pBz
coating with the longer alkyl chain (T-b in Fig. 4) is almost 55 times less
than the pBz with the shorter alkyl chain (T-m in Fig. 4) with an anti-
corrosion efficiency of 99.99 %. Increasing the curing temperature (from
160 to 200 °C for 1h) can enhance the complete curing of pBz and the
formation of this coating [49].

Furfural bis-thymol, five different fluorinated amines, and para-
formaldehyde were utilized to synthesize Bz, which was subsequently
applied as a coating on MS substrate [96]. The study demonstrated that
increasing fluorine content led to a higher water contact angle, reaching
a maximum value of 151°. Furthermore, the incorporation of fluorine in
the coating structure significantly enhanced corrosion resistance, which
was attributed to the improved cross-linking capability facilitated by
fluorine atoms in the amine moieties. The coating efficiencies ranged up
to 99 %, with the highest efficiency of 99.99 % observed for the coating
containing the highest fluorine content [96].

Srinivasan et al. [97] used trihydroxytriphenylmethane (TTM) with
three different amines (1-(3-aminopropyl)imidazole (ipa), dimethyla-
minopropylamine (dmapa), and aminoethoxyethanol (aee)) that were
rich in nitrogen atoms in the backbone of the amine chemical structure
to reduce the curing temperature of Bz monomer (Fig. 5(a)). The coat-
ings were applied using spraying over the surface of mild steel (MS). The
lowest curing temperature was observed for TTM-dmapa and curing was
initiated at 131 °C. This can be related to the accelerated curing process
induced by N,N-dimethyl group. Moreover, the more basic nature of
amine makes it keener to donate electron pairs that consequently can
cleave the oxazine ring in the curing process. TTM-dmapa showed the
highest thermal stability with char yield and Tyax (Tmax is defined as the
maximum temperature required for pBz degradation) value of 48 % and
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Fig. 4. The synthesis procedure of thymol-based Bz monomer using different amines and the ROP reaction, reproduced with permission from Ref. [49].
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Fig. 5. a) Synthesis of trihydroxytriphenylmethane-based pBz, reproduced with permission from Ref. [97]. b) Schiff base BZ monomer (with p-toluidine) (SF-Tol-Bz),

reproduced with permission from Ref. [44].

539 °C, respectively. This sample also had the highest water contact
angle with a value of 146°, caused by N,N-dimethyl group as well as
aromatic groups in TTM chemical structure. The reason for the stable
coatings obtained with these monomers is the highly cross-linked and
three-dimensional network, which could enhance the corrosion protec-
tion performance of the coating with a corrosion current value of 5 x
10712 mA (results from potentiodynamic polarization and Tafel studies)
and corrosion inhibition efficiency of 99.9 % (Eq. (1)) [98].

Schiff base moiety can be added to the structure of Bz (Fig. 5(b)) to
produce a corrosion-protective coating for MS [44]. Schiff bases mate-
rials have the ability to be absorbed on the metallic substrate, which
makes them suitable for their usage in coating applications [99]. The
obtained pBz with Schiff base moieties showed proper thermal stability
and corrosion protection and they could decrease the curing tempera-
ture of Bz as the ROP is catalyzed by Schiff moieties. The corrosion
protection obtained by Schiff base moiety can be due to the adsorption
of the coating’s molecules onto the MS surface, which was affected by
the -C=N-, and -OH phenolic groups of the functional groups. More-
over, these molecules can form a MS-coating complex with the Fe?*
cations coming from the substrate [44]. The reactions leading to the
final Bz monomer is illustrated in Fig. 5(b). Using n-hexylamine Schiff
base condensation reaction with salicylaldehyde and further reduction
of Schiff base compound with sodium boronhydride, a new Bz monomer
can be synthesized [43]. The resulting coating can be used for corrosion
protection of MS in an acidic solution (0.1 M H,SO4) that is related to the
hexyl group in the pBz chemical structure [43].

Bi- and tri-valent nitrogen-rich Schiff bases were synthesized using
hydroxynaphthaldehyde in combination with acetoguanamine (AG),
benzoguanamine (BG), and melamine (MA) to serve as phenolic sources
for Bz synthesis [100]. These Schiff bases were subsequently used with
furfurylamine and paraformaldehyde to produce Bz monomers. The
resulting coatings demonstrated an inhibition efficiency of 99 %,
effectively protecting MS from corrosion. The corrosion protection
properties are attributed to the abundant nitrogen content, the presence
of imine groups, and their inherent corrosion resistance. Additionally,
the strong adhesion of the coatings to the substrate, along with their
hydrophobic nature, significantly contributes to their protective per-
formance. Among the coatings, the one derived from MA exhibited the
highest hydrophobicity (145°), attributed to its nitrogen-rich rigid aro-
matic core, which minimizes interactions between the coating and water

molecules.

Muthukumar et al. [101] used curcumin with three different primary
amine: octadecylamine, aniline, and furfurylamine, and the usage of
bio-based Bz was confirmed for coating applications and corrosion
protection of MS. The corrosion protection provided by the pBz coating
derived from furfurylamine was the highest, with a corrosion inhibition
efficiency of 99.6 % using the Tafel curve of potentiodynamic polari-
zation test (Eq. (1)), primarily attributed to the presence of a
cross-linked network and the polar characteristics of the monomer,
which enhances the adhesion of the coating to the MS substrate. The
existence of an aliphatic chain in the structure of the pBz coating with
octadecylamine contributed to the highest water contact angle for this
sample. However, for this sample, corrosion protection was the lowest,
with a corrosion inhibition efficiency of 98 % (Eq. (1)). Therefore, it can
be concluded that the improved adhesion resulting from the incorpo-
ration of furfurylamine into the pBz coating structure contributes more
significantly to enhancing corrosion protection performance than the
increased hydrophobicity provided by the long aliphatic chain of octa-
decylamine (water contact angles for pBz coating with octadecylamine
and furfurylamine are 137° and 135°, respectively) [101]. Curcumin as
well as its combination with chitosan was also used for the synthesis of
pBz to inhibit corrosion and biofilm formation in which the Bz monomer
was synthesized by Schiff base chemistry [102,103]. Chitosan as a
biopolymer that is obtained from the shells of crustaceans, can be
blended with Bz to increase the mechanical, thermal, and antimicrobial
characteristics [103].

Curcumin has been used with other amines including adamantyl-
amine (adm), aniline (a), allyl amine (aa), amino ethoxyethanol (aee),
amino propyl imidazole (api) and trifluoro methyl aniline (tfma) for the
synthesis of Bz [104]. Comparison of the Nyquist diagrams obtained
from EIS measurements for bare and pBz-coated MS revealed that the
coated samples exhibited a large, single capacitive loop, indicating
enhanced corrosion resistance compared to bare MS. The existence of
fluorine in amine was found to increase surface hydrophobicity,
achieving a water contact angle of 146°, attributed to the fluorine
groups’ low van der Waals interaction with water, consistent with
findings on the effects of fluorine in the study of Mydeen et al. [96].
Additionally, pBz synthesized with aee exhibited hydrophobicity (136°)
due to the contribution of intermolecular hydrogen bonding. A com-
parison of the water contact angles of pBz coatings with curcumin and
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fluorinated amines from this study, and those with curcumin but
without fluorinated amines from the work of Muthukumar et al. [101]
highlights the critical role of fluorine in enhancing hydrophobicity. The
highest corrosion protection efficiency (99.84 % using Eq. (1)) was
observed for the pBz with api due to the existence of imidazole core with
nitrogen contributing to the corrosion protection [104]. Similarly, the
study by Srinivasa et al. [97] reported nearly the same protection effi-
ciency (99 % using Eq. (1)) for pBz coatings with api (ipa). Following the
api coating, the next highest corrosion protection was achieved with
adm, which provided 99.05 % efficiency related to its rigid nature with
fused cyclohexane that can protect pBz structure from being corroded
(Table 1).

Guaiacol derived from biomass hydrolysis with an aromatic structure
in lignin molecules, is another compound that can be used for the for-
mation of bio-based Bz resins [53,105,106]. L-tyrosine is an amino acid
(rich in proteins), produced from green processes like the hydrolysis
reaction of corn, casein, and other resources [107]. L-tyrosine can be
used for the synthesis of Bz by having phenolic hydroxyl that contains
aromatic amino acid [108]. Moreover, bio-based tyrosine-dipeptide can
be obtained from L-tyrosine and be used in the synthesis of Bz (Fig. 6(a))
[54]. For this purpose, three different amines: aniline, dodecylamine,
and furfurylamine, were used. It was observed that the improved
cross-linked network of pBz with furfurylamine and aniline could in-
crease flame retardant behavior. All the tyrosine-dipeptide-based sam-
ples showed hydrophobicity, however, the hydrophobic property was
slightly higher for the pBz with dodecylamine. The reason for this
observation is that this pBz enables the formation of a highly
cross-linked network with a non-polar nature and inherent hydrocarbon
moieties. The samples were used as coatings for MS (by spray coating),
which showed proper corrosion resistance (with a corrosion inhibition
efficiency of 98.3 % using Eq. (1) for the sample with furfurylamine) due
to the existence of triazine cross-links that could reduce the anodic re-
actions [54]. The same as the study of Muthukumar et al. [101], the best
corrosion protection performance was for the pBz coating with furfur-
ylamine and the hydrophobicity was higher for the sample with a higher
alkyl chain (dodecylamine). The comparison between these two studies
also shows that the existence of curcumin in the Bz structure is effective
in corrosion protection of MS substrates by comparing
curcumin-furfurylamine- and tyrosine-furfurylamine-based pBz coatings
corrosion inhibition efficiency.

Phenolic-rich Bzs were synthesized using lignin and phloretic acid,
with stearylamine, furfurylamine, and ethanolamine serving as primary
amine sources [109]. Due to its inherently hydrophobic nature, lignin
contributed to the development of a hydrophobic coating when com-
bined with stearylamine, achieving a water contact angle of 91°. This
coating was noted for its ease of application. The hydrophobic properties
of the resulting coating were comparable to those of lignin-based poly-
esters [110]. No corrosion evaluation techniques were employed in this
study [109].

Cardanol has been used in the synthesis of bio-based Bz in the context
of sustainable development [111]. Cardanol is obtained from cashew
nut shells that can be used as the phenol source [112-114]. This com-
pound with a long hydrocarbon chain (15 carbon atoms) has attracted
attention in different applications like resins, surfactants, and coatings
[115,116]. Cardanol was used as the phenol source along with stearyl-
amine and paraformaldehyde for solventless Bz synthesis (Fig. 6(b))
[117]. Natural polyphenols can decrease the curing temperature of Bz.
Moreover, adding a low amount of carboxylic acid to the Bz monomer
can promote the curing of Bz [118]. Therefore, gallic acid as a poly-
phenol compound with a carboxyl group was used as the catalyst of
ring-opening polymerization [117]. Cardanol is also used with
silane-contained amine (3-aminopropyltriethoxysilane) as well as
stearylamine for the synthesis of Bz monomer [119], which will be
discussed in more detail in section 2.1.1.

To eliminate the release of antifouling agents that are usually used in
conventional antifouling coatings and harm the marine ecosystem,
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fouling-release coatings have been developed [120,121]. pBz coatings
can be also used in antifouling coatings in marine applications by the
release of fouling [122,123]. This phenomenon can happen by the
release of fouling from the surface of coatings due to the low surface
energy of the coating. Chen et al. [122] used cardanol and urushiol as
phenol sources and it was observed that the existence of hydroxyl group
excess in the phenolic group can reduce the activation energy and
therefore, the curing temperature of the obtained Bz.

Another bio-based Bz monomer was synthesized using eugenol and
three different amines (stearylamine, furfurylamine, and Dehy-
droabietylamine) by Zhang et al. [124]. Eugenol is an aromatic com-
pound with an allyl group on its para position. Comparing
electrochemical results showed the highest corrosion protection effi-
ciency is for pBz coating obtained from eugenol and furfurylamine
precursors with a value of about 89 % [124]. Furfurylamine along with
pyrogallol can be used as the precursors for production of Bz monomers
[125].

4-(Phenylazo)phenol, along with polyetheramine can be used for the
synthesis of Bz monomer [126]. Polyetheramine is hydrophilic, and
increasing the concentration of this compound in the Bz structure can
decrease hydrophobicity. According to their study, the incorporation of
flexible segments can improve the adhesion of Bz coatings to the sub-
strate; moreover, the existence of lower flexible segments can increase
the rigidity and the brittleness of the coatings. The obtained coating had
impedance modulus in the order of 10* Q cm? at low frequency (0.01
Hz) for coatings with a thickness of around 5 pm and inhibition effi-
ciency of 99 % (Eq. (1)) [126].

2.1.1. Silane-functionalized pBz coatings

Silane groups can be employed in the functionalizing Bz coatings,
thereby enhancing the adhesion between Bz resin and stainless steel
through the formation of Fe-O-Si bonds [127]. Moreover, the use of
silane in the coating allows the formation of a dual cross-linking network
containing ring-opening polymerization of Bz and Si—O-Si bonds in the
coating which enhances the barrier property and hydrophobicity of the
coating and reduces water uptake. The chemical structure of 3-amino-
propyltrimethoxysilane (3-APTMOS) precursor is represented in Fig. 7
(a). Cross-linking points can be created by the reaction of active
methoxy groups with moisture in the air, leading to increased
cross-linking density. Therefore, functionalizing Bz with silane increases
corrosion resistance [127]. A comparison between silane-functionalized
pBz coatings and conventional pBz coatings revealed that the conven-
tional pBz coating failed to provide uniform coverage, resulting in un-
coated regions on the surface [127].

Silane-functionalized Bz can also be synthesized through the com-
bination of silane-based and bio-based precursors such as cardanol,
vanillin, eugenol, and guaiacol, enabling the production of bio-based Bz
monomers [128]. Qu et al. [129] synthesized fluorinated
silane-functional Bz to create a surface with a reduced free energy value
of 15.5 mJ/m? which is desirable for lithographic applications.

Ye et al. [119] used cardanol with 3-aminopropyltriethoxysilane
(silane-contained amine also called APTES) and stearylamine for the
synthesis of Bz monomer. Both Bzs were used for coating MS substrates,
and they showed hydrophobicity due to the long alkyl chains and the
hydrogen bonds network. However, silane-functionalized Bz could
create a dual-crosslinked network that contains polysiloxanes and pBz.
Therefore, better corrosion protection could be observed for this coating
at longer immersion times with an impedance modulus value of 9 x 10°
Q cm? at 0.01 Hz after 60 days (obtained from EIS results), which is 10
times higher than the Bz monomer without silane functionality. This is
due to the higher cross-linking density and barrier property that could
prevent the penetration of corrosive ions.

Bz-based sol-gel coatings can also be produced to protect metallic
substrates. Zhou et al. [130] synthesized Bz monomer with silane
functionalities using APTES and p-cresol for further application in
Bz-based sol-gel coating (Fig. 7(b)). For producing the sol-gel coating, Bz
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Table 1
Summary of studies related to the pBz coatings with different molecular designs (the figures related to each study are mentioned for enhancing clarity).
Precursor/Monomer Thickness Substrate/ Corrosive Notable corrosion protection properties Reference
(pm) Coating media
technique
Bisphenol-A, aniline, and paraformaldehyde 2-5 MS 3.5 wt% The corrosion rate and corrosion current density Lu et al. [41]
Dip coating NaCl were 5.07 x 10~° mm/year (Eq. (3)) and 4.36 x
1072 pA/cm?, respectively.

Pyrazolidine bisphenol, paraformaldehyde, 20 MS 3.5 wt% The corrosion efficiency of the coating was 90 % Manoj et al. [85]
dodecylamine (dda), octadecylamine (oda), and 4- Drop coating NaCl (Eq. (1)) for the monomer with oda, showing the
fluoroaniline (Fig. 2(c)) best corrosion protection.

Bisphenol-F, 3-aminopropyltrimethoxysilane, and 5 MS and SS 3.5 wt% Obtaining coating with a corrosion rate of 3.68 x  Krishnan et al.
paraformaldehyde Spin coating NaCl 107'% m/year (Eq.(2)) and a protection efficiency ~ [86]

of 96 % (Eq. (1)) for pBz on MS.
1,4-phenylenediamine, phenol, and paraformaldehyde 2 Al alloy 0.1 MNaCl  Impregnation of Bz with the surface of anodized Al  Renaud et al.
Spin coating alloy, making them suitable for further top coat [88,144]
application.
Highly capacitive behaviour of pBz coating after
one month of immersion.

Phloretic Acid, 1,12- dodecandiol, ethylene glycol, 70 Al alloy 0.1 MNaCl  The better corrosion protection of pBz coating Van Renterghem
polyethylene glycol, ethanolamine, Bar coating while using dodecandiol after 50 days immersion et al. [3]
paraformaldehyde in saline solution.

2-(4-Hydoxyphenyl)isoindoline-1,3-dione (pPP), 2-(2- 5 MS 3.5 wt% The better corrosion protection while curing Bzat ~ Aly et al. [45,
Hydoxyphenyl)isoindoline-1,3-dione (oPP), p- Spin coating NaCl 180 °C in the case of both monomers. 145]
toluidine, and paraformaldehyde (Fig. 3(a), (b)) The higher protection efficiency for pPP coating

(98 % obtained by Eq. (1)), due to the better
adsorption of this monomer to the MS substrate.

n-propyl-3,4-dihydro-6-methyl-2H-1,3-benzoxazine, 7.8-9.4 Al alloy 3.5 wt% A decrease in adhesion by application of pBzalong  Li et al. [93]
and n-propyl-3,4-dihydro-6-phenoxyl-2H-1,3- Dip coating NaCl with Bz-based sol-gel due to the creation of a
benzoxazine (POP-b) (Fig. 3(c), (d)) higher thickness coating than the sol-gel alone.

Increased corrosion protection by having two-
layer coatings.
Better corrosion protection of POP-b coating.

Thymol, methylamine, ethylamine, propylamine, - SS304 1 M NaCl Decrease in corrosion rate by increasing curing Suesuwan et al.
butylamine, and paraformaldehyde (Fig. 4) Spin coating temperature. [49]

The lowest corrosion rate for Bz with longer alkyl
chain amine (butylamine) with an anticorrosion
efficiency of 99 % (Eq. (1)).

Furfural bis-thymol, fluorine substituted amines - MS - Increasing the corrosion protection of the coating ~ Mydeen et al.
(fluoroaniline, trifluoromethylaniline (tfma), 4-flu- Spray coating with increasing the fluorine content in the primary
oro-3-trifluoromethylaniline (fma), amine.
pentafluoroaniline (pfa), Corrosion protection efficiency of 99.99 % for
pentafluorosulphanylaniline (pfsa)), and coating with psfa, obtained from Eq. (1).
paraformaldehyde

TTM, ipa, dmapa, aee, and paraformaldehyde (Fig. 5 2000 MS 3.5 wt% The inhibition efficiency of 99.9 % (Eq. (1)) for Srinivasan et al.
(a) Spray coating NaCl the pBz coating obtained from dmapa. [97]1

SF-BZ 20H, p-toluidine, and paraformaldehyde (Fig. 5 2 MS 3.5 wt% The inhibition efficiency and the corrosion rate Mahdy et al.
b)) Dip coating NaCl value of 92 % (Eq. (1)) and 22 pm/year (Eq. (2)),  [44,146]

respectively, for the coating with 300 g/L Bz
concentration.
Salicylaldehyde, n-hexylamine, formaldehyde 4 MS 0.1M Production of Schiff base pBz coating, effective in ~ Soliman et al.
Spray coating H,SO04 the corrosion protection of substrate in acidic [43]
media.

hydroxynaphthaldehyde and AG, BG, and MA (to form MS 3.5 wt% Achieving coatings with hydrophobic properties Krishnan et al.
phenolic precursors), furfurylamine, Spray coating NaC and corrosion protection efficiencies around 140° [100]
paraformaldehyde and 99 %, respectively.

Curcumin, aniline, furfurylamine, octadecylamine, - MS 3.5 wt% The water contact angle of 137° for pBz with Muthukumar
paraformaldehyde Drop coating NaCl octadecylamine. etal. [101]

The corrosion inhibition efficiency value of 99.6 %
(Eq. (1)) for the pBz coating with furfurylamine.

Curcumin, adamantylamine (adm), aniline (a), allyl 11.95-17.22 MS 3.5 wt% The highest water contact angle for pBz with tfma Madesh et al.
amine (aa), amino ethoxyethanol (aee), amino propyl Spray coating NaCl and a value of 146°. [104]
imidazole (api) and trifluoro methyl aniline (tfma), The highest inhibition efficiency for the pBz

coating with api with a value of 99.84 % (Eq. (1)).

L-tyrosine cyclic dipeptide, aniline, dodecylamine, - MS 3.5 wt% The best corrosion protection for the coating with ~ Mohamed

furfurylamine, and formaldehyde Spray coating NaCl furfurylamine and corrosion protection efficiency =~ Mydeen et al.
of 98.3 %. [54]
Polyetheramine, 4-(phenylazo)phenol, 5 Low-carbon 3.5 wt% Overcoming traditional brittle pBz coating with Zhao et al. [126]
paraformaldehyde steel NaCl the help of polyetheramine and improving
Drop coating corrosion protection by creating the barrier layer
between corrosive media and the substrate.
Paraformaldehyde, 3-APTMOS, bisphenol-A (Fig. 7(a)) 5 MS and SS 3.5 wt% Decrease in the corrosion current while using the Zhou et al. [127]
Dip coating NaCl synthesized pBz.

Obtaining the corrosion current density of 0.59 +
0.08 pA cm ™2 for pBz-coated MS samples and 1.55
+ 0.35 nA cm ™2 for pBz coated SS.

(continued on next page)
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Precursor/Monomer Thickness Substrate/ Corrosive Notable corrosion protection properties Reference
(pm) Coating media
technique
Cardanol, APTES, stearylamine, and paraformaldehyde 26 MS 3.5 wt% The charge transfer resistance value of 3.12 x 107  Yeetal [119]
Automatic NaCl Q cm? after two months for the silane-based
coating coating.
machine
APTES, p-cresol, and paraformaldehyde (Fig. 7(b)) 0.5+0.1 Al alloy 3.5 wt% The higher corrosion resistance performance for Zhou et al. [130,
Dip coating NaCl the TEOS-pBz coating that was cured at 210 °C. 147]
The highest impedance modulus at low frequency
for the homopolymerized coating with the value
of 10° Q ecm? after 30 days of immersion.

Eugenol, dehydroabietylamine, and paraformaldehyde. - Q235 carbon 3.5 wt% Using different concentrations of monomers to Zhang et al.
6-allyl-8-methoxy-3-octadecyl-3, 4-dihydro-2H- steel NaCl produce copolymers with the least corrosion rate [124,148,149]
benzoxazin. 1.4 x 107> mm/year.
6-allyl-3 —(furan-2-ylmethl)-8-methoxy-3, 4-dihydro-
2H-benzoxazine

Furfurylamine, pyrogallol, eugenol, stearylamine, 27 MS automatic 3.5 wt% Production of hydrophobic coating with a water Chen et al. [125]
paraformaldehyde film coater NaCl contact angle of 110° after copolymerization.

Corrosion inhibition of coatings after 30 days
immersion.

Cardanol, N,N'-Bis(2-aminoethyl)ethane-1,2-diamine, - MS 3.5 wt% Mixing Bz monomers with epoxy for further Patil et al. [137]
and paraformaldehyde Flow coating NaCl curing, causing an increase in the corrosion

method resistance efficiency to 99.9 % (Eq. (1))
3-APTMOS, bisphenol-A, paraformaldehyde 5 MS 3.5 wt% Corrosion protection efficiency of 99 % (Eq (1)), Zhou et al. [138]
Dip cpating NaCl after copolymerizing epoxy with 30 % Bz-TMOS.
Guaiacol, paraformaldehyde, and ethanolamine - MS 3.5 wt% Mixing monomer with isocyanate (as hardener) in ~ Phalak et al.
Flow coating NaCl different concentrations and a protection [105]
method efficiency of 99.9 % (Eq. (1)).
a)
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Fig. 6. a) Synthesis of L-tyrosine cyclic dipeptide used for production of Bz monomer, reproduced with permission from Ref. [54], b) preparation of Bz monomer

with cardanol and stearylamine, reproduced with permission from Ref. [117].

monomer was mixed with tetraethoxysilane (TEOS) and applied on Al
alloy. In their study, they claimed that higher curing degree and higher
cross-linking density, as well as hydrophobicity are key factors causing
better corrosion protection [130]. The incorporation of Bz could
enhance the cross-linking density and hydrophobicity of the sol-gel
coatings [131]. In the study of Zhou et al. [131], the performance of
Bz-based sol-gel coatings was evaluated by incorporating varying
amounts of Bz monomers into the sol-gel solution with TEOS. The results
indicated that increasing Bz monomer content in the sol-gel preparing
solution increased corrosion resistance of the resulting coating, with the
highest impedance modulus of 10° Q cm? at 0.01 Hz (from Bode dia-
grams and EIS results) achieved using a homopolymerized pBz coating

after 30 days of immersion in a saline solution. The addition of Bz
monomer produced dense coatings with hydrophobic surfaces,
contributing to improved stability and prolonged substrate protection
during extended immersion times. Fig. 8 illustrates the increased hy-
drophobicity of the coatings with higher Bz monomer content.

2.1.2. Bz-based organic coatings (mixture of Bz and other monomers)
The barrier properties of coatings, and subsequently their corrosion
protection, can be enhanced through the augmentation of the cross-
linking density of the coating [122,132]. The cross-linking density can
be enhanced by increasing the number of cross-linking Bz rings [133], as
well as increasing the number of cross-linking points through the
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Fig. 7. Synthesis of silane-functionalized Bz monomer with a) 3-APTMOS and b) APTES, reproduced with permission from Ref. [127] and Ref. [130], respectively.
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Fig. 8. Increased water contact angles with the addition of Bz to the sol-gel
coatings before and after one month of immersion in saline solution, repro-
duced based on Ref. [131].

incorporation of compounds like epoxy [134-136]. Different Bz mono-
mers can be polymerized together for better corrosion protection
properties. Zhang et al. [124] copolymerized eugenol-based Bz mono-
mer with different amines. Copolymerizing Bz monomers increases the
corrosion protection of pBz coatings by increasing both the cross-linking
density and hydrophobicity. The corrosion protection efficiency of these
pBz coatings increased to more than 99 % (Eq. (1)) by copolymerizing Bz
monomers compared to approximately 89 % (Eq. (1)) for homopoly-
merized pBz coatings (as observed with Bz monomers containing fur-
furylamine). Copolymerization of eugenol-based Bz monomer with
pyrogallol-based Bz monomer reduced the curing temperature and
increased cross-linking density due to the presence of furfuryl moieties
and phenolic hydrogens. This improvement enhanced corrosion pro-
tection nearly eightfold compared to a bare MS substrate, as evidenced
by the impedance modulus at 0.01 Hz, reaching around 10*! Q@ cm?
(from EIS measurements) for copolymerized coatings. Additionally, the
water contact angle of the copolymerized coatings increased from 92° to
110°, indicating higher hydrophobicity, which further contributes to
improved corrosion resistance [125].

Patil et al. [137] synthesized Bz with cardanol and an amine with

multiple nitrogen atoms for anti-corrosion application. They also
copolymerized Bz with epoxy, which had better chemical and mechan-
ical properties than pBz coating due to the creation of a dual cross-linked
network caused by copolymerization with epoxy. Moreover, better
corrosion protection performance of copolymerized Bz was observed
using electrochemical analysis. The corrosion current obtained from pBz
alone and the best copolymerized pBz with epoxy (epoxy equivalent
weight of 500 gm/mol) was 4.3 pA and 0.01 pA (obtained from the Tafel
curves), respectively, representing the effectiveness of copolymerizing
pBz with epoxy which was further confirmed with salt spray results.

Bz-TMOS was also used as a curing agent for the epoxy coating to
increase the hydrophobicity and, consequently, the corrosion resistance
of the coating [138]. With the existence of intermolecular hydrogen
bonds in pBz coatings, the cross-linking cannot be completed. Since
these intermolecular hydrogen bonds reduce the fluidity and availability
of functional groups to participate in the cross-linking reactions [139].
For this reason, epoxy can be used in the polymerization of pBz to form a
stable covalent (and reduce hydrogen bond formation) with phenolic
hydroxyl group in Bz to promote the crosslinking density [34]. In the
study of Zhou et al. [138], the dual cross-linking and hydrogen-bonding
network within the pBz-TMOS matrix includes covalent cross-links and
hydrogen bonding between the pBz and epoxy components. Phenolic
OH groups from the ring-opening reaction of Bz can react with epoxide
(in epoxy), resulting in the enhancement of mechanical properties and
hydrophobicity (decrease in surface energy), consequently improving
corrosion resistance. The possible reactions are shown in Fig. 9. The
corrosion protection efficiency increased from 96.7 % in epoxy coating
to 99.5 % for epoxy cured with 30 % Bz-TMOS coating.

Isocyanate can be used as a hardener for the curing process of Bz
monomer. In the study of Phalak et al. [105] a guaiacol-based Bz
monomer was obtained and then it was cured with isocyanate.
Increasing urethane in the pBz structure could improve corrosion pro-
tection. Comparing the obtained corrosion protection results with the
neat pBz coatings revealed enhanced corrosion protection with effi-
ciency of 99 % (Eq. (1)), which is due to the increased cross-linking
density that can prevent diffusion of corrosive ions [105]. An
eugenol-based Bz resin was also cured with polyurethane and applied as
a coating for the corrosion protection of MS [140]. Similar behavior was
observed, wherein increased polyurethane content resulted in improved
corrosion protection. In this case, the corrosion protection efficiency
reached approximately 98 % (Eq. (1)) [140].

Chen et al. [141] synthesized urushiol-based Bz catalyzed by copper
chloride which resulted in the production of urushiol-based Bz copper
polymer. The chemical structure of urushiol is presented in Fig. 10(a).
This polymer was then used with polymerized tung oil for antifouling
coating application [123]. It was observed that the long alkyl chain of



R. Malekkhouyan and M.-G. Olivier

cHs
o] ('3 (o]

( CHs )
N N

H3CO OCH3;
H3CO-Si Si-OCHjy
H3CO + OCH;4

Hy O
Rt+O-C -C-CH,
H n
CHj H H
AT

7
CH,
oI TA Y

Materials Today Chemistry 45 (2025) 102614

Fig. 9. Copolymerization process, (A) ring-opening of oxazine ring, (B) etherification reaction, (C) epoxy and pBz hydrogen bonding interactions, (D) the stretching
vibrations related to the self-associated hydroxyl groups, reproduced with permission from Ref. [138].
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Fig. 10. Chemical structure of a) urushiol, reproduced with permission, based on Ref. [141] and b) cardanol-doped polyaniline, reproduced based on Ref. [143].

tung oil as well as copper ions were effective in the antifouling property
of the coating. In another study by this group, they incorporated silver
nanoparticles in the coating to enhance the antifouling properties [142].

Cardanol-doped polyaniline as the curing agent (Fig. 10(b)) with Bz
prepolymer was also used for coating application [143]. This coating
could enhance corrosion protection by improving the cross-linking
density. Moreover, the addition of cardanol-doped polyaniline could
decrease the curing temperature by adding another ring-opening reac-
tion mechanism. The existence of cardanol in the polyaniline structure
enhanced the homogenous dispersion of polyaniline in pBz as well as the
adhesion of the coatings to the substrates (the adhesion strength with
and without cardanol-doped polyaniline was around 0.5 MPa and 0.3
MPa, respectively for the coatings with a thickness of around 250 pm),
resulting in better corrosion protection performance. The enhanced
adhesion can be attributed to the nitrogen groups and n-conjugated
systems in polyaniline, which provide electrons that increase in-
teractions with the metallic substrate. Additionally, the presence of
cardanol introduces hydroxyl groups, further contributing to improved
adhesion [143].

Table 1 shows the summary of the studies related to the corrosion
protection of Bz coatings with different chemical structures.

10

2.2. PBz coatings with additives

Blending polymers with different additives can not only enhance the
thermal and mechanical properties of the composites [150] but also
improve the corrosion protection of the resulting organic coatings [151].

2.2.1. PBgz coatings with nanoparticles/nanoplatelets

Incorporating nanoparticles into the coatings can enhance the
organic coating’s corrosion resistance, mechanical strength, and thermal
properties. For instance, Hexagonal boron nitride was used to make a
composite coating that can enhance the corrosion protection of coatings
by adding hydrophobicity [152-154]. Boron nitride is a 2-dimensional
material with a layered structure in which boron and nitride are
bonded covalently and are combined through van der Waals forces [152,
155]. They have good thermal stability, electrical insulation, and
chemical resistance [156,157]. Wang et al. [153] added hexagonal
boron nitride to the bio-based Bz to provide a superhydrophobic coating.
The addition of hexagonal boron nitride to the cardanol and
stearylamine-based Bz has been shown to improve corrosion resistance,
mechanical strength, and thermal properties of the pBz coating [117].
The mechanism for the corrosion protection of the resulting coating is
illustrated in Fig. 11(a). Hexagonal boron nitride as well as the super-
hydrophobic surface of the coating prevent the penetration of corrosive



R. Malekkhouyan and M.-G. Olivier

Materials Today Chemistry 45 (2025) 102614

h-BN PC-s/IGA NaCl solution
a) b) SRR @
| | | |
| ~o.N.__N___N__N___-
2 x-n LU
x\\ , N ‘B” "B B” "B B” B~ \ES
) $50% ACORO RN R RN o
)5/ pe-sicaBN BB B BB gg@
! SumalNua N aNeaNe N
' A
o N N N N N.
PC-s/GA NN NN
[
Mild steel
C) & e
L od C ) -
Solution ® <« © [V
© Q
< | © 2
£0 s F O @ = © &
— S H -
~~d \\ i E :“— g
R
|
PE—— !
Composite coating e -
:
-
Metal substrate Passivation oxide layer
o - P HO o © PDPI or NDPI

Fig. 11. a) The obtained coating with pBz (PC-s/GA that is obtained from cardanol and stearylamine (PC-s), and cured with gallic acid (GA)) and hexagonal boron
nitride (h-BN), reproduced with permission from Ref. [117]. b) h-BN 2D structure and the chemical structure of borazine derivative, reproduced with permission
from Ref. [158]. ¢) The corrosion protection mechanism of the composite coating, reproduced from Ref. [48] with permission from the Royal Society of Chemistry.

ions and, thereby enhancing corrosion protection. Renaud et al. [158]
used B-trimesityl-N-triphenylborazine (borazine derivatives in Fig. 11
(b)) with Phenol-paraPhenyleneDiAmine and observed improved
corrosion protection of Al alloy by increasing the hydrophobicity of the
coating (increased water contact angle from 72.5° to 97° due to the
hydrophobic nature of borazine). The impedance modulus at low fre-
quency (0.01 Hz) remained almost constant in the order of 10° Q cm?
after one-month of immersion for pBz coating containing 0.5 wt% bor-
azine. Moreover, borazine could be homogenously dispersed throughout
the coating. Zhou et al. [159] added SiO; nanoparticles in
silane-functionalized Bz (pBz-TMOS) and a hydrophobic coating with
barrier properties and increased corrosion resistance was obtained. The
enhanced properties were due to the reaction of silanols in pBz-TMOS
(hydrolysis of the alkoxy groups) with the hydroxyl groups on the sur-
face of SiOy nanoparticles through covalent bonding, resulting in a
strong interaction between the two phases. SiO, nanoparticles could
reduce the corrosion rate 15 time at the optimum concentration of 5 wt
% [159].

Salicylaldehyde azine-functionalized Bz with the addition of nano-
clays as well as epoxidized soybean was used as the coating for corrosion
protection of MS [34]. The adhesion of the monomer to the substrate
was enhanced compared to its polymerized form. Additionally, the
addition of epoxy improves adhesion and facilitates the formation of
stable chemical bonds with pBz, thereby creating dense crosslinking.
The incorporation of nanoclay in the coating effectively reduces coating
porosity and alters its diffusion pathway. As a result, the coating exhibits
proper corrosion resistance with corrosion protection efficiency of
99.63 % in acidic environments [34].

As mentioned, Bz resins have certain limitations, including a high
curing temperature (>200 °C) that prevents them from being used on
heat-sensitive metals like magnesium. Chen et al. [48] produced
cardanol-based Bz and used CuCly as the catalyzer of the ring-opening
reaction to make curing at room temperature possible. Moreover, they
used two-dimensional lamellar structure polyimides (pyromellitic dia-
nhydride polyimide (PDPI) and 1,4,5,8-naphthalene tetracarboxylic
dianhydride polyimide (NDPI)) with a two-dimensional sheet structure
act as corrosion inhibitors because of changes in electrolyte pathways to
the substrate and delay the corrosion process (Fig. 11(c)). Besides, lone
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pairs of electrons in nitrogen atoms create coordination bonds with
metal cations and form a protective layer on the substrate. With this
approach, an eco-friendly, bio-based, and low-cost coating was obtained
[48].

PBz itself can be used as an additive to varnish to increase corrosion
protection. Malathi Devi et al. [160] used activated carbon obtained
from disposed plastics with pBz to form a composite coating. Activated
carbon is an additive for organic coatings which can be obtained from
waste materials at a low cost [161-164]. To prepare the coatings, the
carbon and pBz composite was converted to a fine powder, and then the
powder was mixed with a commercial varnish. The coatings were
applied on the mild steel substrates by brush manually [160].
Comparative analysis of the corrosion protection by the coatings reveals
that the incorporation of pBz and carbon/pBz into the varnish enhances
the protection efficiency from 85 % to 97 % and 99.5 %, respectively.
This improvement can be attributed to increased hydrophobicity,
stemming from the hydrophobic nature of pBz, enhanced adhesion due
to the presence of hydroxyl groups in pBz, and the inclusion of com-
posite powders, which further enhance corrosion resistance by altering
the pathways for electrolyte diffusion [160].

2.2.2. PBgz coatings with corrosion inhibitors

The addition of corrosion inhibitors directly to the matrix of organic
coating can affect the mechanical properties due to the lack of
compatibility between organic coating and corrosion inhibitors [72,
165]. Moreover, for long-term corrosion protection, a controlled release
of corrosion inhibitor is needed rather than constantly releasing it. For
this purpose, corrosion inhibitors should be preserved in an appropriate
container that is compatible with the corrosion inhibitor, coating, and
substrate [73,166].

In the study of Xu et al. [165] benzotriazole in halloysite nanotubes
was added to the pBz coating as a corrosion inhibitor for the protection
of carbon steel. These nanocontainers release corrosion inhibitors in
response to pH variations during corrosion reactions, with an increase in
pH near cathodic regions due to the reduction of oxidants and a decrease
in pH near anodic regions as a result of corrosion product hydrolysis.
This targeted release mechanism operates in proximity to cathodic and
anodic areas. It was shown that the release and adsorption of
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benzotriazole can create a protective layer to further prevent corrosion
[165]. It was observed that the optimum weight percentage of nano-
containers with benzotriazole to enhance corrosion resistance is 3 wt%,
increasing the impedance modulus at 0.01 Hz to a value of 1.48 x 10° Q
cm? which is two orders of magnitude compared to the neat pBz coating.
Fig. 12(a) illustrates the corrosion inhibition mechanism for this coating.

2.2.3. PBgz coatings with corrosion inhibitors and nanoparticles/
nanoplatelets

Corrosion inhibitors as well as nanoparticles can be used at the same
time in double-layer coating to create an active coating along with hy-
drophobic coating. Cao et al. [167] used pBz coating with 2-mercapto-
benzimidazole incorporated in halloysite nanocontainers as a primer
and made a superhydrophobic topcoat by adding SiO,-NH; nano-
particles. Fig. 12(b) shows the structure of the coating. The uniform
distribution of nanoparticles generates micro- and nano-scale roughness
on the surface of the coating. Additionally, Bz resin exhibits low surface
energy, which contributes to the formation of a superhydrophobic
coating. Consequently, this combination, along with the controlled
release of corrosion inhibitors at corroded sites and the formation of a
protective layer (reacting inhibitor with Fe cations and their adsorption
on the substrate), enhances the corrosion resistance performance of the
double-layer coating on a carbon steel substrate six orders higher than
the plain pBz coating. Moreover, the presence of nanoparticles and
nanocontainers in the coatings modifies the pathways for electrolyte
diffusion, creating a more tortuous route that hinders the electrolyte
from reaching the substrate, thereby mitigating further corrosion [167].

3. Bz as corrosion inhibitors

Bz can inhibit corrosion due to the oxazine heterocycle (connected to
the benzene ring) in which heteroatoms with electron pairs exist [70,
71]. In this regard, Kadhim et al. [69] used 2-Methyl-4H-benzo[d][1,3]
oxazin-4-one (BZ1) and 3-amino-2-methylquinazolin-4(3H)-one (BZ2)
as corrosion inhibitor for corrosion protection of MS in acidic medium.
They investigated the effect of the amino group in the inhibitor, the
concentration of the inhibitor in an acidic solution, and the temperature
of the corrosive medium on the corrosion of the substrate. The inhibition
efficiency was increased with increasing the concentration of inhibitor
and decreasing the temperature. The decrease in inhibition efficiency
with increasing temperature can be attributed to the increased mobility
of inhibitors, resulting in a decrease in the interaction between mole-
cules and the surface, as well as the desorption of adsorbed inhibitor
molecules [168,169]. The donation of non-bonding electron pairs in
nitrogen or oxygen in inhibitor to the Fe cations from the substrate re-
sults in the formation of complexes that establish a protective layer on
the surface. Fig. 13(a) shows the inhibition mechanism of these
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i oy = gl oy = g’ s -/

Materials Today Chemistry 45 (2025) 102614

inhibitors. Fig. 13(b) represents the SEM images of samples with and
without corrosion inhibitors, highlighting the potential formation of a
protective layer and a smoother surface in the case of inhibitor. In
contrast, the surface is highly damaged and corroded without the in-
hibitor in the acidic solution.

A higher inhibition efficiency was observed for BZ2 (more amino
groups), with an inhibition efficiency of 89 % at 30 °C, due to its higher
tendency for electron donation. The amino group of the inhibitor
changes the electronic property (electronegativity) of organic mole-
cules. In general, the lower electronegativity of organic molecules leads
to higher electron donation and higher inhibition [69]. In another study,
Ugin Inbaraj et al. [71] produced corrosion inhibitor from paracetamol,
benzylamine, and formaldehyde precursors to form 6-acetamido-3-ben-
zyl-3,4-dihydro-2H-1,3-benzoxazine (ABB). It was shown that this in-
hibitor can be absorbed on the surface by chemisorption due to the
negative charge of oxygen and nitrogen lone pair electrons as well as
aromatic rings’ n electrons (obtained from theoretical calculations).
Moreover, physisorption can take place by the electrostatic attraction of
the aromatic ring. For further investigation, surface analysis was con-
ducted using AFM and SEM imaging. The results revealed a smoother
surface and reduced corrosion on substrates immersed in the acidic so-
lution containing the inhibitor [71]. They also investigated the effect of
temperature and inhibitor concentration on corrosion inhibition,
observing trends consistent with the findings of Kadhim et al. [69],
where corrosion inhibition efficiency increased with higher inhibitor
concentrations and decreased with rising temperature. At the optimum
concentration, the inhibition efficiency of BZ2 on MS at 40 °C was re-
ported as 79 % [69]. Similarly, at the optimum concentration, ABB
demonstrated inhibition efficiencies of 98 % on high carbon steel and 93
% on Al [71] (Table 3). The corrosion inhibition efficiency of ABB was
evaluated using potentiodynamic polarization measurements. In gen-
eral, corrosion inhibitors influence anodic and/or cathodic reactions
[170]. In the case of ABB, changes in both cathodic and anodic slopes
were observed, indicating a mixed-type corrosion inhibitor. However,
the more significant change in the cathodic slope suggests that the in-
hibitor is predominantly cathodic control.

Alamry et al. [70] added electron-rich atoms oxygen and nitrogen as
well as sulfur, to investigate the effect of functional groups on corrosion
inhibition of Bz corrosion inhibitor. EIS, potentiodynamic polarization,
and linear polarization resistance were used for this purpose. It was
observed that the corrosion inhibition could take place using chemi-
sorption and physisorption [70]. They confirmed that physisorption can
happen by the interaction of protonated species of the corrosion inhib-
itor with the Cl™ that is previously absorbed on the steel substrate. In
addition, chemisorption takes place by the donation of lone electron
pairs of the corrosion inhibitor to the empty orbital of Fe from the
substrate. There’s also another adsorption mechanism that is called

b) CI-

Bio-based polybenzoxazine Cl

od®
&% Halloysite nanocontainers

>

»5  Si0,-NH; nanoparticles

Fig. 12. a) Self-healing performance of pBz coating containing benzotriazole (BTA)-loaded halloysite nanotubes (HNT), reproduced with permission from Ref. [165].
b) Mechanism of corrosion protection with 2-mercaptobenzimidazole (MBI), reproduced with permission from Ref. [167].
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Fig. 13. a) Inhibition mechanism of BZ1 and BZ2, and b) SEM images of the surface of MS with and without BZ2 in acidic solution at 30 °C, reproduced with

permission, based on Ref. [69].

retro-donation, in which the accumulated negative charges on the sub-
strate can be moved to the unoccupied x anti-bonding of the corrosion
inhibitor [70,171]. Fig. 14 illustrates these adsorption mechanisms on
the carbon steel substrate.

In addition to investigating the corrosion inhibition mechanism of
the Bz molecule, the study examined the effects of Bz concentration and
temperature on inhibition efficiency. As noted earlier, increasing the
inhibitor concentration enhances inhibition efficiency. In this study, an
efficiency of 88 % was achieved at room temperature with an inhibitor
concentration of 600 ppm. Generally, the corrosion rate of metals in-
creases with rising temperature due to the elevated kinetic energy of the
corrosive medium [172]. In this study, the corrosion rate increased
slightly with temperature, rising from 0.448 mm/year at room tem-
perature to 0.974 mm/year at 40 °C and 4.56 mm/year at 60 °C (at the
optimum concentration of 600 ppm). Notably, the corrosion rate at

Fig. 14. Different adsorption mechanisms for the organic corrosion inhibitor
on carbon steel substrate, reproduced from Ref. [70] with permission from the
Royal Society of Chemistry.

60 °C in this study is significantly lower than the accepted corrosion rate
of 50.80 mm/year in acidic environments [173].

The Langmuir adsorption isotherm model is used for fitting data and
calculating the Gibbs free energy of adsorption (AGygs°) [70]. Generally,
the type of adsorption is determined by calculating the Gibbs free energy
of adsorption and verifying its range according to Table 2 [70]. The
AGygs® value of —25 kJ/mol, confirms the existence of both chemi-
sorption and physisorption.

Chemisorption involves charge sharing and electron transfer from
the inhibitor to the substrate surface, resulting in interactions stronger
than the van der Waals forces in physisorption. At 600 ppm concentra-
tion of inhibitor, the inhibition efficiency slightly increased from 88 % at
room temperature to 90 % and 91 % at 40 °C and 60 °C, respectively,
suggesting a predominant chemisorption mechanism (Table 3).

The SEM images of the carbon steel surface immersed in HCl solu-
tion, with and without the inhibitor, are presented in Fig. 15(a),(c). The
images reveal that the surface of the samples with the inhibitor is
smoother and free of cracks. Additionally, EDS analysis (Fig. 15(b),(d))
of the chemical composition of the formed film on the surface indicated
a higher concentration of Fe and a reduced presence of Cl and oxygen
when the inhibitor was used, correlating with decreased corrosion.
Furthermore, the appearance of peaks corresponding to N and S ele-
ments in the sample with the inhibitor provides further evidence of the
inhibitor’s adsorption onto the surface.

All studies demonstrated the effectiveness of Bz as a corrosion in-
hibitor, highlighting its high inhibition efficiency in acidic environments
and at temperatures exceeding room temperature. The inhibition effi-
ciencies of Bz corrosion inhibitors were observed to be more than 80 %

Table 2
The relation between Gibbs free energy of adsorption and the adsorption
mechanism.

AG,gs° around —20 kJ/mol
—40 kJ/mol < AG,q4s°
—40 kJ/mol < AG,gs° < —20 kJ/mol

Physisorption
Chemisorption
Both physisorption and chemisorption
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benzenesulfonamide (BSB)

Table 3
Summary of studies on the application of Bz molecules as corrosion inhibitors.
Corrosion inhibitor Substrate Corrosive Corrosion inhibitor structure Notable properties Reference
media
2-Methyl-4H-benzo[d][1,3]oxazin-4- MS 1 M HCl N\ CHs The higher inhibition efficiency (Eq. (4)) of ~ Kadhim
one (BZ1), and 3-amino-2-methylqui- Y BZ2 due to a higher tendency to donate et al. [69]
nazolin-4(3H)-one (BZ2) O electron.
The inhibition efficiency of 51 % and 79 %
o for BZ1 and BZ2 at 40 °C, respectively.
Chemical and physical adsorption of
inhibitors to the substrate.
N _CH,
-
by
NH,
o
6-acetamido-3-benzyl-3,4-dihydro-2H- High carbon 1 M HCI H Higher inhibition effect (Eq. (1)) of this Inbaraj
1,3-benzoxazine (ABB) steel and Al \”/ N inhibitor with high carbon steel (98 % at etal. [71]
I ) 40 °C) than Al (93 % at 40 °C) with
o corrosion.
4-(2h-benzo[e][1,3]oxazin-3(4H)-yl)-N-  Carbon steel 15 % HCl 0, Corrosion inhibition as the result of Alamry
(5-methyl-1,3,4-thiadiazol-2-yl) @ij chemisorption and physisorption. etal. [70]

The corrosion rate of 4.56 mm/year for
ABB at 60 °C, lower than the accepted
corrosion rate in acidic environments.
The inhibition efficiency of 90 % at 40 °C,
obtained from weight loss measurements
and corrosion rate calculations.

Fig. 15. a) SEM image, and b) EDS results for the surface of the substrate in solution without inhibitor, ¢) SEM image, and d) EDS results for the surface of the
substrate in solution with inhibitor, after 24 h immersion in acidic solution, reproduced based on Ref. [70] with permission from the Royal Society of Chemistry.

at 40 °C for Al and different steel substrates. Table 3 presents a summary
of the studies on the Bz molecule as corrosion inhibitors.

4. Summary and perspectives

A brief history of Bz resin and its use as a coating was discussed. The
desirable properties of pBz coatings, including thermal and chemical
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stability, minimal shrinkage, and low surface free energy, arising from
the unique hydrogen bonding interactions within the material, make
them suitable for coating applications. Various functionalized Bz
monomers were described, detailing the properties introduced by each
functional group. For instance, using long flexible alkyl chains can
reduce viscosity, enhance fluidity at room temperature, and increase the
pBz coatings’ hydrophobicity. Another influential factor contributing to



R. Malekkhouyan and M.-G. Olivier

the enhanced hydrophobicity of the resulting coatings is the addition of
fluorine to the backbone of the Bz monomer. The existence of fluorine
groups also improves corrosion protection by increasing the cross-
linking density of the pBz coating.

The curing temperature of Bz can be reduced through partial curing
at lower temperatures using different curing cycles, or by increasing the
number of nitrogen atoms in the structure of primary amines, which
creates more cross-linking sites. Adding polyphenols and carboxylic
acids also lowers the curing temperature. Cross-linking can be enhanced
by incorporating other monomers, like epoxy, which increases cross-
linking sites. Incorporating a silane group can lower the curing tem-
perature of pBz, enhance adhesion to substrates through Me-O-Si bonds
with metallic surfaces, and establish a dual cross-linking network that
boosts hydrophobicity and barrier properties. Adding flexible segments
to Bz also improves the adhesion of pBz coatings to substrates.

Copolymerization improves cross-linking density, resulting in a more
robust 3D network for protecting metallic substrates from corrosion.
Copolymerizing Bz monomers enhances the corrosion protection of pBz
coatings by increasing both the cross-linking density and hydrophobic-
ity. Furthermore, the application of Bz monomer as a curing agent for
the epoxy coating further improves hydrophobicity and, consequently,
the corrosion protection of the coating. These points are derived from
previous studies; however, when analyzing data, it is crucial to consider
all effective factors together, rather than in isolation. Studies showed
high flexibility in the design of the Bz chemical structure, which can be
modified to yield properties according to our needs.

Additives used with pBz coatings were also mentioned: carbon, SiO»,
hexagonal boron nitride, benzotriazole and 2-mercaptobenzimidazole in
halloysite nanotubes, and nanoclays. The critical consideration in uti-
lizing additives is the compatibility of the additive with both the coating
and the substrate. Several notable points regarding the incorporation of
additives into coatings were discussed. Hexagonal boron nitride and
SiO4 nanoparticles can be used to create a composite coating that en-
hances the corrosion protection of coatings by increasing hydropho-
bicity. The incorporation of nanoclay into the coating effectively reduces
coating porosity and alters its diffusion pathway. Additionally, two-
dimensional lamellar structure polyimides function as corrosion in-
hibitors due to the changes in the electrolyte pathways to the substrate,
thereby delaying the corrosion process.

Moreover, Bz compounds exhibit significant potential as corrosion
inhibitors for Al and different steel substrates, particularly in acidic
environments. Their effectiveness stems from the oxazine heterocycle,
which contains electron-donating heteroatoms that enhance their inhi-
bition efficiency. Studies have shown that increasing the concentration
of these inhibitors and lowering the temperature improve their perfor-
mance. The high tendency for electron donation in corrosion inhibitors
is also influential in increasing the inhibition efficiency. Additionally,
chemisorption and physisorption facilitate strong adhesion to metal
surfaces, further enhancing corrosion resistance. The surface charac-
terizations indicated a smooth surface without cracks and suggested the
potential for protective layer formation in the presence of Bz inhibitor in
the acid solution. Overall, the findings underscore the application of Bz-
based inhibitors in developing sustainable and effective protective
coatings for metallic substrates.

PBz coatings represent a promising advancement in sustainable
materials, particularly through the development of bio-based materials
derived from renewable resources. These eco-friendly alternatives
significantly reduce petroleum consumption, and lower carbon emis-
sions compared to conventional coatings. The unique properties of bio-
based Bzs, such as excellent mechanical strength and thermal stability,
make them suitable for diverse applications, including anticorrosion and
antifouling technologies. By prioritizing non-toxic formulations and the
use of renewable raw materials, pBz coatings effectively address critical
environmental challenges while promoting safer and more sustainable
industrial practices. The techniques used for the application of pBz
coatings involve dip coating, drop coating, spray coating, spin coating,
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and bar coating. To enhance their practical applicability, it is important
to develop simpler and more efficient application methods, particularly
those that reduce or eliminate the reliance on toxic solvents like powder
coating.

Despite the considerable potential of pBz coatings as effective
organic coatings, their application for lightweight metals, including Mg
alloys, has not been reported and they were mostly used with steel or Al
alloys substrates. Besides, due to the low thermal stability of Mg alloys,
precise control of the Bz curing temperature is essential to ensure
compatibility and maintain the integrity of these substrates. Optimizing
these parameters will expand the applicability of pBz coatings across a
wider range of industrial uses.
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