Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

7 ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue

REVIEW

Recent advances in bio-based polybenzoxazines as

{'.) Check for updates‘
an interesting adhesive coating

Cite this: RSC Adv., 2023, 13, 19817

Hafsah A. Kifout, ©2 Abdullah M. Asiri, ©2° Khalid A. Alamry ©2
and Mahmoud A. Hussein { *a¢

Polybenzoxazine (PBz) is an excellent and highly intriguing resin for various sophisticated uses.
Benzoxazines have piqued the curiosity of academics worldwide because of their peculiar properties.
Nonetheless, most benzoxazine resin manufacturing and processing methods, notably bisphenol A-
based benzoxazine, rely on petroleum resources. Because of the environmental consequences, bio-
based benzoxazines are being researched as alternatives to petroleum-based benzoxazines. As a result
of the environmental implications, bio-based benzoxazines are being developed to replace petroleum-
based benzoxazines, and they are gaining traction. Bio-based polybenzoxazine, epoxy, and polysiloxane-
based resins have piqued the interest of researchers in coatings, adhesives, and flame-retardant
thermosets in recent years due to their anticorrosion, ecologically friendly, affordable, and low water
absorption properties. As a result, numerous scientific studies and patents on polybenzoxazine continues
to rise in polymer research. Based on its mechanical, thermal, and chemical characteristics, bio-based
polybenzoxazine has several applications, including coatings (anticorrosion and antifouling), adhesives
(highly crosslinked network, outstanding mechanical and thermal capabilities), and flame retardants (with
the high charring capability). This review reports an overview of polybenzoxazine, highlighting the
current advances and progress in synthesizing bio-based polybenzoxazine, their properties, and their use
in coating applications.

Received 25th May 2023
Accepted 13th June 2023

DOI: 10.1039/d3ra03514j

rsc.li/rsc-advances

“Chemistry Department, Faculty of Science, King Abdulaziz University, P.O. Box
80203, Jeddah, 21589, Saudi Arabia. E-mail: Arabiamaabdo@kau.edu.sa;

Center of Excellence for Advanced Materials Research (CEAMR), King Abdulaziz
University, Jeddah 21589, Saudi Arabia

Open Access Article. Published on 03 July 2023. Downloaded on 11/22/2025 6:57:36 AM.

(cc)

mahussein74@yahoo.com

Hafsah A. Klfout is a PhD candidate in the Chemistry Department
at King Abdulaziz University (KAU), Jeddah, Saudi Arabia. She is
working as a collaborating lecturer at KAU. She obtained her
master's degree in organic synthesis from Eastern Illinois Univer-
sity (EIU) in the USA in 2015. She received the IGCD Student Travel
Award from EIU for achieving excellence in research. She received
Optional Practical Training (OPT) to work for one year at EIU,
USA, Charleston, Illinois. She published several papers and
conference (poster) for the Materials Research Society Spring
Meeting and Exhibit in San Francisco, CA, and Grand Rapids, MI.
Her PhD research focuses on the synthesis and development of bio-
based benzoxazine-containing polymers for variable applications.

© 2023 The Author(s). Published by the Royal Society of Chemistry

‘Chemistry Department, Faculty of Science, Assiut University, Assiut 71516, Egypt

Abdullah M. Asiri is a Professor
of organic photochemistry in the
Chemistry Department, King
Abdulaziz  University (KAU),
Jeddah, Saudi Arabia. In addi-
tion, he is the head of chemistry
department at KAU in the last 12
years. He graduated from KAU
with a BSc in Chemistry and
a PhD from University of Wales,
) College of Cardiff, UK in 1994.

b g J His research interests cover

. color chemistry, synthesis of
novel photochromic, thermochromic systems, synthesis of novel
coloring matters and dyeing of textiles and plastics. Moreover, he
is the Director of the Center of Excellence for Advanced Materials
Research (CEAMR) established recently at KAU. He has a huge
number of ISI papers, numerus patents as well as books in the
related research field.

RSC Adv, 2023, 13, 19817-19835 | 19817


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra03514j&domain=pdf&date_stamp=2023-06-30
http://orcid.org/0009-0006-2153-1873
http://orcid.org/0000-0001-7905-3209
http://orcid.org/0000-0002-3900-942X
http://orcid.org/0000-0002-5128-5136
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03514j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013029

Open Access Article. Published on 03 July 2023. Downloaded on 11/22/2025 6:57:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

1 Introduction

Metals are prevalent materials as they are used in many fields,
including medicine, transportation, and architecture. However,
the metal layer must be protected to stay long, which is often
covered by paints. On the other perspectives, coatings can be
applied for anticorrosion, anti-fogging, anti-icing, anti-biofilm
attachment, or for other different applications to improve
protection and decrease possible financial losses."

Corrosion is one of the enormous problems that causes
numerous economic and environmental losses annually. It is
defined as the destruction and deterioration of materials
generated by the reaction between the materials and their
surroundings environments.” It harms the chemical, shipping,
manufacturing, and architectural industries.> Many methods
have been widely applied and investigated to solve corrosion
problems. Organic coatings are considered one of the most
used methods to protect against corrosion, significantly pro-
longing metallic substrates’ service life and reducing financial
losses. Nevertheless, the anticorrosion efficiency of standard
organic coatings is generally insufficient for use in highly
aggressive environments.

Polymer coatings are an effective way to provide promising
solutions to these problems. Polymer coatings give a physical
barrier against corrosion. These physical barriers prevent the
metal substrate from getting into contact with oxygen, water,
and corrosive ions to protect it from decay.> Coatings can be
endowed with active corrosion protection (known as self-
healing) to increase anti-corrosion effectiveness by intro-
ducing blocker-loaded containers (such as multilayer double

hydroxides, halloysite nanotubes, and mesoporous SiO,
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nanocontainers).>* Furthermore, anticorrosion can be inhibi-
ted and reduced using some green nanofiller to promote anti-
corrosion or by adopting some rules for anticorrosion
inhibition.”

Among all these polymer coatings, polybenzoxazine (PBZ) is
a promising thermosetting resin used in various domains,
including many advanced coating applications.® Researchers
may be able to produce polymers with remarkable molecular
structural flexibility due to the intricate molecular structure of
benzoxazines and the available varieties of phenolic and amino
derivatives.® As an example, coating mild steel (MS) with cured
polybenzoxazine (PBA-ddm) resulted in vital corrosion preven-
tion and a reduction in the corrosion rate by two orders of
magnitude compared to that with the untreated MS.” At
increased temperatures, various initiatives employed poly-
benzoxazine coatings for electronic, fire resistance, and ultra
hydrophobic surfaces. In addition, silane-functionalized poly-
benzoxazine was applied to steel surfaces as an anticorrosion
coating to broaden the uses of polybenzoxazine. Regarding the
efficiency of lowering the corrosion current five times than that
of a pure MS surface, this protective coating was earmarked
significantly to reduce the rate of corrosion on steel."*'*

Benzoxazine (Bz) is a monomer in the phenolic resin class.
This resin becomes a new thermosetting resin that contains
heterocyclic oxygen and nitrogen chains. As the name implies,
benzoxazine is a chemical compound consisting of a benzene
ring connected to an oxazine ring. The oxazine ring is a six-
membered heterocyclic molecule that contains an oxygen
atom and one nitrogen atom as heteroatoms. The arrangements
of benzoxazine structures are determined by the positions of
these heteroatoms within the oxazine ring. According to the
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Fig.1 (a) Chemical structures of several examples of benzoxazine isomers depend on the positions of O and N in the benzoxazine ring. (b) Steps

of the general procedure of the synthesis of benzoxazine from phenol, primary amine, and formaldehyde. (c) Synthesis and structure of typical

benzoxazine and its curing process by ROP.

oxygen and nitrogen chain position, benzoxazine has six
isomers; however, only the isomers that contain oxygen and
nitrogen in 1,3 positions are active in forming poly-
benzoxazine, as shown in Fig. 1a. This claim was made
because of the simplicity of the way that it can be polymerized
using ring-opening polymerization (ROP). Bz is typically
produced in a 1:2:1 molar ratio starting with a phenolic
molecule, paraformaldehyde (PFA), and amine."”” The unique
characteristic of benzoxazine monomer is that it has a simple
preparation method from primary or secondary amines,
phenol, or phenol derivatives, and paraformaldehyde (PFA) in
one pot reaction called the Mannich condensation reaction
which proceeds in three stages, as depicted in Fig. 1b. The first
stage is the Mannich condensation reaction, in this step, PFA-
amine compound derivatives (FAD) are formed by a reaction
between amine and PFA. The reaction between PFA-amine
compounds and phenol is then followed by the formation of
the Mannich base (MB) in the second stage, which reacts in the
final stage with the PFA to form the benzoxazine monomer.*
After the Bz monomer is prepared, it is cured under carefully
designed conditions by cationic ring-opening polymerization
(ROP), which gives polybenzoxazine PBz, as shown in Fig. 1c.
The curing process does not need a strong acid catalyst.
From these perspectives, Bz has attracted wide attention from
academics worldwide because of its special characteristics.
Nevertheless, because of the environmental implications, the
invention of renewable resources benzoxazines, such as bio-
based in place of petroleum-based benzoxazines, is gaining
attention.” Producing monomers and polymers using bio-
based precursors is a current direction in polymer science

© 2023 The Author(s). Published by the Royal Society of Chemistry

research. This enthusiasm fueled a surge in demand for envi-
ronmentally friendly materials and the superior chemical
functionality of biologically produced compounds over tradi-
tional petroleum-derived building blocks.

Over the past few decades, most chemicals utilized for
synthesizing benzoxazine monomers have been derived from
non-biobased resources, specifically petroleum resources,
which are not readily renewable. The need to explore alternative
raw materials has arisen due to concerns regarding the deple-
tion of fossil fuels, environmental and economic consider-
ations. The extensive consumption of fossil fuels and
consequent emission of carbon oxides has led to a crucial
energy shortfall that hinders the attainment of sustainable
human development. The traditional utilization of benzox-
azine, which originates from petroleum-based origins, is linked
to significant obstacles, such as the utilization of non-
renewable raw materials, vulnerability to combustion, and
insufficient toughness. Polybenzoxazine has been widely
utilized in diverse fields. Notably, a significant percentage of
polybenzoxazine that originates from bisphenol A is manufac-
tured using non-renewable resources derived from petroleum.
Additionally, Bisphenol A (BPA) has been found to cause
permanent damage to the reproductive and immune systems of
human beings. Various polymerizable petroleum-based groups,
namely acetylene, allyl, nitrile, and maleimide, are incorporated
into the benzoxazine structure to enhance its thermal and
mechanical properties. The widespread usage of fossil fuels
during this procedure has led to environmental concerns that
require mitigation. Hence, substituting chemical materials

RSC Adv, 2023, 13, 19817-19835 | 19819
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derived from fossils with bio-based materials of natural origin is
a crucial area of investigation."***

Natural and bioengineered metabolic pathways can give
access to various monomers and synthetic precursors with
different structures and features that are difficult to obtain
using synthetic approaches alone. Furthermore, the invention
of high-throughput genomic engineering technologies that
merge automation, machine learning, and molecular biology
may provide cost-effective and industrial-scale access to genetic
diversity in biological systems. With worldwide environmental
pollution on the rise, researchers have paid close attention by
actively investigating more sustainable and high-performance
materials, such as bio-phenols, as renewable raw materials in
synthesizing benzoxazines to generate ecologically benign,
sustainable, and renewable bio-based benzoxazines.®™” It has
been reported that the bio-based benzoxazine, which was
prepared using a range of renewable phenolic and amine
compounds for benzoxazines, such as stearyl amine, furfuryl
amine, cardanol, eugenol, guaiacol, rosin, sesamol, catechol,
and other compounds to generate ecologically benign material,
which has attracted great interest."® This distinctive source of
prospective starting materials comprises compounds with
phenolic groups currently being investigated as structural
components of 1,3-benzoxazine monomers.*

Polybenzoxazine (PBz) is a polymer derived from the ben-
zoxazine monomer. It is considered a type of high-performance
thermoset phenolic resin with various properties that overcome
some of the drawbacks of resole and novolac-type phenolics.
These resins are considered promising thermoset resins due to
their remarkable thermal stability and outstanding mechanical
strength. It is considered a new type of low-surface-energy
material with outstanding properties and effective UV shield-
ing.* It offers unique characteristics, for instance, lower water
absorption along with outstanding stability in dimension owing
to near-zero shrinkage upon curing, which overcomes the
drawbacks of existing phenolic resins and offers extensive
application possibilities in the sector of anti-corrosion.”* The
absence of shrinkage while curing is regarded as a distinct
characteristic of polymers based on benzoxazine. These addi-
tionally remain thermally resistant, as indicated by their signif-
icant glass transition, deterioration temperature, and char yield
(28-66%). Although polybenzoxazine polymers are extremely
strong and have several advantages, their use is still limited due
to their brittle nature. Using pure polybenzoxazine-based poly-
mers have a few disadvantages, including a high curing
temperature, difficulties in processing, low crosslinking density,
poor toughness, and brittleness; several solutions could be
utilized to address these challenges and eliminate the associated
drawbacks, such as modified monomers with enhanced func-
tionality, new polymeric precursors, and combining with a high-
performance polymer or fillers and fiber. Two ways were recently
discovered to increase the material toughness of PBz to use their
potential benefits and help increase the performance of poly-
benzoxazine. First, novel benzoxazines were synthesized by
modifying their structure, secondly, generate polymer-inorganic
filler composites to increase polybenzoxazine effectiveness.”>*
Due to PBZs' outstanding qualities, current research has focused
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on investigating several unconventional wuses for poly-
benzoxazine, including electrochromic components, shape-
memory substances, superhydrophobic substrates, intelligent
protective coatings, self-healing infrastructure, porous Bz poly-
mers, batteries and porous Bz polymer compounds.>**

Lu et al. synthesized polybenzoxazine coating-based bisphe-
nol A (BA) for specimens made of mild steel (MS). The PBz
coating was discovered to lower the corrosion rate by two orders
of magnitude of the bare steel substrate. Several studies have also
focused on using nanofillers alloy PBz coatings with long-term
anticorrosive performance in severe circumstances."?®

J. Huang et al. have investigated and characterized amino-
modified SiO, nanoparticles (Si0,-NH,) and a cardanol-based
poly-benzoxazine coating that combined to form a super-
hydrophobic surface (PC-a/SiO,) on raw MS by simply applying
and heating to cure. The cardanol-based poly-benzoxazine
superhydrophobic layers demonstrated remarkable heat resis-
tance, chemical endurance, and self-cleaning properties.
Furthermore, the long-term corrosion resistance of PC-a/SiO,
coatings was tested by immersing it in a 3.5 wt% NaCl aqueous
solution. Furthermore, the anti-corrosion mechanism of the PC-
a/Sio, coating on mild steel was studied.””

Y. Deng et al. developed novel multi-functional double-layer
coatings to limit microbe settling, adhesion, growth, and corro-
sion attack while taking environmental sustainability, low
expenses, and high productivity into consideration. These high-
performance poly-benzoxazine coatings were created using cur-
cumin, 3-aminopropyltriethoxysilane, and PFA. Curcumin-based
polybenzoxazine could be applied as a sub-layer preserving
barrier that effectively prevented the attack of corrosion on the
substrate metal in environments with high corrosion rates.”

A. Mahdy et al. studied a unique approach for creating water-
repellent/UV-protective cotton textiles using in situ/thermal
polymerization of BZs within a cotton matrix. Their study
produced two Schiff bases of functionalized benzoxazines,
indicated as Ph-para-BZ and Ph-ortho-BZ, as shown in Fig. 2. The
functionalized benzoxazines were synthesized in one pot reac-
tion using the Mannich condensation procedure of the produced
Schiff base functionalized diphenol, CH,O, and para-toluidine in
a toluene/ethanol (2 : 1) mixed solvent. The structure of poly-(Ph-
ortho-BZ) and poly-(Ph-para-BZ) is highly crystalline/cross-linked,
resulting in high T, values of 210 and 195 °C. The endothermic
peak for (Ph-p-Benzoxazine) was at 65 °C. This work could
benefit the military textile sector by producing water-repellent/
UV-protective fabrics by modifying cotton using PBs.*

Bio-based polybenzoxazine polymer composites (PCs) gener-
ated from natural sources have also resentful the scientific soci-
ety's attention, particularly for antimicrobial applications.****
Because of their strong penetration power inside biofilms, PCs
offer a viable alternative solution to this problem.**

2 Different synthetic methodologies
for benzoxazine production

This section described several methods for synthesizing ben-
zoxazine (and related naphthoxazine). Since numerous phenol

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Synthesis of benzoxazine derivatives and their polymers. Reprinted with permission from ref. 20. Copyright 2023 Polymer Testing.

and amine compounds are available for purchase as synthetic
chemicals or as naturally occurring and sustainable resources,
each synthesis method produces a significant number of ben-
zoxazines. More sophisticated development approaches signifi-
cantly increase the capacity to synthesize additional
benzoxazines. Numerous appropriate chemistries can be used to
produce polybenzoxazine prepolymers. Hydrosilylation, Diels—
Alder, Mannich, specific coupling processes, poly-etherification,
and poly-esterification, for example, have all been employed
effectively.®® Still, Mannich condensation is the more commonly
employed procedure because of its ease of preparation. Because
of their considerable molecular structure flexibility, benzoxazines
and polymers derived from them are the optimum choices for
materials for customizing desired properties.*® Mannich-
condensation synthesis is the most often used method for
synthesizing benzoxazine, as described in the introductory
section. This section will shed light on the different ways of
synthesizing benzoxazine, which will be reviewed briefly.

2.1 Synthesis of benzoxazine via ortho-hydroxybenzyl amine
structure

In 1963, Billman and Dorman synthesized difunctional ben-
zoxazine from bis(ortho-hydroxy benzyl amino) ethane and

© 2023 The Author(s). Published by the Royal Society of Chemistry

formaldehyde, as illustrated in Scheme 1.*° Despite requiring
several reaction steps, this N-substituted ortho-hydroxybenzyl
amine has been widely used as a precursor in synthesizing
benzoxazine. By reducing a Schiff base consisting of ortho-
hydroxybenzaldehyde (salicylaldehyde) and a primary amine,
this ortho-hydroxybenzyl amine was generated in high yield.
This synthesis benefits from the functional group substitution
on the oxazine ring. Ortho-hydroxybenzyl amine is a building
block for flame retardant benzoxazines. It can be prepared when
DOPO (9,10-dihydro-9-oxa-10-phosphenanthrene-10-oxide)
attacks amino carbon in a nucleophilic way. The Betti reac-
tion with phenol, primary amine, and benzaldehyde produces
ortho-hydroxybenzyl amine, a precursor for phenyl group-
substituted = benzoxazine.**  Ring-closing  ortho-hydrox-
ybenzaldehyde with different aldehydes can substitute formal-
dehyde on the ring.*”  Moreover, ortho-
hydroxybenzaldehyde can close the oxazine ring with aldehydes
and methylene bromide, similar to the one-pot Mannich
condensation synthesis by adding substituents to ortho-
hydroxybenzaldehyde and amine produces many benzoxazine
compounds. Furthermore, this method enhances the produc-
tion of benzoxazine due to its intramolecular nature. Since
intramolecular cyclization permits the reaction conditions to

oxazine

RSC Adv, 2023, 13, 19817-19835 | 19821
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Scheme 1 N-substituted synthesis via ortho-hydroxybenzyl amine.

vary, this technique improves the production of benzoxazine by
minimizing side reactions induced by high temperatures. Using
the one-pot Mannich condensation method frequently neces-
sitates a high temperature for sealing the oxazine ring.**

2.2 Synthesis of polycyclic benzoxazine via N,0-acetal
forming reaction

The reaction of cyclic secondary amines with salicylaldehyde or
its derivatives led to a fused-ring benzoxazine through the N,0-
acetal intermediate (Scheme 2), which differs from the typical
Mannich condensation production. The unique structure and
synthesis method allow for a wider variety of benzoxazine
compounds, which are expected to exhibit exceptional proper-
ties as monomers and polymers.**

2.3 Synthesis of benzoxazine via cycloaddition

The alternative structure for benzoxazine is cycloaddition. In
the presence of Brensted acid at ambient temperature, for
instance, the [3 + 3] cycloaddition of quinone monoimine and
azomethine ylide produced a high yield of the benzoxazine
structure (Scheme 3a).

DY

Scheme 2 Polycyclic benzoxazine synthesis with salicylaldehyde and
1,2,3,4-tetrahydroisoquinoline.

GO-Et COEt COsEt
NHTs

NH

A

‘Ar

N Bronsted Acid
—_—

o

Ci@@fﬂ@

Scheme 3 (a) [3 + 3] Cycloaddition of azomethine ylide with quinone
monoamine. (b) The Diels—Alder reaction of ortho-quinone methide
with benzyl methylene amine.
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Another cycloaddition benzoxazine synthesis technique is
the [4 + 2] Diels-Alder reaction of a short-lived intermediate,
ortho-quinone methide, with benzylmethyle-enamine (Scheme
3b). Due to the reactants' compatibility complexity, this cyclic
addition approach is less common than others; however, it
contributes to the diversity of the benzoxazine structure.’**

2.4 Alternative synthesis reactions for benzoxazine

Recently, alternative synthetic benzoxazine techniques have
emerged at the forefront of benzoxazine chemistry due to their
widespread use in the pharmaceutical, biological, and polymer
science industries. Benzoxazine can be synthesized using
a variety of methods, such as the Duff reaction (Scheme 4a) with
phenol and hexamethylenetetramine, the reaction of a haloge-
nated triazole with salicyl alcohol (Scheme 4b), and the cycli-
zation procedure of methyl-ortho-tolyl ether with a primary
amine (Scheme 4c).>***

2.5 Synthesis of benzoxazine with alternative energy sources

Different heating techniques were used in synthesizing ben-
zoxazine, which was more efficient than the standard heating
process. Ultrasound, microwave irradiation, and mechanical
grinding are examples of alternate energy application methods.
The most critical issue with the
manufacturing process is the undesirable reaction that occurs

a t-Bu
oH o > AN tBu
N
tBu t-Bu
(CHp)Ny +Bu
_ - +
tBu
tBu t-Bu
t-Bu
CE\OH ©i)\ >
OH
Br N/R
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+ R-NH, —— 0 ey )
o N 5

Scheme 4 (a) Benzoxazine synthesis using a Duff reaction with
hexamethylenetetramine. (b) Synthesis of benzoxazine with haloge-
nated triazole. (c) Synthesis of benzoxazine with halogenated methyl-
ortho-tolyl ether.

classic benzoxazine
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during high-temperature heat. Nevertheless, these other
methods may avoid the side reaction by reacting at ambient
conditions or by shortening the duration of the reaction. As
shown in Scheme 5a, linear aliphatic ether-linked benzoxazine
can be produced at room temperature using ultrasonic
irradiation. In contrast, the typical traditional heating setting
was 65 °C for 5 hours.** Response time can be substantially
reduced by microwave irradiation. The provided reaction
depicted in (Scheme 5b) demonstrated that the reaction could
be abbreviated from several hours to a couple of days by heating
for just a few minutes using a microwave method.****

2.6 Synthesis of naphthoxazine and benzoxazine analogues

In this method, we focus on the synthesis of naphthoxazine.
Comparable substances, such as naphthoxazine, have been
investigated, whereas benzoxazines have demonstrated prom-
ising pharmacological and polymeric implications. The poly-
mer naphthoxazine is predicted to have exceptional heat
stability and a condensed polynuclear aromatic structure. Since
the first naphthoxazine synthesis from 2-naphthol, methyl
amine, and formaldehyde was reported in 1952 by Burke et al.,
as shown in Scheme 6, several naphthoxazines have been
prepared in the same manner as benzoxazines. However,
because of naphthol's strong reactivity, the reaction conditions
for the naphthoxazine production are mild. Heat oligomeriza-
tion byproducts are small throughout the process; therefore,
naphthoxazine may be lowered. Economically advantageous
synthesis methods have been introduced, including room-
temperature and aqueous solvent reactions. As a result, naph-
thoxazine is more than just a benzoxazine analog with identical

0
N — N
H Ultrasound o )
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(a) Synthesis of benzoxazine via the ultrasound-assisted method. (b) Synthesis of benzoxazine using the microwave-assisted method.

properties. It can also be synthesized under more reaction
conditions compared to benzoxazines, resulting in various
aromatic ring-fused oxazines with specific characteristics.>»*~*®

3 Preparation and synthesis of bio-
based benzoxazine monomers

Although there are many benzoxazine isomers (based on the
location of the nitrogen and oxygen in the oxazine ring), as
stated in the introduction, this section focuses mainly on
synthesizing 1,3-benzoxazines because these compounds are
typically employed for polymerization. There have been
numerous published methods for synthesizing benzoxazine
monomer structures. The Mannich-condensation approach,
a one-pot reaction comprising an amine, an aldehyde, and PFA,
is the most widely employed synthetic method.**

3.1 Synthesis of cardanol-based benzoxazine monomer

As is widely recognized, cardanol is a byproduct of cashew
nutshell liquid. It constitutes a mono-hydroxy phenol with an
extensive unsaturated fatty chain that processes well and is
hydrophobic. In the present study, a cardanol-based poly-
benzoxazine coating and amino-modified SiO, nanoparticles
(SiO,-NH,) were coupled to produce a superhydrophobic
surface (PC-a/SiO,) on bare MS by straightforward spraying and
heat curing, as illustrated in Scheme 7.2

A cardanol-based benzoxazine was created using the tech-
nique outlined in the literature.”**>** Using a three-necked
procedure, chloroform was used in a three-necked flask for
dissolving paraformaldehyde and aniline using the Mannich

OH o
5 2 A
+ RNz + Ry H

Scheme 6 The synthesis of naphthoxazine.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Intermolecular hydrogen bond

Intramolecular hydrogen bond

Scheme 7 The fabrication of the PC-a/SiO, coating. Reprinted with permission from ref. 28. Copyright 2019 Progress in Organic Coatings.

procedure. After dissolving cardanol in chloroform, it was
introduced to the flask while stirring. The reaction mixture was
then refluxed, and the crude products were extracted with
aqueous NaOH and cleansed with deionized water until the pH
reached neutral. The solvent was then extracted to form the
final product.

Another study focused on synthesizing a bio-based benzox-
azine monomer using cardanol and stearyl amine instead of
amine. A polybenzoxazine double-layer coating with extremely
high hydrophobic and active protection was applied to carbon
steel. The monomer was synthesized following the scientific
literature.” In a three-necked flask, cardanol, para-
formaldehyde, and octadecyl amine were heated at 80 °C for 0.5
hours, then at 125 °C for 2 hours. The crude products were
dissolved in chloroform and rinsed with deionized water
multiple times after the reaction. Scheme 8 depicts the
production of a liquid bio-based benzoxazine monomer (C-s),
following overnight lyophilization.

3.2 Synthesis of eugenol-based benzoxazine monomer

Eugenol is a bio-phenolic compound derived mainly from clove
oil, nutmeg, cinnamon, basil, and bay leaf. The ortho and para

@ AT ﬁd

ANANNANNNN
AANANANANAN
L PN N NN
AAANNANAN

Scheme 8 Synthesis of benzoxazine monomer (C-s).
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locations in the molecular structure of eugenol are occupied by
methoxy and allyl groups, respectively. Eugenol has lately been
employed as a non-toxic feedstock chemical in the production
of benzoxazines.”*">

The monofunctional benzoxazine monomers are prepared,
as shown in Scheme 9, from long-chain aliphatic amines and
fluorine-substituted aromatic amines. Briefly, eugenol was dis-
solved in 1,4-dioxane, and amines such as butylamine [(ba)] or
heptylamine [(ha)] or dodecyl amine [(dda)] or octadecyl amine
[(oda)] or fluoroaniline [(fa)] were added, along with para-
formaldehyde. The reaction temperature was then gradually
increased to 110 °C, allowed to reflux, and continually stirred.

OCHj
Rl-NH2

Ri< o

K?/OCM

_Monomers Ry
E-ba AN
E-ha NN
E-dda
E-oda
E-fa @-F

Scheme 9 Preparation of eugenol benzoxazine using different
monoamines.
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Meanwhile, TLC was used to monitor the reaction's

development.

3.3 Synthesis of curcumin-based benzoxazine monomers

Curcumin is a yellow polyphenolic compound extracted from
turmeric's rhizomes. 1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione is another name for this compound.
Curcumin has the potential for pharmacological activity and
significant beneficial effects on patients due to its biochemical
activities, which include antioxidant, antibacterial, antiviral,
anti-inflammatory, and antiproliferative characteristics. In
addition, the functional phenolic component of curcumin
facilitates the production of high-performance polymers. To our
knowledge, however, no previous research has utilized curcu-
min as a phenolic resource to synthesize benzoxazine. Curcu-
min is anticipated to increase resin durability, antibacterial and
antiviral activity, physical and chemical resistance, and anti-
corrosion properties when used as a benzoxazine chemical
feedstock."**>°

As depicted in (Scheme 10a), the benzoxazine-based curcu-
min monomer CB was synthesized by Mannich condensation
using renewable curcumin, 3-aminopropyltriethoxysilane, and
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paraformaldehyde to form the oxazine ring.*® As shown in
(Scheme 10b), the monomer was then polymerized via ring-
opening polymerization (ROP). The cationic constituent of
zwitterionic intermediates was produced through the cleavage
of O-CH,-N in the oxazine ring. The electrophilic substitution
was used by adjacent benzoxazine monomers to attack the
cationic amine moiety.

Consequently, the structure was reconfigured to build a new
type of Mannich bridge. In addition, hydrochloric acid
promoted the formation of Si-OH groups from triethoxysilane
groups of benzoxazine monomers. Along with the Mannich
bridge section, the Si-OH groups would transform into Si-O-Si
linkages, thereby strengthening the polybenzoxazine.

Curcumin, 3-aminopropyltriethoxysilane, and para-
formaldehyde were used as basic materials in this recent study
to create a bio-based, high-performance benzoxazine.
Numerous loadings of hydrophilic poly(ethylene glycol) PEG
molecules in the monomer were added to the produced ben-
zoxazine to acquire the resin's intrinsic properties and enhance
its anti-biofouling performance by modifying the resin's
framework. In designing coatings from these chemical mate-
rials, the following characteristics are taken into consideration:
curcumin functions intrinsically as a natural and renewable

0 0

H,CO. O X 2 O OCH;
? 9
In N

cE T :

C,H0-$1~0C;Hs
0C,H;

C,H50-8~0C;Hs
0C,Hs

HyC () m "y

O T"‘ _(,,\. 0
0

Hy( n 0o

Hy( 0 x " ")‘ ‘Wn Hy
O

’ ‘ f ~ q (;‘)‘ e '” \.0 ,A. "
*! 0- i $ie0- -0, 20 Mo. o s-~u. -0 "“(k P "( \ Q o, !
,() Q (') 0 -0 ? () O, ‘ () LN ) (
?
00
u(( 99 29 A
() l) ¥
¢ (xu, ||,( o ity 1,00 O xu, "\Wlu Q xu,
l)“‘\ y —(l ."\ \/ o
Ny —® N
},'\N)- L \'n- ; g o n ‘o
,(,s.“. ,.,_\.‘ a J ,U,\‘;w)- Ay}i_. o i, S -"".“( u\ ¢ (,,\.qk /‘,.\..‘k
O~ o, 0 ! [ o, Qo Q

Scheme 10
functional curcumin-based benzoxazine.

© 2023 The Author(s). Published by the Royal Society of Chemistry

(a) Synthesis reaction of the curcumin-based benzoxazine monomer (CB). (b) Thermally-induced ring-opening polymerization of

RSC Adv, 2023, 13, 19817-19835 | 19825


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03514j

Open Access Article. Published on 03 July 2023. Downloaded on 11/22/2025 6:57:36 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Review
a 00
O O NH O A H3CO S Z OCH
H3CO X z OCH; 2 0 1D ® s
/C\
HO C C oH * @ "H T H ?N N9

< A

Benzoxazine monomer
(Cu-A-Bz)

H5CO 0 S
HO
wvW°N N

QA A

Poly benzoxazine
Poly (Cu- A)

I~ OCH3
on

Scheme 11

phenol, and two phenolic hydroxyl groups on a curcumin
molecule can increase the crosslinking density of bioactive bis-
benzoxazine Further, 3-aminopropyltriethoxysilane
(APTES) was used as a common and inexpensive amine source,
and the Si-O-Si framework can enhance resin crosslinking after
polymerization. As prepared, the coatings had minimal water

resin.

19826 | RSC Adv, 2023, 13, 19817-19835

(a) Synthesis of Cu-A-Bz and poly(Cu-A). (b) Synthesis of benzoxazine monomer C-st.

absorption, antifouling, and corrosion resistance. Due to the
advantageous effect of a particular PEG concentration, the
resins exhibit extraordinary repellent properties even in the
absence of biocides.

Utilizing the Mannich condensation method, a novel
curcumin-based polybenzoxazine Cu-A-Bzo polymer composite

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(poly(Cu-A)PC) was created and evaluated as an antibiofilm and
anticorrosive candidate against Candida albicans. Furthermore,
their anticorrosive properties were investigated. PC exhibited
potent antibiofilm activity against C. albicans DAY185, as evi-
denced by the morphological transformation of yeast through
hyphae, and a greater dosage of PC demonstrated >90% anti-
corrosive effectiveness.*>**

As depicted in (Scheme 11a), PFA and DMSO were added to
a round-bottomed flask equipped with a reflux condenser and
stirred for a few minutes at 70 °C. After the PFA started dis-
solving, aniline and curcumin were introduced separately to the
solution under stirring. Next, the mixture was heated to 120 °C
and agitated for five hours. After cooling the mixture to room
temperature, a 1 N NaOH solution was added to precipitate the
benzoxazine monomer. Finally, the residue was washed with DI
water before being filtered and desiccated at 70 °C.

Another type of benzoxazine-based curcumin with cellulose-
grafted films was synthesized by Kiskan and Yagci as follows.
Anhydrous chloroform was added to a round-bottomed flask
containing curcumin, PFA, stearyl amine, and CaH,, as shown
in (Scheme 11b). The reactants were stirred and refluxed at 120 °
C for several hours. After the reaction was completed, the liquid
was extracted from the solution after it was cooled and purified
and then evaporated at low pressure. The remaining solution
was saturated with an excess of methanol. After being dried in
avacuum for 24 hours, the residue was cleaned many times with
deionized water.??

3.4 Synthesis of lignin-based benzoxazine

Lignin is the main source of phenolic chemicals utilized in
developing bio-derived products.®* Lignin is a low-value fuel

View Article Online
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generally created during pulp and paper refining. Nevertheless,
the development of biorefineries offers a new source of lignin
manufacturing, along with its growing abundance and signifi-
cant attempts to valorize, it pave the way for more cost-effective
innovations.®***

Lignin-based benzoxazine was prepared and synthesized
according to the methods described in the literature.®® As shown
in Fig. 3, freshly prepared eLig, the amine precursor, and PFA
were dissolved in a round-bottom flask containing a minimal
amount of solvent THF. The mixture was stirred magnetically at
room temperature in a nitrogen atmosphere. The temperature
was raised to 80 °C and held constant for 24 hours. After cooling
to room temperature, the crude product was concentrated
under decreased pressure using a rotary evaporator. The extract
was subsequently redissolved in diethyl ether and washed
thoroughly with excess water and diethyl ether. eLig-Bz was
recovered after a final dehydrating process at 50 °C for 24 hours
at decreased pressure.

3.5 Synthesis of daidzein based benzoxazine monomer

In this study, as illustrated in Scheme 12, several kinds of bio-
based main chain benzoxazine (MCBZ) polymers have been
developed, starting with daidzein as the phenolic source and
long-chain aliphatic primary amines, furfuryl amine, and
poly(propylene glycol)bis(2-aminopropyl ether) (D400) as the
amine source of information. Daidzein is a biobased MCBZ
polymer with bacteriostatic properties against microorganisms.
Liposoluble amines with long alkyl chains increase cell
membrane permeability and synergize with anti-fouling groups
to provide a more significant antifouling coating impact.
Further, by composition optimization, the bio-based furfuryl
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Fig. 3
Engineering Journal.
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[lustration of synthesizing lignin-based benzoxazine precursors. Reprinted with permission from ref. 65. Copyright 2023, Chemical
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Scheme 12 Synthesis of poly(4/8/12)-functionalized. Reproduced with permission from ref. 66. Copyright 2023, Progress in Organic Coatings.

amine and main chain type structure will produce excellent
toughness and substrate adherence.®

In a round-bottom flask, butylamine, furfuryl amine, and
D400 were added and stirred at room temperature in a one-pot
reaction via the Mannich condensation. During this time, PFA
and 1,4-dioxane were introduced to the flask directly. Daidzein
and 1,4-dioxane were added to the mixture while it was refluxed.
The mixture was subsequently heated and maintained at that
temperature before being washed using petroleum ether several
times. Butylamine- and furfuryl amine-capped benzoxazine (4-
fu-MCBZ) was synthesized after removing the remaining solvent
in a vacuum oven. Using similar processes, octylamine- and
furfuryl amine-capped benzoxazine (8-fu-MCBZ) and dodecyl
amine- and furfuryl amine-capped benzoxazine (12-fu-MCBZ)
were produced, but butylamine was substituted by octylamine
and dodecyl amine.*®

The properties of the three synthesized PBz products, poly(4/
8/12)-functionalized-MCBZs, were investigated using dynamic
mechanical analysis (DMA). The results exhibited that the three
cured polymers had a comparable storage capacity of approxi-
mately 1900 MPa at 25 °C, which was lower than that of poly-
benzoxazine that was prepared from bisphenol A. However, they
showed a high T, which was above 200 °C. A comparable ben-
zoxazine monomer was prepared from daidzein, and furfuryl
amine previously reported a high T, after curing, which was
above 300 °C. In this investigation, the existence of many flex-
ible chains was responsible for the decrease in T, of the three
cured resins. Furthermore, the furfuryl amine furan ring offered

19828 | RSC Adv, 2023, 13, 19817-19835

more crosslinking sites for benzoxazine's hydrogen bonding.
The long alkyl chains boosted the density of the crosslinking in
the system, resulting in a higher storage modulus and Ts.

The weight loss temperature (Tq 100) Was higher than 300 °C,
and the char yield was approximately 40% at 800 °C, as shown
in Table 1, demonstrating that the three cured resins had high
char yield and thermal stability, with the shorter alkyl chain
giving the most heat stability. The resin's exceptional heat
stability is due to the unique benzopyrone geometry of daidzein
and the furan ring in the end group.*®

Polybenzoxazine derived from benzoxazine monomer is
often brittle, making it unsuitable for durable uses.®” When the
end-group chain length was extended from butyl to dodecyl, the
cured resins' tensile stress and strain were improved. As
a result, it was demonstrated that stretched alkyl chain length
did not reduce resin strength. Consequently, poly(12-
functionalized-MCBZ) gave the best mechanical and thermal
performance, as shown in Table 1.

3.6 Synthesis of BA/PA-based benzoxazine monomer

This study used tannic acid (TA) to modify the synthesized
polybenzoxazine, as illustrated in (Fig. 4a). As such, the choice
of TA was based on its advantages. TA has been reported to have
the ability to adhere to a wide range of substrates, including
organic and inorganic materials, hydrophilic and hydrophobic
materials, particles, and planar materials. TA obtained from
biological sources has many catechol groups as shown in Fig. 4b

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thermal, mechanical, and coating mechanical properties of poly(4/8/12)-fu-MCBZs

Char yield Flexural strain
Sample Tdy10% (°C) (%) Ty (°C) (%) Hardness Adhesion
Poly(4-functionalized-MCBZ) 346.9 41.66 263.0 3.3+1.2 2H 4.79 MPa
Poly(8-functionalized-MCBZ) 338.0 39.73 263.6 3.5+£0.8 3H 4.97 MPa
Poly(12-functionalized-MCBZ) 331.3 39.43 268.5 55+14 4H 5.02 MPa

and a lot of surface energy because of its hydrophilicity. It is
worth mentioning that adherence is often high. TA and
substrate interactions cause adhesive. In addition, it possesses
hydrophobic regions; therefore, a hydrophobic interaction is
expected. It has typically been used to modify the surface of
polymeric membranes. Since polymeric membrane materials
contain hydrophobic patches, hydrophobic interaction is ex-
pected to play an essential role in the successful surface
modification. It has abundant phenolic hydroxyl groups, which

a Tannic Acid (TA)

OH
HO. OH

Q 2, 4L

b Perna viridis

‘N‘C‘vatechol

can interact with materials via hydrogen bonding. Due to its
many hydroxyl groups, it could form hydrogen bonds with
proteins and other biomolecules. The usage of TA to increase
the binding strength of PBz coatings is highly possible. In this
study, as inspired by mussels, applying TA to increase the
binding strength of PBZ coatings is extremely practical. It may
be utilized to improve the mechanical characteristics of natural
and synthetic hydrogels and polymers by acting as a natural
crosslinking agent. In addition, it has been utilized to create
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(a) The chemical structure of tannic acid (TA). (b) Bioinspired architecture with excellent adhesion and flexible PBz-TA coatings. Reprinted

with permission from ref. 70. Copyright 2023, Progress in Organic Coatings. (c) Synthesis of the PB/PA monomer.
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Table 2 Bio-based-modified benzoxazine monomers
Phenol Amine Aldehyde Modification Advantages Ref.
Cardanol Aniline PFA SiO,-NH, nanoparticles The PC-a/SiO, coating blocks entry of 28
corrosive fluids
Eugenol ba, ha, dda, oda, fa PFA Coated cotton fabrics It provides the best oil-water 15
separation efficiency (98%), improved
cycle repeatability and anti-icing
properties
Curcumin 3- PFA Poly(ethylene glycol) (PEG) Bio-adhesive and antifouling agent 1
Aminopropyltriethoxysilane Poly-dopamine (PDA) are used to improve surface resistance
BA D230 (PA) PFA Tannic acid (TA) Improves PBz coatings’ mechanical 70
characteristics and adhesion strength
Daidzein Furfurylamine PFA (D400) n-butylamine, n- Excellent curing activity, 66
octylamine, dodecylamine processability, and reduced curing
temperature
Curcumin Aniline PFA PC Inhibited the growth of C. albicans 32
biofilms and served as a suitable
corrosion inhibitor
Lignin Stearylamine PFA Stearylamine Improves thermoset thermal 65
Furfuryl amine Furfurylamine properties and Ty, and fire parcels,
Mono-éthanolamine Mono- éthanolamine due to increased hydrophobicity and
coating capability
Curcumin Stearyl-amine PFA Amino Cellulose (AC) Reduces initial curing temperature, 22

thin film coatings and drug-delivery nanoparticles. TA has
applications in medicines, biomaterials, and drug delivery
techniques. To the best of our knowledge, just a minimal
amount of study on TA-modified PBZ coating has been docu-
mented in the context of the bionic approach.®®*

The approach for synthesizing BA/PA-based benzoxazine
monomers described in the literature was followed,” as shown
in (Fig. 4c). In a three-necked flask with nitrogen flow,
paraformaldehyde, and 1 M NaOH were added to chloroform
with minimal stirring. The fluid was then progressively heated
to 65 °C, and PA was dissolved in it while vigorously stirring.
Following that, at 85 °C, bisphenol A (BA) was added to the
mixture and refluxed to form a homogenous solution. Following
that, the mixture was vacuum purified using column chroma-
tography to obtain the resulting viscous liquid as BA/PA
monomers (Table 2).

4 Application of bio-based
benzoxazine as coatings

Recently, researchers in flame retardant thermosets, adhesives,
and coatings have shown interest in bio-based polybenzoxazine
due to its anti-corrosion, low-water absorption properties, and
environmentally friendly cost-effectiveness.®® Benzoxazine-
based materials, as previously indicated, can respond to
stimuli and behave unpredictably. Furthermore, poly-
benzoxazine can adhere to metal surfaces, making them suit-
able metal coating materials for resolving corrosion issues, as
most metals corrode, causing problems in terms of cost and
safety. Furthermore, polybenzoxazine contains phenolic -OH
groups that can react with metals, making its surface adhesion
stronger than that of other resins.®® As a result, several

19830 | RSC Adv, 2023, 13, 19817-19835

improving mechanical properties

benzoxazine resins were utilized to protect steel items against
corrosion. Using silane-functional polybenzoxazine as a corro-
sion protection coating on mild steel (MS) surfaces, for
instance, the reduced corrosive current by more than four times
when compared to bare MS. Further research found that BA-a-
derived polybenzoxazine coatings achieved a corrosion effi-
ciency of 99.9% with a corrosion rate of 5.07 x 10> mm per
year.10,71

Y. Deng et al. reported in their work that curcumin-based
polybenzoxazine resin was shown to be an efficient barrier
layer capable of reducing substrate metal corrosion and greatly
resisting fouling attachment. Furthermore, it was discovered
that increasing the resin's PEG content could enhance the
coating's antifouling efficacy. Molecular dynamics simulations
revealed that the density of PEG molecules in the poly-
benzoxazine framework could substantially affect the hydration
layer and energy interactions.*

In this study, various innovative multifunctional double-
layer coatings were developed that could inhibit the settling,
adhesion, and development of microorganisms and corrosion
assaults and fulfill sustainability, cost-effectiveness, and
outstanding performance criteria. Curcumin, 3-amino-
propyltriethoxysilane, and paraformaldehyde were employed to
create excellent-performance polybenzoxazine coatings, and the
curcumin-based polybenzoxazine was capable of being applied
as a sub-layer protecting barrier that effectively prevented
corrosion attack on the substrate metal in environments with
high corrosion rates. Even after months of exposure to various
corrosive conditions, the coating demonstrated exceptional
corrosion resistance over a prolonged period. Due to its robust
hydration layer and high interaction energy at the molecular
level, this coating could potentially be used as an up-layer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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through cooperative interaction between curcumin and the PEG
chain in the polybenzoxazine resin framework, resulting in an
exceptional anti-fouling capability against the adsorption of
proteins or the attachment of bacteria and microalgae. This
double-layer coating system is anticipated to enable numerous
uses in the marine sector and other relevant disciplines.
Overall, polyethylene glycol (PEG) is a functional polymer and
modifying agent used to increase surface resistance to antimi-
crobial adhesion and settling. By forming a hydration barrier
between PEG chains and water molecules or through the “steric
repulsion” generated by the chains, PEG and PEG-based
copolymers have been widely recognized as having anti-
biofouling effects against proteins, bacteria, cells, and various
other organisms. PDA-PEG coatings were developed using PDA
and PEG as bio-adhesive and antifouling agents to drastically
reduce biofouling attachment on diverse substrates."

The cardanol-based polybenzoxazine superhydrophobic
coating (PC-a/SiO,) with a static WCA of 162.8 2.9° was effec-
tively created by spraying amino-modified silica nanoparticles
into the cardanol-based polybenzoxazine and then thermally
curing the coating. Due to the incorporation of amino-modified
silica nanoparticles into cardanol-based polybenzoxazine, the
superhydrophobic PC-a/SiO, coating exhibited excellent self-
cleaning properties and retained its superhydrophobic
feature. The superhydrophobic PC-a/SiO, coating is self-
cleaning and retained its superhydrophobic characteristic
after 1 hour of heat treatment at 250 °C or 10 days of immersion
in a 3.5 wt% NaCl aqueous solution. In addition, electro-
chemical experiments demonstrated that the PC-a/SiO, coating
had superior corrosion resistance compared to the PC-
a coating. In comparison to the PC-a coating, the superior
superhydrophobicity of the PC-a/SiO, coating and the incorpo-
ration of SiO,-NH, nanoparticles could effectively prevent the
penetration of corrosive fluids. The amino groups of SiO,-NH,
nanoparticles can generate intermolecular hydrogen interac-
tions with polybenzoxazine's phenol groups. In addition,
during the curing procedure, the amino groups of SiO,-NH,
nanoparticles may react with benzoxazine. As a result, it is
anticipated that the PC-a/SiO, coating will have promising
growth prospects in uses such as waterproofing and corrosion
resistance. Therefore, the superhydrophobic properties of the
PC-a/SiO, coating and the incorporation of SiO,-NH, nano-
particles offer exceptional corrosion resistance.>”**

The creation of lignin coatings is a burgeoning subject
because lignin is naturally hydrophobic. As stated in recent
research by S. Ohashi and H. Ishida such coatings have no less
than 15 applications, including antibacterial and anticorrosive
coatings, to name a few.*> However, the limited solubility of
lignin in solvents frequently impedes the production of such
substances. The solubility of lignin is essential when endeav-
oring to produce coatings by dipping, dropping, spraying, or
spinning. Even though the isolation process modifies lignin's
ability to dissolve, chemical modifications can also improve this
parameter for producing homogeneous and productive coat-
ings.”* Therefore, the solubility (S) of each eLig-Bz was studied
in 19 organic solvents of varying polarity. eLig-ste is readily
soluble in a variety of solvents, such as chlorinated, non-polar,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and polar aprotic solvents (S > 80 wt%). Despite the polarity of
the solvent, the long alkyl alternatives (C18) limit the expanded
structure of lignin chains.*® To demonstrate the utility of this
property, eLig-ste was cast from THF onto a glass substrate,
resulting in a homogenous coating with an optimal weight and
surface concentration of 75 puL c¢cm.®’

In their study, W. Yan et al. demonstrated that increasing the
reactivity of soda lignin with a bio-based phenolic molecule
enables the synthesis of a diverse range of benzoxazine
precursors. The lignin-based benzoxazines thermosets were
produced through a chemical process that adheres to most
green chemistry standards. The only waste product of simple
synthesis is water. The process yields materials with a lignin
mass fraction between 46 and 66 wt%. Due to lignin's structure
and benzoxazine's characteristics, these materials possess
desirable mechanical and thermal properties.”” Temperatures
of glass transition fluctuate between 136 and 197 °C, and
storage moduli range from 0.5 to 3.1 GPa. The most intriguing
aspect of this work is the demonstration of the fact that the
properties of these precursors can be altered based on the type
of amine applied to seal the oxazine ring. Stearyl amine ben-
zoxazine precursors derived from this amine could profit from
increased hydrophilic properties and coating capabilities. Fur-
furyl amine, the furan ring plays a role in the polymerization of
benzoxazines and enhances thermosets' T, and combustion
properties. Mono-ethanolamine, the ester and monoethanol-
amine constituents conduct dynamic
exchanges, resulting in poly-benzoxazine with trimeric proper-
ties. Stearylamine had been used to produce hydrophobic
coatings that were durable and simple to apply by casting.
Experimentation with heat and flame demonstrated that
a lignin-based benzoxazine containing furan has emerged as
fire-resistant and self-extinguishing. Eventually, an OH-
terminated amine was utilized to generate a catalyst-free
lignin-based trimer. The aliphatic groups containing OH and
ester bonds underwent topological rearrangements via inter-
nally catalyzed transesterification procedures, rendering the
lignin-based thermoset re-processable and degradable. By
altering the amine employed, additional lignin derivatives
could be produced, and their potential as antioxidant additives
or anti-corrosion coatings could be investigated. Moreover, the
combination of various amines can be tailored to produce bio-
based trimers with a high T, and minimal fire smoke and
toxicity, paving the way for entirely circular composites.”

X. Cao et al. used molecular design to incorporate long-chain
polyether amine with high flexibility into PBZ monomers, which
were then copolymerized using TA to create PB-TA composite
coatings employing a bioinspired technique. The results of their
investigation indicate that TA additives may enhance the
mechanical properties and adhesion strength of PB-TA coatings
by increasing both the crosslinking density of PBZ coatings and
their binding strength to the steel matrix. Moreover, because of
the abundance of phenolic hydroxyl groups in TA, it can form
strong hydrogen bonds with benzoxazine molecules. PB-6TA
(with a 6% TA concentration) had the most favorable overall
performance among all PB-TA coatings, including intact
morphology, enhanced durability, adhesive force, and high

of benzoxazine,
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tensile strength.” The salt spray test (SST) indicates that the PB-
6TA coating has greater resistance to corrosion compared to the
prevalent epoxy coatings (>1 x 10° cm” in the 600 h Salt Spray
Test (SST) and nearly 1 x 10® ecm? even after 1200 h). The fric-
tional coefficient of PBZ-based coatings demonstrates a two-
stage rise, including abrasion of the surface and bulk abra-
sion, suggesting that increasing the amount of TA may enhance
their anti-friction performance. Furthermore, the cyclic wear-
corrosion experiments degraded the PBZ coating more notably
than the PB-6TA coating. Overdosing TA could result in an
excessive increase in the cross-linking density of PBZ coatings,
leading to increased surface brittleness and hardness, which
reduces the bond strength of PBZ-based coatings. Nonetheless,
this research could contribute to the development of further
polybenzoxazine-based coatings for infrastructure serving in
severe conditions.”

Qing Chen's group successfully developed a range of bio-
based main chain type benzoxazine (MCBZs) resins to solve
the problem of marine fouling by proving coatings that are
antifouling.®® Strong intramolecular hydrogen bonding inter-
actions provide polybenzoxazine with a surface with low energy
and weak binding to substrates, based on the findings of Q.
Chen et al. In this study, the MCBZs solved the problem of poor
adherence by modifying their structure. The inclusion of longer
alkyl chains and furan groups offered additional reactive loca-
tions for the formation of hydrogen bonds with the substrate,
which improved adhesion. Consistent with the results of the
preceding flexural property test, the hardness, adhesion, and
impact strength of poly(4, 8, and 12 fu-MCBZ) were progres-
sively enhanced. Notable was the fact that the poly(12-fu-MCBZ)
adhesion met the hull coatings adhesion standards.

Compared to standard benzoxazines, the advantages of
using the developed MCBZs demonstrated outstanding proc-
essability, superior curing activity, and a reduced curing
temperature. In addition, the resins demonstrated high thermal
stability and mechanical qualities after curing, along with high
adherence to the substrate. Most notably, the resins demon-
strated remarkable antifouling performance and dual defense-
bactericidal action. In addition, the anti-adhesion, and anti-
bacterial properties of long alkyl chains, daidzein, and the furan
moiety were attributable to the relatively small synergistic
influence on surface energy.*

Metal coatings using benzoxazines may be regarded as
a traditional use. However, developing appropriate benzoxazine
monomers may create stimuli-sensitive polybenzoxazine coat-
ings. Furthermore, the adherence characteristic of poly-
benzoxazines can be altered by varying the number of
polyphenol derivatives that contain OH groups in their network,
which can be considered an intelligent approach. Of all the
benzoxazines-coated cotton textiles, poly(E-dda) has the
maximum oil-water separation efficiency (98%), anti-icing, and
enhanced cyclic repeatability properties. Therefore, the poly(E-
dda) developed in this study can be utilized as an effective
hydrophobic/oleophilic substance for oil-water separation and
anti-icing purposes. Moreover, E-dda had a minor surface free
energy and exhibited the most significant contact angle with
water (151°)."*
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5 Conclusion and future perspectives

To sum up, benzoxazine chemistry is exceptionally versatile
because of its direct synthesis and wide range of phenols and
primary amines. Moreover, in comparison to many other high-
performance polymers, the production of high-performance
thermosets for a variety of applications is relatively straight-
forward. Another fascinating aspect of this polymer science is
the ring-opening polymerization of the corresponding benzox-
azine monomers, which is triggered only through heat and does
not require a catalyst or addition. In addition to their simplicity
of production and curing, PBz and their derivatives have unique
structural properties such as intramolecular and intermolecular
hydrogen bonding, good thermal stability, and mechanical
endurance. Despite substantial academic research studies,
most other polymers have yet to be commercialized in the past
two decades. However, in the case of PBz, several commercial
uses have been developed and are still expanding, resulting in
the patenting of numerous benzoxazines. Furthermore,
researchers have discovered that this adaptable chemistry may
be used to create unique polymers, which might be referred to
as inventive materials. Some examples of uses are porous ben-
zoxazine polymers, intelligent coatings, self-healing systems,
electrochromic  materials, batteries, superhydrophobic
surfaces, and shape memory PBz. Although these aspects of
benzoxazine chemistry are still in their early stages, the number
of papers published suggests that they will progress quickly
because the adaptability of bio-based benzoxazine chemistry
goes far beyond expectations. There may be no doubt that
environmentally friendly growth and preservation of the envi-
ronment have grown significantly in recent decades and gained
more attention. To replace petroleum-based benzoxazines,
benzoxazines produced from natural renewable raw materials
such as catechol, vanillin, eugenol, cardanol, guaiacol, and
daidzein are being extensively studied and produced. Bio-based
PBz was successfully synthesized using bio-inspired strategies
and showed high performance for coating applications. From
a future perspective, combining rigid and flexible segments in
the main chain provides new inspiration for high-performance
bio-based polymers. Also, using renewable polyphenols such as
lignin, matcha, and chitosan as phenol sources to synthesize
benzoxazine monomers or as reinforcement would enhance
these synthesized polymers' adhesive properties, making them
suitable for coating applications.
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