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Endowing phenolic formaldehyde resin with
sustainability: why and how?

Xinyao Jiang, & Bing Zhu, Shahid Hussain and Maiyong Zhu = *

The past century has witnessed the widespread application of phenolic formaldehyde (PF) resin, the first
synthetic polymer material in the world, due to its excellent oil resistance and electrical insulation pro-
perties. The market demand for PF resin is expected to continue increasing year by year. To meet the
requirements of Sustainable Development Goals, it is necessary to endow PF resin with sustainability. To
date, efforts have been made to improve the synthesis process, search for alternative materials, and
recycle phenolic resin into other functional materials. This has led to significant achievements in PF resin
sustainability. In this review, we provide an in-depth analysis of sustainable strategies for PF resin, focusing
on its market consumption, environmental impact, structure, and properties. In addition to recycling
waste PF resin, achieving sustainability throughout the entire PF resin lifecycle has become an important
focus. The improvement of synthesis technology has increased the lifespan of phenolic resin products
and contributed to a reduction of waste PF resin. The addition of scavengers makes PF resin products
safer in daily life. The use of more environmentally friendly raw materials, such as biomass, to replace
phenol and formaldehyde has been implemented, thus improving the cost and environmental benefits.
The application of dynamic covalent bonds makes waste PF resin decompose more easily. Combining
these with the latest waste PF resin conversion methods, the sustainability of PF resin is expected to be
raised to a higher level.

The synthesis process can be altered to adapt it to various
requirements, and it can function as either a thermoplastic or

Phenolic resin, the first synthetic polymer, was discovered in thermosetting resin depending on the phenol/formaldehyde
the late 19th century and has excellent mechanical properties ratio and catalytic environment. Commercial phenolic resin
due to its high molecular weight and intermolecular cross- products are widely used in furniture, construction, and
linked structure.’ It is also chemically and thermally stable. household items, making life easier for many people. Previous
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work has analyzed phenolic resin hazards and recycling pro-
cesses, while a previous article discussed phenolic resin syn-
thesis and pollution arising from the main raw materials:
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Fig. 1 (a) The total production and storage volume of phenolic resins in China from 2014 to 2020. (b) The amount of plastic entering the ocean in
the form of waste in various countries and regions. The amounts of phenolic resin consumed by various fields in the world (c) and in China (d).

(Reproduced with permission from ref. 2; copyright: 2024 MDPI.)

As illustrated in Fig. 1, phenolic resins, as important syn-
thetic materials, have experienced continuous production
growth in China. By 2020, annual production reached
1.43 million tons, with a production capacity of approximately
1.752 million tons, and consumption is projected to increase
to 1.85 million tons by 2025. In China, usage is predominantly
in the fields of Phenolic molding compound (22%), wood pro-
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cessing (20%), and friction material (20%), while the global
market is mainly focused on Wood adhesive (35%) and pheno-
lic molding compound (15%). The global market was valued at
13 billion USD in 2020 and is expected to exceed 17.9 billion
USD by 2027. It is noteworthy that discarded plastics, includ-
ing hard-to-degrade phenolic resins, are being discharged into
the ocean in large quantities, particularly in East Asia, where
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they enter the marine ecosystem via rivers and coastlines. This
has led to a series of ecological crises, such as microplastic
pollution and marine life entanglement and ingestion.
Conventional landfills and pyrolysis treatments have inherent
limitations, necessitating the development of efficient re-
cycling technologies to alleviate environmental pressures.

Traditional resin disposal methods through landfills and
incineration have drawbacks, and advanced recycling techno-
logies are needed. However, end-of-life treatment for phenolic
resins may not be the best choice, as the development of
manufacturing processes, particularly nanotechnology, has
expanded phenolic resin applications beyond basic household
goods. Nanoscale phenolic resins and other materials of
various sizes offer engineering applications, utilizing phenolic
resin’s mechanical properties, flame retardancy, and rich
carbon content.® This broad platform of functional materials
through nanoscale phenolic resin combinations achieves sus-
tainability without being limited to waste phenolic resin re-
cycling (Fig. 2).

At all stages of the phenolic resin life cycle, there is poten-
tial for sustainable improvement. Sustainable changes can be
made in raw material selection, synthesis, product develop-
ment, and waste management. Using environmentally friendly
raw materials like biomass can reduce pollution and costs.
Advanced synthesis processes can improve resin performance
and durability, aiding waste reduction. The application of
dynamic covalent bonds and scavengers can enhance conven-
ience and reduce formaldehyde release. Finally, recycling is
still an integral part of the sustainability of the resin, and
some recent studies on the conversion of phenolic resins will
be mentioned in the last section, including depolymerization
to small-molecule monomers and conversion to carbon
materials.
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2. Green synthesis strategies

The phenolic resin production process needs improvement for
sustainable development. Current methods use harsh reaction
conditions and strong acids or bases, which are harmful to the
environment. To achieve green development, it is important
to extend the service life of materials and reduce waste. In
addition, traditional phenolic resin products and industrial
wastewater contain toxic substances that can harm human
health and nature. Therefore, removing or capturing these sub-
stances during the synthesis process is crucial.

2.1. Synthetic system improvement

The first strategy to make PF resin sustainable is improving
the synthesis processes, which can be done by modifying the
structure of phenolic resin. This modification is aimed at opti-
mizing the properties of phenolic resin. Unmodified phenolic
resin has many imperfections that can be improved, such as
easy oxidation, decomposition at high temperatures, and
poor toughness. PF formation typically involves dehydration
between formaldehyde and phenol under alkali or acidic con-
ditions, similar to the Stober process for silicon alkoxides.
However, nanostructured PF resins have gained attention due
to their superior biocompatibility for biomedicine and poten-
tial for use in nano-carbon materials. Liu et al.® proposed
synthesizing phenolic resin colloidal materials and extended
the Stober method for the preparation of monodisperse resor-
cinol-formaldehyde (RF) resin polymer spheres.

The synthesis process of RF resin colloidal spheres involves
adding ammonia, resorcinol, and formaldehyde to a solvent,
forming emulsion droplets, and catalyzing the ammonia
inside to form uniform spheres, as shown in Fig. 3b. The
resulting particles have a spherical morphology and are about
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Fig. 2 The synthesis, nanoscale processing and assembly of phenolic resins and their macroscopic applications. Reproduced with permission from

ref. 3; copyright: 2024 American Chemical Society.
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500 nm in size (Fig. 3d). After carbonization, these spheres can
be converted to carbon spheres, with higher yields than other
PF resins. The carbon spheres maintain a spherical mor-
phology and are around 400 nm in size (Fig. 3f). This synthesis
process allows for better control over particle size, size distri-
bution, and other factors affecting performance and appli-
cations. While many researchers have synthesized nano-
structured phenolic resins, this method offers advantages,
such as low cost and suitability for large-scale industrial
production.>®

Traditional phenolic resins are synthesized under alkaline
or acidic conditions, and the quality of the product is reduced
when the catalyst is removed.® Some studies have explored
using microwaves to synthesize phenolic resin efficiently
without an acidic catalyst, but this method still has limit-
ations.” Xu et al. synthesized thermosetting phenolic resin and
its montmorillonite/silica nanocomposites using a method
that takes advantage of the Lewis acidity of the borate ester
bond, creating a boron-modified phenolic resin.® This syn-
thesis process does not require basic or acidic catalysts, which
is uncommon. While there are many articles on improving
phenolic resin synthesis processes, most of these focus on
replacing or improving raw materials rather than changing the
synthesis system.

2.2. Composite engineering

As Xu et al.® noted, most phenolic resin process improvements
cannot completely eliminate the use of acidic or alkaline cata-
lysts, suggesting that the green advancement of synthetic
systems may have reached a plateau. Therefore, many research-
ers try to extend the lifecycle of phenolic resin by improving
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the durability and physical properties of phenolic resin, so as
to reduce the frequency of resin waste and achieve the effect of
sustainable resin use. In order to improve the application per-
formance of PF resin, compositing with other components is
an option. Take the application of resin in tribology as an
example: immersing resin in oil is a common method to
enhance its tribological properties. Xiong et al.® reported that
oil-containing carbon nanocapsules (Oil@C), as reinforced
particles, can improve the tribological properties of solvent-
based PF resin. By adding Oil@C with a diameter of 190 nm
into PF resin, a shell layer covering the PF resin may be
formed. Owing to the presence of Oil@C, the coefficient of
friction (COF) of the PF composite exhibits a decrease com-
pared to pristine PF resin, as evidenced by Fig. 4. There is no
linear relationship between the COF and the amount of
Oil@C. However, there is a critical value of Oil@C content at
which the smallest COF value is achieved. As depicted in
Fig. 4b, this critical value is experimentally determined to be
5 wt% Oil@C, at which the shell thickness is 12.5 nm and the
COF value decreases by 81.9% compared with pristine PF resin
(from 0.54 to 0.098). Expectedly, the decrease in COF leads to a
prolonged service life, as shown in Fig. 4c. In particular, a
greatly prolonged service life can be obtained for the PF com-
posite sample containing 5 wt% Oil@C, from 460 s to 5 h
(Fig. 4c). Morphology analysis and transferred film from the
friction pairs reveal that the self-lubricating property of PF
composites is associated with the released oil, which inhibits
the transfer of PF resin and exfoliation of the coating.
Unfortunately, the shear strength of the PF composites is
observed to decline, and this must be subject to further
improvement.
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Fig. 3 (a) A schematic diagram of extending the Stober process to synthesize RF resin spheres; (b) the formation of RF resin spheres using the
extended Stober method; (c) a TEM image and (d) DLS plot of the RF resin spheres; and (e) a TEM image and (f) DLS plot of carbon spheres.

Reproduced from ref. 4 with permission; copyright: 2011 Wiley-VCH.
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Fig. 4

(a) The preparation process of oil-containing carbon nanocapsules (Oil@C); (b) Oil@C content-dependent COF values in a PF resin compo-

site; and (c) a service life comparison among PF resin composites with different Oil@C content levels. Reproduced from ref. 9 with permission; copy-
right: 2023 Elsevier. (d) The preparation process of MWCNT/carbon fiber fabric multiscale hybrid materials; (e) the dynamic friction coefficients of
different samples; (f) the wear rates of different samples; (g) load—displacement curves of different samples; and (h) tensile strengths of different
samples. Reproduced from ref. 10 with permission; copyright: 2022 John Wiley & Sons.

Wang et al. developed a multiscale hybrid material using
multiwalled carbon nanotubes (MWCNTSs) and carbon fiber
fabric to enhance the mechanical and tribological properties
of phenolic resin composites.”® The materials showed
increased dynamic friction coefficients and reduced wear rates
compared to an unmodified sample when modified with
MWCNTs. The mechanical properties of the composites also
improved, withstanding heavier loads. However, while the
tensile strength initially increased due to a uniform MWCNT
distribution, it then decreased due to agglomeration. Further
research is needed to prevent agglomeration and enhance wear
resistance.

Researchers have experimented with various lubricants to
prolong the service life of phenolic resins in tribology. Table 1
lists some of these lubricants and their effects on phenolic
resins. Phenolic resin, as a friction material, has a high fric-
tion coefficient and good wear resistance, among other pro-
perties. To meet safety, durability and comfort requirements,
phenolic resin composites have been widely studied and
applied. Numerous literature studies suggest that these com-
posites have greater friction coefficients and wear resistance,
allowing for smoother braking, reduced noise and increased
service life.

2.3. Pollutant fixation

Scientists are researching methods to reduce the environ-
mental hazards caused by free phenol and formaldehyde in PF

This journal is © The Royal Society of Chemistry 2025

resin. One solution is to improve the resin synthesis system,
but this has been difficult to achieve. A simpler strategy is
adding formaldehyde scavenger chemicals to phenolic resins.
These chemicals react with formaldehyde to decrease its
content. Numerous chemicals have been found to be effective
as scavengers, and the small quantity added does not signifi-
cantly impact the resin’s mechanical properties or product
quality.'” Table 2 shows the reactivity of many commonly avail-
able scavengers toward formaldehyde.

2.3.1. Most common scavenger: urea. Among the various
available formaldehyde scavengers, urea is the most widely
used. Many researchers have used and discussed the pro-
perties of urea as a formaldehyde scavenger. Dong et al.’’
added three different trapping agents (urea, caprolactam, and
ammonium chloride) during synthesis to reduce free formal-
dehyde in the phenolic resin. The phenolic resin was syn-
thesized under alkaline conditions. When the reaction temp-
erature reached 80 °C, paraformaldehyde was added at inter-
vals of 40 min. About 2 h later, three different trapping agents
were added (Fig. 5a). The formaldehyde content of the modi-
fied resin and the removal rate of the trapping agents were
then measured. In the experiments, as the amount of urea
increased, the aldehyde removal effect increased; the removal
rate by urea of free aldehyde was up to 52% (Fig. 5b and c), but
considering the stability of efficiency, the dosage with the
highest removal rate was not selected as the optimal ratio
(5 wt%). Li et al.®® investigated the effect of urea on free for-

Polym. Chem., 2025, 16, 4077-4101 | 4081
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Table 1 Various lubricants and their effects
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Solid lubricant Improved properties

Optimum formula Ref.

Flake graphite Friction coefficient; wear rate

Polytetrafluoroethylene (PTFE)

Friction coefficient; wear rate

Molybdenum disulfide (MoS,) Friction coefficient; wear rate

PFW Hydrophobic properties; friction and

wear behavior

PTFE Hydrophobic properties; friction and

wear behavior

FEP Hydrophobic properties; friction and

wear behavior
Graphene oxide
properties
Graphitic carbon nitride nanosheets Tribological performance
(g-CsNy)
Hexagonal prism ZnO
Molybdenum dialkyldithiocarbamate

(Mo-DTC)

Tribological performance

Table 2 Some commonly available scavengers as well as their reactions
with formaldehyde

Scavenger Reaction mechanism Ref.

Urea CO(NH,), + CH,0 — C,H¢N,0, 18

Na,SO; Na,SO; + HCHO + H,0 — NaSO;CH,OH 17
+ NaOH

Melamine C3HgNg + CH,0 — C,HgNsO 19

Dicyandiamide C,H,N, + 2CH,0 - C,H¢N,O 20

Na,S,05 Na,S,05 + H,O — 2NaHSO; 21
NaHSO; + HCHO — NaSO3;CH,OH

Acetoacetate 2CH;COCH,COOC,H5 + HCHO — 22
CH,(CH;COCH,COOC,H3), + H,0

Hydroxylamine HCHO + NH,OH-HCIl - H,0 + CH,NOH 17

hydrochloride + HCl

Ammonia NH," + OH™ — NH; + H,0 21
4NH; + 6HCHO — (CH,)N,

Tannin CgH50H + HCHO — C¢H;(CH,OH),OH + 23
CH,OH(C¢H,)OH

Dicyandiamide C,H,N, + 2CH,0 - C,H¢N,O 24

Ammonium NH,HSO; — NH, + HSO; 21

bisulphite Na + HSO; + HCHO — NaSO;CH,OH

maldehyde in a study of phenolic foam. The results of experi-
ments verified that urea had a significant effect on reducing
the content of free formaldehyde (Fig. 5d). This effect could be
attributed to the reaction of urea and residual formaldehyde,
forming methylol urea groups. Yang et al.>” used urea as a for-
maldehyde absorbent when replacing formaldehyde with
lignin to produce a low-formaldehyde and environmentally
friendly glucose-lignin-based phenolic resin. They also
summed up the best formula and experimental conditions:
the P/F molar ratio was 1:2, the substituted amount of lignin
for formaldehyde was 15 wt%, with 15 wt% NaOH and 5 wt%
urea at a temperature of 95 °C for 4 h. When Fan et al.>®
measured the properties of phenol-urea—formaldehyde co-con-
densed (PUF) resins, they found that urea was not only useful

4082 | Polym. Chem., 2025, 16, 4077-4101

Thermal stability and tribological

Hardness and anti-wear properties

Phenolic resin 20%; aramid pulp 22.5%; potassium 11
titanate whiskers (K,TigO13) 7.5%j; BaSO: 50-40%; solid
lubricant 0-10%; flake graphite 7.5%

Phenolic resin 20%; aramid pulp 22.5%; potassium 11
titanate whiskers (K,TigO;3) 7.5%j; BaSO, 50-40%; solid
lubricant 0-10%; polytetrafluoroethylene (FTFE) 12.5%
Phenolic resin 20%; aramid pulp 22.5%; potassium 11
titanate whiskers (K,TigO13) 7.5%j; BaSO, 50-40%; solid
lubricant 0-10%; molybdenum disulfide (MoS,) 12.5%

30 wt% (a diameter of approximately 3-4 pm) 12
30 wt% (average diameter of 5 pm) 12
30 wt% (average diameter of 15 pm) 12
PF-graphene composites with graphene oxide content 13
(0.3 wt%)

1 wt% g-C3;N, nanosheets/phenolic coating 14
1 wt% ZnO micro-disks 15
1% Mo-DTC content 16

as a raw material but also had the function of reducing free
formaldehyde. As shown in Fig. 5e, there were no peaks at
around 80-90 ppm in the *C NMR spectra of resins, indicat-
ing that no free formaldehyde was present in any form, e.g.
hemiacetals, hemiformals, or oxymethylenes.

It is necessary to compare and summarize some specific
properties of the products in these experiments, so as to help
readers gain an understanding. Ramdugwar et al.'” aimed to
reduce the formaldehyde content in a phenolic resin binder,
so more attention was paid to the peel strength and thermal
stability of the product; the results showed that the addition of
a small amount of urea did not affect these properties of the
binder. Dong et al.>® used urea to successfully reduce free for-
maldehyde in phenolic resin; the thermal stability of the
product is close to that of unmodified phenolic resin, and the
limiting oxygen index is similar, so the product can be used as
a fireproof material. Fan et al.>® found that with an increase in
the proportion of urea, the curing time and thermal stability
of the product were improved, but the water resistance was
greatly decreased, and it could be used as structural plywood
in reasonable proportions. These phenolic resin products
modified with urea show excellent properties that can meet
the application conditions.

2.3.2. Other scavengers. Urea is commonly used in pheno-
lic resin synthesis to absorb excess free formaldehyde, but its
limitations have prompted the search for alternatives.
Although effective at adsorbing free formaldehyde, it does not
interact with free phenol. Additionally, urea’s poor thermal
stability makes it unsuitable for high-temperature appli-
cations. Although its effects on the material physical pro-
perties may be small, they still exist. In an experiment, urea
decreased the foaming ratio. Scientists are exploring new trap-
ping agents in addition to urea.”® Ramdugwar et al. systemati-
cally investigated sodium sulphite (SS) and sodium metabisul-

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) The reaction process and mechanisms between formaldehyde trapping agents and formaldehyde; and (b) aldehyde removal rates and (c)
free formaldehyde content levels of phenolic resin; reproduced from ref. 25 with permission; copyright: Wiley Periodicals LLC. (d) Free formaldehyde
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phite (SMS) as scavengers to reduce the free formaldehyde
content.'” Typically, adding a scavenger to PF resin involves
two stages. One is during the formation stage, named stage 1,
and the other refers to post formation, named stage 2. Fig. 6a
shows that the addition of a scavenger in stage 1 leads to
superior performance in reducing the free formaldehyde
content. Larger dosages result in higher reductions, with SS
showing better performance than SMS. Fig. 6b shows that a
5% scavenger dosage is required to bring the free formal-
dehyde content to a non-detectable level, indicating that a 5%
dosage is necessary in the formulation.

Various materials have been used as formaldehyde scaven-
gers. Over the past few decades, researchers have used both
chemical reagents and natural ingredients as formaldehyde
traps. Among the chemical scavengers, urea and sodium
sulfite are the focus of this discussion; although other chemi-
cal scavengers are not discussed in detail, their reaction
mechanisms are summarized in Table 2. Among natural ingre-
dients, starch, cellulose, and tannins are the most common
scavengers. Natural ingredients offer unique advantages for
sustainable development, prompting extensive research into
various natural substances that can reduce formaldehyde
emissions. Demir studied the effects of tannins extracted from
a kind of acorn on the removal of formaldehyde.*®
able resource with a phenolic structure, tannin has high poten-
tial in wood-adhesive industries. Some researchers have

As a renew-

This journal is © The Royal Society of Chemistry 2025

pointed out that tannins are highly reactive with formal-
dehyde, which can accelerate the curing reaction and reduce
formaldehyde emissions; some tannins can even enhance the
mechanical properties of the product.’*’*> Demir gives the
mechanism of this reaction based on the research of Gonultas
et al.*® They pointed out that valerian tannins contain a lot of
gallic and ellagic tannins; these tannins contain polyflavo-
noids, which easily react with formaldehyde. Fig. 7a intuitively
reflects the results of the overall experiment. With an increase
in the tannin ratio, the formaldehyde emission from the
product gradually decreases but, at the same time, the
mechanical properties of the product also decline (Fig. 7b). In
other words, in the experiment of Demir, although it has been
confirmed that this tannin can reduce formaldehyde emis-
sions, it will inevitably have adverse effects on the mechanical
properties of the product, such as the bonding strength.
Similar results have been found in other studies. Dukarska
et al. used pine needles as a formaldehyde scavenger in the
production of urea-formaldehyde resin sheets.** As pine
needles contain a large amount of tannin and other phenolic
compounds, the reaction mechanism is roughly the same as
for tannin. Dukarska et al. point out that the scavenging
ability of pine needles is affected by various factors, such as
species and habitat.

With the continuous development of carbon materials by
scientists, some researchers have used carbon materials to

Polym. Chem., 2025, 16, 4077-4101 | 4083
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remove free formaldehyde. Benhamou et al. added graphene
oxide (GnO) to phenolic resin adhesive, reducing the release of
free formaldehyde and successfully improving the mechanical
properties and water resistance of the product.*> When it
comes to how graphene oxide can reduce formaldehyde emis-
sions, the researchers attribute this to a chemical bridge that
is formed between the -OH and -COOH groups of GnO and
hydroxymethyl-phenol groups. As seen in Fig. 7c, after the
addition of graphene oxide, the formaldehyde emission from
phenolic resin was greatly reduced, from the original 2.69 mg
m> h™ to 0.96 mg m> h™'. At the same time, the bond
strength of GnO-PF resin is better, reaching 5.9 MPa (for PF
this is 4.57 MPa). Fig. 7d, e, and f also clearly show the

4084 | Polym. Chem., 2025, 16, 4077-4101

improvement of the modulus of elasticity, modulus of rupture
and dry shear strength.

2.4. Substitutes for phenols and formaldehydes

The above discussion focused on improving the synthesis pro-
cesses of phenolic resin products to increase their service life
and reduce the content of toxic formaldehyde and phenol.
Importantly for sustainable development, current production
relies on nonrenewable petroleum resources. Therefore,
researchers are exploring alternatives to phenol and formal-
dehyde, including biomass, a sustainable natural source that
can be transformed into various chemicals. A recent study
found that using biobased compounds to partially replace

This journal is © The Royal Society of Chemistry 2025
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phenol in the production of polymeric adhesives significantly
reduces carbon emissions and improves the resin perform-
ance. Additionally, biomass-derived raw materials are cost-
effective compared to petroleum-based chemicals. Lignin, a
component of biomass, has a similar macromolecular struc-
ture to phenol compounds and can replace phenols in various
applications. Like phenol, lignin can undergo polycondensa-
tion reactions with formaldehyde under alkali conditions,
enabling the production of phenolic resin.

As shown in Fig. 8a, lignin, possessing three common states
(H, G, S) shares a similar molecular structure to phenol com-
pounds. There are several reactive sites in both the benzene
ring and other side groups (Fig. 8b), enabling the feasibility of
undergoing polycondensation with other molecules. When
lignin meets formaldehyde, three types of reactions may occur
under alkali conditions: the Lederer-Manasse reaction, Tollens
reaction, and Prins reaction, as illustrated in Fig. 8c-e.

2.4.1. Substitutes for phenols. Considering the similar
macromolecular structures of lignin and phenolic compounds,
many researchers use lignin as their first-choice phenol substi-
tute. Li et al. prepared a lignin-based resin by replacing
30 wt% phenol with lignin,” and it was endowed with
improved bond strength and lower formaldehyde emission
compared to unmodified phenolic resin. Phenol obtained
from biomass through a series of treatments is greener and
more sustainable than phenol extracted from petroleum
(Fig. 9a). Chemical pretreatment is necessary to enhance
lignin activity, as untreated lignin exhibits low reactivity.
Demethylation is a widely used lignin modification strategy,
removing -OCH; groups through nucleophilic substitution
and generating DL products. LPF-Na,SO; shows the best per-
formance in this process (Fig. 9b). All modified resins have
lower bond strengths than phenolic resin; however,
LPF-Na,SO; has a relatively lower decrease, and formaldehyde

OH OH OH

View Article Online
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emission from plywood bonded with LPF-Na,SO; met the
EO grade and is below that of PF resin (Fig. 9c). Because lignin
has a higher MW than phenol, the gel time of LPF-Na,SO; was
much less than that of PF. After TGA-DTG analysis, they con-
cluded that the thermal properties of LPF resins were superior
to those of PF resin. From these four aspects, we can confirm
that the replacement of lignin is beneficial for the properties
of phenolic resins.

Song et al. prepared a lignin-based phenolic resin adhesive
(D-LPF) by replacing 60 wt% of phenol with lignin®® and de-
methylated wheat straw alkali lignin (WSAL) to enhance its
reactivity. However, unlike Li et al., they used iodocyclohexane
(ICH) as a demethylation reagent. The reaction process is
shown in Fig. 9d. From the FTIR spectra and "H NMR spectra
of WSAL (marked a in Fig. 9e) and D-WSAL (marked b in
Fig. 9e), the characterization results are the same as the
theory. The methoxy group peaks decrease, and the hydroxyl
group peaks increase. In the FTIR spectra, the O-H peak area
(around 3430 cm™") of D-WSAL is bigger than that of WSAL.
The '"H NMR spectra showed that compared with WSAL the
methoxy content (4.00-3.50 ppm) of D-WSAL decreases, while
the phenol hydroxyl (2.40-2.17 ppm) content increases.
Finally, the properties of samples are measured to assess their
suitability for practical applications. The gel time of D-WSAL
(150 °C) is 245 s and that of PF (150 °C) is 531 s. The bonding
strengths of PF and D-WSAL are similar. The most prominent
feature is that the free phenol content of D-WSAL is greatly
reduced (from 3.01% to 0.92%) (Fig. 9e).

Yang et al. also explored environmentally friendly approaches
to phenolic resin production. Finally, they developed a strategy
to use decomposed monomers of lignin, rather than phenol,
for resin synthesis®® (Fig. 10a). This unique strategy substi-
tuted monomers for phenol almost completely. In the depoly-
merization of oxidative lignin, researchers confirmed that
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Fig. 8 (a) The basic unit structure of lignin (R: point of linkage with other subunits of lignin) and (b) active positions on the phenolic lignin structure.
(c—e) Types of lignin hydroxymethylation reaction. Reproduced from ref. 36 with permission; copyright: 2022 Wiley-VCH Gmb.
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vanillin, syringaldehyde and methyl vanillate were the main
products.”® In addition, this experiment also builds on other
experiments focused on synthesizing biobased resins from
these monomers.*' To avoid formaldehyde, vanillin’s ester and
aldehyde groups are reduced to introduce hydroxymethyl
groups, and vanillyl alcohol and syringic alcohol are polymer-
ized to form a biobased phenolic resin under acidic con-
ditions. In order to reduce ester and aldehyde groups, LiAlH,
is used as a reducing agent,”” and the reduction reaction is
shown in Fig. 10b. As Fig. 10c shows, the polymerization of
vanillyl alcohol and syringic alcohol is very similar. From the
experimental results, the resin obtained by this method has
some advantages in terms of thermal properties compared
with novolak phenolic resins, but it has some shortcomings in
mechanical properties. Using syringic alcohol as a substitute,
the resin (PR-SA-t18) obtained after 18 h of reaction has the
best thermal properties (Fig. 10d and e). The glass transition
temperature is 115 °C, and the degradation temperature
(340 °C) is higher than that of phenolic resin (234 °C). These
findings indicate that the thermal properties of this resin are
superior to those of novolak phenolic resins. However, the
mechanical properties of all the samples were unsatisfactory,
and even the best-performing samples had lower adhesion
strengths than commercial phenolic resins (Fig. 10f).

Phenolic derivatives are often used to replace phenol in PF
resin due to their simple structures, low toxicity, and avail-
ability. Aminophenol is commonly used as a substitute for
phenol as it efficiently reduces free formaldehyde content.
Aminophenol reacts with formaldehyde to form hemiaminals,
which then react with triazines to form imines.** There is an
equilibrium between imines and triazines, and the imines
react with phenolic compounds to form benzylamines. The
reactions of triazines with phenol or aminophenol form ben-
zoxazines. The thermal stability of the resin increases with the
degree of polymer crosslinking. 2-Aminophenol-modified resin
is highly crosslinked and does not degrade at high tempera-
tures, indicating improved thermal stability. The mechanical
properties of the modified resin may decrease slightly com-
pared to the unmodified resin. Formaldehyde can also be
replaced by simple aromatic aldehydes like benzaldehyde, ter-
ephthalaldehyde, and 4,4-dihydroxybenzaldehyde.** The phe-
nolic ring forms a methylene bridge with the aldehyde, which
then condenses with another phenolic ring to remove water.
Most of the resins obtained are brittle; however, the addition
of terephthalaldehyde (TPA) enhances their thermomechanical
properties, bringing their performance closer to that of tra-
ditional phenolic resin. Using other substances to replace for-
maldehyde can improve the properties of phenolic resin and
reduce pollution.

Most alternative materials are just theoretical and lack prac-
tical application. However, some commercial materials can be
used as phenol substitutes, and some results have been
achieved. One such alternative is cashew nut shell liquid
(CNSL), a versatile renewable resource used in industry.*’
CNSL is a liquid found in cashew shells that contains phenolic
substances structurally similar to phenol. These can be used to

This journal is © The Royal Society of Chemistry 2025
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prepare phenolic resin with better ductility.*® Da silva et al.*’
synthesized a kind of phenolic resin by the reaction of CNSL
and paraformaldehyde with oxalic acid as a catalyst. The
essence of this reaction is the electrophilic addition of phenol
at the ortho-position or para-position. In oxalic acid, an acidic
medium, phenol undergoes nucleophilic attack by other
phenol molecules, resulting in compounds linked by methyl-
ene bridges. This process repeats, ultimately yielding a new
type of phenolic resin (Fig. 11d).

CNSL increases the thermal decomposition temperature of
resin products, improving their thermal resistance and redu-
cing formaldehyde emissions. A study by Loganathan et al.
tested the mechanical properties of phenolic resin made from
CNSL, finding that it had excellent tensile and flexural
strength, comparable to reinforced resin.*® Since the 1980s,
phenolic resin synthesized from CNSL has been widely used
due to its superior thermal and mechanical properties, as well
as its ability to reduce phenol usage. This demonstrates that
CNSL is a highly effective green commercial material. Research
has shown that replacing phenol in phenolic resin with lignin
or other phenols decreases the mechanical properties of the
resulting products, even if their thermal properties improve.*”
To mitigate this, researchers have explored using other sub-
stances to replace formaldehyde in phenolic resin raw
materials. One such substance is glucose. The synthesis of
phenolic-glucose resin involves Friedel-Crafts condensation
between phenol and glucose under strongly acid conditions.
The process produces hydroxymethylfurfural and carboxylic
acids, which react with phenol to generate resin. This environ-
mentally friendly process can produce phenolic-glucose resin
with similar thermal properties to phenolic-formaldehyde
resin, indicating its potential as a substitute.

2.4.2. Substitutes for formaldehyde. When researchers try
to replace phenol in phenolic resin with lignin or other types
of phenol, the mechanical properties of the products inevitably
decrease, even if the thermal properties may improve.’”°
Therefore, many researchers have naturally tried to use other
substances to replace formaldehyde in phenolic resin raw
material, such as glucose or other aldehydes. They explored
the possibility of improving the mechanical properties by
replacing different units and have achieved some success. A
study by Wang et al suggests that formaldehyde can be
replaced with glucose, a promising substitute for phenols. The
synthesis of phenolic-glucose resin involves Friedel-Crafts
condensation (Fig. 12a) between phenol and glucose under
strongly acidic conditions, similar to the formation of phenolic
formaldehyde resin, as depicted in Fig. 12b. The process
begins with glucose protonation, followed by hydrolysis degra-
dation, producing hydroxymethylfurfural and carboxylic acids.
The carboxylic acids react with phenol to generate resin. This
process can be carried out in aqueous solution, making it
environmentally friendly. DSC measurements show that the
phenolic-glucose resin, regardless of the phenol to glucose
ratio, exhibits similar thermal properties to phenolic-formal-
dehyde resin, indicating its potential as a substitute for tra-
ditional resin, as shown in Fig. 12¢.*°
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Granado et al replaced formaldehyde in the synthetic
material with terephthalaldehyde (TPA).>® They chose TPA as
the substituent rather than other nontoxic aromatic dialde-
hydes. The reason for this is that TPA showed the best reactiv-
ity. The reaction process of terephthalic acid and phenolic sub-
stances is shown in Fig. 13a. For the curing behaviors of these
different formulations, the cross-linkage kinetics can provide
some perception of this behavior (Fig. 13b). The E; energy of
phenol-TPA is around 78 + 1 k] mol™". The activation energy
for the condensation of phenol on methyl groups is equivalent
to this value, which indicated the condensation mechanism of

4088 | Polym. Chem., 2025, 16, 4077-4101

phenol-TPA is the same as the reaction of phenol and formal-
dehyde. Meanwhile, the E; energies of resorcinol-TPA and
guaiacol-TPA are lower than for phenol-TPA. This may indi-
cate that the more substituents, the lower the activation energy
required for the reaction. The reaction viscosity increases dra-
matically during the curing process of thermosetting resins,
due to the importance of diffusion. Therefore, the activation
energy of reaction II may determine the ability to spread.’
The E, energy of guaiacol-TPA is higher than the other
samples, which means guaiacol is hard to diffuse into TPA.
From the crosslinking kinetic analysis, we can not only intui-

This journal is © The Royal Society of Chemistry 2025
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tively judge the size of the activation energy of the reactions
but also better understand the crosslinking mechanisms. To
study the thermal properties of every sample, thermal gravi-
metric analysis was conducted. From Fig. 13c, tyrosol-TPA has
the lowest thermal performance, while resorcinol-TPA and
guaiacol-TPA have satisfactory thermal performance, compar-
able to commercial phenolic resin, making them rare biologi-
cal materials with such excellent thermal properties.

3. Establishing dynamic covalent
bonds

Researchers have proposed dynamic covalent bonds as a way
to recycle phenolic resin sustainably. These bonds are chemi-
cal bonds that can break and reform under specific conditions,
providing various physical and chemical properties. The cross-
linked network in phenolic resins is difficult to recover, so
researchers are exploring the possibility of bonds that can
break down under certain conditions. While non-covalent
interactions have been successful in some fields, they are less
heat-resistant than covalent-bonding-based thermosetting
resins.” Therefore, dynamic covalent bonds are more suitable
for applications requiring high heat resistance.

Dynamic covalent networks (DCNs) or covalent adaptive
networks (CANs) can form repeating units that bind or dis-
sociate following certain pathways. Walter Alabiso used this
concept to explain differences in smart polymer chemistry and
properties.>® DCN construction helps with phenolic resin re-
cycling, an important step towards sustainable development.
Many researchers have used dynamic covalent bonds to
address phenolic resin recycling, with innovative methods

This journal is © The Royal Society of Chemistry 2025

compared to traditional ones. This section introduces four
phenolic resins with dynamic covalent bonds.

3.1. Introducing dynamic acetal bonds

The cross-linked structure of phenolic resin makes it difficult
to recycle, so researchers have added new structures to resins
that are easier to break, creating reversible structures. Chen
et al>* designed a new dynamic thermosetting material (PRT)
based on this idea, using linear phenolic resin and tri(ethylene
glycol)divinyl ether (TEGDVE). The material has dynamic
acetal bonds that can be adjusted to change the mechanical
properties or improve the degradation ability. The ratio of phe-
nolic resin to TEGDVE depends on the molar ratio of phenolic
hydroxyl to vinyl.

In order to synthesize reversible and hydrolysable acetal
bonds, Markovnikov addition of -OH and CH,—CHO- is used
for reference (Fig. 14b). FTIR analysis of PRTs was carried out
after production for observation and comparison (Fig. 14c). A
decrease in the peak strength of C=C and -OH was found.
After about 2 h, the peak of C-H from the acetal structure
appeared at around 1350 cm ™", When the reaction went on for
24 h, there was no peak at around 3300 cm™". In short, the
phenolic structures and crosslinking points provide the main
support structure of the network, resulting in high mechanical
strength, while flexible structural units containing reversible
acetal connections provide high elongation at break. In order
to study the thermal stability and influence of materials,
thermogravimetric analysis (TGA) of PRTs was carried out. The
analysis results are clear and easy to understand. The increase
of weak acetal bonds will reduce the thermal stability, while
the high crosslinking point can increase the thermal stability.
In the stress-strain diagram (Fig. 14d), the sample with the
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(a) The reactions between TPA and different green phenols. (b) Apparent activation energies throughout the cross-linking process. (c) TGA

thermograms of fully cured resoles. (d) Derivative curves highlighting changes in degradation mechanisms. Reproduced from ref. 50 with per-

mission; copyright: 2019 American Chemical Society.

highest tensile strength is PRT-1:0.9; the value is up to 50
MPa. This value is slightly lower than that of phenolic resin
(60-80 MPa). From the DSC curves of PRTs (Fig. 14e), the
results showed that the T, value of PRT-1:0.5 is 67.44 °C (for
PF is 68.31 °C). From these two aspects, we can see that the
phenolic resin synthesized via dynamic acetal bonding can
show similar properties to phenolic resin upon changing the
formula. Some degradable materials based on labile bonds
have poor chemical stability, but PRTs have excellent stability
under strongly alkaline and acidic conditions, which is also a
prominent advantage.

In terms of reprocessing, researchers found that the repro-
cessing conditions were more moderate than for other
dynamic phenolic networks,> which is attributed to the mobi-
lity of segments. In the process of reprocessing, the diffusion
and randomization of chain segments play a dominant role in
healing. After healing, the mechanical properties of PRTs are
measured again and compared with the original PR. From the
synthetic materials, PRTs can be decomposed into linear phe-
nolic resin, triethylene glycol and acetaldehyde. In order to
verify the decomposed products, the products were character-
ized by observing the FTIR and H NMR spectra. Fig. 14f and g

4090 | Polym. Chem., 2025, 16, 4077-4101

show the mechanical and thermal properties of regenerated
PRTs. The results show that the tensile strength of the recycled
materials experiences only a slight decrease after the first
recovery, but declines significantly with the second and sub-
sequent recoveries. There was only a slight decrease in thermo-
dynamic performance. This is certainly
regeneration.

beneficial for

3.2. Introducing B-O bonds

Scientists are exploring the introduction of B-O bonds into
phenolic resin to enhance its characteristics.”® This bond can
be easily formed due to the Lewis acidity of boron atoms,
which react with Lewis bases to form complexes. This bond
also has greater bond energy than C-C, increasing the thermal
and mechanical stability of plastics. Initially, B-O bonds were
used in organic frameworks and polymer synthesis, later
leading to the development of traditional crosslinked polymer
synthesis through the introduction of boronic esters. The
bond’s dynamic reversibility can be regulated based on pH
and the amount of alcohol. Polymer synthesis mechanisms
based on boronic esters involve hydrolysis and re-esterification
(dissociative exchange) and transesterification (associative

This journal is © The Royal Society of Chemistry 2025
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(a) Synthetic routes to PRTSs; (b) Markovnikov addition of PR and TEGDVE; (c) FTIR spectra of PRTs; (d) tensile stress—strain curves of PRTs;

(e) DSC curves of PR and PRTs; (f) TGA curves of original and reprocessed PRTs; and (g) tensile stress—strain curves of original and reprocessed

PRTs; reproduced with permission from ref. 54; copyright: 2022 Elsevier.

exchange). Most reactions use a combination of these two
mechanisms (Fig. 15).

In recent years, researchers have studied the recycling of
materials prepared with boronic ester linkages. In 2015, Guan
et al.>” synthesized two telechelic diboronic ester small mole-
cules, which, after recycling, showed similar properties to the
original samples. In 2017, Leibler*® introduced dioxaborolanes
into several polymers, including PMMA and PS, which can be
processed multiple times. In 2018, a dynamic cross-linked phe-
nolic resin was produced using PBA and novolac resin,
showing excellent mechanical properties and easy decompo-
sition in ethanol.’® Zhang et al. used two methods to improve
the stability of this polymer: adjusting the ratio of methylene
to boron ester bonds, and replacing the borate bonds with
nitrogen-coordinating cyclic boronic diester linkages. These
new bonds improved the water resistance and thermal stability
compared to common boronic esters.

Scientists have emphasized the importance of recycling
polymers with boronic ester linkages, but hydrolysis and alco-
holysis have limited their use. To control this, two methods

This journal is © The Royal Society of Chemistry 2025

have been developed: using traditional, irreversible covalent
bonds instead of dynamic ones; and designing a unique
boronic ester linkage. The first method, verified by the experi-
ments of Torkelson et al.®® and Sumerlin et al,®" improves
material stability by introducing a proportion of irreversible
bonds. Yoshie et al.®® introduced a tetrahedral boronic ester
with B-N coordination into a polymer, enhancing its mechani-
cal properties among others. Ding, using B-N coordination
bonds, achieved similar results.

3.3. Introducing dynamic urethane bonds

The recovery of phenolic resins has puzzled researchers for
years, and the use of dynamic covalent bonds is one method
being explored to achieve this. Some researchers have studied
urethane bonds, which are structurally similar to borate
bonds. Urethane bonds can form blocked isocyanates that can
decompose at high temperatures or in the presence of a cata-
lyst.®®> Some researchers have discovered a way to develop cata-
lyst-free dynamic networks by adjusting the steric effects of the
related covalent bonds.** However, most dynamic cross-linked

Polym. Chem., 2025, 16, 4077-4101 | 4091


https://doi.org/10.1039/d5py00792e

Published on 02 2025. Downloaded on 01/02/2026 20:20:31.

Minireview

HO OH / I
N/ R-B_
@—B\@ a b 07 R,
OH

sp sp®
Diol

View Article Online

Polymer Chemistry

Hydrolysis OH HO-_R1
* 2H,0 _—— R-B| + I
Re-Esterification OH HO™ g,

H
Diol E 0 Ry HOo-_Rs Transesterification o R3 Ho_R1
H P
( : 5 I * I T ificati 5 I g I
2H,0 2H,0 o] R, HO’ Rq ransesterification Lo} Re HO' R,
[o]
| R —
i 0 1 /0 R; Transesterification ,0 R3 o Ry
R-B + R-B "R + R-B
o} R, [o} Re Transesterification [o Re o R,
N
(b) HMTA Nr N

Dynamicity and stability

Hydrolysis HoBon
HO OM

)

Ny
Curing

Fig. 15 (a) The reaction characteristics of boronic acid; (b) the three exchange reaction mechanisms of boronic ester-based polymers, (c) introdu-
cing traditional covalent bonds into boronic ester networks, and (d) the curing process and cured structures of NR/HMTA and PBNR. Reproduced
with permission from ref. 55; copyright: 2021 The Royal Society of Chemistry and the Chinese Chemical Society.

thermosetting materials based on this technology cannot meet
application standards in terms of mechanical strength and
thermal properties. Liu et al. developed a method to form
reversible urethane bonds based on the synthesis of steric
phenol hydroxyls and isocyanates. These materials, called
TDNRs, can change mechanical properties upon adjusting the
ratio of raw materials. TDNRs exhibit tensile strength up to 55
MPa and a glass transition temperature up to 200 °C, and
these mechanical properties remain almost unchanged after
several recycling cycles (Fig. 16). The material is easy to
prepare, has low cost and a simple process and has the poten-
tial to become a recyclable polymer.

Fourier-transform infrared spectra analysis shows a strong
peak at 1710 cm™" for all TDNR samples, indicating the for-
mation of a hydrogen bond corresponding to the polyurethane
bond and a hydrogen bond formed between the carbonyl
group and imine. The glass transition temperature (T,) is also
an important parameter; from the results, the T, values of all
experimental samples were higher than that of the original
phenolic varnish resin, and it can be seen that the change in
Ty is related to the ~-OH/-NCO molar ratio. After mechanical
experiments, it was found that most phenolic resins with the
correct molar ratio showed excellent mechanical performance,
with tensile strengths higher than 55 MPa when the molar
ratio between the hydroxyl group and isocyanate group was set
at 1 and 1.5. The tensile strength is close to that of phenolic
resin, but the Young’s modulus is only half, which may be suit-
able for application in some fields.

4092 | Polym. Chem., 2025, 16, 4077-4101

Urethane bonds in TDNRs are sensitive to heat and need to
maintain thermal stability. At 200 °C, the TGA curves of
TDNRs show a significant downward trend, and they begin to
decompose at about 244 °C. This may be due to four possible
thermal degradation reactions. However, when ethyl carba-
mate bonds are made with excessive aromatic hydroxyl groups
and isocyanates, the bonds mainly undergo reverse reactions.
This causes weight loss due to water and TDI volatilization.
The fracturing of urethane bonds leads to polymer degra-
dation. The experiment showed that urethane bond reverse
reactions occur easily below 200 °C, with almost no decompo-
sition loss. TDNRs can be recycled at high temperatures,
breaking urethane bonds into oligomers and DTI. Further dis-
assembly or synthesis can happen at temperatures below
200 °C. Researchers also found a new TDNR with performance
between TDNR4 and TDNR2 by mixing TDNR2 and TDNR4;
this process can produce phenolic resins quickly without
meeting the performance requirements of most other dynamic
phenolic resins.

The introduction of dynamic covalent bonds in phenolic
resins makes them easy to recycle. Although a new method, it
holds considerable potential for further exploration. Resins
containing these bonds perform well in recycling but exhibit
lower thermal stability and mechanical properties compared to
traditional phenolic resin. Some bonds are also susceptible to
hydrolysis and alcoholysis, which limits practical applications.
While scientists have proposed solutions, these often require
customization for each specific case. In summary, dynamic

This journal is © The Royal Society of Chemistry 2025
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reproduced with permission from ref. 65; copyright: 2021 Elsevier.

covalent bonding plays a significant role in the synthesis and
recovery of greener phenolic resins, but further research is
necessary to fully realize their practical application.

4. Recycling of PF-resin

As mentioned above, numerous studies have focused on
improving the sustainability, environmental friendliness and
recyclability of PF-resin. However, in terms of the huge and
diverse PF-resin market, it is difficult for a universal and
cheap modification scheme to be created, accepted by gov-
ernments and put to industrial use in the near future.
Therefore, an unavoidable problem in the area of plastic re-
cycling will be discussed in this section: how to release and
transform the residual value of PF-resin waste as much as
possible under artificial conditions. In contrast to the pre-
viously discussed modifications of PF-resin, the chemical
treatment approaches in this section directly convert PF-
resin into other valuable chemical raw materials and
products.

Further conversion is conducted using the purified PF-resin
samples obtained through physical recovery. This section dis-
cusses chemical and mechanochemical methods used to treat
waste PF-resin to release its residual value as much as poss-
ible, including but not limited to depolymerizing the resin to
obtain small-molecule chemical products and using its rich
carbon content for conversion into functional carbon
materials.

This journal is © The Royal Society of Chemistry 2025

4.1. Depolymerization

Depolymerization is the breaking down of a polymer into its
most basic monomers: in the case of phenolic resins, a series
of phenols and their homologues. Due to the breaking of
molecular bonds involved, the difficulty of depolymerizing
thermoset polymers with a lot of crosslinking is obviously
greater than for thermoplastic polymers.

In the modern electronics industry, thermosetting resins
are used in packaging materials and adhesives for printed
circuit boards (PCBs) and integrated circuits (ICs). Unlike the
dispersion of plastic parts, this type of assembly links the
resin and metal parts closely, making it difficult to separate
them using mechanical means. Therefore, a process is needed
to decompose the resin, presenting the product in a solid-
liquid separation state. Supercritical water (SCW), a fluid
whose temperature and pressure exceed the critical state, has
unique physical properties and is used in various applications,
like natural product extraction and polymer recovery.’® The
depolymerization of organic matter in supercritical water can
be regarded as a chain reaction involving free radicals and
hydroxyl free radicals (Fig. 17). This chain reaction can be
initiated by the reaction between oxygen and organic matter.
The depolymerization of other thermosetting resins may
provide ideas for the recovery of phenolic resins, and we
discuss the product distribution of mainstream thermosetting
resins, including phenolic resins, that can be treated with
SCW. Tagaya et al.®’ treated phenolic resin with supercritical
water, depolymerizing it to phenol and its derivatives. Li
et al.®® polymerized epoxy resin from ICs via supercritical

Polym. Chem., 2025, 16, 4077-4101 | 4093
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hydrolysis, obtaining hydrocarbons from H,O and CO,.
However, high temperatures and pressures were still required.
Due to high energy consumption, researchers turned to other
methods, like using organic solvents instead of water, to
critical temperatures and  pressures.
Additionally, the organic parts of PCBs and ICs often have bro-
minated flame retardants (BFRs), which can cause secondary
pollution during recycling if not treated. Chen et al®® used
NaOH to create an alkaline environment that removes BFRs
and reduces energy requirements. The alkaline substances
help break down the resin’s physical structure and advance
the debromination reaction. Ultimately, the degree of debromi-
nation is 95.11% under subcritical water conditions, reducing
energy demand.

Supercritical fluid processes have limited large-scale appli-
cation due to the high-temperature and -pressure requirements
and potential secondary environmental pollution from re-
cycling. Researchers are exploring alternative methods for ther-
mosetting resin degradation, such as mechanical energy ball
milling and biodegradation, which have achieved good results
without the problems of liquid-phase reactions. For phenolic
resins with BFRs, debromination is a primary task to curb pol-

achieve  lower

4094 | Polym. Chem., 2025, 16, 4077-4101

permission from ref. 66; copyright: 2000 American Chemical Society. (f)

lution.”® Pyrolysis is a common method to treat BFR-contain-
ing products, but it produces brominated products unaccepta-
ble for green recycling. Ball milling with iron powder as co-
grinding particles can achieve organic pollutant decompo-
sition and promote iron powder to transfer electrons, aiding in
debromination.”" It has been reported that iron powder/silica
grinding for a long time can achieve 90% debromination.””
Chen et al.”® used zero-valent nano-iron as a dehalogenation
agent, providing electrons to increase the C-Br bond length in
pentabromodiphenyl ether, making it easier to break the
bonds during ball milling. The content of bromine on the
surface of particles was reduced by half after treatment. If iron
powder co-ball milling reduces energy and solvent use com-
pared to liquid-phase recovery, biodegradation simplifies the
process and reduces pollution further. Gusse et al.”* first pro-
posed the use of fungi to achieve the biodegradation of PF
resin. Many organic pollutants, including DDT, PCBS, and tri-
nitrotoluene, can be degraded by lignin enzymes produced by
white-rot fungi.”> Their ability to break down lignin has led
researchers to question whether they can be used to break
resins (Fig. 18c); one type,
Phanerochaete chrysosporium, has been shown to biodegrade

down phenolic named
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PF resin after testing a variety of white-rot fungi. As shown in
Fig. 18d, after the bacterial colonies on the PF resin surface
were cleaned by ethanol, holes and pores with large differences
in morphology from the surrounding areas could be observed
through scanning electron microscopy images. After this
study, Lawrance et al’® used Trichoderma aureoviridae, a
Trichoderma, to successfully break down the phenolic resin
components in a phenolic leather tanning agent (Basyntan
DI). Fig. 18e and f show that COD, BOD, and TOC of the
tanning agent decreased with an increase in the number of
biodegradation days. As shown in the figure, the degradation
effect changes with a change in the Basyntan DI concentration,
and the degradation efficiency at high concentration is the
most obvious. At 1500 ppm, COD drops to 65% of the initial
value after 8 d, BOD is 16.8% of the initial value, and TOC is
reduced by nearly 80%.

In summary, the depolymerization of thermosetting resins
into small monomer molecules requires high energy compared
with conventional depolymerization methods. For example,
depolymerizing PF resin in supercritical and subcritical fluids
requires high temperatures and pressures, making large-scale
applications challenging. In seeking to reduce the energy
demands, the application of organic solvents will bring about the
possibility of secondary pollution. The use of mechanical energy
and electron transfer to help break chemical bonds is another
direction that can be investigated. In addition, the application of
bioengineering in resin degradation can also be explored; using
fungi to degrade resins is a worthwhile approach.
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4.2. Conversion into carbon materials

Technology for the depolymerization of phenolic resin is being
promoted, but the energy required to destroy all chemical
bonds between and within the molecules of thermosetting
resins cannot be reduced. Research is focusing on transform-
ing waste plastics into various functional carbon-based
materials, such as carbon nanotubes, carbon fibers, and
heteroatom-doped carbon.”” These materials are used in
various industries and represent a nonrenewable resource
retention method with good environmental and economic
benefits. Lithium-ion batteries (LIBs) have been successful in
the current energy field, but the uneven global distribution of
lithium limits the scale of future grid development; as re-
cycling technology for LIBs is not mature, sodium-ion batteries
(SIBs) may be a substitute.”® The use of SIBs on a large scale
requires an alternative to graphite anodes due to the larger
volume of sodium ions compared to lithium ions. Hard
carbon with larger layer spacing and many defects and
vacancies is considered suitable as an anode in SIBs. Phenolic
resin has been considered as a potential hard carbon precursor
due to its low cost and rich carbon content. However, the car-
bonization of PF resin cannot directly obtain a precursor that
can be used to manufacture hard carbon; gas molecules gener-
ated at high temperature will destroy the surface structure of
the precursor, so PF resin needs to be pretreated (Fig. 19).”°
CO, emissions contribute significantly to global warming.
Under the directive of low-carbon policies, a range of methods

Phenol conc. (mg/L)

500 ppm 1000 ppm. 1500 ppm 500 ppm 1000 ppm 1500 ppm
Syntan Concentration

Syntan concentration

Fig. 18 (a) The two main components of phenolic resin containing flame retardants. (b) The mechanism and product from NZVI co-ball milling of

PF resin. Reproduced with permission from ref. 72; copyright: 2020 American Chemical Society. (c) The two-dimensional chemical structures of PF
resin and lignin. (d) A scanning electron microscope image of the PF resin surface degraded by lignin enzyme. Reproduced with permission from ref.
73; copyright: 2006 American Chemical Society. (e) Changes in COD, BOD and TOC with a change in the number of biodegradation days and
Basyntan DI concentration. (f) Changes in total phenol concentration after biodegradation. Reproduced with permission from ref. 75; copyright:
2018 Springer.
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are employed to reduce CO,, from curbing sources to absorb-
ing it. Porous materials are essential for CO, adsorption,
especially those that are low cost and use a wide range of raw
materials, while further requirements such as surface adjust-
ability and chemical/thermal stability are constantly emerging.
Phenolic resin, with high carbon content, is used as a carbon
precursor for porous carbon. Yue et al.®* used urea to dope
phenolic resin with nitrogen, then activated it with KOH to
create nitrogen-doped porous carbon. This type of carbon has
improved adsorption capacity due to the presence of basic
nitrogen-containing groups.®® Fig. 20a-c shows SEM images of
phenolic resin (R), urea-modified carbonized resin (RU), and
KOH-activated RU (RUK). Fig. 20d shows a TEM image of RUK.
It can be seen that there is only a size gap between R and RU,
and their surfaces are smooth without pores, while the surface
of RUK has pores due to the etching action of KOH, and more
micropores can be found after further magnification. The pore
size distribution of porous carbon calculated by density func-
tional theory (DFT) shows that the pore size of porous carbon
is mainly about 1 nm at normal temperature (600 °C), and the
pore size increases when the temperature rises to 700 °C.
Subsequent analysis also shows that a larger pore size is not
conducive to gas adsorption (Fig. 20f). The adsorption experi-
ment results showed that when the mass ratio of KOH/resin
was 3 and the activation temperature was 600 °C (RUK-600-3),
the adsorption efficiency of the porous carbon could reach
7.13 mmol g™" at 1 bar pressure and 0 °C. When the tempera-
ture rose to room temperature (25 ©C), the adsorption
efficiency was 4.61 mmol g~'. Liu et al®" improved the pro-
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duction process of porous carbon by first mixing the resin
with KOH solution and drying it, and then placing the dry
product into a reactor for direct activation, thus skipping the
carbonization step. Due to the lack of nitrogen doping,
although the pore distribution is consistent with the product
obtained by Yue et al,* its CO, absorption efficiency is
slightly lower. However, at room temperature, adsorption of
4.12 mmol g7* can be achieved, and it has good cycling stabi-
lity (Fig. 20g).

In addition to the adsorption of greenhouse gases such as
CO,, activated carbon prepared from PF resin can be modified
by other processes to adsorb organic pollutants. Due to the
properties of the fiber giving the material a larger surface area,
phenolic-based activated carbon fiber has a stronger adsorp-
tion capacity than granular activated carbon; however, initially
its high price limited development. An initial improvement
involved using phenolic-resin-coated glass fibers and then acti-
vating them to obtain the target fiber® using electrospinning
technology. It is also an option to obtain and carbonize pheno-
lic resin fibers directly by electrospinning. Zhao et al.®® used
electrospinning to produce phenolic resin fibers. As phenolic
resin is divided into two categories, thermosetting and ther-
moplastic, the properties displayed in the remelting process
will also be different. The addition of a curing agent leads to
electrostatic textile thermoplastic resin having a greater risk of
secondary pollution. The degree of activator input, pre-oxi-
dation time and carbonization temperature have been
included as experimental variables. In testing, the thermoset-
ting phenolic resin was first made into fibers by electro-

This journal is © The Royal Society of Chemistry 2025
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Fig. 20 (a)—(c) SEM images of R, RU, and RUK. (d) A TEM image of RUK. (e) The pore size distributions of porous carbon calculated by DFT: (a)
RUK-600-3, (b) RUK-600-4, and (c) RUK-700-4. (f) The CO, adsorption efficiency of products at different pressures, with solid markers at 0 °C and
hollow markers at 25 °C. Reproduced with permission from ref. 81; copyright: 2018, American Chemical Society. (g) The adsorption capacity curves
of porous carbon (RC) prepared by direct activation over multiple cycles; (h) the pore size distributions of RC calculated by DFT; and (i) the adsorp-
tion capacity of RC for CO, at different temperatures and pressures, with hollow markers at 0 °C and solid markers at 25 °C; reproduced with per-
mission from ref. 83; copyright: 2019, American Chemical Society.
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spinning, then pre-oxidized for 72 h (kept at 120 °C for 12 h
and heated to 180 °C for 60 h) and carbonized at 1000 °C. The
final product (CF60-1000) shows high selective adsorption of
benzene, which is speculated result from the strong n-n inter-
actions on its surface. At the same time, due to a lack of func-
tional groups on its surface, its absorption capacity for other
organic volatiles, such as ethyl acetate, is weak. In addition to
being beneficial for gas adsorption, the porous structure of
activated carbon can also be used for energy storage. Wang
et al.¥” increased the thermal conductivity of the composite by
adding paraffin wax (PW) to porous carbon made from pheno-
lic resin. They used semi-coking wastewater to produce pheno-
lic resin (SWPR). The porous carbon is also prepared by a KOH
activation-carbonization process similar to previous ones, and
the obtained hierarchical porous carbon (HPC) is soaked in
PW in a vacuum oven to obtain phase-change composite
materials (PCCs). Monitoring results showed that the thermal
conductivity of PCC increased by 166% compared with pure
PW, and infrared images in sunlight also showed high heat
absorption/release efficiency (Fig. 21e).

Compared with the depolymerization of resin, the energy
required for activation and carbonization may be lower; in
addition, the use of organic solvents is quite limited. The acti-
vated carbon obtained from the carbonization of PF resin can
have many applications; the porous characteristics of activated
carbon can be used for electrode manufacturing, gas adsorp-
tion, energy storage, and in other fields. Therefore, the conver-
sion of phenolic resins into functional carbon materials is cur-
rently more economical and environmentally friendly than
depolymerization.

5. Conclusions

Discussion of the sustainability of phenolic resin has yielded
more optimistic results than may have been first assumed.
Sustainability improvements can be made at all stages of the
phenolic resin lifecycle, including but not limited to finding
more economical and environmentally friendly raw materials
to replace phenol and formaldehyde, such as lignin, which
always has a positive effect on resin performance and synthesis
cost. During the synthesis process, scavenger agents can also
be added to make the phenolic resin product release as little
formaldehyde as possible during usage. Improved synthetic
processes can produce more durable phenolic resin products,
also meeting the requirements of sustainability. Finally, from
the perspective of recovery, the introduction of dynamic
covalent bonds will make it easier to decompose waste pheno-
lic resin and reduce the recovery cost. However, among the
latest recovery technologies, there is still some resistance to
the development of technology for depolymerizing phenolic
resin into small-molecule monomers. Due to the existence of
intermolecular cross-linking networks, breaking these mole-
cular bonds without other auxiliary conditions requires high
energy, which is not conducive to the large-scale application of
these processes. Activated carbon is one of the most suitable
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conversion products when converting phenolic resins to
carbon materials, because its porous properties can be used in
many fields. Through the analysis and summary of these pro-
cesses, it can be seen that even these polymer materials with
the longest development history still have a very broad research
space.
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