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Review
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Due to the societal appeal in carbon emission reduction and neutralization,
chemical recycling of waste polyester for valuable chemicals has attracted
attention in an increasing number of applications. Research on chemical
recycling of polyester wastes is currently rising sharply and becoming a
hot spot gradually. Many technical and fundamental questions still need to
be addressed, such as harsh depolymerization conditions (high
temperature, long reaction time, low yields, etc.) and techno-economy and
environmental sustainability matters. The chemical recycling protocol and
optimization of degradable polyester wastes are systemically investigated
along with short discussions on non-degradable ones. The thermoset
polyurethane and epoxy adhesives derived from depolymerized waste
polyesters for contributing to wood-based structural composite materials
(e.g., laminated plywood, fire retarded wood coating, and transparent
wood composites) along with life-cycle assessment and techno-economic
analysis are also critically evaluated and analyzed. These novel insights
are expect to open a new avenue to develop wood-based structural
materials via value-added chemicals from polyester waste recycling,
which contribute to the sustainable society along with prompting further
research and extension in forestry biomaterials and renewable natural
resources.
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INTRODUCTION

Considering the current global plastic crisis, the annual plastic waste is projected to
exceed 1 billion tons by 2060, and polyethylene terephthalate (PET) polyester waste
accounts for around 12% (Li et al. 2025; Gao et al. 2025). Thus, chemical recycling of
polyester waste is becoming a hot topic. Additionally, due to the societal appeal of carbon
emission reduction and neutralization, the chemical recycling of polyester waste to obtain
valuable chemicals in sustainable applications has attracted significant interest (Fang et al.
2024; Lahive et al. 2025). However, chemical recycling of polyester wastes currently faces
many challenges, such as harsh depolymerization conditions (high temperature, long
reaction time, low yields, efc.) and techno-economy and environmental sustainability
matters (Curley et al. 2025; Millucci et al. 2025). Although a few reviews have considered
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chemical recycling of non-degradable polyester wastes and closed-loop chemical recycling
of synthetic polyester (e.g., polyethylene terephthalate PET and polycarbonate PC, etc.)
via metal- and/or organo- catalysts (Enking et al. 2025; Jia et al. 2023; Luo et al. 2024;
Zhao et al. 2024; Xu et al. 2025; Mittal et al. 2025), research on the degradable polyester
is in its infancy (Li et al. 2024; Yang et al. 2022). This review focuses primarily on the
chemical recycling of degradable polyester wastes via catalysts that enhance alcoholysis.
The non-degradable polyester wastes are briefly reviewed, given the fact that the associated
chemical recycling technique is relatively mature and already evaluated by pioneer scholars.
Additionally, the valuable chemicals derived from waste polyester alcoholysis are ideal
building blocks for synthetic thermoset resin adhesives via step growth polymerization and
ring-opening polymerization, which has potential for adhesive and coating applications on
the wood-based advanced structural materials as alternatives to non-environmentally
friendly urea-formaldehyde and phenol-formaldehyde thermoset adhesives.

According to the Google Scholar search, only few reviews in terms of “chemical
recycling biodegradable polyester” have been reported (Feghali ef al. 2020; McKeown et
al. 2020; Majgaonkar et al. 2021; Yang et al. 2022; Shi et al. 2024; Li et al. 2025). Most
of these previous publications are mainly focused on the general introduction of polyester
depolymerization/chemical recycling approaches, while the present review emphasizes the
waste degradable polyester and chemical recycling via catalysts promoting alcoholysis.
This is instead of other methods, such as hydrolysis and aminolysis or depolymerization
via external stimulus (photo and electricity, efc.). Additionally, no review work has been
reported on transforming the depolymerized polyester waste into valuable chemicals for
wood-based structural material applications. This review will be elucidated in the
following ways: Waste degradable polyesters in terms of depolymerization conditions and
protocol optimizations are systemically summarized, and then different synthetic thermoset
resins with building blocks derived from depolymerized waste polyesters via alcoholysis
chemical recycling are discussed. Thermoset resins contributing to wood-based structural
composite material applications and sustainable assessments are finally summarized in
order to light the way for further research and extensions in renewable natural resources
and forestry biomaterials.

VALUABLE CHEMICALS FROM CHEMICAL RECYCLING OF POLYESTER
WASTES

Chemical Recycling of PLA Polyester Wastes

Polylactic acid (PLA) has been synthesized primarily from lactic acid via ring
opening polymerization. It has unique properties, such as compostability and biological
compatibility, and has promising applications such as food packaging, agricultural mulch
films, and biomedical materials, etc. However, its degradation completely in the natural
environment requires many years (Sombatsompop et al. 2021). Additionally, PLA cannot
degrade completely in the ocean, and these debris as microplastics and nano-plastics in
seawaters threaten human health and the environment. Therefore, chemical recycling of
waste PLA is needed. Compared to hydrolysis and aminolysis approaches with strong acids
or bases resulting in obvious equipment corrosion (Millucci et al. 2025), chemical
recycling of waste PLA via alcoholysis has attracted significant interest (Luo et al. 2024).
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The general reaction mechanism of alcoholic depolymerization of PLA is explained
as follows: an alkoxide as a nucleophile attacks the carbonyl group of ester backbone in
the PLA and then produces valuable lactate esters or related oligomers (Odian 2007;
Solomons and Fryhle 2011). The typical alcohol nucleophile in the alcoholysis of the PLA
is methanol, ethanol, or ethylene glycol. Additionally, to introduce functional groups in the
further polymerization (e.g., ring opening metathesis and acyclic diene metathesis
polymerization), modified alcohols (e.g., allylic alcohol and 2-chloroethanol) are
sometimes employed in PLA depolymerization (Leibfarth et al. 2012; Saito et al. 2022).
The extent of the depolymerization reaction primarily depends on the strength of the
nucleophiles and catalysts. Studies related to the chemical recycling of waste PLA via
catalysts promoting alcoholysis are summarized in Table 1.

Metal catalysts are widely employed in waste PLA chemical recycling. The
catalysts containing magnesium, calcium, and zinc elements usually have good catalytic
effects in the alcoholysis of PLA. For instance, magnesium and calcium alkoxides were
shown to catalyze alcoholysis of waste PLA under the reaction conditions of 120 to 180 °C
and 1 h, and the degree of conversion reached more than 90% (Spicer et al. 2024). Mild
depolymerization conditions along with the use of conventional yet eco-friendly
synergistic or complex metal catalysts and a low-boiling solvent are highly desirable to
produce ethyl lactate as a means to further optimize its depolymerization conditions. For
instance, ethylene glycol as a low boiling point solvent along with various metal catalysts
(e.g., tetrabutyl orthotitanate, metal salt/organobase dual catalysts, and stannous octoate)
has been studied relative to the alcoholysis of PLA under different reaction conditions
(Majgaonkar et al. 2021). Alcohol and ethylene glycol as nucleophiles have some
limitations. Methanol has a simple and unique structure, and it works as a strong
nucleophile in the methanolysis of waste PLA, thereby inducing a decent degree of
conversion. For instance, tin(Il) 2-ethylhexanoate [Sn (Oct)2] with the loading at 1 wt.%
catalyzed the depolymerization of PLA in methanol with conversion at more than 90%
(Hofmann et al. 2020). However, metal catalysts have some challenges in their separation
from the depolymerized lactate esters (Solomons and Fryhle 2011; Odian 2007; Hiemenz
and Lodge 2007). Searching for environmentally friendly catalysts is highly desirable.

Ionic liquids and deep eutectic solvents (DESs) as benign catalysts have attracted
significant interest. Ionic liquids as “melting salts” are composed of negative and positive
ions. They exist in liquid form under relatively low temperature conditions. DESs as the
derivatives of ionic liquids are made of compounds as hydrogen donators and accepters.
Ionic liquids and DESs have good solubilization capabilities for organic substances,
excellent thermal stability, and reproducibility, which are promising environmentally
friendly catalysts for PLA alcoholysis. For instance, ionic liquid and/or its complex have
been studied for waste PLA depolymerization, and the product conversion percentages of
85 to 90% have been reached (Liu et al. 2018; Hubble et al. 2023). ChCl and ZnCl: as
DESs catalysts have been used to recycle PLA via methanolysis, and the conversion
reaches 98.3% at 3 h and 120 °C (Zhu et al. 2024). However, most ionic liquid and DESs
catalysis have issues in terms of catalyst separation and recycling. To tackle these matters,
organocatalysts have been used for PLA alcoholysis.
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Table 1. Depolymerization of Waste/End-of-Life Degradable PLA via Alcoholysis

Material Catalysts Solvent T(lhm)e Tem?facr?ture Convers(lgzn) or Yield Literature
PLA Tetrabutyl orthotitanate EG/PDO/BDO 1/6 240 65, 90 Nim et al. (2020)
PLA Stannous octoate EG 1 190 NA Luo et al. (2024)
PLA Zn{(R,R)-DMEG2-(1,2)ch}. Methanol 2 60 80-90 Liu et al. (2024)
PLA MHMDS Methanol 2/60 R.T. >90 Liu et al. (2024)
PLA Titanium (IV) butoxide PG 3 188 80-85 Figalla et al. (2024)
PLA Catalyst free Methanol 6 140 >90 Zhang et al. (2024)
PLA [HTBD][OdmGly] ionic liquids Methanol 3 70 ~93 Hubble et al. (2023)
PLA Zn (II) complex Methanol 1or4 70-110 >94 Roman-Ramirez et al. (2020)
PLA Zn (HMDS)2 Methanol 2 R.T. 98 Yang et al. (2022)
PLA [PhsC][B(CsFs)4] Methanol 1 120 100 Wang et al. (2025)
PLA Sodium hydroxides Methanol 1/6 30 >80 Chen et al. (2025)
PLA Imidazole-anion-derived ionic liquids Methanol 1 70 87 Liu et al. (2018)
PLA Magnesium Methanol 1 160 >90 Petrus et al. (2018)
PLA Metal salt and organobase dual catalysts EG 2 120/150/180 >90 Spicer et al. (2024)
PLA Deep eutectic solvents Methanol 3 120 >80 Zhu et al. (2024)

Note: ethylene glycol (EG), butane-1,4-diol (BDO), propane-1,3-diol (PDO), propylene glycol (PG) and dimethyl (or diethyl) carbonate (DMC); room

temperature (R.T.); M[bis(trimethylsilyl)amide] (MHMDS, M =

([HTBD][OdmGly]); Zinc bis[bis(trimethylsilyl)amide] (Zn(HMDS)z)

Table 2. Depolymerization of Waste Degradable PHA via Alcoholysis and Hydrolysis

Li, Na, K); Mixture of N,N-dimethyl-glycine and 1,5,7-triazabicyclo[4.4.0]dec-5-ene

Material Catalysts Solvent T('hm)e Tem(pieg?ture Conversion or Yield (%) Literature
PHB p-toluenesulfonic acid Water 12 180 70-90 Gabirondo et al. (2025)
PHBV Taurine Water 12 180 88 Gabirondo et al. (2025)
PHB Fe-containing magnetic ionic liquids Methanol 3 110-140 70-90 Song et al. (2019)
PHB [MIMPS]FeCl4 Methanol 3 140 ~87 Song et al. (2018)
PHB para-toluensulphonic acid Methanol 2 151 ~92 Jasek et al. (2022)
PHB Acidic functionalized ionic liquids Methanol 3 140 70-90 Song et al. (2016)
PHB Ferric chloride Methanol 1-4 130-150 70-90 Song et al. (2018)
PHB Zn(HMDS)2 n-Butanol | 1.5-5 70-110 >90 Wang et al. (2023)

Note: 1-(3-sulfonic acid)-propyl-3-methylimidazole ferric chloride ([MIMPS]FeCla)
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Organocatalysts were initially studied in catalyzed polyester synthesis via ring
opening polymerization and depolymerization with a closed-loop approach (Saito et al.
2018; Deacy et al. 2021; Lin et al. 2018; Li et al. 2024; Chen et al. 2022; Yuan et al. 2019).
Due to the good catalytic effect of organic bases or Lewis acids in controlled ring-opening
polymerization of PLA synthesis, a few successful studies have been carried out on the
methanolysis of PLA chemical recycling to achieve a yield at more than 90%, without
catalyst separation and metal catalyst debris problems (Figalla et al. 2024; Xie et al. 2024;
Wang et al. 2025). Therefore, organocatalysts can be regarded as the new stars in
alcoholysis of PLA waste. However, most of the work has been carried out at lab scale for
PLA chemical recycling. Pilot-scale chemical recycling via organocatalyst is highly
desirable. Fortunately, diphenyl phosphate catalyzed hydrolysis of PLA has been
demonstrated at the pilot scale recently (Wu et al. 2024). Additionally, compared to
chemical recycling of single PLA waste, mixed PLA-containing waste poses huge
challenges. Fortunately, the chemical recycling of mixtures has benefitted from large
improvements over the most recent two years. For instance, one study achieved selective
recycling as an exciting milestone currently with fast and mild depolymerization conditions
(Liu et al. 2024).

Chemical Recycling of PHA Polyester Wastes

As a relatively new biodegradable polymer, polyhydroxyalkanoate (PHA) has
attracted attention for bioplastic and sustainable packaging along with biomedical areas
(Tu et al. 2022). The PHA family primarily includes poly (3-hydroxyvalerate),
poly(hydroxybutyrate) (PHB), and poly(hydroxybutyrate-co-valerate) (PHBV). As a
primary member of PHAs, PHB homopolymer has been the most studied, as it has the
potential to be synthesized within microorganisms without requiring further modification.
However, PHB has inherent drawbacks as a polymer for packaging, namely brittleness and
low toughness. Copolymerization of PHB with a 3-hydroxyvalerate comonomer, PHBV
has been proposed to achieve better processability, higher ductility, and better impact
properties. Research in terms of waste PHA recycling is still in infancy currently, and most
work has focused on mechanical recycling (Dedieua et al. 2022; Belyamani et al. 2025).
Chemical recycling of PHA has involved a few trials. A summary of waste PHA chemical
recycling via alcoholysis is listed in Table 2. For instance, waste PHB chemical recycling
was investigated via ionic liquids or their derivatives as catalysts under diverse temperature
and time conditions, and the conversions were between 70 and 100%. Compared to PHB
chemical recycling, as another family member of PHA, PHBV chemical recycling, has
been rarely reported. One case study employed metal catalyst taurine achieved the
conversion of PHBV at 88% under relative mild depolymerization conditions, e.g., 180 °C
and 12 h (Garbirondo et al. 2025). Organocatalyst as an environmentally friendly catalyst
is highly desirable in PHA chemical recycling as it has been extensively employed in
catalyzed synthesis of PHA recently (Saito et al. 2018; Deacy et al. 2021). However,
almost no research has been reported on the organocatalyzed waste PHA chemical
recycling.

Polybutylene adipate terephthalate (PBAT), polybutylene succinates (PBS), and
polycaprolactone (PCL) as other common degradable polymers have applications widely
such as shopping bags, packaging sheets, agricultural films, and biomedical materials.
Table 3 lists methods for the chemical recycling of these degradable polyesters.
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Table 3. Depolymerization of Other Waste Degradable Polyesters via Alcoholysis and Hydrolysis

Material Catalyst Solvent T(lhm)e Temze(‘:r?ture Convers(lg}or; or Yield Literature
PBAT Adipic acid Water 8 170 ~75 Zheng et al. (2024)
PBAT Tin-based catalysts Methanol 7 140 30-50 Parodi et al. (2023)

PBS Succinic acid Water 5 150 100 Zheng et al. (2024)
PCL Zn(OAc):. Methanol 10 160 40-80 Cheung et al. (2021)
PCL TBD Methanol 1-3 80 >90 Dong et al. (2022)

Note: 1,5,7-triazabicyclo [4,4,0] dec-5-ene (TBD)

Table 4. Depolymerization of Waste/End-of-Life PET and PC via Alcoholysis

Material Catalyst Solvent T(||rqr;e Tem(etér?ture Convers(loo/on) or Yield Literature
PET Antimony (lIl) oxide or Zinc acetate EG 1/12-5/12 240 >90 Mohammadi et al. (2020)
PET CaC03Ca0/TiO2 EG 1.5 200 ~95 Enayati et al. (2024)
PET Organocatalyst EtsN Methanol 2 200 88 Muangmeesri et al. (2024)
PET TBD EG 1/4 100 >90 Olazabal et al. (2024)
peT | Amino ac'd'bﬂzif | cholintum fonic EG 6 150 51 Marullo et al. (2021)
PC DBU/DMAP EG 24 80 >95 Edge et al. (2025)

Note: Calcium carbonate (CaCOs), calcium oxide (CaQ), and titanium dioxide (TiOz2); 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU) and 4-(dimethyl amino)

pyridine (DMAP) via continuous flow conditions
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As it is widely used in agricultural films, PBAT chemical recycling has been
intensively studied recently. For example, water as the hydrolysis solvent has been carried
out, due to its capability of achieving depolymerization under relatively high temperature
(Zheng et al. 2024). Tin-based catalysts with methanolysis depolymerization of PBAT
were further explored for its depolymerization in relatively mild conditions (Parodi et al.
2023).

A few studies have examined PBS chemical recycling. However, it was carried out
with harsh alkali solutions, and the conversion was not satisfactory. The yield was slightly
more than 50% with long time at 48 h (Zheng et al. 2024). Future studies should investigate
PBS chemical recycling with advanced catalyst approaches. Alternatively, waste PCL
depolymerization with organocatalyst 1,5,7-triazabicyclo 4.4.0 dec-5-ene (TBD) via
methanolysis has been studied with relatively mild conditions (Dong et al. 2022).
Organocatalyst is an environmentally friendly, economic and promising approach for PCL
waste chemical recycling compared to the metal catalyst, enhancing its methanolysis
(Cheung et al. 2021). Such an approach can possibly be applied for the depolymerization
of waste polyglycolic acid, another degradable polyester, which is not widely focused on
currently. Chemical recycling of non-degradable polyester waste is another important task
currently.

Chemical Recycling of Non-Degradable Polyester Wastes

PET is the most widely used polyester, and it is used in such plastic items as bottles
and fabrics. As PET is not degradable in nature (de Carvalho et al. 2025), its chemical
recycling research was initialized early compared to degradable PLA, PBAT, and PHA. As
the research on chemical recycling of PET waste is relatively mature, this review primarily
discusses typical cases. For more studies, please refer to a recent review paper (Tan et al.
2025). Herein, the typical technology in terms of its chemical recycling via alcoholysis is
introduced shortly in Table 4. For example, the PET alcoholysis under metal catalyst was
initially studied under harsh conditions, e.g., 240 °C, for which its conversion is great, at
almost 100% (Mohammadi et al. 2020). The chemical recycling at relatively mild
conditions (15 min and 100 °C) via organocatalyst was also carried out, and the conversion
could reach more than 90% (Olazabal et al. 2024). In another chemical recycling trial with
Nets catalyst under methanolysis, the conversion reached 90% (Muangmeesri ef al. 2024).

As another non-degradable polyester, polycarbonate (PC) is an important
engineering plastic. With unique properties, such as robust mechanical properties and
excellent thermal resistance, PC is widely used in many fields, such as automotives and
aerospace. Chemical recycling of these end-of-life PC materials has also been studied (Qin
et al. 2024; Wu et al. 2025). However, the alcoholysis of waste PC chemical recycling
approach is relatively new (Padhi ef al. 2024; Edge et al. 2025), and there is a need for
future studies.

SYNTHETIC THERMOSET RESINS FOR ADHESIVES AND FUNCTIONAL
COATING BY UPCYCLING MONOMERS, OLIGOMERS, OR MACROMOLE-
CULES OF POLYESTER WASTES AND LIGNIN EXTRACTED FROM WOOD

Chemical recycling offers opportunities to upcycle waste polyesters into valuable
monomers and oligomers or macromolecules (Gupta et al. 2025). These valuable products
derived from chemical recycling of waste polyesters are unique raw materials for thermoset
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synthesis toward wood adhesive and coating applications. As a suitable end-of-life solution,
this approach decreases the dependence on raw petroleum-based materials for producing
thermosets, polyurethane, polyurea, epoxy and cross-linked polyacrylic resins.

Conventional Polyurethane/Polyurea Resins

Polyurethane and polyurea have excellent flexible and outstanding chemical
resistance, which are the prevalent choices in adhesives and coating applications (Senra et
al. 2023). Polyurethane or polyurea is usually synthesized via polyols or polyamine and
diisocyanates with or without catalyst. It sounds like a sustainable approach to the synthetic
polyurethane from polyols via chemical recycling of waste PET. However, few studies of
synthetic polyurethane and polyurea with chemical recycling of waste polyesters have been
carried out, as the waste polyester chemical recycling is in its infancy. As a typical case,
the polyols were prepared via the oligo-esters by waste PET glycolysis and
aromatic/aliphatic diacids and then reacted with diisocyanates to produce polyurethane (Pu
et al. 2024). As another example, a one-step conversion of bisphenol A-based
polycarbonate to produce valuable-added diols with varying chain lengths was investigated.
The resulting polyols were subsequently utilized as soft segments in combination with 4,4°-
methylene diphenyl diisocyanate in the production of polyurethanes as potential for wood
adhesive applications in Fig. 1 (Godinho et al. 2021; Saito et al. 2025).
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Fig. 1. PC alcoholysis chemical recycling and utilization of recycled valuable chemicals in synthetic
polyurethanes (Saito et al. 2025). Figure republished with permission from Wiley Publishing Co.

Conventional Epoxy Resins

As another classical thermoset for adhesive and coating applications, epoxy is
usually prepared by a diamine curing agent and prepolymer via the condensation
polymerization of bisphenol A and epichlorohydrin. Due to their excellent adhesive
strength and thermal stability, recycled PET derived chemicals are ideal building blocks to
produce epoxy resins for coating and adhesive applications. For instance, a, o-dicarboxylic
acid oligo (ethylene succinate-co-terephthalate) and terephthalic acid as the valuable added
oligomer and small molecule were produced from the chemical recycling of waste PET
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and then worked as the curing agent to prepare epoxy resins (Hoang et al. 2022). Currently,
research on waste PLA and PHA chemical recycling for epoxy resin synthesis is rare, as
the chemical recycling technology of waste PLA and PHA degradable polyesters are at
their early stages (Liu et al. 2024; Luo et al. 2024; Yang et al. 2022; Lehnertz et al. 2022).
However, the upcycling value-added products from waste PLA and PHA contributing to
epoxy and PU resin synthesis will be continuously increasing (Nim et al. 2023; Cheng et
al. 2025).

Dynamic Covalent Crosslinked Epoxy and PU Resins

Compared to the conventional covalent cross-linked epoxy and PU resin adhesives,
development of dynamic covalent cross-linked epoxy and PU vitrimer resins as reworkable
adhesives and coatings in wood-based structural material are promising to deal with their
end-of-life challenges. For instance, PET waste was upcycled to produce closed-loop
recyclable vitrimer plastics. To be more specific, catalyst- and solvent-free chemical
recycling provided a direct approach to deconstruct PET waste into vitrimer building
blocks from mixed PET sources. The readily available Jeffamine T403 was used for the
depolymerization of PET waste to form a nucleophilic, tetraamine macromonomer, and
then reacted with diacetoacetates to form dynamic covalent vinylogous urethane linkages.
The resulting vitrimer materials exhibited closed-loop chemical recyclability (Danielson et
al. 2025). This work opens a new avenue to design dynamic covalent bonded thermosets
from chemical recycling of waste polyesters, such as PLA and PHA. As another example,
oligomers depolymerized from PET via glycerol alcoholysis were studied for the
preparation of vitrimer materials (Wei et al. 2023). In addition to using valuable chemicals
from chemical recycling of polyester, the renewable natural sources derived from wood
products (e.g., lignin) are desirable for building blocks in the synthetic PU and epoxy
vitrimer resins (Saito et al. 2022; Comi et al. 2025; Sun et al. 2025). Such resins have
potential for wood adhesives.

WOOD-BASED ADVANCED STRUCTURAL MATERIALS VIA UPCYCLING
CHEMICALS DERIVED ADHESIVES AND COATINGS

Adhesive in Lumbers, Plywood, and Particle Boards

Wood-based structural materials have wide applications in North America, such as
construction (wooden structures, beams, and walls) and indoor furniture products (tables,
chairs, wardrobes, and bookcases). According to the data from 2020 to 2022, North
America utilized wood-based structure materials at a volumetric rate of over 20 million
m?/year (Garcia et al. 2024). Lumber is primarily produced as a solid product sawn from
logs, while plywood and oriented strand board are two major types of wood-based
structural materials made of adhesive-bonded wood veneers and wood fibers/flakes, as
shown in Fig. 2.

Over two-thirds of the manufacturing process of wooden products require
adhesives to form strong chemical bonds between wood fibers, ensuring that the wood is
connected stably and securely at the adhesive joints for enhancing the overall performance
and adding value to wooden products (Gongalves et al. 2021). Thermosetting resin phenol-
formaldehyde synthetic via condensation polymerization of phenol and formaldehyde
using acid or base catalyst are the most used wood adhesives along with urea-formaldehyde
and melamine-formaldehyde thermoset resins due to their low-cost and strong bond
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strength performance in both dry and wet environmental conditions (Odian et al. 2007).
However, these thermosets tend to release formaldehyde and other harmful gases, posing
a risk to human health (Wang et al. 2017; Bansode et al. 2021). The development of
environmentally friendly formaldehyde-free adhesives is attracting attention. Renewable
resources-based wood adhesives attracted extensive studies, such as, cellulose, lignin or
soy protein adhesives (Huzyan et al. 2021; Neitzel et al. 2023; Ghahri et al. 2025).
However, the development of environmentally friendly adhesives at the cost of intrinsic
bond strengths in conventional thermoset adhesives can’t meet the requirements for real
wood construction application due to the potential safety considerations (Wang et al. 2020;
Peng et al. 2023; Chen et al. 2024). Epoxy and polyurethane or polyurea thermosets are
ideal alternatives to urea-formaldehyde and phenol-formaldehyde as wooden adhesives, as
they have comparative mechanical properties without toxic gas release issues. Additionally,
it is a feasible strategy to preserve the advantages of conventional thermoset wood
adhesives and introduce the new building units in conventionally synthetic epoxy and
polyurethane or polyurea resins by borrowing value-added chemicals from chemical
recycling of waste polyesters. This approach can make sense, given the current energy
shortage crisis and growing environmental awareness of people. For instance, the diols
from glycolysis waste PET can be used as polyols, chain extenders of PU synthesis (Pu et
al. 2024).

Fig. 2. Wood veneers were cut from timber and plywood produced from wood veneers via hot press
(Hoadley 2000; Chen et al. 2024). Figure republished with permission from Hoadley (2000);
Copyright 2024, American Chemical Society

Table 5. Environmentally Friendly PU and Epoxy-based Wood Adhesives from
Waste Polyester Depolymerization

Adhesives | Wet SS Dry SS Test Standard Literature
(MPa) (MPa)
PUU NA 10.9 DINEN302-1 Thoma et al. (2024)
PU NA 1.6 ASTM D1002 Pu et al. (2024)
PU 7.4 11.7 ASTM D 2339-98 Phetphaisit et al. (2013)
Epoxy 1.7 1.8 ANSI/HPVA HP-1-2000 Mousavi et al. (2019)

Note: Shear strength, SS; poly(urethane urea) (PUU)

Zhang et al. (2026). “Recycling & polyester wastes,” BioResources 21(1), 2561-2586. 2570



PEER-REVIEWED REVIEW ARTICLE bioresources.cnr.ncsu.edu

However, the research on PU or epoxy resins from chemical recycling of waste
polyesters for wood adhesives is still in its infancy. For instance, the synthesis approach
involved an NCO-terminated prepolymer formed by polypropylene glycol and isophorone
diisocyanate followed by introducing recycling PET for a chain extension reaction to rapid
cross-linking and expansion of PU chain segments (Pu et al. 2024). The PU adhesives
synthetic from chemical recycling of waste polyesters are listed in Table 5. For instance,
the PU adhesives were prepared from hydroxyl liquid natural rubbers and modified
chemical recycled PET. It is worth noting that the glycolysis of PET waste was used as the
chain extension for PU synthesis (Phetphaisit et al. 2013). Waterborne polyurethane
provides an option for wooden adhesives, besides conventional PU. As the primary
chemical constitutes conventional waterborne polyurethane formulations, the synthesis of
COz2-based polyols via CO2 and propylene oxide copolymerization offers a dual carbon
management strategy in addition to toxic isocyanate chemical alternatives. For instance,
the lignin-based waterborne polyurethane adhesive exhibited superior bonding
performance, and this adhesive also demonstrated closed-loop recyclability via ethanol
dissolution (Li et al. 2025). In addition to PU adhesives, epoxy and polyacrylic-based
adhesives work for wood-based composites. For instance, epoxy resins made of bisphenol
A diglycidyl ether, polyamidoamine, and polyethylenimine were studied as plywood
adhesives (Mousavi ef al. 2019). To replace toxic BPA in environmentally friendly
adhesives for wood, lignin is an ideal alternative in epoxy adhesives for future studies.
Except for PU and epoxy adhesives, hydroxyl-functional polyacrylic polymers cross-
linked by the polysilazane have been investigated as wood adhesives (Chatterjee et al.
2025).
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Fig. 3. Dynamic covalent bonded synthetic PUU as reworkable and recyclable wood adhesives
(Thoma et al. 2024). Copyright 2024, American Chemical Society, CC-BY 4.0.
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However, conventional thermosets with covalently chemical bonding adhesion are
difficult to restore when the bonding interface is damaged or fractured, which reduces the
service life of wooden products (Lian et al. 2025; Thoma et al. 2024). The thermoset
adhesives with dynamic covalent bonds to replace the default covalent bonds make it
possible to address the dilemma in dealing with end-of-life wooden products, such as
poly(urethane urea) adhesives with dynamic covalent bonds of furan and maleimide in Fig.
3 (Thoma et al. 2024). For instance, a thermoplastic hyperbranched polyurethane adhesive
with a polyurethane prepolymer and lipoic acid with S-S bonds as the terminal groups were
designed as wood adhesive with the ability to bond repeatedly. Under heating conditions,
the dynamic exchange of S-S bonds occurs on both sides of the damaged interface, leading
to reformation of the polymer network structure on both sides of the break and restoration
of the adhesive strength (Zhou et al. 2025).

Functional Coating in Fire Retardancy and Moisture Stability along with Early
Fire Alarm Warning of Lumbers, Plywood, and Particle Boards

Wood-based structural materials have fire retardancy and moisture stability issues,
which restrict their broad applications (Gasparik ef al. 2017; Hosseinashrafi et al. 2023).
Especially, enhancing fire retardancy of wood-based structural composites is a long-term
and tough question. The conventional way is by infusing fire additive particles into wood
substrates. However, this approach has its intrinsic issues. Fire resistance often is achieved
at the cost of other properties, such as mechanical properties. As an alternative approach,
fire retarding wood-based structural materials can be achieved via surface coating of epoxy
or PU; such an approach has been used to design fire retarding wood composites (Jin ef al.
2017; Wang et al. 2017; Jang et al. 2025). In addition to the fire retarding matter, moisture
stability is another practical matter of wood-based composites.
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Fig. 4. Laminated wood composites from delignified wood veneers (Tang et al. 2021). Figure
republished with permission from American Chemical Society.

Waterborne polyurethane based fire-resistant, and waterproof coating has been
synthesized for wood protection (Hao et al. 2023). Polyacrylic based copolymer resin
doped with organo-clays coating has been developed for plywood protection (Chuang et
al. 2011). Additionally, epoxy resins have potential as coating on wood substrates as a
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means to extend their life-times, as indicated in Fig. 4. For instance, lignin-derived epoxy
resin coating has been developed for wood fire retarding protection (Liang et al. 2025). As
another case, bio-based epoxy resin derived from phytic acid and itaconic acid as coating
has been studied as fire retarding protection of rubber wood (Li et al. 2022; Zhang et al.
2025; Zuo et al. 2025). Except for basic wood protection, the surface coating wood-based
structural materials has potential to fulfill safety protection functions such as fire alarm
warning sensors (Fan et al. 2025). However, the research on waste polyester derived epoxy
resin wood adhesives has a few studies, and it is highly desirable for further research in the
future.

Transparent Wood-based Composites

Transparent wood has gained attention recently. Owing to its unique merits, such
as high optical transmittance and efficient mechanical and thermal insulation properties,
transparent wood has potential for applications such as windows, ceiling, and rooftops as
alternatives to plate glass in Fig. 5 (Jia et al. 2019; Popovi€ et al. 2022; Yang et al. 2024).
To prepare delignified transparent wood-based composites from wood veneers, wood
veneers are immersed in 1 wt.% sodium chlorite under controlled reaction conditions, pH
(pH 4.6) and temperature (80 °C). Next, resins with similar refractive index, e.g., epoxy
resin and poly(methyl methacrylate) (PMMA), are impregnated into bleached wood pores
via vacuum (Yue et al. 2021; Cheng et al. 2022). Epoxy resins with both optical and
adhesive properties are useful in the design of transparent wood-based structural
composites. For instance, transparent wood was prepared via the bleaching process by
KOH and NaClO: treatment to remove the hemicellulose and lignin effectively, and the
resulting pores in woods were impregnated with epoxy resin for transparent wood
composites (Cai et al. 2021). The transparent wood-epoxy composites also met fire
retardancy requirements.

" Transparent wood with
UV shielding function for
roofs of house and cars

Fig. 5. Potential applications of transparent wood composites (de-lignin transparent wood
impregnated with PMMA resin and hybrid cerium-doped zinc oxide nanorods as UV-absorbance
and reflection fillers) in sustainable buildings (Yang et al. 2024). Figure republished with
permission from American Chemical Society
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The development of intrinsic fire retarding epoxy resins impregnating transparent
wood composites sounds promising as an alternatives to glasses (Fan et al. 2022).
According to our understanding, most transparent wood-based composites are primarily
targeting two-dimensional applications currently, e.g., windows and ceilings. By shape
transformation and modifications, such technology has the potential to be extended to
curved shaped windows and ceilings. Thanks for the shape memory and reworkable
properties of epoxy resin vitrimer materials, the epoxy impregnating transparent wood
composites have been shown to display excellent editable shape and unique optical
performance (Zhang et al. 2020; Wang et al. 2022). In addition to the optical material
applications, the addition of functional particles (e.g., phase change materials) offer the
options of transparent wood-vitrimer composites with temperature- and/or color-
responsive properties (Qiu et al. 2020; Yang et al. 2024). This research field is still
underdeveloped and there is a need for further research.

Sustainable Assessments of Wood-based Structural Composites via Life-
Cycle Analysis and Techno-Economic Assessment

Life cycle (LCA) and techno-economic (TEA) assessments are necessary for
sustainability assessment of wood-based structural composite materials. Combining TEA
and LCA analysis can comprehensively assess the relationship and trade-offs between
economic and environmental impacts of chemically recycled waste polyester derived
valuable products-based wood adhesives and commercialized urea-formaldehyde and
phenol-formaldehyde adhesives in wood-based structural composite materials. As a
quantitatively sustainable analysis method to evaluate the entire process of wood-based
structural materials, LCA primarily involves raw material extraction, production of wood-
based structural materials, their transportation, use, and waste disposals along with
potential environmental impacts. Considering the toxic BPA repeat unit in epoxy and
isocyanate repeat unit in polyurethane as wood adhesive, the development of lignin-derived
vanillin and eugenol as alternatives to BPA in epoxy and isocyanate-free PU toward
environmentally friendly wood adhesives is highly desirable, contributing to truly
sustainable wood-based structural composite materials instead of “pseudo-sustainability”
like the most published works currently. Frankly speaking, this is a tough and long road
according to the world research on wood adhesives currently. Thanks for the contribution
of “Simapro” and “Open LCA” software, the awkward situations are becoming alleviated
regarding the arguments of “sustainability” in wood adhesives and wood-based structural
materials with the evidence of real data supporting.

Regarding TEA challenges of chemically recycled waste polyesters derived
valuable products-based wood adhesives in wood-based structural composites, two aspects
need to be considered, namely demonstrating technological feasibility and achieving cost
competitiveness with conventional adhesives. The cost of obtaining clean recycled plastic
feedstock can constitute more than half of the final monomer price. Utilizing cheaper
mixed waste plastic streams can mitigate some of these challenges. Although the merits of
reworkable epoxy or PU adhesives contribute to the recyclable or remold wood-based
structural materials, their additional synthetic protocols need to be minimized or optimized.
Such tradeoffs have been shown via “Aspen Plus” software simulation and calculation to
achieve cost-cutting compared to conventional wood adhesives (Yu et al. 2025).
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CONCLUSIONS AND FUTURE PROSPECTS

This critical review has focused on the chemical recycling of polyester wastes as a
source of value-added chemicals as functional monomers to develop thermoset resins
(epoxy and polyurethane, efc.) in wood-based advanced structure material applications
(e.g., thermoset adhesives and coating). Alcoholysis is emerging gradually as a powerful
strategy for chemical upcycling of degradable polyester wastes. However, this process
frequently encounters challenges such as low catalytic activity, poor selectivity, and
difficulties in product separation. Therefore, the development of suitable catalysts with
high efficiency and selectivity is imperative for future research and implementation.
Additionally, the direct transesterification reaction is an attractive idea as a new approach
transforming the waste PET into valuable polymers (Karanastasis et al. 2022; Zhang et al.
2023; Fang et al. 2024). Such an approach can be extended for vitrimer adhesives and
powder coating on wood-based composites (Akkus et al. 2019). The direct
transesterification upcycling PET approach makes it possible to convert other PBAT waste
for advanced wood-based composite applications and antimicrobial and UV block
functional transparent wood materials.

The design of new thermoset resin adhesives by utilizing depolymerized monomers
or oligomers must incorporate considerations of chemical recyclability for contributing to
the sustainability of wood-based structural composite materials. The research on
transparent wood composites as the 2.0 Version of wood and plastic composites named
WPCs are growing quickly, which is a promising research field for the next decade.

REFERENCES CITED

Akkus, M., Akbulut, T., and Candan, Z. (2019). "Application of electrostatic powder
coating on wood composite panels using a cooling method. Part 1: Investigation of
water intake, abrasion, scratch resistance, and adhesion strength," BioResources
14(4), 9557-9574. https://doi.org/10.15376/biores.14.4.9557-9574

Bansode, A., Barde, M., Adjaye, O. A., Patil, V., Hinkle, J., Via, B. K., Adhikari, S.,
Adamczyk, A. J., Farag, R., Elder, T., Labb¢, N., and Auad, M. L. (2021). “Synthesis
of biobased novolac phenol-formaldehyde wood adhesives from biorefinery-derived
lignocellulosic biomass,” ACS Sustainable Chemistry & Engineering 9, 10990-11002.
https://doi.org/10.1021/acssuschemeng.1c01916

Belyamani, I., Abdelghafar, K., Plouzeau, M., Najemi, L., Askar, K., and Cauret, L.
(2025). “Comparative analysis of mechanical recycling simulation of poly(hydroxy-
butyrate-co-hydroxyvalerate) (PHBV): Injection molding vs. extrusion processes,”
Journal of Polymer Science. Early access. https://doi.org/10.1002/pol.20250603

Cai, H. C., Wang, Z. Q., Xie, D., Zhao, P. P., Sun, J. P., Qin, D. Y., and Cheng, F. C.
(2021). “Flexible transparent wood enabled by epoxy resin and ethylene glycol
diglycidyl ether,” Journal of Forestry Research 32, 1779-1787.
https://doi.org/10.1007/s11676-020-01201-y

Cevher, D., and Siirdem, S. (2021) “Polyurethane adhesive based on polyol monomers
BHET and BHETA depolymerised from PET waste,” International Journal of
Adhesion and Adhesives 105, article 102799.
https://doi.org/10.1016/j.ijadhadh.2020.102799

Chatterjee, A., Jha, S., Sen, S., Dev, K., Das, C., and Maji, P. K. (2025). “Hydroxyl-

Zhang et al. (2026). “Recycling & polyester wastes,” BioResources 21(1), 2561-2586. 2575


https://doi.org/10.15376/biores.14.4.9557-9574
https://doi.org/10.1021/acssuschemeng.1c01916
https://doi.org/10.1002/pol.20250603
https://doi.org/10.1007/s11676-020-01201-y
https://doi.org/10.1016/j.ijadhadh.2020.102799

PEER-REVIEWED REVIEW ARTICLE bioresources.cnr.ncsu.edu

functional acrylic adhesives: Leveraging polysilazane chemistry for curing,” RSC
Applied Polymers 3, 675-685. https://doi.org/10.1039/D4LP00354C

Chen, Y. T, Liu, L. X., Cai, L. J., Mu, G. Q., Ju, T., Wei, M., Li, Z. H., Lu, Z. T., Wang,
N., Zhang, T. P., Li, J., Xie, Y. J., and Xiao, S. L. (2024). “High-performance wet
adhesion of wood with chitosan,” ACS Sustainable Chemistry & Engineering 12,
4946-4956. https://doi.org/10.1021/acssuschemeng.3c08092

Chen, W. W., Wang, Y. W., Zhang, Y., Yuan, D., and Yao, Y. M. (2025). “NaOH-
catalyzed alcoholysis of polylactide,” ACS Sustainable Chemistry & Engineering 13,
6771-6779. https://doi.org/10.1021/acssuschemeng.5¢02060

Chen, X. L., Wang, B., Song, D. P., Pan, L., and L1, Y. S. (2022). “One-step synthesis of
sequence-controlled polyester-block-poly(ester-alt-thioester) by chemoselective
multicomponent polymerization,” Macromolecules 55, 1153-1164.
https://doi.org/10.1021/acs.macromol.1c02303

Cheng, K., Hsu, Y., and Uyama, H. (2025). “Solvent-promoted catalyst-free aminolytic
degradation for chemical recycling of single and mixed plastic wastes,” Green
Chemistry 27, article 7620. https://doi.org/10.1039/D5GC01068C

Cheng, M. L., Ying, M. F., Zhao,R. Z., Ji, L. Z., Li, H. X, Liu, X. J., Zhang, J., Li, Y.
X., Dong, X. L., and Zhang, X. F. (2022). “Transparent and flexible electromagnetic
interference shielding materials by constructing sandwich AgNW @M Xene/wood
composites,” ACS Nano 16, 16996-17007. https://doi.org/10.1021/acsnano.2c07111

Cheung, E., Alberti, C., Bycinskij, S., and Enthaler, S. (2021). “Zinc-catalyzed chemical
recycling of poly(e-caprolactone) applying transesterification reactions,” Chemistry
Select 6, 8063-8067. https://doi.org/10.1002/slct.202004294

Chuang, C. S., Tsai, K. C., Yang, T. H., Ko, C. H., and Wang, M. K. (2011). “Effects of
adding organo-clays for acrylic-based intumescent coating on fire-retardancy of
painted thin plywood,” Applied Clay Science 53, 709-715.
https://doi.org/10.1016/j.clay.2011.06.009

Comi, M., Thys, M., Aerts, A., Geudens, S., Vloemans, S., Feghali, E., Vanbroekhoven,
K., and Vendamme, R. (2025). “Revealing the dynamics of sustainable epoxy-
acrylate networks from recycled plastics blends and oligomeric lignin precursors,”
ChemSuschem 18, article 202402375. https://doi.org/10.1002/cssc.202402375

Curley, J. B., Liang, Y. Z., DesVeaux, J. S., Choi, H., Clarke, R. W., Maurya, A. K.,
Michener, W. E., Stanley, L. M., Wu, Y., Hesse, S. A., Baer, A. L., Neyer, H. A.,
Tassone, C. J., Jacobsen, A. J., Mante, O. D., Beckham, G. T., and Knauer, K. M.
(2025). “Closed-loop recycling of mixed polyesters via catalytic methanolysis and
monomer separations,” Nature Chemical Engineering 2, 568-580.
https://doi.org/10.1038/544286-025-00275-x

Danielson, M. K., Gainaru, C., Demchuk, Z., Pan, C. Y., Choi, J., Zhang, H. H., Foster, J.
C., Saito, T., and Rahman, M. A. (2025). “Closed-loop recyclable vitrimer plastics
from PET waste: A design for circularity,” ChemSusChem.
https://doi.org/10.1002/cssc.202500898

de Carvalho, F. A., Rodrigues, F. R., Dezen, L. E., de Souza, M. V., Santos Junior, A. J.,
dos Santos, H. F., da Silva, S. A. M., and Christoforo, A. L. (2025). “Eco-friendly
particleboard production: Integrating recycled PET and bio-based pine resin
adhesives,” BioResources 20(2), 3443-3452.
https://doi.org/10.15376/biores.20.2.3443-3452

Deacy, A. C., Gregory, G. L., Sulley, G. S., Chen, T. T. D., and Williams, C. K. (2021).
“Sequence control from mixtures: Switchable polymerization catalysis and future

Zhang et al. (2026). “Recycling & polyester wastes,” BioResources 21(1), 2561-2586. 2576


https://doi.org/10.1039/D4LP00354C
https://doi.org/10.1021/acssuschemeng.3c08092
https://doi.org/10.1021/acssuschemeng.5c02060
https://doi.org/10.1021/acs.macromol.1c02303
https://doi.org/10.1039/D5GC01068C
https://doi.org/10.1021/acsnano.2c07111
https://doi.org/10.1002/slct.202004294
https://doi.org/10.1016/j.clay.2011.06.009
https://doi.org/10.1002/cssc.202402375
https://doi.org/10.1038/s44286-025-00275-x
https://doi.org/10.1002/cssc.202500898
https://doi.org/10.15376/biores.20.2.3443-3452

PEER-REVIEWED REVIEW ARTICLE bioresources.cnr.ncsu.edu

materials applications,” Journal of the American Chemical Society143, 10021-10040.
https://doi.org/10.1021/jacs.1¢03250

Dedieua, 1., Aoufa, C., Gaucela, S., and Peyron, S. (2022). “Mechanical recyclability of
biodegradable polymers used for food packaging: case study of polyhydroxybutyrate-
co-valerate (PHBV) plastic,” Food Additives & Contaminants: Part A 39, 1878-1892.
https://doi.org/10.1080/19440049.2022.2122589

Derikvand, M. (2025). “Project-based learning in timber engineering education: A recent
example,” BioResources 20(1), 17-20. https://doi.org/10.15376/biores.20.1.17-20

Ding, L., Pan, D., Du, K., Li, H., Yu,J. Y., Li, W. Y., Chen, W., Zhang, Y. H., and
Tang, Y. (2025). “Zinc-oxide-supported zeolite subcrystal catalyst: Enhancing
chemical recycling of poly(lactic acid) via optimized active site dispersion and
polymer diffusion,” ACS Sustainable Chemistry & Engineering 13, 6665-6674.
https://doi.org/10.1021/acssuschemeng.5¢c01034

Dong, B. Z., Xu, G. Q., Yang, R. L., and Wang, Q. G. (2022). “Upcycling of poly(e-
caprolactone) to valuable chemicals by TBD-catalyzed efficient methanolysis
strategy,” Chemistry an Asian Journal 17, article 202200667.
https://doi.org/10.1002/asia.202200667

Edge, M., Yadav, N., Hmayed, A. A. R., Dove, A. P., and Brandolese, A. (2025).
“Continuous flow depolymerization of polycarbonates and poly(lactic acid) promoted
by supported organocatalysts,” ChemSusChem 18, article 202500420.
https://doi.org/10.1002/cssc.202500420

Enayati, M., Mohammadi, S., and Bouldo, M. G. (2023). “Sustainable PET waste
recycling: labels from PET water bottles used as a catalyst for the chemical recycling
of the same bottles,” ACS Sustainable Chemistry & Engineering 11, 16618-16626.
https://doi.org/10.1021/acssuschemeng.3c04997

Enking, J., Becker, A., Schu, G., Gausmann, M., Cucurachi, S., Tukker, A., and Gries, T.
(2025). “Recycling processes of polyester-containing textile waste—A review,”
Resources, Conservation and Recycling 219, article 108256.
https://doi.org/10.1016/j.resconrec.2025.108256

Fan, C. G, Gao, Y. X,, Li, Y. H,, Yan, L., Zhuang, Y. Z., Zhang, Y., and Wang, Z. Y.
(2022). “A flame-retardant and optically transparent wood composite,” Journal of
Applied Polymer Science 139, article 52945. https://doi.org/10.1002/app.52945

Fan,Z.Q.,Li,Y.C., He, J. T, Song, B. Y., Chang, M. Z., Fang, X. Y., Yu, L., Yang, G.
C., Guo, H. W., and Liu, Y. (2025). “Bio-based intelligent multifunctional coating for
wood: Flame retardancy, fire warning, smoke suppression, thermal insulation and
antibacterial activity,” Construction and Building Materials 465, article 140244.
https://doi.org/10.1016/j.conbuildmat.2025.140244

Fang, T. X., Jiang, W. P., Zheng, T. F., Yao, X. X., and Zhu, W. P. (2024). “Catalyst- and
solvent-free upcycling of poly(ethylene terephthalate) waste to biodegradable
plastics,” Advanced Materials 36, article 2403728.
https://doi.org/10.1002/adma.202403728

Feghali, E., Tauk, L., Ortiz, P., Vanbroekhoven, K., and Eevers, W. (2020). “Catalytic
chemical recycling of biodegradable polyesters,” Polymer Degradation and Stability
179, article 109241. https://doi.org/10.1016/j.polymdegradstab.2020.109241

Figalla, S., Jasek, V., Fucik, J., Mencik, P., and Ptikryl, R. (2024). “Poly(lactide)
upcycling approach through transesterification for stereolithography 3D printing,”
Biomacromolecules 25, 6645-6655. https://doi.org/10.1021/acs.biomac.4c00840

Gabirondo, E., Maiz-Iginitz, A., Ximenis, M., Swiderek, K., Sanz, D. A., Moliner, V.,

Zhang et al. (2026). “Recycling & polyester wastes,” BioResources 21(1), 2561-2586. 2577


https://doi.org/10.1021/jacs.1c03250
https://doi.org/10.1080/19440049.2022.2122589
https://doi.org/10.15376/biores.20.1.17-20
https://doi.org/10.1021/acssuschemeng.5c01034
https://doi.org/10.1002/asia.202200667
https://doi.org/10.1002/cssc.202500420
https://doi.org/10.1021/acssuschemeng.3c04997
https://doi.org/10.1016/j.resconrec.2025.108256
https://doi.org/10.1002/app.52945
https://doi.org/10.1016/j.conbuildmat.2025.140244
https://doi.org/10.1002/adma.202403728
https://doi.org/10.1016/j.polymdegradstab.2020.109241
https://doi.org/10.1021/acs.biomac.4c00840

PEER-REVIEWED REVIEW ARTICLE bioresources.cnr.ncsu.edu

Cabedo, L., Westlie, A. H., Chen, Cerron-Infantes, D. A., Unterlass, M. M., Lopez-
Gallego, F., Etxeberria, A., and Sardon, H. (2025). “Selective chemical recycling of
polyhydroxybutyrate into high-value hydroxy acid using taurine organocatalyst,”
Chemical Science. https://doi.org/10.1039/D5SC02196K

Gao, X., Wang, Z., Zhang, M. H., Yu, Y. K., Zhang, S. Y., and Mei, Q. Q. (2025). “From
solvent to catalyst: In situ amino acid-like species enable PET upcycling without
added catalysts,” Angewandte Chemie International Edition 64, article 202513723.
https://doi.org/10.1002/anie.202513723

Garcia, R., Calvez, 1., Koubaa, A., Landry, V., and Cloutier, A. (2024). “Sustainability,
circularity, and innovation in wood-based panel manufacturing in the 2020s:
Opportunities and challenges,” Current Forestry Report 10, 420-441.
https://doi.org/10.1007/s40725-024-00229-1

Gasparik, M., Makovicka Osvaldova, L., Cekovska, H., and Potiiéek, D. (2017).
“Flammability characteristics of thermally modified oak wood treated with a fire
retardant,” BioResources 12(4), 8451-8467.
https://doi.org/10.15376/biores.12.4.8451-8467

Ghahri, S., Yang, L., Du, G., and Park, B.-D. (2025). “Transition from formaldehyde-
based wood adhesives to bio-based alternatives,” BioResources 20(2), 2476-2479.
https://doi.org/10.15376/biores.20.2.2476-2479

Godinho, B., Gama, N., Barros-Timmons, A., and Ferreira, A. (2021). “Recycling of
polyurethane wastes using different carboxylicacids via acidolysis to produce wood
adhesives,” Journal of Polymer Science 59, 697-705.
https://doi.org/10.1002/pol.20210066

Gongalves, D., Bordado, J. M., Marques, A. C., and dos Santos, R. G. (2021). “Non-
formaldehyde, bio-based adhesives for use in wood-based panel manufacturing
industry—A review,” Polymers 13, article 4086.
https://doi.org/10.3390/polym13234086

Gupta, V., and Sarkar, R. (2025). “Closed-loop recycling of covalent adaptable network
(CAN) derived from dopamine and waste PET,” Journal of Polymer Science 63,
2237-2247. https://doi.org/10.1002/pol.20250313

Hao, W. T., Zheng, Q. N., Zhong, Y. N. J., Meng, X. K., Wang, H. L., Qiu, L. Z., Lu, H.
B., Huang, Y. P., and Yang, W. (2023). “An eco-friendly and facile method to
prepare waterborne polyurethane based fire-resistant & waterproof coatings for wood
protection,” Progress in Organic Coatings 185, article 107892.
https://doi.org/10.1016/j.porgcoat.2023.107892

Hiemenz, P. C., and Lodge, T. P. (2007). Polymer Chemistry, 2" Ed., Boca Raton,
United States.

Hoadley, R. B. (2000). Understanding Wood, A Cradtsman’s Guide to Wood Technology.

Hoang C. N., Nguyen, N. T., Ta, S. T., Nguyen, N. N., and Hoang, D. Q. (2022).
“Acidolysis of poly(ethyleneterephthalate) waste using succinic acid under
microwave irradiation as a new chemical upcycling method,” ACS Omega 7, 47285-
47295. https://doi.org/10.1021/acsomega.2c06642

Hofmann, M., Alberti C., Scheliga, F., Meifiner, R. R. R., and Enthaler, S. (2020).
“Tin(II) 2-ethylhexanoate catalysed methanolysis of end-of-life poly(lactide),”
Polymer Chemistry 11, 2625-2629. https://doi.org/10.1039/DOPY00292E

Hosseinashrafi, S. K., Hosseinihashemi, S. K., Gorji, P., and Akhtari, M. (2023).
“Environment-friendly waterborne fire retardants for protection of wood and bark
against fire flames,” BioResources 18(4), 7681-7699.

Zhang et al. (2026). “Recycling & polyester wastes,” BioResources 21(1), 2561-2586. 2578


https://doi.org/10.1039/D5SC02196K
https://doi.org/10.1002/anie.202513723
https://doi.org/10.1007/s40725-024-00229-1
https://doi.org/10.15376/biores.12.4.8451-8467
https://doi.org/10.15376/biores.20.2.2476-2479
https://doi.org/10.1002/pol.20210066
https://doi.org/10.3390/polym13234086
https://doi.org/10.1002/pol.20250313
https://doi.org/10.1016/j.porgcoat.2023.107892
https://doi.org/10.1021/acsomega.2c06642
https://doi.org/10.1039/D0PY00292E

PEER-REVIEWED REVIEW ARTICLE bioresources.cnr.ncsu.edu

https://doi.org/10.15376/biores18.4.7681-7699

Hubble, D., Nordahl, S., Zhu, T. Y., Baral, N., Scown, C. D., and Liu, G. (2023).
“Solvent-assisted poly(lactic acid) upcycling under mild conditions,” ACS
Sustainable Chemistry & Engineering 11, 8208-8216.
https://doi.org/10.1021/acssuschemeng.2c06500

Huzyan, H. 1., Abdul Aziz, A., and Hussin, M. H. (2021). “Ecofriendly wood adhesives
from date palm fronds lignin for plywood,” BioResources 16(2), 4106-4125.
https://doi.org/10.15376/biores.16.2.4106-4125

Jang, E.-S., Jo, S.-U., and Park, H.-J. (2025). “Fire safety performance of radiata pine-
magnesium-laminated (RML) board for building material,” BioResources 20(3),
5620-5632. https://doi.org/10.15376/biores.20.3.5620-5632

Jasek, V., Fucik, J., Ivanova, L., Vesely, D., Figalla, S., Mravcova, L., Sedlacek, P.,
Krajcovig, J., and Pikry, R. (2022). “High-pressure depolymerization of poly(lactic
acid) (PLA) and poly(3-hydroxybutyrate) (PHB) using bio-based solvents: A way to
produce alkyl esters which can be modified to polymerizable monomers,” Polymers
14, article 5236. https://doi.org/10.3390/polym14235236

Jia, C., Chen, C.J.,, Mi,R. Y., Li, T., Dai, J. Q., Yang, Z., Pei, Y., He, S. M., Bian, H. Y,
Jang, S. H., Zhu, J. Y., Yang, B., and Hu, L. B. (2019). “Clear wood toward high-
performance building materials,” 4ACS Nano 13, 9993-10001.
https://doi.org/10.1021/acsnano.9b00089

Jia, Z. X., Gao, L., Qin, L. J., and Yin, J. Z. (2023). “Chemical recycling of PET to value-
added products,” RSC Sustainability 1,2135-2147.
https://doi.org/10.1039/D3SU00311F

Jin, X. B., Jiang, Z. H., Wen, X. W., Zhang, R., and Qin, D. C. (2017). “Flame retardant
properties of laminated bamboo lumber treated with monoammonium phosphate
(MAP) and boric acid/borax (SBX) compounds,” BioResources 12(3), 5071-5085.
DOI: 10.15376/biores.12.3.5071-5085

Karanastasis, A. A., Safin, V., and Pitet, L. M. (2022). “Bio-based upcycling of
poly(ethylene terephthalate) waste for the preparation of high-performance
thermoplastic copolyesters,” Macromolecules 55, 1042-1049.
https://doi.org/10.1021/acs.macromol.1c02338

Lahive, C. W., Dempsey, S. H., Reiber, S. E., Pal, A., Stevenson, K. R., Michener, W. E.,
Alt, H. M., Ramirez, K. J., Rognerud, E. G., Lincoln, C. L., Clarke, R. W., DesVeaux,
J. S., Uekert, T., Rorrer, N. A., Knauer, K. M., and Beckham, G. T. (2025).
“Acetolysis for epoxy-amine carbon fibre-reinforced polymer recycling,” Nature 642,
605-612. https://doi.org/10.1038/s41586-025-09067-y

Leibfarth, F. A., Moreno, N., Hawker, A. P., and Shand, J. D. (2012). “Transforming
polylactide into value-added materials,” Journal of Polymer Science Part A: Polymer
Chemistry 50, 4814-4822. https://doi.org/10.1002/pola.26303

Lehnertz, M. S., Mensah, J. B., and Palkovits, R. (2022). “Chemical recycling of
polyhydroxybutyrate and polylactic acid over supported Ru catalysts,” Green
Chemistry 24, 3957-3963. https://doi.org/10.1039/D2GC00216G

Li, C.J., Wang, L. Y., Yan, Q., Liu, F. S., Shen, Y., and Li, Z. B. (2022). “Rapid and
controlled polymerization of bio-sourced d-caprolactone toward fully recyclable
polyesters and thermoplastic elastomers,” Angewandte Chemie International Edition
134, Article 202204407. https://doi.org/10.1002/ange.202201407

Li, M. L., Hao, X. H., Hu, M. L., Huang, Y. H., Qiu, Y., Li, and L. P. (2022). “Synthesis
of bio-based flame-retardant epoxy co-curing agent and application in wood surface

Zhang et al. (2026). “Recycling & polyester wastes,” BioResources 21(1), 2561-2586. 2579


https://doi.org/10.15376/biores18.4.7681-7699
https://doi.org/10.1021/acssuschemeng.2c06500
https://doi.org/10.15376/biores.16.2.4106-4125
https://doi.org/10.15376/biores.20.3.5620-5632
https://doi.org/10.3390/polym14235236
https://doi.org/10.1021/acsnano.9b00089
https://doi.org/10.1039/D3SU00311F
https://doi.org/10.1021/acs.macromol.1c02338
https://doi.org/10.1038/s41586-025-09067-y
https://doi.org/10.1002/pola.26303
https://doi.org/10.1039/D2GC00216G
https://doi.org/10.1002/ange.202201407

PEER-REVIEWED REVIEW ARTICLE bioresources.cnr.ncsu.edu

coating,” Progress in Organic Coatings 167, article 106848.
https://doi.org/10.1016/j.porgcoat.2022.106848

Li,N., Li, Z. X., Cui, Y. L., Liang, L., Peng, W. C., Cheng, Z. J., Yan, B. B., and Chen,
G. Y. (2025). “Chemical upcycling of biodegradable plastic waste: A critical review,”
Green Chemistry 27, 9000-9015. https://doi.org/10.1039/D5GC02078F

Li,R., Li, L. F., Qiu, W. L., Zhu, D. Y., Qiu, X. Q., Ou, R. X., Liu, B. H., and Liu, W. F.
(2025). “Sustainable waterborne polyurethane adhesive with superstrong adhesion
performance and excellent weatherability from biomass lignin and CO2-based
polyols,” Advanced Functional Materials 2024, article 2422605.
https://doi.org/10.1002/adfm.202422605

Li, R. X, Zeng, W., Zhao, Y. F., Li, G. X, Fu, J. F., Zhang, F. T., Wang, Y. S., Zhang,
H., Tang, M. H., Liu, D. L., Zhao, R. Y., Han, B. X., and Liu, Z. M. (2025).
“Complete recycling of polyester wastes with dialkyl carbonates,” Angewandte
Chemie International Edition. https://doi.org/10.1002/anie.202518885

Li, Z., Shen, Y., and Li, Z. B. (2024). “Ring-opening polymerization of lactones to
prepare closed-loop recyclable polyesters,” Macromolecules 57, 1919-1940.
https://doi.org/10.1021/acs.macromol.3¢01912

Lian, X. B, Li, Y. B,, Li, P. H., Jin, Y. L., Zhao, X. Y., Li, J. W., Kong, D. H., Zhao, S.
J., Xiang, S. F., Fu, F. Y., and Liu, X. D. (2025). “Wood-inspired dynamic covalent
cross-linking network for ultrahigh adhesion strength, desired weather resistance, and
closed-loop recycling adhesives,” ACS Applied Materials and Interfaces 17, 47707-
47718. https://doi.org/10.1021/acsami.5c10343

Liang, Y. Q., Zuo, H. W., Wen, M. Y., Shi, J. Y., and Park, H. (2025). “Self-healing,
flame retardant and UV resistant lignin-derived epoxy wood coating with a Schiff
base structure,” International Journal of Biological Macromolecules 286, article
138393. https://doi.org/10.1016/;.ijbiomac.2024.138393

Lin, B. H., and Waymouth, R. M. (2018). “Organic ring-opening polymerization
catalysts: Reactivity control by balancing acidity,” Macromolecules 51, 2932-2938.
https://doi.org/10.1021/acs.macromol.8b00540

Liu, J. J., Liu, Y., Hou, Z. Y., Ju, T., Lou, Y. H., Tong, Z. H., Liu, S., Sun, J. S., Xia, Q.
Q. Q., and Yu, H. P. (2024). “One-step synthesis of waterborne epoxidized lignin
nanoparticles with high epoxy value and stability for high-strength adhesives,” ACS
Sustainable Chemistry & Engineering 12, 15376-15386.
https://doi.org/10.1021/acssuschemeng.4c02695

Liu, J., Pich, A., and Bernaerts, K. V. (2024). “Preparation of lignin-based vinylogous
urethane vitrimer materials and their potential use as on-demand removable
adhesives,” Green Chemistry 26, article 1414. https://doi.org/10.1039/D3GC02799F

Liu, K. Y., and L1, C. W. (2025). “Lignin bleaching based N-P-Si ternary synergistic
system for the construction of transparent wood: integration of fire protection and
hydrophobic properties,” International Journal of Biological Macromolecules 320,
article 146013. https://doi.org/10.1016/].ijbiomac.2025.146013

Liu, M. S., Guo, J., Gu, Y. Q., Gao, J., and Liu, F. S. (2018). “Versatile imidazole-anion-
derived ionic liquids with unparalleled activity for alcoholysis of polyester wastes
under mild and green conditions,” ACS Sustainable Chemistry & Engineering 6,
15127-15134. https://doi.org/10.1021/acssuschemeng.8b03591

Liu, Q. Y., Yang, Y. L., Dong, B. Z., Sun, H. G., Xu, G. Q., and Wang, Q. G. (2024).
“Ultrafast and selective chemical recycling of PLA to methyl lactate by using
MHMDS as simple catalysts,” Polymer Degradation and Stability 222, article

Zhang et al. (2026). “Recycling & polyester wastes,” BioResources 21(1), 2561-2586. 2580


https://doi.org/10.1016/j.porgcoat.2022.106848
https://doi.org/10.1039/D5GC02078F
https://doi.org/10.1002/adfm.202422605
https://doi.org/10.1002/anie.202518885
https://doi.org/10.1021/acs.macromol.3c01912
https://doi.org/10.1021/acsami.5c10343
https://doi.org/10.1016/j.ijbiomac.2024.138393
https://doi.org/10.1021/acs.macromol.8b00540
https://doi.org/10.1021/acssuschemeng.4c02695
https://doi.org/10.1039/D3GC02799F
https://doi.org/10.1016/j.ijbiomac.2025.146013
https://doi.org/10.1021/acssuschemeng.8b03591

PEER-REVIEWED REVIEW ARTICLE bioresources.cnr.ncsu.edu

110706. https://doi.org/10.1016/j.polymdegradstab.2024.110706

Liu, S., Hu, L., Liu, J. Y., Zhang, Z. S., Suo, H. Y., and Qin. Y. S. (2024). “Zinc catalyst
for chemical upcycling of PLA wastes: Novel industrial monomer resource toward
poly(ester—amide),” Macromolecules 57, 4662-4669.
https://doi.org/10.1021/acs.macromol.4c00360

Luo, H., Tyrrell, H., Bai, J. Y., Muazu, R. L., and Long, X. Y. (2024). “Fundamental,
technical and environmental overviews of plastic chemical recycling,” Green
Chemistry 26, article 11444. https://doi.org/10.1039/D4GC03127]

Luo, Z. X., Tian, G. Q., Chen, S. C., Wu, G., and Wang, Y. Z. (2024). “Solvent-free one-
pot recycling of polylactide to usable polymers and their closed-loop recyclability,”
Macromolecules 57, 6828-6837. https://doi.org/10.1021/acs.macromol.4c01104

Majgaonkar, P., Hanich, R., Malz, F., and Briill, R. (2021). “Chemical recycling of post-
consumer PLA waste for sustainable production of ethyl lactate,” Chemical
Engineering Journal 423, article 129952, https://doi.org/10.1016/j.cej.2021.129952

Marullo, S., Dintcheva, C. R. N. T., and D’Anna, F. (2021). “Amino acid based
cholinium ionic liquids as sustainable catalysts for PET depolymerization,” ACS
Sustainable Chemistry & Engineering 9, 15157-15165.
https://doi.org/10.1021/acssuschemeng.1c04060

McKeown, P., and Jones, M. D. (2020). “The chemical recycling of PLA: A review,”
Sustainable Chemistry 1, 1-22. https://doi.org/10.3390/suschem1010001

Millucci, F., Germani, R., Colelli, L., Gabrielli, S., Sassi, P., Donnadio, A., Conti, M.,
and Corez, S. (2025). “Overcoming hydrophobicity with water enables ultrafast
hydrolysis of waste polyethylene terephthalate at very mild conditions,” Angewandte
Chemie International Edition article 14136. https://doi.org/10.1002/anie.202514136

Mittal, N., Soni, R. K., and Teotia, M. (2025). “Innovative approaches to chemical
recycling of polyethylene terephthalate waste: Investigating key components and their
emerging applications,” Journal of Environmental Management 373, article 123595.
https://doi.org/10.1016/j.jenvman.2024.123595

Mohammadi, S., Bouldo, M. G., and Enayati, M. (2023). “Controlled glycolysis of
poly(ethylene terephthalate) to oligomers under microwave irradiation using
antimony (III) oxide,” ACS Applied Polymer Materials 5, 6574-6584.
https://doi.org/10.1021/acsapm.3c01071

Mousavi, S. Y., Huang, J., and Li, K. C. (2019). “Investigation of epoxy-based wood
adhesives,” Journal of Applied Polymer Science 136, article 47741.
https://doi.org/10.1002/app.47741

Muangmeesri, S., Baddigam, K. R., Navare, K., Apostolopoulou-Kalkavoura, V.,
Witthayolankowit, K., Hékansson, H., Mathew, A. P., Acker, K. V., and Samec, J. S.
M. (2024) “Recycling of polyesters by organocatalyzed methanolysis
depolymerization: Environmental sustainability evaluated by life cycle assessment,”
ACS Sustainable Chemistry & Engineering 12, 4114-4120.
https://doi.org/10.1021/acssuschemeng.3c07435

Neitzel, N., Hosseinpourpia, R., and Adamopoulos, S. (2023). “A dialdehyde starch-
based adhesive for medium-density fiberboards,” BioResources 18(1), 2155-2171.
https://doi.org/10.15376/biores.18.1.2155-2171

Nim, B., Opaprakasit, M., Petchsuk, A., and Opaprakasit, P (2020). “Microwave-assisted
chemical recycling of polylactide (PLA) by alcoholysis with various diols,” Polymer
Degradation and Stability 181, article 109363.
https://doi.org/10.1016/j.polymdegradstab.2020.109363

Zhang et al. (2026). “Recycling & polyester wastes,” BioResources 21(1), 2561-2586. 2581


https://doi.org/10.1016/j.polymdegradstab.2024.110706
https://doi.org/10.1021/acs.macromol.4c00360
https://doi.org/10.1039/D4GC03127J
https://doi.org/10.1021/acs.macromol.4c01104
https://doi.org/10.1016/j.cej.2021.129952
https://doi.org/10.1021/acssuschemeng.1c04060
https://doi.org/10.3390/suschem1010001
https://doi.org/10.1002/anie.202514136
https://doi.org/10.1016/j.jenvman.2024.123595
https://doi.org/10.1021/acsapm.3c01071
https://doi.org/10.1002/app.47741
https://doi.org/10.1021/acssuschemeng.3c07435
https://doi.org/10.15376/biores.18.1.2155-2171
https://doi.org/10.1016/j.polymdegradstab.2020.109363

PEER-REVIEWED REVIEW ARTICLE bioresources.cnr.ncsu.edu

Nim, B., Rahayu, S. S., Thananukul, K., Eang, C., Opaprakasit, M., Petchsuk, A.,
Kaewsaneha, C., Polpanich, D., and Opaprakasit, P. (2023). “Sizing down and
functionalizing polylactide (PLA) resin for synthesis of PLA-based polyurethanes for
use in biomedical applications,” Scientific Reports 13, article 2284.
https://doi.org/10.1038/s41598-023-29496-x

Odian, G. (2007). Principles of Polymerization (4™ Ed.), Wiley, Hoboken, NJ, USA.

Olazabal, I., Barrios, E. J. L., Meester, S. D., Jehanno, C., and Sardon, H. (2024).
“Overcoming the limitations of organocatalyzed glycolysis of poly(ethylene
terephthalate) to facilitate the recycling of complex waste under mild conditions,”
About ACS Applied Polymer Materials 6, 4226-4232.
https://doi.org/10.1021/acsapm.4c00326

Parodi, A., Arpaia, A., Samori, C., Mazzocchetti, L., and Galletti, P. (2023). “Novel
strategies for recycling poly(butyleneadipate-co-terephthalate)-starch-based plastics:
Selective solubilization and depolymerization—repolymerization processes,” ACS
Sustainable Chemistry & Engineering 11, 14518-14527.
https://doi.org/10.1021/acssuschemeng.3c03588

Peng, J. D., Liu, F. F., Feng, F. Q., Feng, X. P, and Cui, J. Q. (2023). “Enhancing
environmentally friendly tannin adhesive for plywood through hyperbranched
polyamide,” ACS Sustainable Chemistry & Engineering 11, 13805-13811.
https://doi.org/10.1021/acssuschemeng.3c04301

Petrus, R., Bykowski, D., and Sobota, P. (2016). “Solvothermal alcoholysis routes for
recycling polylactide waste as lactic acid esters,” ACS Catalysis 6, 5222-5235.
https://doi.org/10.1021/acscatal.6b01009

Phetphaisit, C. W., Bumee, R., Namahoot, J., Ruamcharoen, J., and Ruamcharoen, P.
(2013). “Polyurethane polyester elastomer: Innovative environmentally friendly wood
adhesive from modified PETs and hydroxyl liquid natural rubber polyols,”
International Journal of Adhesion & Adhesives 41, 127-131.
https://doi.org/10.1016/j.1jadhadh.2012.11.007

Popovi¢, J., Svrzié, S., Gaji¢, M., Maleti¢, S., Dodevski, V., Djiporovi¢c-Momcilovi¢, M.,
Krsti¢, S., and Popovi¢, M. (2022). “Light transmittance of mahogany wood treated
with 20% hydrogen peroxide solution,” BioResources 17(4), 5919-5935.
https://doi.org/10.15376/biores.17.4.5919-5935

Pu, M. Y., Fang, C. Q., Zhou, X., Bai, T. Q., Lin, Y. Y., and Lei, W. Q. (2024).
“Sustainable and renewable microcross-linked polyurethane pressure-sensitive
adhesive from waste polyethylene terephthalate,” ACS Sustainable Chemistry &
Engineering 12, 12226-12235. https://doi.org/10.1021/acssuschemeng.4c04411

Qin, L. D, Li, X. X., Ren, G., Yuan, R. Y., Wang, X. Y., Hu, Z. X, Ye, C. X, Zou, Y.
Y., Ding, P. Q., Zhang, H. J., and Cai, Q. Q. (2024). “Closed-loop polymer-to-
polymer upcycling of waste poly (ethylene terephthalate) into biodegradable and
programmable materials,” ChemSusChem 17, article 202301781.
https://doi.org/10.1002/cssc.202301781

Qiu, Z., Wang, S., Wang, Y. G., Li, J., Xiao, Z. F., Wang, H. G., Liang, D. X., and Xie,
Y. J. (2020). “Transparent wood with thermo-reversible optical properties based on
phase-change material,” Composites Science and Technology 20, article 108407.
https://doi.org/10.1016/j.compscitech.2020.108407

Roman-Ramirez, L. A., McKeown, P., Shah, C., Abraham, J., Jones, M. D., and Wood, J.
(2020). “Chemical degradation of end-of-life poly(lactic acid) into methyl lactate by a
Zn(I1) complex,” Industrial & Engineering Chemistry Research 59, 11149-11156.

Zhang et al. (2026). “Recycling & polyester wastes,” BioResources 21(1), 2561-2586. 2582


https://doi.org/10.1038/s41598-023-29496-x
https://doi.org/10.1021/acsapm.4c00326
https://doi.org/10.1021/acssuschemeng.3c03588
https://doi.org/10.1021/acssuschemeng.3c04301
https://doi.org/10.1021/acscatal.6b01009
https://doi.org/10.1016/j.ijadhadh.2012.11.007
https://doi.org/10.15376/biores.17.4.5919-5935
https://doi.org/10.1021/acssuschemeng.4c04411
https://doi.org/10.1002/cssc.202301781
https://doi.org/10.1016/j.compscitech.2020.108407

PEER-REVIEWED REVIEW ARTICLE bioresources.cnr.ncsu.edu

https://doi.org/10.1021/acs.iecr.0c01122

Saito, K., Eisenreich, F., Tiirel, T., and Tomovi¢, Z. (2022). “Closed-loop recycling of
poly(imine-carbonate) derived from plastic waste and bio-based resources,”
Angewandte Chemie International Edition 61, article 202211806.
https://doi.org/10.1002/ange.202211806

Saito, K., Schara, P., Eisenreich, F., and Tomovi’, Z. (2025). “One-step conversion of
bisphenol A polycarbonate into aliphatic polycarbonate polyols for recyclable
polyurethane production,” Chemistry-A European Journal, article 202501819.
https://doi.org/10.1002/chem.202501819

Saito, T., Aizawa, Y., Yamamoto, T., Tajima, K., Isono, T., and Satoh, T. (2018). “Alkali
metal carboxylate as an efficient and simple catalyst for ring-opening polymerization
of cyclic esters,” Macromolecules 51, 689-696.
https://doi.org/10.1021/acs.macromol.7b02566

Senra, E. M., Silva, A. L. N., and Pacheco, E. B. A. V. (2023). “A review of waterborne
polyurethane coatings and adhesives with polyester polyol from poly(ethylene
terephthalate) waste,” Journal of Polymers and the Environment 31, 3719-3739.
https://doi.org/10.1007/s10924-023-02836-8

Shmulsky, R., Jones, P. D., and Lilley, K. (2011). Forest Products and Wood Science, An
Introduction (6™ Ed.), Wiley, Hoboken, NJ, USA

Shi, C. X., Quinn, E. C., Diment, W. T., and Chen, E. Y. X. (2024). “Recyclable and
(bio)degradable polyesters in a circular plastics economy,” Chemical Reviews 124,
4393-4478. https://doi.org/10.1021/acs.chemrev.3c00848

Solomons, T. W. G., and Fryhle, C. B. (2011). Organic Chemistry (10" Ed.), Wiley,
Hoboken, NJ, USA.

Sombatsompop, N., Srimalanon, P., Markpin, T., and Prapagdee, B. (2021). “Polylactic
acid (PLA): Improve it, use it, and dump it faster,” BioResources 16(2), 2196-2199.
https://doi.org/10.15376/biores.16.2.2196-2199

Song, S. Y., Liu, F. S., Wang, H., Wang, C., Yu, S. T., and Liu, S. W. (2018).
“Methanolysis of microbial polyester poly(3-hydroxybutyrate) catalyzed by
Bronsted-Lewis acidic ionic liquids as a new method towards sustainable
development,” Polymer Degradation and Stability 147, 215-221.
https://doi.org/10.1016/j.polymdegradstab.2017.12.009

Song, X. Y., Wang, H., Liu, F. X, and Yu, S. T. (2016). “Kinetics and mechanism of
monomeric product from methanolysis of poly (3-hydroxybutyrate) catalyzed by
acidic functionalized ionic liquids,” Polymer Degradation and Stability 130, 22-29.
https://doi.org/10.1016/j.polymdegradstab.2016.05.023

Song, X. Y., Wang, H., Wang, C., Liu, F. S, Yu, S. T., Liu, S. W., and Song, Z. Y.
(2019). “Chemical recycling of bio-based poly(3-hydroxybutyrate) wastes under
methanolysis condition catalyzed by Fe-containing magnetic ionic liquid,” Journal of
Polymers and the Environment 27, 862-870. https://doi.org/10.1007/s10924-018-
1347-8

Song, X. Y., Wang, C., Shen, Y., Liu, F. S., Yu, S. T, and Ge, X. P. (2018).
“Methanolysis of poly(3-hydroxybutyrate) catalyzed by ferric chloride,” Advances in
Polymer Technology 37, 2915-2921. https://doi.org/10.1002/adv.21963

Spicer, A. J., Brandolese, A., and Dove, A. P. (2024). “Selective and sequential catalytic
chemical depolymerization and upcycling of mixed plastics,” ACS Macro Letters 13,
189-194. https://doi.org/10.1021/acsmacrolett.3c00751

Sun, Y., Qiu, X., and Lan, X. (2025). “Modified lignin—-PVOH and epoxy adhesives for

Zhang et al. (2026). “Recycling & polyester wastes,” BioResources 21(1), 2561-2586. 2583


https://doi.org/10.1021/acs.iecr.0c01122
https://doi.org/10.1002/ange.202211806
https://doi.org/10.1002/chem.202501819
https://doi.org/10.1021/acs.macromol.7b02566
https://doi.org/10.1007/s10924-023-02836-8
https://doi.org/10.1021/acs.chemrev.3c00848
https://doi.org/10.15376/biores.16.2.2196-2199
https://doi.org/10.1016/j.polymdegradstab.2017.12.009
https://doi.org/10.1016/j.polymdegradstab.2016.05.023
https://doi.org/10.1007/s10924-018-1347-8
https://doi.org/10.1007/s10924-018-1347-8
https://doi.org/10.1002/adv.21963
https://doi.org/10.1021/acsmacrolett.3c00751

PEER-REVIEWED REVIEW ARTICLE bioresources.cnr.ncsu.edu

engineered wood," BioResources 20(3), 6406-6425.
https://doi.org/10.15376/biores.20.3.6406-6425

Tan, B. B., Lv, M., Qi, X. T., and Huang, Z. L. (2025). “Hydrogenation-induced selective
degradation of PET wastes,” Green Chemistry. https://doi.org/10.1039/D5GC02071A

Tan, Y., Wang, K. L., Dong, Y. M., Gong, S. S., Lu, Y., Shi, S. Q., and Li, J. Z. (2024).
“Programmable and shape-color synchronous dual-response wood with thermal
stimulus,” ACS Nano 18, 6718-6730. https://doi.org/10.1021/acsnano.3c03607

Tang, Q. H., Zou, M., Gao, K. Z., Chang, L., Gao, L., and Guo, W. J. (2021).
“Laminating delignified wood veneers toward high-strength, flame-retardant
composites for structural applications,” ACS Sustainable Chemistry & Engineering 9,
10717-10726. https://doi.org/10.1021/acssuschemeng.0c09390

Thoma, J. L., Elsener, R., Burgert, 1., and Schubert, M. (2024). “Chemical and physical
debonding-on-demand of poly(urethane urea) thermoset adhesives to facilitate the
recycling of engineered wooden products,” ACS Applied Polymer Materials 6, 5778-
5787. https://doi.org/10.1021/acsapm.4c00439

Tu, W., Chu, H., Huang, C., Chen, C., Ou, C., and Guo, G. (2022). “Polyhydroxy-
alkanoate production by Cupriavidus necator with inedible rice," BioResources 17(2),
2202-2213. https://doi.org/10.15376/biores.17.2.2202-2213

Wang, H., Liang, J., Zhang, J., Zhou, X., and Du, G. (2017). “Performance of urea-
formaldehyde adhesive with oxidized cassava starch,” BioResources 12(4), 7590-
7600. https://doi.org/10.15376/biores.12.4.7590-7600

Wang, K. L., Liu, X. R., Dong, Y. M., Ling, Z., Cai, Y. H., Tian, D., Fang, Z., and Li, J.
Z.(2022). “Editable shape-memory transparent wood based on epoxy-based dynamic
covalent polymer with excellent optical and thermal management for smart building
materials,” Cellulose 29, 7955-7972. https://doi.org/10.1007/s10570-022-04754-9

Wang, N., Zhang, Q., Sun, Z. Q., Zhang, H., Hu, C. Y., Sun, H., Pang, X., and Chen, X.
S. (2025). “Recycling polyester and polycarbonate plastics with carbocation Lewis
acidic organocatalysts,” ACS Macro Letters 14, 377-384.
https://doi.org/10.1021/acsmacrolett.5c00054

Wang, Y. Z., Yang, R. L., Xu, G. Q., Guo, X. H., Dong, B. Z., Zhang, Q. F., Li, R., and
Wang, Q. G. (2023). “Zn-catalyzed coordination-insertion depolymerization strategy
of poly(3-hydroxybutyrate) under bulk conditions,” Polymer Degradation and
Stability 214, article 110413. https://doi.org/10.1016/j.polymdegradstab.2023.110413

Wang, Z., Kang, H. J., Liu, H. G., Zhang, S. F., Xia, C. L., Wang, Z. K., and L1, J. Z.
(2020). “Dual-network nanocross-linking strategy to improve bulk mechanical and
water-resistant adhesion properties of biobased wood adhesives,” ACS Sustainable
Chemistry & Engineering 8, 16430-16440.
https://doi.org/10.1021/acssuschemeng.0c04913

Wei, K., Ng, J., Lim, J. S. K., Gupta, N., Dong, B. X., Hu, C. P., Hu, J. D., and Hu, X. W.
(2023). “A facile alternative strategy of upcycling mixed plastic waste into vitrimers,”
Communications Chemistry 6, article 158. https://doi.org/10.1038/s42004-023-00949-
8

Wu, J., Wang, M., and Guo, H. (2017). “Synergistic flame retardant effects of different
zeolites on intumescent fire retardant coating for wood,” BioResources 12(3), 5369-
5382. https://doi.org/10.15376/biores.12.3.5369-5382

Wu, J. Y., Yang, F., Shi, D. D., Miao, Z., Wang, J., Wang, D. Y., and Zhang, Y. D.
(2025). “Converting waste polyethylene terephthalate to high value monomers by
synergistic catalysts,” ChemSusChem 18, article 202401922.

Zhang et al. (2026). “Recycling & polyester wastes,” BioResources 21(1), 2561-2586. 2584


https://doi.org/10.15376/biores.20.3.6406-6425
https://doi.org/10.1039/D5GC02071A
https://doi.org/10.1021/acsnano.3c03607
https://doi.org/10.1021/acssuschemeng.0c09390
https://doi.org/10.1021/acsapm.4c00439
https://doi.org/10.15376/biores.17.2.2202-2213
https://doi.org/10.15376/biores.12.4.7590-7600
https://doi.org/10.1007/s10570-022-04754-9
https://doi.org/10.1021/acsmacrolett.5c00054
https://doi.org/10.1016/j.polymdegradstab.2023.110413
https://doi.org/10.1021/acssuschemeng.0c04913
https://doi.org/10.1038/s42004-023-00949-8
https://doi.org/10.1038/s42004-023-00949-8
https://doi.org/10.15376/biores.12.3.5369-5382

PEER-REVIEWED REVIEW ARTICLE bioresources.cnr.ncsu.edu

https://doi.org/10.1002/cssc.202401922

Wu, W. H., Zhai, H. J., Wu, K. T., Wang, X., Rao, W. H., Ding, J. D., and Yu, L. (2024).
“Cheap organocatalyst diphenyl phosphate for efficient chemical recycling of
poly(lactic acid), other polyesters and polycarbonates,” Chemical Engineering
Journal 480, article 14813 1. https://doi.org/10.1016/j.cej.2023.148131

Xie, S. Q., Wang, C. Q., Hu, W. D., Hu, J. Z., Wang, Y., Dong, Z., Intan, N. N.,
Pfaendtner, J., and Lin, H. F. (2024). “Chemical recycling of post-consumer polyester
wastes using a tertiary amine organocatalyst,” Cell Reports Physical Science 5, article
102145. https://doi.org/10.1016/j.xcrp.2024.102145

Xin, Y. Z., Che, C. X., Yuan, F., Jia, R. R., Chen, P., Shi, L. Y., and Huang, L. (2025).
“Closed-loop recycling of depolymerizing poly(butylene succinate) as chemical
monomers,” Industrial & Engineering Chemistry Research 64, 4627-4636.
https://doi.org/10.1021/acs.iecr.4c04533

Xu, Z., Sanchez-Rivera, K., Granger, C., Zhou, P. Z., del Carmen Munguia-Lopez, A.,
Ikegwu, U. W., Avraamidou, S., Zavala, V. M., Van Lehn, R. C., Bar-Ziv, E.,
Meester, S. D., and Huber, G. W. (2025). “Solvent-based plastic recycling
technologies,” Nature Chemical Engineering 2, 407-423.
https://doi.org/10.1038/s44286-025-00247-1

Yang, R. L., Xu, G. Q., Dong, B. Z., Hou, H. B., and Wang, Q. G. (2022). “A ‘polymer
to polymer’ chemical recycling of PLA plastics by the ‘DE-RE polymerization’
strategy,” Macromolecules 55, 1726-1735.
https://doi.org/10.1021/acs.macromol.1c02085

Yang, Y. D, Liu, X. Y., Wan, C. C,, Liu, S. L., Li, X. G., Zhu, Y., Yang, Z. X, Li, L. L.,
Zhang, Z., Zhou, Z. Y., Xie, Y. Z., Zhao, X. P., Chai, H. Y., and Wu, Y. Q. (2024).
“Powering the future green buildings: Multifunctional ultraviolet-shielding
transparent wood,” ACS Nano 18, 21288-21301.
https://doi.org/10.1021/acsnano.4c05151

Yang, Y. L., Xu, G. Q., Dong, B. Z., Guo, X. H., and Wang, Q. G. (2022). “Selective,
sequential, and “one-pot” depolymerization strategies for chemical recycling of
commercial plastics and mixed plastics,” ACS Sustainable Chemistry & Engineering
10, 9860-9871. https://doi.org/10.1021/acssuschemeng.2c¢01708

Yang, X. L., Tian, Z. W., Duan, G. G., Zhang, C. M., Han, X. S., Yang, H. Q., Han, J.
Q., He, S. J., and Jiang, S. H. (2024). “Light-responsive multimode luminescence in
photochromism transparent wood for anti-counterfeiting application,” Industrial
Crops and Products 219, Article 119098.
https://doi.org/10.1016/j.indcrop.2024.119098

Yu, Y. K., Zhang, Y. F., Zhu, S. M., and Mei, Q. Q. (2025). “Cost-effective and low-
carbon scalable recycling of waste polyethylene terephthalate through bio-based
guaiacol-enhanced methanolysis,” Angewandte Chemie International Edition 64,
article 202503469. https://doi.org/10.1002/anie.202503469

Yuan, J. S., Xiong, W., Zhou, X. H., Zhang, Y., Shi, D., Li, Z. C., and Lu, H. (2019). “4-
hydroxyproline-derived sustainable polythioesters: Controlled ring-opening
polymerization, complete recyclability, and facile functionalization,” Journal of the
American Chemical Society 141, 4928-4935. https://doi.org/10.1021/jacs.9b00031

Yue, D., Fu, G., and Jin, Z. (2021). “Transparent wood prepared by polymer
impregnation of rubber wood (Hevea brasiliensis Muell. Arg),” BioResources 16(2),
2491-2502. https://doi.org/10.15376/biores.16.2.2491-2502

Zhang, H. J., Fang, T. X., Yao, X. X., Li, X. D., and Zhu, W. P. (2023). “Catalytic

Zhang et al. (2026). “Recycling & polyester wastes,” BioResources 21(1), 2561-2586. 2585


https://doi.org/10.1002/cssc.202401922
https://doi.org/10.1016/j.cej.2023.148131
https://doi.org/10.1016/j.xcrp.2024.102145
https://doi.org/10.1021/acs.iecr.4c04533
https://doi.org/10.1038/s44286-025-00247-1
https://doi.org/10.1021/acs.macromol.1c02085
https://doi.org/10.1021/acsnano.4c05151
https://doi.org/10.1021/acssuschemeng.2c01708
https://doi.org/10.1016/j.indcrop.2024.119098
https://doi.org/10.1002/anie.202503469
https://doi.org/10.1021/jacs.9b00031
https://doi.org/10.15376/biores.16.2.2491-2502

PEER-REVIEWED REVIEW ARTICLE bioresources.cnr.ncsu.edu

amounts of an antibacterial monomer enablethe upcycling of poly(ethylene
terephthalate) waste,” Advanced Materials 35, article 2210758.
https://doi.org/10.1002/adma.202210758

Zhang, L. M., Wang, A., Zhu, T. L., Chen, Z., Wu, Y. P., and Gao, Y. F. (2020).
“Transparent wood composites fabricated by impregnation of epoxy resin and W-
doped VO2 nanoparticles for application in energy-saving windows,” ACS Applied
Materials & Interfaces 12, 34777-34783. https://doi.org/10.1021/acsami.0c06494

Zhang, Q., Hu, C. Y., Li, P. Y., Bai, F. Q., Pang, X., and Chen, X. S. (2024). “Solvent-
promoted catalyst-free recycling of waste polyester and polycarbonate materials,”
ACS Macro Letters 13, 151-157. https://doi.org/10.1021/acsmacrolett.3c00581

Zhang, Y. L.,Ou, S. Y., Peng, Z. H., Q1, Y. Z., Chen, C. T., Zhuo, G. W., Liao, J. Q., Li,
L. P, Liu, M. L., and Guo, C. G. (2025). “Sustainable biobased flame-retardant epoxy
thermoset derived from renewable phytic acid and itaconic-acid for high-performance
rubber wood coatings,” International Journal of Biological Macromolecules 315,
article 144667. https://doi.org/10.1016/j.ijbiomac.2025.144667

Zhao,H. Y., Ye, Y. D, Zhang, Y. B., Yang, L., Du, W. C., Wang, S. L., and Hou, Z. Y.
(2024). “Upcycling of waste polyesters for the development of a circular economy,”
Chemical Communications 60, 13832-13857. https://doi.org/10.1039/D4CC04780J)

Zheng, W. Z., Li, X., Xu, P. Y., Zhang, Z. Y., Wang, P. L., Lu, B., Huang, D., Zhen, Z.
C., Ji,J. H., and Wang, G. X. (2024). “Sustainable recycling of the biodegradable
polyester poly(butylene succinate) via selective catalytic hydrolysis and
repolymerization,” Resources, Conservation and Recycling 209, article 107771.
https://doi.org/10.1016/j.resconrec.2024.107771

Zheng, W. Z., Li, X., Xie, J., Zhang, Z. Y., Wang, P. L., Huang, D., Ren, Z. L., J1, J.
H., and Wang, G. X. (2024). “Closed-loop recycling of biodegradable poly(butylene
adipate-co-terephthalate) based on hydrolysis and repolymerization strategy,” Journal
of Environmental Chemical Engineering 12, article 114354.
https://doi.org/10.1016/j.jece.2024.114354

Zhou, Y. J., Xia, N. N., Zhang, J. L., Li, T. X., Wang, J. M., and Wu, Q. (2025). “Novel
reusable wood adhesive comprising disulfide bond—modified polyurethane,” ACS
Sustainable Chemistry & Engineering 13, 6412-6422.
https://doi.org/10.1021/acssuschemeng.5¢02071

Zhu, X. X., Wang, H., Liu, B. P., Yang, D. S., Liu, F. S., and Song, X. Y. (2024).
“Chemical recycling of polylactic acid to methyl lactate catalyzed by choline
chloride/ZnCl» deep eutectic solvents,” Polymer Degradation and Stability 219,
article 110625. https://doi.org/10.1016/j.polymdegradstab.2023.110625

Zuo, H. W., Wen, M. Y., Shi, J. Y., Park, H., Lv, L. X,, Ren, Y. N., Zhao, X. F., Du, H.
S., Yang, X. J., and Jian, Z. P. (2025). “A robust P-N-Si synergistic flame retardant
epoxy coating for wood building material protection,” Construction and Building
Materials 490, article 142465. https://doi.org/10.1016/j.conbuildmat.2025.142465

Article submitted: August 8, 2025; Peer review completed: August 24, 2025; Revised
version received: December 12, 2025; Accepted: December 15, 2025; Published:
December 26, 2025.

DOI: 10.15376/biores.21.1.Zhang

Zhang et al. (2026). “Recycling & polyester wastes,” BioResources 21(1), 2561-2586. 2586


https://doi.org/10.1002/adma.202210758
https://doi.org/10.1021/acsami.0c06494
https://doi.org/10.1021/acsmacrolett.3c00581
https://doi.org/10.1016/j.ijbiomac.2025.144667
https://doi.org/10.1039/D4CC04780J
https://doi.org/10.1016/j.resconrec.2024.107771
https://doi.org/10.1016/j.jece.2024.114354
https://doi.org/10.1021/acssuschemeng.5c02071
https://doi.org/10.1016/j.polymdegradstab.2023.110625
https://doi.org/10.1016/j.conbuildmat.2025.142465

