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ABSTRACT: A powerful toolbox is needed to turn the linear plastic economy into circular.
Development of materials designed for mechanical recycling, chemical recycling, and/or
biodegradation in targeted end-of-life environment are all necessary puzzle pieces in this
process. Polyesters, with reversible ester bonds, are already forerunners in plastic circularity:
poly(ethylene terephthalate) (PET) is the most recycled plastic material suitable for
mechanical and chemical recycling, while common aliphatic polyesters are biodegradable
under favorable conditions, such as industrial compost. However, this circular design needs
to be further tailored for different end-of-life options to enable chemical recycling under
greener conditions and/or rapid enough biodegradation even under less favorable environmental conditions. Here, we discuss
molecular design of the polyester chain targeting enhancement of circularity by incorporation of more easily hydrolyzable ester
bonds, additional dynamic bonds, or degradation catalyzing functional groups as part of the polyester chain. The utilization of
polyester circularity to design replacement materials for current volume plastics is also reviewed as well as embedment of green
catalysts, such as enzymes in biodegradable polyester matrices to facilitate the degradation process.
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1. INTRODUCTION
The plastic waste problem, depletion of fossil-based resources,
and intensifying climate change require concrete action to
transform from linear to circular polymer materials.1−3 Within
this paradigm shift, polyesters are expected to play a significant
role. They have a large and tunable property window, and they
are typically easy to process. In addition, the reversible ester
bond can be utilized for chemical and organic (biodegradation)
recycling processes.4,5 Still, the susceptibility of this bond to
chemical hydrolysis and biodegradation varies considerably
depending on the chemical and physical structure of thematerial
and the end-of-life environment. To release the full potential of
polyesters, their design can be tailored to fulfill the application
specific requirements, as well as easy mechanical and chemical
recyclability and/or biodegradability, depending on the specific
application. Designingmaterials and products to circularity gives
value to end-of-life plastics and reduces accumulation of waste,
contributing to a more sustainable and circular economy.6

Mechanical recycling is currently the main commercial recycling
route, however, not all products are suitable for mechanical
recycling. Material degradation during use-phase, organic
contamination, presence of harmful and/or unknown additives,
product design (e.g., multicomponent materials, small formats),
and small material volumes in case of less common materials are
some limiting factors. There is also a limit to how many times a
material can bemechanically recycled as significant property loss
may occur after multiple rounds of mechanical recycling due to
degradation phenomena. Chemical recycling and biodegrada-
tion are needed as complementary end-of-life pathways (Figure
1).

This review focuses on the molecular design of the polyester
chain aiming at more facile circularity. How can polyesters be
designed for faster (bio)degradation by introduction of ester
bonds that are more susceptible to hydrolysis and biodegrada-
tion? How can chemical recycling under mild conditions or
(bio)degradation under less favorable environmental conditions
be facilitated by introduction of another type of reversible
dynamic bond or degradation-catalyzing functional groups?
Could embedding green catalysts, such as enzymes, in the
polymer matrix be the route to (bio)degradation of the
materials, even under less favorable environmental conditions?
Last, the replacement of current commodity plastics, especially
polyolefins, by more circular polyethylene-like polyesters is
discussed.
1.1. Definitions
Some key terminologies are shortly defined here:

Circular Economy: In a circular economy, materials never
becomewaste and nature is regenerated. As an example, polymer
materials should be kept in circulation at their highest value
through, e.g., reuse, mechanical and chemical recycling, and
composting.

Mechanical Recycling: The most common commercial
recycling process. Mechanical recycling turns plastic waste
into secondary raw materials. The process typically consists of
sorting of different plastic types, grinding, washing, formulation,
extrusion to pellets, and finally reprocessing to new products,
ideally without significantly change in chemical structure, molar
mass, and properties. In practice, mechanical recycling is often

downcycling to products with lower value compared to the
original product.

Chemical Recycling: A general term for plastic recycling that
includes changes in chemical structure to break the polymer
chain into original monomers, oligomers, or other chemicals
that can be used for manufacture of new polymers or other
products. Several different technologies exist with significant
differences in reaction conditions, such as temperature and the
type of products obtained.

Polymer Degradation: Polymer degradation can be chemical,
physical, mechanical, or biological, resulting in changes in the
structure and properties of the material. Degradation is typically
caused by external factors such as heat, light, water, chemicals,
mechanical force, or microorganisms.

Biodegradation: Biodegradation is the breakdown of organic
matter by microorganisms. This can be a multistep process,
where the organic carbon is converted into humic substances,
assimilated into the biomass or released as CO2, H2O, and/or
CH4.

Mineralization: The last and ultimate step of biodegradation
converts organic carbon into CO2 and H2O under aerobic
conditions, and in addition, CH4 under anaerobic conditions.
Biodegradation can be confirmed and the extent quantified by
following the formation of CO2 or CH4.

Surface and Bulk Erosion: Surface erosion occurs at the
surface of the material, allowing easy diffusion and release of the
formed low molar mass compounds, while the remaining bulk
material may retain its original molar mass for a long period of
time. This is a common degradation process as microorganisms,
enzymes, and even water might not be able to penetrate the bulk
of the material. In bulk erosion, the degradation takes places
throughout the whole material simultaneously, leading to faster
molar mass decrease and possible entrapment of degradation
products inside the material.

2. CHEMICAL RECYCLING AND BIODEGRADATION
Industrial scale chemical recycling of plastics is still in its infancy.
The interest is large, but breakthroughs are required to achieve
more sustainable and commercially viable chemical recycling.7

The presence of ester bond in the main chain, has made the
aromatic polyester, poly(ethylene terephthalate) (PET), the
forerunner in this area. It was the first volume plastic to have
pilot/semi-industrial scale processes, leading to chemicals that
can be repolymerized to PET, theoretically enabling closed-loop
recycling. The current commercial processes mainly utilize
methanolysis or glycolysis,8 while hydrolysis catalyzed by
alkaline or acidic conditions or enzymes9 is an additional option
for closed-loop recycling. Furthermore, aminolysis and
ammonolysis provide promising options for upcycling.10 The
cost and environmental impact are still higher compared to the
mechanical recycling of PET.11 At the same time, the processes
are more favorable, and the recovered products have higher
value compared with those from chemical recycling of other
volume plastics thanks to the reversible ester bond in the main
chain. The benefit of ester bond and similar processes are also
expected to be viable for other polyesters.4 Ring-closing
depolymerization (RcDP) is an attractive route for chemical
recycling of polyesters produced by ring-opening polymer-
ization (ROP).12,13 Here, interesting work has been performed
by utilizing the thermodynamic equilibrium between ROP and
RcDP to produce repeatedly recyclable polymer materials.14,15

This equilibrium can be influenced, e.g., by design of cyclic
monomer structures that provide a suitable balance between
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polymerizability and chemical recyclability16,17 and by mono-
mer−solvent interactions.18,19 It was also shown that trans-
esterification can be utilized to upcycle aliphatic polyesters to
value-added block copolymers.20 The chemical recyclability of
polyesters could be further promoted, e.g., by introduction of a
second reversible chemical bond or neighboring groups that can
function as internal catalysts for the depolymerization
process.21,22

Organic recycling of plastics through biodegradation is an
important puzzle piece and complementary in battling plastic
pollution. Some plastics (e.g., agricultural and horticultural
products and packaging that is contaminated by organic waste)
are difficult to collect and recycle, leading currently to
incineration, landfilling, or in worst case disposal in the
environment.23,24 For these plastics, biodegradation is a valuable
property, ideally leading to complete mineralization of the
product under suitable environmental conditions.25 Current
production of biodegradable or compostable polymer materials
only correspond to less than 1% of total plastic production, and
it is dominated by polyesters and thermoplastic starch.26 Ideally,

the biodegradable plastic fulfills its function during service life
and then rapidly degrades in predetermined environment
through complete assimilation by microorganisms without any
ecotoxicity or other negative impacts on the degradation
environment. This is still a huge challenge; small changes in
structure and composition of the plastic product or in the
degradation environment can significantly influence the
subsequent degradation rate.27 The different natural (e.g.,
marine, freshwater, forest soil) and man-made (e.g., industrial
compost, home compost, agricultural soil) environments vary
markedly with respect to conditions, such as temperature,
humidity, sunlight, oxygen, and the type and concentration of
microorganisms.28 It is also not easy to simulate natural
environments under laboratory conditions to make reliable
predictions of degradability.29 Last but not least, there is often a
conflict between the application requirements and biodegrad-
ability, e.g., good water and oxygen barrier properties are wanted
for packaging materials but counteract biodegradability and
contribute to inadequate degradation rate. The complicated

Figure 1. Simplified scheme over polymer circularity, where chemical recycling and biodegradation compliment mechanical recycling, and materials
are designed for specific end-of-life scenarios.

Figure 2. Complicated case of polymer degradation sensitive to small changes in chemical and physical structure of the polymer and degradation
environment.
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interplays of multiple material and environmental parameters
influencing the degradation process are illustrated in Figure 2.

Biodegradation under aerobic conditions ultimately leads to
CO2, H2O, and biomass. In the case of polyesters, the abiotic
degradation of the high molar mass polymers and release of
oligomeric products can further promote the mineralization by
microorganisms.30 Introduction of specifically designed “weak”
or reversible bonds in the polyester chain, in addition to the
“regular” ester bonds, could provide a tool to maintain material
performance while providing handles where this initial
degradation can take place. The opening of these bonds then
leads to oligomers that are more easily biodegraded. An
alternative approach could be the introduction of internal
catalysis in the form of heteroatom containing functional groups
along the polymer chain or embedded enzymes that can catalyze
the initial hydrolysis of the polymer chain when it comes in
contact with humidity or aqueous environment. This kind of
modification can provide a step forward in ensuring adequate
degradation even under less ideal degradation conditions.
Similar approaches could further provide a route to chemical
recycling under milder conditions to recover and repolymerize
the breakdown products ideally in a closed-loop.

3. INCREASING BIODEGRADABILITY BY MORE
HYDROLYZABLE ESTER BONDS

3.1. Degradation of Commercial Biodegradable Polyesters

Degradation of aliphatic and aliphatic−aromatic polyesters in
different environments has been widely studied in different
laboratory and real environments and only a short overview is
presented here.31−33 Some common representatives of this
group are materials produced by polycondensation of diols and
dicarboxylic acids, such as poly(butylene succinate) (PBS),
poly(butylene succinate-co-adipate) (PBSA), and poly(butylene
adipate-co-terephthalate) (PBAT) and materials typically
produced by ring-opening polymerization, such as the
polyhydroxy acids, polylactide (PLA), and polycaprolactone
(PCL), and the microbial polyesters, poly(3-hydrohybutyrate)
(PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV). However, even though the chemical structures of
these biodegradable polyesters are relatively similar, this group
of materials is not homogeneous in material properties,
applications, and degradation behavior.34,35 As Figure 3
illustrates, the degradability and degradation rate can vary
significantly depending on the specific plastic material and the

Figure 3. Examples of degradation rates of PLA, PHB, PCL, PBS, and PBAT in different environments (upper left) weight loss due to chemical
hydrolysis in phosphate buffer (pH = 7.4) at 37 °C,40−44 (lower left) weight loss in dynamic marine environment,44−46 (upper right) mineralization
during simulated soil burial at 25−28 °C,47−50 and (lower right) mineralization during simulated industrial composting at 58 °C.32,51−54
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specific environment.36−38 For example, the biodegradation rate
of PHB and PCL in marine environment and under soil burial is
typically significantly faster than the degradation rate of PLA,
although they have longer aliphatic −CH2− segments and lower
concentration of ester groups. This is likely explained by the
better accessibility of the ester groups in PCL and PHB to
enzymes, while the −CH3 substituent in PLA on the carbon next
to the ester group causes steric hindrance. At the same time, the
lower concentration of ester groups and longer aliphatic
segments between ester groups reduces the chemical hydrolysis
rate of PCL and PHB compared to PLA. In general, the chemical
hydrolysis rates are relatively slow at 20−37 °C, while the
hydrolysis rate is significantly accelerated if testing is performed
at 50−60 °C.31 PBS is typically only certified to biodegrade in
industrial compost, and PLA in industrial compost and during
anaerobic digestion, while PHB is expected to biodegrade even
in marine and fresh water, soil, and home compost.39 The
biodegradation rate of PBAT is highly dependent on the
aromatic content, but grades certified for biodegradation in
industrial and home compost and under soil burial are available.
In addition to chemical structure, many material parameters
influence degradation rate (see Figure 2), such as molar mass,

degree of crystallinity, glass transition temperature, mechanical
properties, and size of the specimen to mention a few.

Figure 4 further demonstrates the large differences in
degradation rates of common polyesters depending on the
type of environment and the specific polyester.32 As an example,
PHB reached the 90% biodegradation level in all tested
environments. The >90−100% biodegradation was reached
after approximately 43 days in marine, 56 days in freshwater and
anaerobic aquatic digestion, 136 days in soil, 127 days in
anaerobic digestion, and 45 days in industrial compost, showing
the clear influence of degradation environment even for readily
biodegradable material such as PHB. The differences in
degradation rate were even more significant for more slowly
degrading materials, such as PLA, which only degraded under
anaerobic digestion and industrial composting conditions.
Furthermore, the significant difference in degradation rate
between the controlled waste management environments
(industrial compost and anaerobic digestion) and the
unmanaged natural and man-made environments is clearly
shown. The biodegradation property thereby needs to be
coupled to specific environmental conditions.

The abiotic and biotic hydrolysis of polyesters can proceed
through surface or bulk mechanisms, and it is typically assisted

Figure 4. Biodegradation of aliphatic polyesters (PLA, PCL, PBS, PHB, and polyhydroxyoctanoate (PHO)), their blends and thermoplastic starch
(TPS) in different managed and unmanaged environments. (a) Marine environment (ASTM D6691, 30 °C), (b) fresh water environment (ISO
14851, 21 °C), (c) anaerobic aquatic digestion (ISO 11734, 35 °C), (d) soil environment (ISO 17556), (e) home compost (ISO 14855, 28 °C), (f)
anaerobic digestion (ISO 15985, 52 °C), and (g) industrial compost (ISO 14855, 58 °C). Biodegradation was calculated in relation to biodegradation
of cellulose (green dotted line), and 90% biodegradation is marked with red dashed line. Adapted with permission from ref 32. Copyright 2018
American Chemical Society.
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by initial abiotic processes, such as oxidation or hydrolysis,
which decrease the molecular weight and/or increase the
hydrophilicity of the material.55 It is easier to design materials
that degrade under controlled and favorable conditions in
industrial compost, but the conditions in natural environments,
especially in seawater, are much less favorable for degradation,
and even many biodegradable plastics can persist over long
periods of time.28 The degradation rate can vary from weeks to
years depending on the combination of specific material and
environment. To make it even more complicated, large
differences in the degradation process can be observed even in
same type of environment. To illustrate this, Figure 5 presents
the strength retention of three aliphatic polyesters that are
considered as easily biodegradable, e.g., PCL, PHBV, and PBS.
The polymers were soaked in deep sea at three different
locations close to the Japanese coastline.56 Irrespective of the
relatively similar environments, large differences in degradation
rate were observed both between the locations and between the
different aliphatic polyesters. Of the studied materials, PHBV
and PCL demonstrated significant degradation, while the
degradation rate still varied largely depending on the specific
location. Interestingly, the average temperature at Toyama and
Rause, where degradation of PCL proceeded faster was 2 and 5
°C, respectively, while it was slightly higher (10 °C) at Kume,
the location where degradation proceeded more slowly.
Thereby, temperature could not explain the differences.
Unfortunately, pH of the water was not followed, but isolated
from all three locations. The bacteria located from Kume had
good activity at 25 °C, while bacteria active at 4 °C was found at
Toyama and Rausu. This likely explains the differences observed
in the degradation rate of PCL at the different locations. PHBV
degrading bacteria were not investigated. PBS did not show
significant degradation in any of the locations.

The negligible degradation rate of PLA and PBS in seawater,
and the higher susceptibility of PCL, PHB, and PHBV to
degrade was also confirmed by several other studies.28,57 These
large differences in the degradation rates clearly demonstrate the
sensitive interplay between the prevailing degradation environ-
ment and the specific polymer structure, and the sensitivity to
small changes in either, making it difficult to guarantee
degradation in natural environments. Furthermore, it is clear
that structural modification of common biodegradable poly-
esters is required if reasonable degradation rate in natural
environments is targeted.
3.2. Modification by More Easily Hydrolyzable Ester Bonds

As a general rule, chemical modifications that increase the
hydrophilicity and water uptake of the materials typically also
lead to increased hydrolytic degradation rate.58 Some ester
bonds are also more susceptible to hydrolysis due to, e.g., higher

electrophilicity or accessibility to water. Such bonds could be
introduced to design rapidly hydrolyzable materials or to tune
the degradation rate by providing “weak” points, where
degradation can be initiated. Modification by copolymeriza-
tion,59 cross-linking,60,61 and introduction of branching62 can
also be utilized to decrease the degree of crystallinity, as
amorphous materials have less tightly packed chains and higher
susceptibility to hydrolysis. Many studies and reviews31,33 exist
on modification of aliphatic polyesters and their susceptibility to
degradation by copolymerization, blending, and surface
modification with more hydrophilic components,63−65 only a
few examples are presented here to illustrate different
approaches.

3.2.1. Aliphatic Polyesters. Poly(L-lactide) (PLLA) is
known to degrade relatively slowly due to the sterical hindrance
from the methyl group close to the ester group and the
semicrystalline nature and/or crystallization during aging. Some
early studies compared the hydrolytic degradation of several
PLLA, poly(D,L-lactide) PDLLA and poly(glycolide-co-lactide)
(PLGA) polymers in phosphate buffer at 37 °C showing
surprisingly large differences.66,67 The half-life as determined by
50% weight loss decreased from 110 weeks for PLLA to 22, 10,
and 10 weeks after introduction of 25% D-lactide units, 50% D-
lactide units, and 25% glycolide units, respectively. A polymer
containing both L-lactide and D-lactide units in combination
with 25% glycolide units, had by far the shortest half-life of only
3 weeks. All of the polymers were initially amorphous, and these
large differences were explained by the ability of the degrading
polymers and oligomers to crystallize or not during aging. In the
case of the PLGA copolymers, the introduction of more
hydrophilic units with more accessible ester groups further
increased the hydrolytic degradation rate.

While randomly incorporated D-and L-units in the polylac-
tide chain rapidly reduce the degree of crystallinity and
accelerate the hydrolytic degradation rate, the opposite has
been observed for block copolymers, where longer D-and L-
blocks in the copolymer chain allow formation of more
hydrolytically stable stereocomplex crystals.68 The higher
hydrolytic stability of the blends of PLLA and poly(D-lactide)
(PDLA) due to formation of stereocomplex crystals is also well-
known69,70 and correlates with the stronger secondary
interactions in stereocomplex crystals and higher water barrier
properties.71 In accordance, studies on polycaprolactone
copolymers illustrated the large influence on hydrolytic
degradation rate of both the copolymer composition and the
arrangement of the comonomers to random, block ormultiblock
copolymers, contributing to the different distribution of the
more easily hydrolyzable ester bonds in the materials.41,72 In this
context, the triblock copolymer exhibited the largest weight loss

Figure 5. Degradation of (a) PCL, (b) PHBV, and (c) PBS monofilament fibers soaked in deep seawaters in three different locations near Japanese
coast. Adapted with permission from ref 56. Copyright 2011 Elsevier.
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and release of monomeric and oligomeric hydrolysis products
due to the susceptibility of long hydrophilic 1,5-dioxepan-2-one
blocks toward hydrolysis. Figure 6 further illustrates the concept
of introducing “weak” more easily hydrolyzable ester bonds to
tune the hydrolytic degradation rate of polyesters.73 The
degradation experiments were performed in phosphate buffer
at 37 °C during 24 weeks. The introduction of more easily
hydrolyzable ester bonds facilitates weight loss and abiotic
hydrolytic breakdown of the polymer and leads to formation of
potentially more easily biodegradable low molar mass
compounds. However, this should not be considered a proof
of ultimate biodegradability, which should always be confirmed
by biodegradation experiments under relevant conditions to
confirm the mineralization without formation of persistent
degradation products.

3.2.2. Aliphatic−Aromatic and Aromatic Polyesters.
Aromatic polyesters, such as PET, are typically not sensitive to
low temperature hydrolysis or biodegradation without pretreat-
ment to, e.g., reduce the molar mass.74 However, an interesting

commercial and biodegradable aliphatic−aromatic polyester,
PBAT, has been developed to bridge aliphatic and aromatic
polyesters.75 In PBAT, the separation of the aromatic segments
with aliphatic units provides regions where initial degradation
can take place, releasing oligomers that, due to their low
molecular size, are more easily accessible for further
biodegradation, and more than 90% mineralization has been
shown during simulated composting experiments.76 At the same
time, a sufficiently high number of aromatic units were left to
give the polymer good physical properties.77,78 Quartz crystal
microbalance experiments clearly illustrated both the influence
of terephthalate content and the specific enzyme on the
degradation rate of PBAT polymers.79 Figure 7 shows how the
enzymatic hydrolysis rate of PBAT decreases as the tereph-
thalate content in the copolymer increases. At the same time, the
degradation rate is highly influenced by the type of enzyme and
temperature. The degradation rate and properties can be further
modulated by copolymerization with additional monomers. As
an example, copolymerization with polyglycolide prepolymer

Figure 6. Introduction of different amounts of glycolide (GA) units in poly(trimethylene carbonate-block-(L-lactide) (PTL) copolymers to
incorporate more hydrolyzable ester bonds in the PLLA blocks to tune and enhance the hydrolytic degradation rate. (a−c) illustrate schematically
block copolymers with increasing amount of glycolide units (blue circles) in the PLLA blocks. (d) The weight loss as a function of hydrolytic
degradation time for block copolymers with different glycolide contents. The copolymer composition can be read from the sample names, e.g., PTLG
20/70/10 contains 20% carbonate, 70% lactide, and 10% glycolide units. Adapted with permission from ref 73. Copyright 2018 John Wiley and Sons,
Ltd.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00032
Chem. Rev. 2024, 124, 8473−8515

8479

https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00032?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00032?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00032?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00032?fig=fig6&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


led to materials with improved mechanical and barrier
properties and faster degradation rate in water.80 The material
properties of PBAT also depend on the aliphatic/aromatic ratio.
Commercial PBAT is a flexible material with properties similar
to low density polyethylene (LDPE). The biodegradability thus
comes at the cost of some mechanical and barrier property
reduction compared to aromatic polyesters, such as PET. PBAT

can be used to replace LDPE in applications, where
biodegradability is a favorable property, such as mulch films,
compostable bags, and products contaminated by organic
matter.

Poly(ethylene furanoate) (PEF) is an emerging commercial
aromatic polyester. It is anticipated to have high potential as
biobased replacement material for PET, as it has similar and

Figure 7. Enzymatic hydrolysis of PBAT thin films with different terephthalate contents by Fusarium solani cutinase (FsC) and Rhizopus oryzae lipase
(RoL) at pH 6. The degradation was followed by quartz crystal microbalance with dissipation monitoring (QCM-D). Changes in the adlayer mass
during the hydrolysis catalyzed by (a) FsC and (b) RoL at 30 °C. (c) Fraction (%) of dry polyester that was released during the hydrolysis experiments.
(d) FsC catalyzed hydrolysis rate at three different temperatures. Reproduced with permission from ref 79. Copyright 2017 American Chemical
Society.

Figure 8. Biodegradation of weathered and unweathered PEF and PET under simulated composting conditions at 58 °C. Cellulose was included as
biodegradable reference, and biodegradation was quantified by measuring the production of CO2. Adapted with permission from ref 83. Copyright
2022 The Authors. CC-BY 4.0. Published 2022 MPDI.
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even better mechanical and barrier properties and lower
environmental impact in comparison to PET.81 PEF can also
be chemically and mechanically recycled similar to PET.
Furthermore, while recycling polymer blends typically leads to
deterioration of properties, it was shown that low amounts of
PEF can even improve the properties of mechanically recycled
PET.82 However, PEF is not rapidly biodegradable and does not
fulfill the requirements to be classified as industrially
compostable plastic (requiring >90% biodegradation to CO2
during 180 days).83 Still replacing the terephthalate units in PET
by furanoate unit in PEF significantly increases the susceptibility
to biodegradation, as a recent study showed >90% conversion of
PEF to CO2 after 385 days in simulated industrial compost
(Figure 8). After weathering, the 90% mineralization was
reached already after 240 days. After the same time period, the
biodegradation degree of weathered PET was 10%, while
biodegradation of PET remained negligible. Similar to PBAT,
the biodegradability of PEF can be increased by copolymeriza-
tion.84,85

Another approach was recently developed for obtainment of
more readily degradable aromatic or aromatic−aliphatic
polyesters by incorporation of salicylic acid, an aromatic
hydroxyacid, into the polymer structure.86,87 While the aromatic
ring contributed to attractive thermal, mechanical, and oxygen
barrier properties, the more acidic carboxyl and hydroxyl groups
contributed to significantly higher hydrolytic degradation rate in
different aqueous environments. As an example, salicylic
glycolide and salicylic lactide were ring-opening polymerized
to corresponding polyesters, which were shown to completely
degrade to water-soluble degradation products within 20−40
days in phosphate buffer (pH 7.4) and artificial seawater (pH
8.0) at 50 °C, while commercial PLA and PET showed no
weight loss during 100 days in artificial seawater.86 In phosphate

buffer, the weight loss of PLA started around 60 days. The tested
spherical samples, with ∼2 mm diameter, were prepared by
compression molding, followed by quenching with cold water.
The results are interesting, but the temperature used for testing
is significantly higher compared to 30 °C recommended in the
standard test method for determining aerobic biodegradation of
plastic materials in the marine environment (D6691-17) or the
average temperature estimated for ocean surface water (17 °C)
and sea floor (4 °C). The results presented in supporting
information also show that the degradation rate in phosphate
buffer decreases significantly when the temperature is decreased
to 40 °C and almost no degradation takes place at room
temperature (23−27 °C).

Industrially viable transesterification during melt extrusion
was utilized for introduction of salicylate units as weak linkages
in commercial polymers, such as PLA. Through this approach,
original material properties (thermal, mechanical, and oxygen
barrier) were retained, while significantly increased hydrolytic
degradation rates were demonstrated.88 Furthermore, the
degradation rate could be easily tuned by changing the amount
of salicylate units incorporated in the PLA chain. As an example,
100% weight loss in phosphate buffer at 50 °C was recorded
within 40−55 days for PLA modified with different amounts of
salicylate units (PLS7, PLS15, and PLS25), while it took more
than 90 days for PLA under similar conditions (Figure 9). Even
larger differences were observed during aging in seawater. By
performing experiments at different temperatures and by
utilizing the Arrhenius equation, the authors estimated that it
would take 2.8 years for PLS25 with the highest salicylate
content to completely degrade in phosphate buffer under
ambient conditions, while it would take 5.5 years for PLA. This
was deduced to the easier cleavage of salicylate units and the

Figure 9. Weight loss of PLA, PLS7, PLS15, and PLS25 during hydrolytic aging at 50 °C in (a) 1M pH 7.4 phosphate buffer, (b) pH 8.1 seawater, and
(c) 0.1 M aqueous NaOH. Proposed mechanism for salicylate-facilitated degradation under (d) basic and (e) acidic conditions. Reproduced with
permission from ref 88. Copyright 2021 American Chemical Society.
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catalytic effect of more acidic salicylic acid units with pKa ∼ 2.8
compared to pKa ∼ 3.9 for lactic acid.

4. INCREASING CIRCULARITY BY NEIGHBORING
HETEROATOMS

While the ester bond is well-known for its reversible behavior
and susceptibility to hydrolysis, the ester exchange and
hydrolysis rates89 are typically significantly lower as compared
to other dynamic bonds such as imines and disulfides. It could
also require external catalysts such as Lewis acids90 and/or
elevated temperatures.91 The hydrolysis accelerating effects of
free hydroxyl and carboxyl groups are well-known from early
hydrolysis experiments, where the presence of monomer
residuals92 or large amounts of acidic degradation products93

was shown to have autocatalytic effect on the hydrolysis rate. In
correlation, the end-capping of hydroxyl groups at the chain
ends significantly reduced the susceptibility to hydrolysis.94,95

This is explained by lower water uptake as well as change in
degradation mechanism from chain-end scission to merely
random chain scission.96 In line with this, although thin or
porous specimens could be expected to degrade faster due to
larger surface area, in many cases the opposite has been observed
due to the autocatalytic influence of the formed acidic hydrolysis
products. This is especially significant in the case of large
specimens, as the formed hydrolysis products are trapped inside
and catalyze the hydrolysis process inside the specimen.97

Similar to this, the dynamic efficiency of the ester bond can be
improved by nearby basic and nucleophilic heteroatoms such as
oxygen, nitrogen, and sulfur.98 Such heteroatoms can be
incorporated in polymer materials in the form of functional
groups (e.g., carboxyl, hydroxyl, amine) and are thereby
expected to act as internal catalysts both for chemical exchange
reactions and hydrolysis (Figure 10). Depending on the type of
modification, the monomer with extra functionality could be

added already during the polymer synthesis or it could be
incorporated to the polymer chain by, e.g., transesterification.
Utilization of reactive extrusion could give an opportunity to
tailor-make existing commercial materials to degradation in
targeted end-of-life environment. The utilization of nearby
functional groups for enhancing the rate of exchange reactions is
also known as neighboring group participation (NGP).98

4.1. Polyesters with Neighboring Nitrogen Atoms

The placement of neighboring amines to enhance ester
exchange reactions (i.e., transesterification) has mainly been
used in epoxy-ester based networks for introducing mechanical
recyclability. For example, transesterification of PET with polyol
containing five hydroxyl groups and a tertiary amine broke the
polyester chains and incorporated tertiary amine moieties and
reactive hydroxyl groups.99 These hydroxyl groups were then
available for reaction with epoxy groups to form an ether and
new hydroxyl groups. Due to the synergetic catalyzing effect of
hydroxyl and tertiary amine groups, the resulting networks were
fully reprocessable by, e.g., hot-pressing and extrusion. In
another approach, primary and secondary amines underwent
reaction with two diepoxy molecules, to form diepoxy
crosslinkers with a tertiary amine and hydroxyl group.100 The
obtained crosslinkers were then further reacted with citric acid
monohydride and succinic acid, yielding an epoxy-ester based
network. Due to the neighboring nitrogen atoms the observed
stress relaxation times were similar to those observed in the
presence of external catalysts for the ester exchange reaction.

The presence of tertiary amines as pendant groups instead of
inherent components of the polymer network also enhanced the
transesterification reactions rates. The presence of both tertiary
amines and hydroxyl pendent groups yielded polyester
thermosets with stress relaxation times reduced by a factor of
20 in comparison to neat polyester thermosets, thus imparting

Figure 10. Schematic presentation of polyesters modified by neighboring oxygen, sulfur, and nitrogen containing groups and the potential circularity
promoting influences.
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good reprocessability.101 The effect of tertiary amines on
transesterification reactions in phthalate monoester-based
networks was also studied.102 Stress relaxation experiments at
160 °C showed that relaxation times decreased from 515 s for
the network lacking tertiary amines down to 1.1 s for the
network containing the highest amount of tertiary amines. This
considerable decrease in stress relaxation time showed that the
presence of tertiary amines alone significantly enhanced
transesterification reactions. These results demonstrate that
the presence of tertiary amines have a beneficial effect on
transesterification rates, thus imparting thermal reprocessability.

Studies on the ability of tertiary amines to facilitate chemical
recyclability have been limited. In this regard, incorporation of
tertiary amines as internal catalysts in epoxy-ester networks was
evaluated by utilizing the hydroxylamine-based compound
triethanolamine (TEOA).103 During the formation of the
thermoset, the hydroxyl groups of TEOA initially reacted with
an anhydride to form a carboxylic acid group, which was then
available to react with an epoxy group to form an ester and a β-
hydroxyester linkage. The resulting network, containing ester,
triamine, and hydroxyl groups, exhibited brittleness (elongation
at break 8−9%) but good mechanical strength (85−94 MPa)
and high Tg ∼ 135 °C. Tg was, thereby, comparable and tensile
and impact strength even higher than those of conventional
anhydride cured bisphenol A (BPA) epoxy thermosets, which
could enable use in high temperature applications and as
structural components. At temperatures ranging between 170
and 200 °C, moderate to fast stress relaxation times (19 460 to
4200 s) were observed depending on TEOA content, indicating
the occurrence of exchange reactions such as transesterification
reactions. With an increasing TEOA content, faster stress
relaxation times were observed, which was attributed to the
synergetic catalyzing effect of the hydroxyl and tertiary amine
functional groups.

By focusing on the chemical recycling, the obtained resin was
hydrolyzed in an aqueous solution of 1.5 wt % phosphotungstic
acid at 190 °C for 5 h. After the reaction, a degraded oligomeric
residue was obtained with a molecular weight of 2200 g/mol.
The product was fully soluble in acetone, indicating significant
degradation. It should be mentioned that without the use of
phosphotungstic acid, no degradation was observed. Fourier
transform infrared (FTIR) spectroscopy showed that the
degraded residue contained abundant −OH and −COOH
groups, suggesting that the degradation mainly occurred at the
tertiary amine and ester moieties. This degradation pathway can
be explained by the basic nature of the tertiary amine assisting
the nucleophilic attack of hydroxyls/water on the carbonyl
carbons (i.e., ester linkages) resulting in the cleavage of ester
bonds.104 Due to the −OH and −COOH rich hydrolysis
products, the degraded oligomers could be blended with fresh
resin and recured to form a new thermoset through trans-
esterification reactions, promoted by the presence of hydroxyl
and tertiary amine groups. The storage modulus and glass
transition temperature (Tg) of the new thermoset were similar to
those of the original thermoset, indicating successful chemical
recyclability and reuse of the recycled chemicals in equal value
application.

Above studies investigated systems with both hydroxyl and
tertiary amine groups and reported synergistic catalyzing effects
on transesterification reactions. However, comparisons with
resins and thermosets containing only tertiary amines or
hydroxyl groups were not mentioned. Nevertheless, the catalytic
effect of hydroxyl and tertiary amine groups on enhancing both

transesterification reaction rates and ester hydrolysis were
clearly highlighted. There is high potential in this approach, but
more research is required to establish the influence of nitrogen
containing neighboring groups on chemical recyclability,
hydrolytic degradation, and biodegradation of polyesters. The
research should also be expanded to linear polyesters to evaluate
the influence on neighboring groups on mechanical properties
and potentials risks of premature degradation during, e.g.,
thermal processing.
4.2. Polyesters with Neighboring Oxygen Atoms

Recently, oxygen containing functional groups, like hydroxyl,
carboxyl, and carboalkoxy, have been introduced into polyesters
to enhance circularity. The weak acidic and hydrophilic nature of
such oxygen-containing NGP is expected to promote the ester
exchange reactions and ester cleavage. For example, a
comparative study between conventional polyesters, PCL and
poly(11-hydroxyundecanoate) (PHU), and a polyester con-
taining hydroxyl pendant groups (PEUA) showed beneficial
effects of hydroxyl pendant groups on the polyester degrad-
ability in both hydrolytic and enzymatic media.105 Under
accelerated hydrolytic conditions at temperature significantly
above Tg of the studied polymers (incubation in aqueous media
with pH 2.0 at 45 °C for 10 weeks), the number-average molar
mass (Mn) of PEUA decreased from 8400 g/mol before
hydrolytic incubation to 3700 g/mol after incubation. The
weight loss after 80 days was only a few percent, indicating that
the pendant hydroxyl groups could catalyze the hydrolytic
degradation in bulk, but the molar mass reduction was still not
enough to form water-soluble oligomers. It would have been
interesting to follow the process over a prolonged time period to
confirm the further hydrolysis of the remaining low molar mass
polymer. Conversely, no decrease in molar mass was observed
for PCL and PHU, while the observed weight loss was somewhat
larger compared to PEAU. This in turn supports surface erosion,
releasing water-soluble degradation products without significant
influence on molar mass. Considering also that the original
molar mass of PEAU was twice as high as that of PCL and PHU,
this indicates that the presence of acidic and hydrophilic −OH
groups in PEUA could enhance the susceptibility to hydrolysis.
The introduced pendant groups also increased the hydro-
philicity of the materials and decreased the degree of
crystallinity, which further facilitates faster hydrolysis. Similar
results were obtained for enzymatic degradation (incubation for
10 days in pH 7.4 at 37 °C with porcine pancreatic lipase).
However, enzymatic degradation was more limited as compared
to hydrolytic degradation due to the difficulty of the enzyme to
penetrate the polymer system.

In another study, a series of hydroxy-functional copolyesters
was synthesized from adipic acid, 1,8-octanediol, and glycerol,
varying the hydroxyl content by increasing the 1,8-octanediol:-
glycerol ratio.106 In vitro degradation was evaluated in phosphate
buffer (pH ∼ 7.4 at 37 °C) for a predetermined time. After 7
days, the observed weight loss ranged from 20% for the polymers
with adipic acid:1,8-octanediol:glycerol ratio of 1:0.8:0.2 to 55%
for polymers with higher glycerol content, i.e., adipic acid:1,8-
octanediol:glycerol ratio of 1:0.5:0.5. These results support that
increasing the hydroxyl content leads to faster biodegradation
rates. This can be attributed to the combined effect of increased
hydrophilicity, decreased degree of crystallinity, as well as the
catalyzing effect of free hydroxyl groups, all promoting the
cleavage of ester bonds under hydrolytic conditions. Neither of
the above studies investigated the influence of neighboring
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groups on the mechanical properties of the materials, which is
crucial from an application perspective.

Another promising oxygen-based NGP is carboxylic acid.
Early works showed that the introduction of neighboring
carboxylic acid groups in phthalate monomethyl esters rapidly
increased the hydrolysis rates up to 10-fold under mildly acidic
to neutral conditions (pH 4−7), as compared to those of
corresponding benzoate esters lacking neighboring carboxylic
acid groups.107,108 The relative proximity of acidic carboxyl
groups near ester bonds promotes ester bond cleavage as well as
ester exchange reactions. More recently, this carboxylic acid
catalyzed transesterification rate enhancement was utilized in
the design of phthalate- and polyester-based covalent adaptable
networks to avoid the need of external catalysts to initiate ester
bond cleavage and transesterification reactions.109 The dynamic
networks were recyclable for multiple cycles using a solvent-
based recycling approach. Analysis showed that the obtained
precipitate consisted of prepolymer network fragments, which
could be recured by heating at 100 °C for 4 h under N2
atmosphere. Even after multiple recycling steps (i.e., dissolving
and heating), chemical, thermal, and mechanical properties of
the material were not affected, indicating promising closed-loop
recyclability.

Despite the promising results of neighboring acid groups
being able to enhance hydrolysis rates of polyesters, current
carboxylic acid-ester NGP research has mainly focused on
mechanical recycling. For example, dynamic polyester networks
were prepared by a reaction between branched polyesters
containing −OH end groups with pyromellitic dianhydride or
2,5-bis(methoxycarbonyl) benzenesulfonic acid.110 The result-
ing polyesters contained, respectively, −COOH or −SO3H
functional neighboring groups in the ortho position to every
formed ester linkage (Figure 11). The stress relaxation
experiments showed that both networks containing −COOH
or −SO3H groups exhibited significantly faster stress relaxation
in comparison to a conventional reference network lacking any
neighboring groups but containing 0.5 mol % of external
transesterification catalyst Zn(Acac)2. This indicates that the
presence of such neighboring groups significantly enhances the

dynamic behavior of polyester based networks. Interestingly,
observed stress relaxation of −SO3H containing polyester
networks was 5 times faster than the stress relaxation of
networks with −COOH groups. The presence of the sulfur
groups may thus further enhance ester exchange reactions. This
can be explained by the much higher acidity of sulfonic acids as
compared to carboxylic acids. Nevertheless, the acidic nature of
carboxylic acid contributes to faster ester exchange reactions,
making them promising NGP in polyester-based systems by
imparting these materials with potentially improved mechanical
and chemical recyclability.

Interestingly, promising ester exchange enhancement was also
achieved by replacing the hydrogen in the carboxylic −OH
group with an alkyl chain to yield a carboalkoxy group despite
the lower acidic nature. For example, chemically recyclable
carbomethoxylated polyvalerolactone (PCMVL) was obtained
via ring-opening transesterification polymerization of the
renewable monomer 4-carbomethoxyvalerolactone
(CMVL).111 The resulting semicrystalline polyester, containing
a carbomethoxy group in its repeating unit, exhibited aTg of −18
°C and two distinct melting temperatures at 68 and 86 °C,
respectively. Chemical recyclability of PCMVL was tested by
using depolymerization methods via two different pathways.
First, when PCMVL was heated at 150 °C in the presence of tin
octanoate (SnOct2) as a catalyst, near complete degradation via
transesterification was achieved to fully recover the initial cyclic
monomer, CMVL, with a yield of 87%. Alternatively, in the
presence of 1,8-diazabicyclo[5.4.0]undec-7-ene, the polymer
chain was cleaved through elimination processes into smaller
oligomeric fragments.

Although these promising results indicate the potential
chemical recyclability of carboxymethoxylated polyvalerolac-
tone, no reference studies were performed with polyvaler-
olactone lacking carbomethoxy pendant groups. However,
following the degradation process with 1H NMR analysis
showed that the cleavage and elimination reactions along the
main chain preferably occurred in the vicinity of a proximal
carbomethoxy group, suggesting that the presence of the
carboxylate ion does enhance chemical recyclability of

Figure 11. (a) Network formation with internal carboxylic and sulfonic acid groups and (b) bond rearrangements in networks with neighboring
carboxylic acid group. Reproduced with permission from ref 110. Copyright 2020 American Chemical Society.
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polyvalerolactone. In another study, the influence of the alkyl
side chain length on the hydrolytic degradation rates of
carboalkoxylated polyvalerolactones was evaluated.112 Similar
to the previous study, the hydrolytic degradability of a series of
4-carboxylated polyvalerolactones with methyl, ethyl, propyl,
and butyl alkoxy side chains was evaluated in basic (0.1 M
NaOH), acidic (0.1MHCl), and neutral environments at 80 °C.
After 13 days, all polyesters were fully degraded under both
acidic and basic conditions. However, it was observed that the
hydrolysis rates of the polyesters significantly depended on the
alkyl side chain and the degradation rate decreased with
increasing alkyl side chain length under both acidic and basic
conditions. It was suspected that this was caused by the longer
alkyl chains inducing increased hydrophobicity, thus reducing
the water uptake and susceptibility of the polyesters to
hydrolytic degradation.

In summary, oxygen based NGP in the form of hydroxyl,
carboxyl, and carboalkoxy functional groups has the potential to
impart polyesters with improved chemical recyclability and
faster hydrolytic degradation. The presence of such functional
groups increases hydrophilicity as well as acidity that can
enhance ester bond cleavage and ester exchange reaction rates.
This is further facilitated by typically lower degree of crystallinity
after introduction of neighboring groups. Research should be
expanded to establish that these accelerating effects persist
under less accelerated hydrolysis and biodegradation conditions.
4.3. Polyesters with Neighboring Sulfur Atoms

Sulfur-atom based neighboring group participation, mainly in
the form of sulfonic acid (−SO3H), to increase the rate of ester
bond exchange and cleavage reactions has recently gained
attention. As mentioned above, in comparison to oxygen-based
−COOH carboxyl groups, the sulfur-containing −SO3H has
significantly higher capability to accelerate ester exchange
reactions.110 Such neighboring acid groups accelerate thermally
induced transesterification reactions by reacting intermolecu-
larly with ester bonds to form an anhydride intermediate, thus
imparting polyesters with improved mechanical recyclability.110

However, due to the high acidity and hydrophilicity of sulfur
(ions), sulfur-based neighboring group participation may also
accelerate ester hydrolysis rates and impart polyesters with
improved chemical recyclability. As an example, sulfonated PBS
showed significantly increased hydrolysis rate in pH 12 aqueous
alkali solution.113 The water uptake of the sulfonated PBS
materials increased linearly with the concentration of ionic
groups. The same trend was observed for the hydrolytic
degradation rate as the approximately 15% weight loss for PBS
after 30 days gradually increased to approximately 95% for the
material with the highest concentration of ionic groups.

Similarly, a chemically recyclable polyethylene-like polyester
containing low amounts of ionic sulfonate groups was
synthesized via polycondensation reactions at 150 °C and
under reduced pressure by using octadecane-1,18-dicarboxylic,
octadecane-1,18-diol, and dimethyl sulfosuccinic acid (HMSS)
as monomers.114 The presence of low amounts (0.8 mol %) of
HMSS led to polyesters containing a low content of −SO3-H
pendant groups. Interestingly, the presence of pendant sulfonic
acid groups did not significantly influence the thermal
properties. On the other hand, an increase in sulfonic acid
content led to an increase in stiffness as compared to a polyester
lacking any neighboring groups. The susceptibility of the
sulfonic acid containing polyesters to hydrolysis was evaluated
by immersing the polyester in water for 10−12 weeks. During

this time period, the weight gain upon water absorption as well
as the degree of polymerization (DPn) of sulfonic acid
containing polyesters was compared to the nonfunctionalized
polyester. The presence of sulfonic acid groups significantly
increased the water uptake of the polyesters, indicating its
increased hydrophilicity. As a result, the ester bonds were
significantly more exposed to water, which is known to be
important for the hydrolysis rate. This was further demonstrated
by the observed decrease in DPn for the sulfonic acid containing
polyesters, showing a significant decrease in DPn of 50−60%.
Considering that no significant change in water uptake and DPn
was observed for the polyester without any sulfonic acid groups,
it was concluded that the presence of sulfonic acid functionalities
significantly increased the susceptibility to hydrolysis.

To test the chemical recyclability of these sulfonic acid-
containing polyesters, depolymerization experiments via
solvolysis in methanol were carried out at 150 °C. After cooling
down to room temperature, a solid residue was obtained. The
yield after purification was 80%, and the product consisted of a
1:0.99 mixture of the initial diol and diacid monomers. It was
expected that the initial small amount (0.8 mol %) of the HMSS
monomer is removed during the recrystallization process.
Nevertheless, these results show that complete ester cleavage
of the sulfonic acid containing polyesters can be achieved,
yielding polyesters that are fully chemically recyclable. Although
research is still limited, sulfonic acid neighboring group
participation for the enhancement of transesterification rates
and ester hydrolysis has proven to be very effective, yielding
polyesters with higher susceptibility to hydrolytic degradation
and improved mechanical and chemical recyclability.

The utilization of neighboring heteroatoms to facilitate the
recyclability and especially the hydrolysis and biodegradation
rate of polyesters is still in its infancy. Above studies indicate
high potential for tuning the degradation rate for different end-
of-life environments. However, the amount of research is
scattered and limited and the experimental conditions, including
degradation testing varied a lot with respect to pH, temperature,
and time. More research is needed to establish structure−
degradation relationships by more systematic variation of type
and degree of neighboring groups, studies on hydrolytic
degradation under less accelerated standardized condition and
biodegradation studies under different environmental condi-
tions by using standardized test protocols. Even more so, the
influence of these modification on the thermal and mechanical
properties of the materials and the stability during thermal
processing needs to be investigated to ensure performance
during service. Systematic evaluation of the influence of type and
concentration of neighboring groups on processability, material
properties, and degradation rate could release the full potential
of this approach.

5. INCREASING CIRCULARITY BY DOUBLE DYNAMIC
STRUCTURES

Esterification is a classical equilibrium reaction and ester-bond is
well-known for its reversibility. However, as a concept the
dynamic covalent chemistry (DCC) was first presented in
2002.115 Some years later, the terms covalent adaptative network
(CAN)116 and vitrimer117 were introduced, both referring to
crosslinked polymer networks exhibiting reversible bonds.
Covalent bonds can be classified as dynamic if they can
reversibly form and break under equilibrium control and under
impact of a specific stimulus.118,119 A multitude of different
bonds, such as esters, disulfides, imines, acetals, urethanes, and
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boronic esters, have been employed with or without additional
catalyst for the design of more circular polymer materials.120 In
addition to heat sensitive bonds for design of mechanically
recyclable thermosets, e.g., photoreversible bonds and pH
sensitive DCCs have been developed, potentially enabling
chemical recycling of polymers under mild conditions.

An interesting option could also be the development of linear
polymers that are sensitive to different environmental triggers to
release oligomers that are more easily further biodegraded
compared to the original high molar mass polymers. The release
of oligomers that can be directly repolymerized to polymer
materials with original properties is also of interest.121

Combining ester bonds with second more easily reversed
dynamic bond to form double dynamics is an attractive
possibility to tailor and facilitate the circularity of the materials
under mild conditions (Figure 12). The second bond and its

abundance can be selected to tune the properties for specific
application and the reversibility in specific end-of-life environ-
ment. The double dynamics that could facilitate both chemical
recycling and biodegradation include, e.g., polyester-imines,
polyester-disulfides, polyester-acetals, and polyesters with
photoreversible bonds.
5.1. Polyester-Imines
In the wide spectrum of the dynamic covalent bonds, imine-
bond, also called Schiff base, is commonly employed to impart
recyclability and self-healing properties to polymers.122 Imines
are obtained through a click chemistry reaction in which an
active carbonyl group is condensed with a primary amine or
more seldom with a ketone to form C�N bonds.123 The often
excellent recyclability of Schiff base polymers originates from the
capacity of the imine bonds to participate in three distinct
pathways under the action of specific stimuli. Indeed, the imine
bond can be relatively stable under neutral aqueous conditions,

while acidic conditions can promote the hydrolysis of the imine
bonds with the consequent reformation of the original
functionalities through the Schiff base dissociative pathway.
Imines are also sensitive to two associative pathways,
transimination and imine metathesis, both including exchange
reactions taking place in the absence of water.124 Transimination
refers to the reaction of an imine with a primary amine to form a
new imine and a new primary amine. Conversely, the metathesis
pathway consists of the reaction between two imines to generate
two new imines.

A wide number of polyesters containing imine bonds in their
structure have been designed. The combination of Schiff base
linkages and ester functions is attractive for the development of
biobased self-healable adhesives. As an example, ethyl cellulose
was modified by functionalization of the backbone with vanillin
methacrylate and lauryl methacrylate.125 The resulting polymers
were crosslinked by inducing the formation of Schiff base bonds
between the aldehyde functions in the pendant vanillin groups
and a polyetheramine. Shear strengths around 0.81 MPa and a
self-healing efficiency of ∼99% could be reached. Following the
same approach, a lignin-based dynamic network crosslinked by
inducing a Schiff base reaction between vanillin methacrylate
and a diamine was realized.126 Besides the self-healing, the
resulting polymer also presented UV-shielding and antifungal
properties. Although still not investigated in terms of
recyclability and/or biodegradability, poly(azomethine esters)
have been reported to be promising for demanding aerospace
and automotive applications in light of their high thermal
resistance, low band gap, and semiconductive properties.127−129

5.1.1. Chemical Recycling. Polyester-imine thermosets
have been developed, aiming to meet the requirements of
circular economy, including the possible obtainment from
renewable resources and the facile recyclability at the end of
service life. Among the large library of renewable resources,
levulinic acid is considered an important biomass-derived
molecule due to its functionality,130 utility as a solvent, and
the possibility to derive it from lignocellulose waste.131,132 In the
frame of chemically recyclable polyester-imine thermosets,
levulinic acid was employed for the synthesis of ELA, a
ketone-ester-epoxy precursor, subsequently cured with 2-(4-
aminophenyl)-1H-benzimidazol-5-amine (BIA) or 4,4′-diami-
nodiphenylmethane (DDM) to synthesize dynamic covalent
networks with in situ generated imines and multiple hydrogen
bonds.133 The resulting ELA-BIA thermosets had high Tg and
modulus up to 165 °C and 2422 MPa, respectively. DDM was
selected for comparison to prepare ELA-DDM because it is an
amine-based agent often employed for the curing of epoxy
resins.134,135 The thermosets contained in their structure both
imine bonds and noncovalent hydrogen bonds formed between
the available amine and hydroxyl groups in the network. Both
the imine and hydrogen bonds endowed the thermoset with
malleability and rapid self-repairing properties in comparison to
values commonly reported in literature.103,136 Although the Tg
of ELA-BIA was 20 °C higher, its relaxation time (1838 s) was
significantly faster than that of ELA-DDM (4588 s) at 170 °C.
The chemical recyclability was proven, and the maximum
degradation rate was observed inmixtures with an ethanol:acidic
water ratio of 8:2. On the other hand, slow degradation rates
were registered for mixtures with higher ethanol content, likely
because the amount of water was not enough to induce the
hydrolysis of imine bonds. ELA-DDM turned out to be more
easily degradable than ELA-BIA; this was ascribed to its lower

Figure 12. Schematic over linear and crosslinked double dynamic
polyesters, where the second dynamic bond, such as imine, disulfide, or
acetal, facilitates chemical recyclability and biodegradability by enabling
release of oligomers under facile conditions.
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crosslink and hydrogen bond density, which likely makes the
Schiff base bonds more accessible to the water molecules.

In the framework of photopolymerized imine thermosets,
vanillin and several other biobased aromatic aldehydes are
particularly suitable. The phenolic hydroxy groups can be
functionalized by (meth)acrylation, and the imine groups are
introduced by the Schiff base reaction between the aldehyde
group and di- or trifunctional amines. Recently, several
(meth)acrylated vanillin Schiff base resins curable to thermosets
by photopolymerization under a UV lamp or by digital light
processing 3D printing were prepared.137−139 The physical
properties of the resulting thermosets increased with higher
crosslink density, which was tunable by selection of the amine
(e.g.,Tg could be varied from −26 to 83 °C and storage modulus
at 20−25 °C from 3 to 3300 MPa). In terms of mechanical
recyclability, the grinded thermosets turned out to be
reprocessable to continuous films by hot-pressing, thanks to
the activation of the imine metathesis pathway (Figure 13). The
reprocessed thermosets typically exhibited somewhat lower
mechanical properties in comparison to the original samples.

Probably due to the hydrophobic nature of the networks,
imparted by the presence of the aromatic vanillin moieties, the
networks did not dissolve in acidic aqueous solution. Therefore,
chemical recycling by introduction of different amines was
investigated to exploit the transimination pathway and imine

exchange reactions. The first adopted approach with mono-
amine demonstrated the dissolution of network structures, but it
had a limitation in the inability to reform a crosslinked
thermoset structure.137 The replacement of the hexylamine
with ethylene diamine resulted in complete dissolution after 4 h
at 60 °C, suggesting the occurrence of transimination leading to
the transformation of the thermoset into a noncrosslinked
oligomeric product (Figure 13), which was further confirmed by
1H NMR and FTIR spectroscopy.139 The recovered product
could be mixed and hot-pressed with fresh methacrylated
vanillin to induce the formation of new Schiff base linkages
between the amine-terminated oligomers and methacrylated
vanillin. The chemically recycled thermosets showed an elastic
modulus comparable to the mechanically recycled films (342
MPa for the chemically recycled thermoset vs 316 MPa for the
mechanically recycled thermoset). Interestingly, the introduc-
tion of carbon dots (CD) in methacrylated Schiff base resins
before the digital light processing 3D printing had a profound
impact on the mechanical and chemical recyclability of the
resulting thermosets.140 While a significant decrease in elastic
modulus was observed for the Schiff base thermosets, the
presence of CD importantly mitigated this phenomenon,
resulting in an almost complete preservation of the original
mechanical properties in both mechanically and chemically
recycled thermosets. This outcome was attributed to the

Figure 13. (a) Images of the samples before and after the self-healing and mechanical recycling by hot pressing. (b) Metathesis pathway enabling self-
healing and mechanical recycling. (c) For the chemical recycling, the Schiff base thermoset was immersed in ethylene diamine at 60 °C. The recycled
oligomeric product was recovered as powder and mixed with virgin methacrylated extended vanillin and photoinitiator before hot pressing and UV
curing. (d) Possible transimination pathway to solubilize the cured thermoset in ethylene diamine and possible reactions occurring during hot-pressing
and UV curing of the product recovered from chemical recycling and added fresh methacrylated extended vanillin monomer. Adapted with permission
from ref 139. Copyright 2022 The Authors CC-BY 4.0. Published 2022 Elsevier Ltd.
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establishment of secondary interactions in the thermosets,
highlighting the synergistic effect of dynamic covalent bonds and
supramolecular chemistry in enhancing the recyclability.

Designing polymers for facile closed-loop chemical recycla-
bility represents a step forward in the development of sustainable
polymers and thermosets, in particular to reduce the need of
virgin resources, whether nonrenewable or renewable, and to
avoid waste accumulation. In this frame, an interesting class of
polyester-imine thermosets was proposed.141 The process
included first the synthesis of a polyester prepolymer by ring-
opening copolymerization between cyclic anhydride, an epoxide
comonomer, and vanillin as a crosslinker. In the second step, the
network was crosslinked with a diamine to form covalent
adaptive networks. Thanks to the activation of the imine
metathesis pathway, the obtained thermosets demonstrated
good mechanical recyclability, enabled reaching an almost
complete recovery of the mechanical properties by performing a
hot-press step at 100 °C for 30 min. Furthermore, from the
FTIR analysis, no chemical changes were detected in the
chemical structure of the thermosets after the mechanical
recycling. Similar to the previously reported works, the
dissociation of the imine bonds was triggered under acidic
conditions. By inducing a precipitation in methanol, it was
possible to recover the prepolymer with a yield of 91%. 1H and
13C NMR confirmed the retention of a structure similar to the
original prepolymer. However, the presence of a small number of
pendant amines and the occurrence of dimerization was also
confirmed. A further step to definitely close the loop would be a
demonstration of reuse of the prepolymer to reform the
thermoset by a Schiff base reaction with diamine.

The synergistic effect of ester and imine functions to facilitate
the chemical recyclability was recently demonstrated.142 A resin
was composed of 50 wt % methacrylated isosorbide monomer
and 50 wt % methacrylated vanillin Schiff base monomer. The
chemical and mechanical recycling of the resulting thermoset,
produced by means of digital light processing 3D printing, was
compared with printed thermosets obtained from a resin
composed of 75 or 50 wt % of methacrylated isosorbide and
25 or 50 wt % of methacrylated vanillin (i.e., two resins
contained only ester groups and no imine groups). The 75/25
ester thermoset (MI75) proved to be chemically recyclable but
exhibited a drastic decrease in the elastic modulus (2 GPa for the
original thermoset vs 0.4 GPa for the recycled one). Conversely,
the elastic modulus of the thermoset containing both ester and
imine groups (SB_MI50) was preserved after the chemical
recycling procedure (1.1 GPa for the original thermoset vs 1.0
GPa for the recycled one). An attempt to recycle the thermosets
obtained from 50 wt % methacrylated isosorbide monomer and
50 wt % methacrylated vanillin (MI50) was not successful, only
yielding a jelly-like sticky material, supporting the important role
of the imine functionalities (Figure 14).

5.1.2. Biodegradation and Hydrolysis. The potential
biodegradation of polyester-imines has been minimally inves-
tigated so far. One paper, however, documented the
biodegradation potential of linear polyester-imines. First,
biodegradable PBS or poly(butylene adipate) (PBA) oligomers
with two hydroxyl end groups and a diol compound
incorporating imine bonds were coupled by reaction with
hexamethylene diisocyanate.143 After the synthesis, polymer
films were obtained by hot-pressing at 130 °C for 5 min. All the
prepared films exhibited mechanical properties and Tm
comparable to LDPE and they were stable in contact with
moisture in air. However, they disintegrated in water, with

degradation times spanning from 1 h to a few days. The
degradation rate could be controlled by the concentration of
imine bonds, and the films could be reformed by evaporation of
the water and a drying step at 80 °C. In addition, biodegradation
of the polymer containing PBS oligomers was tested under
simulated industrial composting conditions at 58 ± 2 °C. The
degree of biodegradation was quantified by following the
amount of CO2 produced, indicating promising biodegradation
degrees of 16% after 10 days and 66% after 38 days. It would
have been interesting to continue the biodegradation testing to
see if >90% biodegradation can be reached.

Linear polyester-imine polymers, such as oxime and/or imine
linked PEG-like polymer, have also been developed.144 As a first
step, a difunctional PEG-1k benzaldehyde monomer was
prepared by exploiting a carbodiimide coupling reaction
between dihydroxy PEG-1k and 4-formyl benzoic acid; as a
consequence, ester groups were incorporated in the monomer
structure. The two terminal aldehydes of the resulting monomer
were then reacted with hydroxylamine or a difunctional amine to
form oxime and imine groups, respectively. PEG-like polymers
comprising of 100% oxime (PEGox), 100% imine (PEGim), or a
mixed composition were prepared. The hydrolytic degradation
of the polymers was evaluated in a phosphate buffer at pH 7.4.
PEGox showed the slowest degradation rate, retaining 75% of its
molar mass after 5 days of immersion. Conversely, PEGim
dissolved completely after only 4 days. Concerning the polymers
with both functional groups, they all showed fast initial weight
loss correlating to the fraction of imine bonds in the polymer. As
an example, a polymer with 25% imine bonds quickly lost 21% of
its initial mass in few hours; then, the weight loss slowly
increased to 36% over 5 days of immersion due to the higher
hydrolytic stability of the oxime functions. These are interesting
results, but further studies should confirm the potential
biodegradability of the resulting water-soluble products.

The reported papers mainly exploited the presence of imine
functionalities to confer chemical recyclability or degradability
to the thermosets. Although ester groups were present, their role
in the process was mainly not considered or utilized. A different
approach was adopted for a series of linear Schiff base polyesters
with different aliphatic/aromatic ratios.145 The polymers were
synthesized by subjecting vanillin to a nucleophilic substitution
reaction, followed by a Schiff base reaction and a two-step bulk
polycondensation protocol (transesterification and polyconden-
sation). Several polyester-imines were subjected to a PETase
enzyme for 1 and 24 h at 30 °C. A control experiment was
performed under the same conditions but in the absence of the

Figure 14. Chemical recycling scheme for polyester (MI75 and MI 50)
and polyester-imine (SB_MI50) thermosets including images of the
resulting recycled products and recured thermosets. Reproduced with
permission from ref 127. Copyright 2023 The Authors CC-BY 4.0.
Published 2023 American Chemical Society.
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enzyme. A comparison of the samples treated with and without
enzymes showed a significant increase in the amount of the
degradation products in the presence of enzymes. Furthermore,
it was shown that both ester and imine bonds were cleaved
during the enzyme-catalyzed hydrolysis. The analysis of the
degradation products highlighted the role of the chemical
structure on the enzymatic degradability. Aliphatic ester bonds
turned out to be more easily cleavable than the aromatic
counterpart despite the known ability of PETase to catalyze the
hydrolysis of aromatic PET. Moreover, the replacement of
aromatic diamines with long aliphatic diamines favored the
degradation, probably due to an increase of the substrate
flexibility and facilitation of the binding of the enzyme to the
active site. In addition to enzyme-catalyzed green chemical
recycling, these results give positive indications of potential
biodegradability of the materials. Authors also investigated the
hydrolytic degradation under acidic conditions at room
temperature during 24 h. This approach enabled the obtainment
of monomeric dialdehydes and diamines. The recovered
monomers did not coincide with the original ones, because
the ester bonds were not affected by this procedure. However,
the obtained molecules are expected to repolymerizable back to
the original polymer structures through Schiff base reaction
between the aldehyde and amine functionalities, providing a
closed loop.

In conclusion, the incorporation of imine bonds in polyesters
is a promising route to circular polymers. Polyester-imines can
be fully produced from renewable resources as many suitable
aldehydes, ketones, and amines are derivable from biomass, and
some already commercial examples include vanillin, levulinic
acid, and fatty acid derived diamines. Imine bond provides
circularity by both mechanical and chemical recycling routes.
Furthermore, recent studies indicate that the imine bond could
also be biodegradable, although more studies are required to
confirm this and the structural requirements for biodegradation
of polyester-imines. For some applications, the imine hydrolysis
under acidic aqueous conditions can be a limiting factor.
However, the stability of polyester-imines in neutral water is
typically good and some are also resistant under moderate acidic
conditions.
5.2. Polyester-Disulfide

Traditionally, sulfide bonds exist in vulcanized rubber. More
recently, the disulfide bond (S−S), that can be formed through
the oxidation reaction of thiols, has been widely explored as a
covalent bond capable of introducing self-healing, reprocess-
ability, recyclability, and even (bio)degradability. Disulfide
bonds are able to cleave into their respective thiol counterparts
under reductive conditions and reconnect again under oxidative
conditions.146 Therefore, under controlled pH conditions
(reductive or oxidative), the formation and cleavage of the
disulfide bond can be manually controlled. Interestingly, some
natural environments with a low oxidation reduction potential
(i.e., seawater and sediment, river water, and sediment) can also
facilitate the cleavage of the disulfide bond into their initial form
(i.e., thiols). The reduced compounds can be further
metabolized to inorganic compounds, such as CO2 and SO3,
by microorganisms. The incorporation of disulfide bonds into a
polymer backbone could also facilitate controlled chemical
recycling under specific pH conditions, as well as impart the
polymer with (bio)degradation in natural environments.282

5.2.1. Chemical Recycling. The potential of disulfide bond
in imparting polyesters with (improved) chemical recyclability

has so far been hardly explored. Research with regard to
chemical recycling and degradation of disulfide containing
polymers has mainly focused on the synthesis of recyclable
thermosets. In this regard, a series of novel recyclable thermosets
were designed to have ester and disulfide linkages, using simple
condensation and epoxy chemistry.147 The epoxy ester
thermosets were synthesized by reacting 4,4′-dithiodibutyric
acid (DTDBA) with two epoxy monomers; difunctional
bisphenol A diglycidyl ether (BADGE) and trifunctional
triphenylolmethane triglycidyl ether (TMTE), to form
thermosets with ester or ester and disulfide linkages, varying in
crosslink density (Figure 15).

The resulting thermosets exhibited good mechanical strength
(reaching 29.7 MPa with maximum crosslink density) and low
to moderate flexibility (14−92%). Moreover, all thermosets
were thermally stable up to 260 °C. At the same time, the
materials showed good mechanical recyclability at temperatures
120−200 °C without significant loss in mechanical properties
even after two reprocessing cycles. This thermal reprocessability
was attributed to the dynamic behavior of the disulfide bonds.
Chemical recycling of the thermosets was evaluated by
immersing the thermosets in pure dimethylformamide (DMF)
and a mixture of DMF with the reducing agent 2-

Figure 15. Synthesis of epoxy-thermosets with ester and disulfide or
only ester linkages. The presence of disulfide linkages enabled chemical
recycling under mild conditions in the presence of reducing agent 2-
mercaptoethanol. The thermoset with only ester bonds remained stable
under the same conditions.147
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mercaptoethanol, respectively. The thermosets retained their
original shape after 36 h in pure DMF. However, in the presence
of a reducing agent, the thermosets had been completely
dissolved after 36 h. For comparison, a similar ester-based
thermoset without disulfide bonds, synthesized by replacing
DTDBA by succinic acid (SA), did not show any decomposition
in the presence of the reducing agent. The chemical recycling
was therefore facilitated through the reversible cleavage of the
disulfide bond under reductive conditions.

A similar approach was taken to design a series of polyester-
disulfide based thermosets from different multifunctional
epoxidized vegetable oils (EVO) and 2,2′-dithiodibenzoic acid
(DTBA).148 The thermosets were, again, synthesized via facile
condensation and epoxy chemistry, where the epoxy groups in
the vegetable oils reacted with the acid groups in 2,2′-
dithiodibenzoic acid to form ester linkages. The formed
thermosets, containing both disulfide and ester bonds, exhibited
good thermal stability (260−290 °C) and varying mechanical
strength (0.39−11.5 MPa) depending on the vegetable oil used.
Full chemical recycling was obtained within 24 h at 50 °C
through the reduction of the disulfide bonds in a solution of
DMF with 5 wt % of the reducing agent dithiothreitol. A
metathesis reaction between the disulfide groups in the
thermoset and the thiol groups in the reducing agent resulted
in complete cleavage of the disulfide bonds in the thermosets.
No control experiments were performed, but similar results were
obtained for other epoxy resins with exchangeable disulfide
crosslinks and ester bonds.149

Partially biobased disulfide-containing vitrimers were synthe-
sized using isosorbide-derived epoxy and aromatic diamines
containing disulfide linkages, aiming to replace the fossil fuel
derived and toxic BPA by biobased isosorbide, derived from
carbohydrates.150 The obtained vitrimers exhibited reprocess-
ability and self-healing at moderate to high temperatures (130−
170 °C) due to the metathesis reactions of the disulfide bond
above the Tg of the thermoset (>35 °C). Moreover, the
isosorbide-disulfide based thermosets showed comparable
mechanical properties to similar epoxy networks cured by
traditional nondynamic curing agents and crosslinkers. The
chemical recyclability/degradability of the thermosets were
evaluated under reductive alkaline conditions. After being
immersed in an aqueous solution of 5 wt % NaOH, initial
degradation was observed after 1 h and the thermosets with
higher content of isosorbide fully degraded after only 3 h.
Thermosets with high isosorbide content are also expected to
have lower negative effect on the environment compared to, e.g.,
BPA based thermosets.

These studies show that chemical recyclability of polyester
can be improved and controlled by the incorporation of disulfide
linkages by utilizing the dynamic behavior (i.e., cleavage) of the
disulfide bond under reductive conditions. In some cases, the
disulfide bond could cleave even without the presence of a
reducing agent. This was, for example, observed for thermosets
with a high sulfur content synthesized via two-step inverse
vulcanization processes.151 For a first step, a trifunctional
aliphatic monomer (span 80) containing an ester group, a
carbon−carbon double bond, and three hydroxyl groups, was
used to react with sulfur to form a linear prepolymer. During this
step, the sulfur reacted with the carbon−carbon double bonds in
the aliphatic monomers to form a linear saturated polymer chain
with disulfide bonds, ester bonds, and free hydroxyl groups.
During the second step BADGE, as a difunctional aromatic
crosslinker with epoxy end groups, was added. The low reactivity

between the hydroxyl groups on span 80 based prepolymer and
the epoxy groups on BADGE resulted in a crosslinked network
containing disulfide, ester, ether and hydroxyl groups.

The resulting polymer network exhibited combination of
good mechanical strength (13 MPa), flexibility (elongation at
break of 110%), and toughness (1.3 kJ/m3). Interestingly, while
the crosslinked polymers showed good solvent tolerance inmost
organic solvents, they could have chemical recyclability in polar
solvents such as DMF, dimethylacetamide (DMAc), and N-
methyl-2-pyrrolidone (NMP). A careful evaluation of the
soluble and partially soluble fractions showed that the molar
mass of these fractions was significantly lower than before
dissolution, which is expected to be caused by disulfide cleavage
induced by the solvent. While no control experiments were
carried out on polymers without disulfide linkages, other studies
recently confirmed that polar solvents, such as pyridine, can
chemically break disulfide bonds, which allows for the
dissolution and chemical recycling of disulfide-based net-
works.152

Instead of using the reductive-labile nature of the disulfide
bond, a different chemical recycling approach could utilize the
metathesis exchange reaction of the disulfide bond. Some epoxy
resins containing ester and reversible disulfide bonds were
reported to degrade into oligomers by the metathesis exchange
reaction of the disulfide bond in the presence of thiols.153,154 For
example, self-healingmalleable epoxy resins containing ester and
disulfide bonds were synthesized from bisphenol A, 1,4,5-
oxadithiepane-2,7-dione, and methylhexahydrophthalic anhy-
dride.155 The resulting thermoset could be fully recycled by
immersing it in a solution of di-tert-butyl disulfide in DMF at 140
°C for 0.5 h with 4-dimethylaminopyridine and triphenylphos-
phine as catalysts. The incorporation of disulfide bonds, thereby
presents an interesting option for imparting polyesters with
improved and controlled chemical recyclability. However, the
research on the resulting low molar mass products has been
limited, and it is still to be shown whether these products can
also be utilized for synthesis of new thermosets. The studies
highlighted the facile chemical recyclability of thermosets
containing disulfide bonds in their structures. Given this high
reactivity, it is imperative to strike a balance between chemical
recyclability and durability while also identifying the most
promising applications for these thermosets. This assessment
should include the optimization of relative concentrations of
disulfide and ester bonds on the chemical recyclability of the
resulting materials.

5.2.2. Biodegradation and Hydrolysis. The ability of the
disulfide bond to readily cleave into thiols under reductive
conditions can potentially facilitate biodegradation under
environmental or composting conditions.156−158 The redox
responsiveness of the disulfide bond was already utilized for
fabrication of materials for controllable degradation in
biomedical applications. For example, citrate-based polyester
elastomer with regulatable and controllable degradation rates
were synthesized by incorporating disulfide bonds in the
polymer network.159 Degradation was evaluated in phosphate
buffered saline alone or with either dithiotheitrol (DTT) or
intercellular reducing agent glutathione (GSH). The networks
lacking disulfide bonds showed no noticeable degradation, and
no significant weight loss was observed. However, for networks
containing disulfide bonds, noticeable degradation was observed
and there was significant difference between degradation in
phosphate buffer with or without DTT. The faster weight loss in
the presence of DTT was attributed to the cleavage and
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exchange reactions between disulfide bonds of the network and
thiol groups of DTT. Moreover, the degradation rate gradually
increased with increasing disulfide content. These results clearly
demonstrate that the accelerated degradation rate was related to
the disulfide bonds in the polymer networks. In the presence of
the reducing agent, GSH, the degradation rate was accelerated
up to ∼30 times depending on disulfide content. Similarly, a
disulfide-containing nanogel demonstrated fast degradation
kinetics in the presence of 11 mM GSH, degrading into small,
low molar mass dithiol-based molecules.160 In vitro studies
showed low toxicity of the nanogels and their degradation
products.

GSH is a strongly reducing, intercellular antioxidant with a
low oxidation−reduction potential (ORP) of −240 to 289 mV.
Its presence inside the cell leads to appropriate reductive
conditions for triggering the cleavage of the disulfide
bonds.161,162 Such reductive conditions can also be found in
some natural environments, where the ORP can be sufficiently
low to cleave disulfide bonds. For example, this concept was

applied for the development of poly(butylene dithiodialka-
noate) (PBDT) polymers with ester and disulfide bonds in the
main chain.146 The disulfide-containing polyesters (poly-
(butylene dithiodiglycolate) (PBDTG) and poly(butylene
dithiodipropionate) (PBDTP) were shown to be susceptible
to abiotic reductive cleavage of the disulfide bonds in lower ORP
conditions that were similar to that of seawater sediment (Figure
16). PBDTG released 76% of the thiol containing monomer
within 14 days, while the more hydrophobic PBDTP only
released 11%. Furthermore, the further biodegradation potential
of the thiol-monomers released by reductive cleavage was shown
by biological oxygen demand (BOD) test. Reductive cleavage of
the disulfide bond was not observed in environments with high
ORP, indicating their stability under normal conditions.

A similar approach has been applied through incorporation of
disulfide bonds in PBS.163,164 PBS is a promising biobased
polymer with good mechanical properties and biodegradability.
However, the biodegradability within shorter time frame is
generally limited to compost and soil. The incorporation of

Figure 16. Proposed biodegradation route for disulfide containing poly(butylene dithioalkanoate) polyesters under low and high ORP environments
(a) and the degradation of rate for the two disulfide containing polyesters (PBDTG and PBDTP) under abiotic reductive environment measured
through the release rate of thiol-monomers (b). Adapted with permission from ref 146. Copyright 2017 Elsevier.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.4c00032
Chem. Rev. 2024, 124, 8473−8515

8491

https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00032?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00032?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00032?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00032?fig=fig16&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


disulfide linkages in the main chain of PBS enhanced the
degradation rate in simulated seawater.163 The series of disulfide
containing PBS polymers, named as PBSDT, were synthesized
via the polycondensation of 1,4-butanediol, succinic acid, and
different amounts of dithioglycolic acid, with titanium
tetraisopropoxide as a catalyst. By replacing certain amounts
of succinic acid units by dithioglycolic acid, the disulfide content
in the polymer backbone could be controlled and varied. The

resulting semicrystalline polymers showed Td5% and Tm between
254 and 320 °C and 68−117 °C, respectively. Both temper-
atures decreased with increasing content of disulfide linkages in
the main chain.

Reductive degradation of the polymers was assessed by
simulating low ORP conditions to facilitate the disulfide bond
cleavage, using the reducing agent DTT to make a buffer
solution with an ORP of −94 mV. Powdered PBSDT were

Figure 17. (a) Simplified scheme for the synthesis procedure of disulfide modified PBS denoted as PBSDi copolymers. (b) Abiotic hydrolysis and (c)
CALB enzyme-catalyzed hydrolysis of PBS and PBDi homopolymers and PBSDi copolymers with different disulfide contents. Adapted with
permission from ref 164. Copyright 2023 American Chemical Society.
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placed in the buffer solution for 9 days at room temperature.
After the reduction, only small amounts of residual polymer
could be recovered. The Mn of the PBSDT significantly
decreased under low ORP conditions, suggesting the formation
of low molecular species by reductive disulfide bond cleavage.
The ORP value of −94 mV is significantly higher compared to
average values found in seawater (−150 and −200 mV).165,166 It
is thus possible that degradation would also take place in
seawater with the lower and more favorable ORP values. When
the PBSDT was treated under high ORP conditions 214 mV, no
molar mass decrease was observed. This suggests that no ester
hydrolysis or disulfide bond cleavage took place, again indicating
that the polymers are stable under normal conditions. In another
study PBS was modified by replacing different percentage of the
succinic acid units by 3,3′-dithiodipropionic acid.164 It was
shown that both the abiotic hydrolytic rate in phosphate buffer,
but evenmore clearly the enzyme-catalyzed hydrolysis rate, were
accelerated and increased as a function of disulfide-bond content
(Figure 17). The incorporation of disulfide bonds into PBS
could thus potentially extend the biodegradability in soil and
compost environments to even marine environments. More-
over, the low molar mass compounds, produced by degradation,
are expected to be further metabolized by microorganisms into
inorganic compounds.

These results show the potential of disulfide bonds to facilitate
the degradation of polyesters under environmental conditions.
This is fully attributed to the reversibility of the disulfide bond,
able to cleave under low ORP conditions, which can be
encountered in seawater and sediment with typical ORP values
between −150 and −200 mV.165,166 At the same time, the
disulfide bonds seem to be stable under high ORP conditions.
Disulfide-containing polyesters are thus potentially promising
sustainable plastics that are stable and durable when in use but
potentially degradable into low molar mass compounds that can
be further metabolized upon unwanted disposal to the
environment. The relatively fast degradation of the disulfide
bond in the presence of a reducing agent or small-molecule
thiols/disulfides facilitates recyclability and (bio)degradability
under facile conditions. However, more research on the
chemical recycling and degradation products is needed. In
particular, the possibility to use electrochemistry to facilitate
recovery of the chemical reducing agents offers an interesting
path forward.

5.2.3. Mechanical Recycling. Compared to the scientific
infancy in the utilization of disulfide bonds to enhance chemical
recycling and (bio)degradation, the application of these bonds
in mechanically recyclable thermosets is more mature. Self-
healing properties and mechanical recyclability are introduced
by the capability of disulfide bonds to undergo two associative
dynamic bond-exchange mechanisms: disulfide metathesis and
exchange reactions. Similar to the imine, disulfide metathesis
refers to the reaction between two disulfide bonds to form two
new disulfide bonds. Disulfide exchange reactions take place
between a thiol and a disulfide bond to form a new thiol and new
disulfide bonds. Such bond rearrangements can occur under
different conditions such as UV-exposure,167,168 moderate to
elevated temperatures169−171 even without the aid of a
catalyst,149,172 and under mechanical stress,173 making them
suitable candidates for inducing recyclability under different
facile conditions. The incorporation of disulfide linkages in
polymer materials such as epoxy resins149,174 and polyur-
ethanes175,176 has been widely reported. Conversely, polyesters
containing disulfide linkages have been explored less. This

despite the fact that in comparison to transesterification
reactions, the disulfide metathesis and exchange reactions can
occur at lower temperatures and without the aid of a catalyst.177

The presence of disulfide based crosslinkers can impart polyester
based networks with excellent self-healing178,179 and thermal
reprocessability,180 providing promising opportunities for
development of circular and sustainable thermosets.

A thermally recyclable polyester-based epoxy resin containing
disulfide crosslinks was obtained by conventional epoxy
chemistry between and epoxy (diglycidyl ether from bisphenol
A) and a disulfide containing acid (4,4′-dithiodibutyric acid).181
The resulting dual-dynamic network exhibited fast thermal
relaxation rates already at mild temperatures above 65 °C,
enabling thermal reprocessability similar to that of thermo-
plastics. Interestingly, when the obtained relaxation times of the
dual dynamic network were compared to networks containing
only disulfide or only ester bonds, it was observed that the
relaxation times of the dual-dynamic network were ∼28 and
∼122 times faster, respectively. Moreover, the dual dynamic
network showed heating-induced malleability above 65 °C,
while significantly higher temperatures were required for the
single-disulfide network (105 °C) and single-ester network (150
°C). This indicates that the exchange reactions of the dual-
dynamic networks are triggered much faster as compared to the
single dynamic networks and the synergy between disulfide
metathesis and carboxylate transesterification accelerates the
rate of exchange reactions. As a result, the dual dynamic network
could be reprocessed by hot press (100 °C, 1 h) for four cycles
without significant loss of mechanical properties. In another
study, fully biobased network containing ester, hydroxyl, and
disulfide bonds were synthesized through the reaction of
epoxidized starch amylopectin with diallyl disulfide and
pentaerythritol tetrakis(3-mercaptopropionate).170 The pres-
ence of the last two components facilitated rapid disulfide
exchange reaction at elevated temperatures (150−230 °C)
inducing thermal reprocessability by hot-pressing at 7 MPa and
150 °C. Interestingly, after five reprocessing cycles, the
mechanical and thermal properties improved. This self-
strengthening effect was ascribed to homogenization of the
disulfide groups and starch epoxy regions during the
reprocessing, resulting in higher crosslink density.

A dynamic elastomer was realized through the facile
polycondensation of biomass derived acids (i.e., succinic acid,
adipic acid, and sebacic acid) and the diol-1,4-butanediol.182

Small amounts of 3,3′-dithiodipropionic acid and glycerol were
added to enable dynamic exchange reactions and to provide
crosslinking sites for the network formation and elastomeric
behavior. The resulting polyester-based elastomer exhibited
good mechanical properties and high flexibility (up to 1700%).
Stress-relaxation, indicating disulfide exchange reactions, was
observed at temperatures ranging from 120 to 180 °C. The
reprocessability of the materials were assessed by cutting the
materials into smaller pieces, followed by hot-pressing for 5 min
at 180 °C under 10 MPa. No significant loss in mechanical
properties was observed after 4 cycles of reprocessing. Another
sulfide group containing polyester elastomer was synthesized
from biobased diols and diacids.183 The double bond in itaconic
acid and a priori synthesized inverse vulcanized sulfur-polymer
were utilized for crosslinking. The resulting crosslinked biobased
polyesters showed superior mechanical properties and the ability
to be malleable and recyclable. Stress relaxation was observed at
>120 °C for the thermoset containing S−S bonds, while this was
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not observed for the reference thermoset with no S−S bonds.
Recyclability by hot-pressing was demonstrated.

Disulfide containing polyesters can thus be obtained through
simple and facile epoxy or polycondensation chemistries.
Moreover, there is a vast number of possible monomers from
fossil and biobased resources that can be utilized for the design
of disulfide containing polyesters. Disulfide exchange reactions
are activated at moderate to elevated temperatures, giving the
material inherent circularity promoting properties such as self-
healing, thermal reprocessability, chemical recyclability, and
potentially even higher susceptibility to biodegradation (Figure
18). The combination of disulfide and ester groups within the

same network is a promising enabler of mechanical recyclability.
However, additional research is warranted to explore the impact
of this combination in both aliphatic and aromatic networks to
establish both themechanical recyclability, influence onmaterial
properties, and long-term performance of the materials. So far,
most studies utilized the disulfide bond for development of
thermally reprocessable thermoset, while the potential as
enabler for closed-loop chemical recycling and biodegradation
should be further investigated. A potential disadvantage with this
approach is the unattractive odor of some disulfide compounds.
5.3. Polyester-Acetal
Acetal is a functional group with a general structure of
R2C(OR′)2, where two distinct oxygen atoms are single bonded
to a central carbon atom. A well-known example of a polyacetal
is the commercially available polyoxymethylene (POM), an
engineering thermoplastic with high crystallinity and great
mechanical properties, as well as chemical stability against many
common organic solvents.184 The acetal functionality also
imparts POM with chemical recycling capabilities, which stem
from the ability of acetals to undergo hydrolytic degradation
under mildly acidic conditions, with pH < 7.4.185,186 Even other
acetal-based polymers can potentially be hydrolyzed into alcohol
and aldehyde/ketone-functional monomers under acidic
conditions, making them promising candidates for the design
of circular polymers that can undergo biodegradation and
chemical recycling to monomers.187,188 Due to the ubiquitous
presence of acetal linkages in biodegradable natural poly-
saccharides, such as cellulose and starch, the introduction of
acetal linkages could also facilitate the biodegradation of
aliphatic polyesters.

5.3.1. Chemical and Mechanical Recycling. The
reversible dynamic nature of the acetal functionality has been
widely applied for fabrication of circular thermosetting
materials.189,190 The recyclability is attributed to the acid-
catalyzed dynamic behavior of acetal-bond, enabling exchange
reactions such as acetal metathesis and transacetalization. Acetal
metathesis is the exchange reaction between two separate acetal
structures, while transacetalization is the reaction of an acetal
with a hydroxyl group to form a new acetal group. Moreover, the
depolymerization of polyacetals in the presence of a strong
catalyst can result in the recovery of near quantitative yields of
starting monomers.187 However, incorporation of acetal groups
in polyesters to induce recyclability is still a largely unexplored
opportunity.

A polyester-acetal designed for recyclability was synthesized
from a biobased building block containing bifuran and glycerol
acetal structures (BFG) and end-capped with hydroxyl
groups.191 This monomer was further polymerized with succinic
acid to yield the polyester-acetal (PBFGS), containing bifuran,
ester and acetal groups in the main-chain. The thermal
properties of the obtained polyester-acetals were evaluated
and compared to the polyester poly(bifurfurylene succinate)
(PBFS), in which the acetal structure was replaced by a −CH2−
group. Td5% increased from 214 °C for PBFS to 331 °C for
PBRGS, and Tg from 43 to 61 °C, respectively. The presence of
the acetal groups in the polymer backbone thus enhanced the
thermal properties and stability.

Recyclability was evaluated by facilitating the acetal-exchange
reaction in the presence of alcohol (i.e., glycerol). Heating the
polyester-acetal in glycerol at 150 °C for 3 h promoted acetal-
exchange reactions in the polymer backbone, leading to the
cleavage of the chain. After extraction of the residues, BFG, the
PBFGS monomer, could be quantitatively (99%) recovered. In
addition, PBFGS was also recyclable via acid-catalyzed reaction
by treating with trifluoroacetic acid, which resulted in the
recovery of bifurfural (BFF), a well-knownmonomer that can be
converted to BFG by acetalization with glycerol. No comparison
between the recyclability of the polyester-acetal and polyester
was performed. Another study demonstrated closed-loop
recyclability of polyester-acetals produced from aromatic
aldehydes containing different substitutions with halogen side
groups and cyclic anhydrides.192 In these polymers two ester
bonds were connected by a tertiary carbon atom which results in
an integrated acetal-ester functionality. Without the presence of
solvents or catalysts, the materials were sublimated under
vacuum at 180 °C for 8 h to yield a mixture of the corresponding
aromatic aldehydes and cyclic anhydride monomers. This
nonpurified mixture could be repolymerized to obtain a polymer
with the same structure and similar molar mass to the original
nonrecycled polymer.

A different approach to acid-catalyzed chemical recycling was
taken by designing biobased polyesters with spirocyclic acetal
units.193 The polyester-acetals were obtained by transester-
ification and polycondensation reactions of biobased diols (i.e.,
vanillin based spirocyclic acetal diol and neopentyl glycol) and
dimethyl terephthalate at temperatures ranging from 180 to 200
°C. The obtained polyester-acetals exhibited good thermal
stability up to 300 °C and relatively high Tg values between 70
and 105 °C depending on the content of spirocyclic acetal
moieties. Chemical recyclability was demonstrated by selective
acid-catalyzed hydrolysis of the acetal groups in the polymer
backbone, yielding structurally defined telechelic oligoesters
with terminal aldehyde groups. These aldehyde end-capped

Figure 18. Summary of the disulfide chemistry and how it can enhance
mechanical recycling, chemical recycling, and (bio)degradation.
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oligoesters could be conveniently converted back to the initial
polyester-acetal structures by reaction with pentaerythritol
(Figure 19). Apart from the chemical recycling, the dynamic
behavior of the acetal groups was also utilized for design of dual-
dynamic thermally recyclable polyester-based CANs.194 The
networks were designed by using styrene as the main monomer
and maleic anhydride and acetal diol as crosslinkers. The dual
dynamic CAN exhibited relatively high Tg (<97 °C) and good
thermal stability with Td5% > 225 °C. Moreover, the presence of
the styrene monomer and crosslinkers endowed the networks
with high tensile modulus (1.5−1.8 GPa) and tensile strength
(20−40 MPa). The dual-dynamic CAN exhibited faster stress
relaxation capabilities (47 s at 200 °C) compared to the single-
dynamic ester CAN (710 s at 200 °C), indicating synergy
between ester and acetal groups to accelerate exchange reactions
and dynamic behavior. The dual-dynamic CAN showed
excellent reprocessability by remolding at mild to high
temperatures.

Thus, the acid-labile nature of the acetal group can impart
polyester-acetals with chemical recyclability under milder
conditions in comparison to corresponding polyesters. More
efforts should be devoted to reduce the number of steps required
for the chemical recycling procedure and to avoid the use of
organic solvents where possible. At the same time the exchange
reactions of the acetal functionality triggered at elevated
temperatures can improve the thermal reprocessability. The
incorporation of acetal groups can also have positive influence
on thermal properties, such as thermal stability and Tg.
Moreover, acetals can be produced from various biobased
polyols (e.g., pentaerythritol and glycerol)195,196 with biobased
ketones and aldehydes (e.g., levulinic acid, vanillin, furfu-
ral),195,197,198 or lignin,199 making them good candidates for the
synthesis of circular biobased polymers.

5.3.2. Biodegradation and Hydrolysis. The susceptibility
of polyester-acetals to hydrolysis and biodegradation was
demonstrated by the introduction of acetal units in the polymer

backbone of a well-known biobased polymer, PBS.200 Using a
rigid spirocyclic diacetal monomer, a series of poly(butylene
succinate-co-spirocyclic succinate) (PBSS) was synthesized via
facile melt polycondensations with spiroacetal content ranging
from 0 to 80%. Thermal analysis showed that with increasing
content of acetal units, the Tg and thermal stability increased.
The Tg values increased from −34 °C for PBS to 49 °C for
PBSS80 (80 mol % acetal units). The Td5% ranged from 340 to
359 °C for the different PBSS, and the values were appreciably
higher compared to PBS (Td5% = 320 °C). In addition to
improved thermal properties the incorporation of acetal groups
also improved the mechanical properties.

The degradability of the polyester acetals in acidic phosphate
buffer with and without lipase enzymes (i.e., lipase from porcine
pancreas andCandida antarctica lipase B, CALB) wasmonitored
at 37 °C for 4 weeks. The hydrolysis rate of the polyester acetals
with lower acetal content (<50%) was relatively low, with a
detectable weight loss of 1−2.5% after 4 weeks. The addition of
lipase enzymes significantly accelerated the hydrolysis rate of
low acetal content PBBS, and after 4 weeks the weight loss
ranged from 50% and 70% for PBBS10 (10% acetal) and PBBS20
(20% acetal), respectively. For the materials with higher acetal
content (>50% acetal), the hydrolysis was completely inhibited
even in the presence of lipase enzymes. Higher concentration of
the rigid spirodiacetal moieties likely increased the steric
hindrance as well as the crystallinity of the material, thus
limiting the enzyme-catalyzed hydrolysis. Degradation was only
observed in strong acidic media (1 M HCl), in which the acid-
labile acetal groups were cleaved. Similarly, poly(butylene
terephthalate-co-spirocyclic terephthalate) only degraded in
strong acidic environment.201 Different exocyclic hemiacetal
esters, synthesized from 7-methoxyoxepan-2-one (MOPO),
hydrolyzed within minutes in acidic environment (1MHCl).202

The hydrolysis product were low molar mass compounds with
alcohol, aldehyde, and carboxylic acid end-groups. In a basic
environment (1 M NaOH), complete degradation was not

Figure 19. (A) Synthesis of copolyesters with spirocyclic acetal groups. (B) Closed loop chemical recycling of the synthesized polymers. Reproduced
from ref 193. Copyright 2023 The Authors CC-BY 4.0. Published 2023 American Chemical Society.
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achieved and complex degradation products with higher molar
mass were obtained.

Another study showed that the adjacent placement of an ester
group to the acetal in the polymer chain generates an activated
acetal, thus enabling faster hydrolysis and degradation even
under relatively mild acidic conditions (pH 7.4−4.4).203 During
this study, an acid-sensitive degradable polyester acetal was
synthesized using a single cyclic ester acetal 2-methyl-1,3-
dioxane-4-one (MDO) as a monomer. The single monomer was
polymerized in bulk using diethyl zinc as catalyst and benzyl
alcohol as the alcohol. By varying the catalyst concentration, the
corresponding polyester-acetal (PMDO) with adjacent ester-
acetal groups and the aliphatic polyester poly(3-hydroxypro-
pionic acid) (PHPA) were obtained via different polymerization
mechanisms (Figure 20).

To assess the susceptibility to hydrolytic degradation, both
polymers were subjected to neutral or slightly acidic environ-
ments (pH 7.4, 6.4, 5.4, and 4.4) at room temperature for 10
days. During the degradation test samples were taken periodi-
cally and the molar mass changes were followed by SEC. As
anticipated, the polyester PHPA was stable at the tested pH
range and did not degrade appreciably. In contrast, theMn of the
polyester-acetal, PMDO, decreased significantly with decreasing
pH. At the most acidic pH (4.4) the Mn decreased from 18 kg/
mol to only 3 kg/mol over 10 days. In neutral pH of 7.4, a much

smaller decrease from 18 to 14 kg/mol was observed.
Considering the short time scale of the experiment, the aliphatic
polyester-acetal showed susceptibility to degradation even at
neutral pH, which indicates promising potential for degradation
in a natural environment. These results illustrate how the low
hydrolytic stability of the acetal group facilitates the degradation
in neutral to acidic environments. Although the degradation
products and recyclability efficiency of the above-mentioned
polyester-acetals were not further studied, the susceptibility of
the acetal group to hydrolysis could likely also be used for facile
chemical recycling of polyester-acetals.

It was also demonstrated that enzymes can further catalyze
hydrolysis of polyester-acetals, enabling their degradation in
natural environments with neutral pH values.204 A polyester-
acetal was synthesized from a bicyclic carbohydrate-based
monomer, dimethyl 2,3;4,5-di-O-methylene galactarate (Galx).
This compound is the dimethyl ester derivative of galactaric acid
with the hydroxyl groups acetalized with formaldehyde, and it is
readily synthesized from the commercially available mucic acid.
Mucic acid is in turn obtained from the carbohydrate galactose
and can thus be traced to biobased resources. The linear
carbohydrate-based polyester acetals were synthesized via facile
melt polycondensation between Galx and different 1,n-
alkanediols. The resulting semicrystalline polyester acetals
were thermally stable up to 350 °C, and showed Tg values in

Figure 20. Comparison of the hydrolytic degradation rate of (a) a polyester-acetal (PMDO) and (b) a polyester (PHPA) in aqueous solutions at room
temperature and pH range 4.4−7.4. (c) A simplifies scheme over the synthesis and chemical structures of the polyester and polyesteracetal. Adapted
with permission from ref 203. Copyright 2014 American Chemical Society.
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the range of −17 to −6 °C, while Tm values were observed
between 70 and 85 °C. To analyze the effect of acetal functions
on the hydrolytic degradation and enzyme-catalyzed hydrolysis,
a comparative degradation study was performed on the
polyester-acetal and poly(alkylene adipate), in which the
acetal-based monomer was replaced by adipic acid to form a
polyester.

Samples of the two polymers were first subjected to aqueous
media with respective pH values of 2.0, 7.4, and 10.5 at room
temperature for 2 months. The hydrolytic degradation process
was evaluated over time by measuring the weight loss and molar
mass of the residual polymer. The molar mass and the residual
weight of the polyester remained constant over time. In contrast,
the polyester-acetal exhibited a weight loss of 4% at pH 7.4 and
15% at pH 2.0 over a 55-day time period. TheMn andMw values
also significantly decreased over time. The Mw of the polyester-
acetal decreased from ∼40 to 20 kg/mol and ∼12 kg/mol at pH
7.4 and pH 2.0, respectively. This indicates that the hydrolytic
degradation of the polyester-acetal was significantly accelerated
due to the presence of acetal-groups. The polyester-acetals were
also incubated for 21 days at 37 °C in aqueous medium with pH
7.4 containing the Amano lipase from Pseudomonas f luorescens
or lipase from porcine pancreas. In this case, both the polyester
and polyester-acetal degraded, but the weight loss and decrease
in molar mass were more significant for polyester-acetal,
indicating that the acetal groups attribute to a greater degree
of degradation. Control experiments confirmed that the
presence of enzymes accelerated the degradation process.

In a similar study, bicyclic acetalized carbohydrate-based
monomers from galactaric acid were incorporated in the
polymer backbone of poly(butylene terephthalate) (PBT) by
replacing the diol (1,4-butanediol) or diacid (dimethyl
terephthalate) monomers with the acetal functionalized
monomers 2,3:4,5-di-O-methylene-galactitol and dimethyl
2,3:4,5-di-O-methylene-galactarate, respectively.205 The syn-
thesis took place via facile melt polycondensation at temper-
atures between 160 and 240 °C. Hydrolytic degradation
experiments were carried out by immersing samples in an
aqueous solution at pH 2.0 and 80 °C for 55 days. For a
copolymer where half of all diol units were replaced by an acetal-
based monomer, a weight loss of 18% was observed together
with an appreciable decrease in Mn and Mw. These decreases in
molar mass and residual weight became more apparent with the
increasing acetalized galactaric unit content in the polymer
main-chain, showing that the hydrolytic degradation is
significantly enhanced by the presence of acetal functionalities.
Interestingly, enzymatic degradation did not result in significant
decrease in molar mass.

The ability of the acetal linkage to undergo hydrolysis under
mild acidic conditions could potentially accelerate the
susceptibility to degradation under different environmental
conditions, for example, in seawater. This was demonstrated by
the incorporation of acetal groups into the main-chain of
polylactic acid (PLA) via ring-opening copolymerization of
lactide and 1,3-dioxolan-4-one (DOX).206 The incorporation of
DOX did not affect theTg of PLA but it did decrease theTm from
174 °C for PLA homopolymer to 116 °C for the polyester-acetal
with the highest (36%) acetal incorporation. The degradation of
PLA and polyester-acetal with 4% DOX content was assessed in
aqueous media with pH values of 1.0, 5.0, 7.0 (distilled water)
and 7.5 (seawater, with a reference to Atlantic Ocean, pH = 7.5−
8.1) over a time period of 45 days. The PLA homopolymer
showed no measurable changes under these conditions. For the

polyester-acetals, the maximum weight loss was 2%, while the
molar mass decreased by 35% at pH 1 and by 15% in simulated
seawater. In addition, some surface erosion was observed. Even
though the weight loss was insignificant, the clear reduction in
molar mass indicates that the presence of acetal functionalities in
the PLA backbone facilitates the water degradability. This also
agrees with the typical hydrolytic degradation process starting by
molar mass reduction, which is later followed by weight loss due
to formation of water-soluble products.207

Some studies also showed that dithioacetal and dithioke-
tal208−210 functionalities can facilitate (bio)degradation under
oxidative conditions in the presence of reactive oxygen species
(ROS). Since prevalence of ROS is increased in certain cells (i.e.,
cancer cells), ROS-mediated (bio)degradation of polythioace-
tals and polythioketals have been mainly used in biomedical
applications such as controlled drug delivery systems. In this
regard, a biodegradable and ROS-responsive poly(ester-
thioacetal) was designed for antitumor drug delivery applica-
tions.211 The poly(ester-thioacetal) was synthesized by
polycondensation reactions methoxy poly(ethylene glycol)
(mPEG) and 1,6-hexanediol, together with a diacid linker
containing a thioacetal functionality, obtained from the reaction
between cinnamaldehyde and 3-mercaptopropionic acid. To
investigate the ROS-mediated degradation of the obtained
poly(ester-thioacetals), the polymers were incubated in aqueous
H2O2 (250 mM) for 0, 6, and 24 h. 1HNMR results showed that
characteristic thioacetal bonds slowly disappeared over time,
indicating its oxidative cleavage of the thioacetal groups. The
oxidative degradation of thioacetal and thioketals have not been
further studied in terms of degradable polyesters, however,
similar results were obtained for polyurethanes containing
thioacetals and thioketal groups.212

Thus, when incorporated in the main chain of a polymer the
acetal groups show great potential in imparting polymers with
higher susceptibility to degradation under environmental
conditions, while the polymers still maintain good thermal
stability and mechanical properties. However, so far mainly
hydrolytic degradation (including acid- and enzyme-catalyzed
processes) was investigated, while studies on biodegradation
and/or composting are lacking. More research is, therefore,
needed to evaluate and define the potential of this approach for
accelerating biodegradation under different simulated and real
environmental conditions.
5.4. Polyesters with Photoreversible Bonds

Modification of polyesters with photoreversible structures
provides potential for facile chemical recyclability and
potentially also enhanced biodegradability through cleavage to
monomeric or oligomeric structures. These structures can then
either be reformed into new product or be more easily further
biodegraded compared to high molar mass polymer. Photo-
polymerization, defined by De Schryver et al. in 1971 as a
process where each propagation step results from a photo-
chemical reaction,213 offers a way of implementing reversibility
into a material under mild conditions. Some photodimerizable
compounds offer photoreversibility through bonds that can be
formed and cleaved back to the original structures by irradiation
of light of specific wavelengths (Figure 21). Most commonly,
reversible photodimerization is observed for conjugated
molecules, such as coumarin, cinnamic acid, or anthracene,
which are all capable of forming dimers through [4π + 4π] or [2π
+ 2π] cycloaddition reactions when irradiated with UV light.214

Here, we will give examples of utilization of coumarin,
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cinnamoyl, and anthracene, three common photoreversible
compounds, to design more circular polymer materials.

Cinnamic acid is a biobased and biocompatible compound
that can be isolated from cinnamon bark and other biomass
resources. The conjugated vinyl structure of cinnamic acid
allows the compound to dimerize under UV light, forming a
cyclobutene structure in one of two possible conformations.215

By performing substitutions of the carboxylic acid unit, a range
of different cinnamoyl derivatives can be achieved, the most
common being cinnamate or cinnamamide. By changing the
substituents, the light required for dimerization and cleavage will
also change, but generally, light in the region of 260−300 nm is
used. One of the possible derivatives of cinnamic acid is
coumarin, another biobased and biocompatible structure that
can photodimerize.216 Upon irradiation of light above 300 nm
coumarin dimerizes through the formation of a cyclobutene
structure in one of four possible conformations; syn head-to-
head, syn head-to-tail, anti head-to-head, or anti head-to-tail.217

The reversible cleavage requires high energy light, most often a
UV lamp at 254 nm is used, which can sometimes lead to
damage to the surrounding material matrix as well as side
reactions. Anthracene can go through a [4π + 4π] cycloaddition
upon irradiation of light above 300 nm. Photocleavage of dimers
can be achieved using either high-energy light with a wavelength
below 300 nm or through thermal dissociation at temperatures
in the range of 100−200 °C, depending on the substituents.218

Cleavage of the dimers through thermal dissociation generally
allows for a more efficient reversal of the dimer structure, but it
also puts limits on the thermal stability of materials. In addition,
anthracene is sensitive to irreversible side reactions as it reacts to

form stable endoperoxides, when irradiated with UV-light in the
presence of molecular oxygen.219

With the use of UV lamps irradiating at highly specific
wavelengths, a high level of control can be achieved for both
dimerization and cleavage reactions. So far, this targeted
reversibility was mainly implemented in biomedical220 and
energy applications.221 Within polymer science, photoreversible
structures have been used to create stimuli-responsive materials
that can change properties upon changes in the environment.222

The use of photoreactive structures offers greener reaction
conditions ideally without need to add initiators or catalysts.
This could further offer a route to greener polymer circularity
through de- and repolymerization at ambient temperature.

5.4.1. Crosslinked Polyesters. Implementing photorever-
sible structures at the end of polymer branches could enable
crosslinked networks that are reversible back to linear
thermoplastic structures, i.e., recyclable thermosets. This
concept has already been used for the development of self-
healable thermosets with tunable material properties.223,224 As
an example, photoreversibly crosslinked polyurethane networks
based on PCL diols, triols and tetrols, 1,4-butanediol, and either
hexamethylene diisocyanate (HDI) or isophorone diisocyanate
(IPDI) were synthesized and functionalized with coumarin
units.225,226 Irradiation of the films with 354 nm UV light led to
approximately 90% dimerization yields after 30 min. This was
determined to be the optimal light region, as shorter
wavelengths (313 nm) led to irreversible side reactions and
longer wavelengths (365 nm) required significantly longer
reaction times. The reverse photocleavage reaction was
performed using light at 254 nm and led to 75−80% conversions
back to nondimerized structures. Repeating the cycle of
photodimerization followed by photocleavage showed that the
reversibility remained even after nine cycles, although with a
decreasing yield for every cycle. Losses in reversibility were
noted to occur mainly during photocleavage when irradiating
with high energy light. In terms of mechanical properties,
samples showed tensile stress values that increased from the
initial values around 1−2 MPa to 2−6 MPa. In the same way,
strain to failure was reported to increase significantly after
irradiation, from initial values at 40−70% up to approximately
100−650%.

Pendant amidocoumarin groups were implemented into
either soft (PCL) or hard (IPDI) regions of polyurethane
networks using a short diol linker.225 It was shown that the
position of pendant amidocoumarin groups impacted the
photoreactivity and photoreversibility of the polyurethane
networks. Having the amidocoumarin units in the soft segments
led to slower dimerization kinetics compared to when they were
incorporated in the hard segments (90min versus 60min), while
the opposite was observed for the reversed reaction (90 s versus
6 min). Placement of the amidocoumarin units in hard regions
also resulted in overall less photoreversible material, with lower
recovery yields after each cycle of dimerization and cleavage,
which was attributed to the reduced mobility of coumarin units.

Photoreversible groups have also been implemented to
develop reusable and self-healing thermosetting adhesives.227,228

The utilization of photoreversible bonds instead of thermor-
eversible bonds offers advantages in terms of energy efficiency,
targetability as well as wider useable temperature range.229

There is still limited work on combining polyester-based
adhesives with photoreversibility. However, end-functionaliza-
tion of epoxidized soybean oil (ESO) with coumarin units lead
to self-healable and thermally stable adhesives.230 Incorporation

Figure 21.Utilization of photoreversible groups in the polymer chain to
chemically recycle polymers to oligomeric products that can be
repolymerized in closed-loop or potentially biodegraded. Examples of
typical photodimerization reactions for coumarin, cinnamoyl, and
anthracene, two common photoreversible groups.
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of flexible ester linkers between the ESO backbone and
coumarin units led to more efficient dimerization and photo-
cleavage reactions with 75−80% yield compared to 36% yield for
the sample without a linker. The reversibility of adhesive
properties was tested by adhering two quartz slides together and
by repeatedly irradiating the joint with either 365 or 254 nm
light. The strength of the adhesive was determined to be greater
than for previously reported similar UV-curable adhesives, with
a maximum measurable lap-shear strength of 3.1 MPa. Cyclic
cleavage and repolymerization of the material gave a gradually
decreasing adhesion for each cycle (94% recovery for first cycle).
This was explained by photochemical equilibrium and side
reactions during photocleavage.

Other studies implemented anthracene moieties as the
photoreactive structures for reusable adhesives,231 which
enabled reversibility using either UV irradiation or heating.
Anthracene has also been reported to have higher activity for
cycloaddition compared with coumarin as well as a better
processability.232 As an example thermosetting polymer network
based on PCL-diol, 1,4-butanediol and 4,4′-methylene bis-
(cyclohexyl isocyanate) was functionalized with pendant
anthracene units.233 The incorporation of PCL units led to a
partially crystalline material with Tg values below room
temperature. This led to higher adhesive strength, with a lap-
shear strength up to 7.5 MPa. To design a system that was
flexible enough for efficient crosslinking and decrosslinking,
pendant anthracene units were implemented using flexible 2-
mercaptoethanol linkers. However, it was concluded that more
research is needed to achieve a more reversible polymer
network.

Biocompatible polyesters with photoreversible groups have
also been synthesized for use in drug delivery systems.234,235

Coumarin-containing polyesters were synthesized by utilizing 7-
(hydroxypropoxy)-4-(hydroxymethyl)coumarin as a diol, step-
wise polymerization was performed with adipic acid, sebacic
acid, or Boc-L-glutamic acid. The resulting polyesters underwent
reversible crosslinking and decrosslinking by irradiation at 350
and 254 nm light, respectively, similar to what has been shown
for other coumarin-containing polymer networks. The coumarin
units in the main polymer chain also led to irreversible chain
scission at the 4-position, when polymers were irradiated with
UV light. For irradiation at 254 nm, chain scission was highly
efficient and led to an irreversibly degraded material. However,
during irradiation at 350 nm, the efficiency of the chain scission
was shown to be highly dependent on the state of the polymers.
Solid-state films favored reaction through crosslinking and chain
scission was favored when the polymers were dissolved in
CHCl3.

Utilization of photoreversibility to facilitate biodegradation of
materials is a field that has not yet been widely explored. Most
often, photoreversible units are implemented as a way of
achieving more control in smart materials, which are not
designed for complete degradation. A few studies have, however,
looked into functionalization of materials already known to be
degradable, such as PCL or PLA, with photoreversible
units.236−238 For example, one study used poly(ester urethanes)
functionalized with cinnamoyl units to achieve shape memory
materials with tunable degradability.239 Polyesters were
synthesized through polycondensation with diester cinnamoyl
derivatives together with diols and end-functionalized with
methacrylate units through urethane linkages before thermal
crosslinking. By altering the structure of either the cinnamoyl
derivative or the diol used in polycondensation, a range of

different thermal and mechanical properties could be achieved,
with Tg ranging from −13 to 52 °C and Young’s modulus from
0.4 to 61 MPa. Degradation studies were performed in
phosphate buffer saline at pH 7.4 and 37 °C. Mass losses of
30−40% were reported after 40 days of hydrolysis. Shape
memory was programmed by irradiating the polymer films with
302 nm UV light, while stretching. The shape could then be
reversed by irradiation with 254 nm light. Thermal shape
memory could be programmed by heating and shaping networks
at temperature above respective Tg. This means that multishape
memory networks were achieved, where the shape could be
altered by two different triggers.

5.4.2. Linear Polyesters. Incorporation of photoreversible
groups within the main polymer chain allows for the synthesis of
reversible structures that can be broken down to lowmolar mass
compounds under controlled conditions. This could potentially
enable efficient chemical recycling of plastics under mild
conditions. Early work on linear photoreversible polymers
often focused on implementing high concentrations of photo-
reversible groups, leading to highly photoreactive polymer
structures.213,240 However, this generally resulted in high degree
of degenerates (in some cases >50%) for each cycle of cleavage
followed by redimerization.241 More recent work in this area
therefore focused on chain scissions leading to oligomeric
structures.

Different factors determining the structural features of dimers,
including both competition between different conformations, as
well as competition between intermolecular versus intra-
molecular dimerization, have been investigated.240 Short-chain
polyester linkers of varying lengths were end-functionalized with
coumarin derivatives to study their dimerization behavior.228,232

By incorporating a methyl substituent on coumarin, both the
stereochemistry and photoreactivity could be controlled. Using
unsubstituted structures was shown to lead to a preferential
head-to-head conformation of dimers, while the methyl
substituent led to exclusive formation of only head-to-tail
conformation. A similar study using short-chain polyethers also
showed that the unsubstituted dimerization reaction gave a
higher yield compared to substituted structures (79% versus
66%). However, as the linker of the substituted dimers was
slightly weakened due to steric hindrance, the resulting material
was shown to be more easily photoreversible.241 In terms of the
length of the polyester linkers, dimerization tests showed that
using shorter linkers favored intramolecular cyclization, while
longer linkers instead favored polymerization. This allows for a
straightforward way of designing photoreactive materials for
different applications. How to favor the intramolecular reactions
during photodimerization has been further investigated in
several studies since then.242−245 As an example, PCL was end-
functionalized with anthracene units to synthesize reversibly
cyclic PCL (cPCL) of high molecular weights and variable ring
sizes.246 By varying the concentration of end-functionalized
PCL in solution during irradiation, rings of different sizes could
be synthesized. Reversibility of the cPCLs was tested through
thermal dissociation of anthracene units at 160 °C, showing a
clear decrease of molecular weights. The degree of dissociation
was however reported to be low, leading to yields of
approximately 50% of cleaved anthracene structures.

Alternating associative polymers (AAP) containing anthra-
cene units were developed to synthesize ultrahigh molecular
weight photoreversible polymers.247 A hydrophilic PEG back-
bone was end-functionalized with hydrophobic chain-ends using
HDI and ester-linked anthracene to form telechelic associative
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polymers (TAP) with a molecular weight of 23.5 kg/mol.
Dissolving TAP in water led to the formation of micelles where
anthracene units were closely packed together in the hydro-
phobic core. Irradiation with 365 nm light led to very efficient
dimerization conditions, and polymers with molecular weight
over 850 kg/mol were achieved. For polymer solutions
containing 2 wt % TAP, UV irradiation led to a clear phase
transition, from a low viscosity system to a gel. This was reported
to be due to bridging of some polymer chains across several
micelles. This created a physical network of AAP, which was
unable to relax in finite time. The photoreversibility of this
systemwas also shown to be high, with yields close to 100% after
five cycles of irradiation followed by heating at 150 °C. A similar
system and gel formation was also reported starting from
coumarin.248 However, because of the limiting reactivity of
coumarin with dimerization plateauing at approximately 80%
compared to 99% for anthracene, the systemwas unable to reach
the same high molecular weight.

The mild reaction conditions needed for photodimerization,
requiring no catalysts, additives, or heating, can be utilized for
synthesis of novel circular polymers. In this context, polyesters
containing pendant perfluorophenyl were synthesized.249 A
perfluorophenyl diol was difunctionalized with 4-(anthracen-9-
ylmethoxy)-4-oxobutanoic acid and photopolymerized under
365 nm light to form polymers with number-average molecular
weight in the range of about 8000 Da. Through a
postfunctionalization step, the perfluorophenyl unit could then
be exchanged with a variety of different amines, such as furfuryl
amine, benzyl amine, and propargyl amine, under mild reaction
conditions. The reaction resulted in good yields of up to 100%.
The photoreversibility of the system was, however, not
evaluated.

The noncomplete reversibility after photocleavage and
photodimerization is a continuous challenge for the develop-
ment of photoreversible materials. This is often attributed to a
combination of side reactions, resulting in irreversible structures
as well as equilibrium between dimerized and cleaved
structures.230 To increase the reversibility, several studies
investigated the relationship between substituents, substituent
positions, and resulting photoreactions. As an example, the effect
of using different substituents as linkers at the 9-position of
anthracene250 respective 2,6-substitutions was evaluated.251

Changing the linker was, however, reported to have modest
effect on the photodimerization kinetics while changing the
concentration and light intensity had stronger impact.

For thermal cleavage of dimers, the choice of linker had a
more significant impact. Linkers consisting of methyl esters led
to highly stable dimers which needed temperatures in the range
of 160−180 °C to thermally cleave, while dimers with linkers
attached through ether bonds only needed temperatures in the
range of 100−120 °C to cleave. Other linkers, such as longer
alkane chains and esters formed dimers of intermediate stability,
being placed between these two extremes. Regarding sub-
stitution position, an electron-withdrawing ester was synthe-
sized from an anthracene derivative containing a 2,6-substitution
of an electron-donating methoxy group. This structure showed
faster dimerization kinetics under 365 nm light, with 98%
conversion after 1 h versus 43−82% conversion for anthracene
dimers substituted at the 9-position. The resulting dimers from
2,6-substitution had higher thermal stability compared with 9-
substituted ones and a temperature of at least 180 °C was
needed to cleave the structures efficiently. For coumarin, the
problem of noncomplete reversibility is even more prevalent.

Especially during photocleavage, when high energy UV light is
needed, irreversible bonding and equilibrium reactions affect the
final yield achieved. A recent study using intramolecular
dimerization of pendant coumarin units showed that the
reversibility of the system could be increased by irradiating the
material at lower temperatures while also using a rigid polymer
matrix.252 By using a rigid PMMAbackbone and irradiating at 10
°C, a high degree of reversibility was shown even after seven
cycles. However, losses of around 20% were still seen after the
first cycle, which were attributed to depletion of internal material
strains as well as possible side reactions.

There are still many knowledge gaps in understanding the
photoreversible reactions and optimization of photoreversible
materials. Ideally, photoreversibility could offer an efficient way
of making more environmentally friendly thermoplastics and
thermosets that are recyclable under mild conditions. Combin-
ing photoreversible bonds with dynamic ester bonds could be a
promising route to materials with facile chemical recyclability
and biodegradability. The main limiting factor for photo-
reversible material is still the noncomplete reversibility and
different side reactions. More work is required to understand
and optimize the reversibility by design of linkers, substituents,
and reaction conditions.

6. ADDITIVES TO CATALYZE DEGRADATION OF
POLYESTERS

As an alternative strategy to tailor the end-of-life behavior and
fate of materials, additives can be incorporated in the polyester
matrix to trigger the degradation under specific conditions.
Ideally, these additives do not change the material properties
and processability of the product, while they can effectively
initiate and ensure the degradation of the material after service.
The possibility to accelerate the biodegradation of polyesters by
inclusion of plant fibers was recently reviewed and will not be
further discussed here.253 Instead, we will briefly discuss
chemical or biological catalysts as additives that can accelerate
the hydrolytic degradation rate when the material comes in
contact with aqueous environments, soil, or compost. We will
start by visiting photocatalytic additives that can trigger the
degradation when the material is subjected to sunlight or UV
irradiation.
6.1. Chemical Catalysts

Photocatalytic particles have been utilized to modulate and
accelerate polyester degradation. As an example, nanocompo-
sites comprising of 5 wt % of titanium dioxide (TiO2) particles
and biodegradable PBS were produced using high-shear
extrusion.254 TiO2 particles were well-dispersed within the
PBS matrix, and the material maintained its mechanical strength
compared to neat PBS. When subjected to simultaneous UV
irradiation and Amano Lipase PS from Burkholderia cepacia, the
TiO2/PBS composites were more readily degraded compared to
TiO2/PBS or PBS subjected to photocatalytic oxidation or
enzymatic hydrolysis alone. Indeed, the enzymatic degradation
rate of TiO2/PBS was lower than what was observed for pure
PBS. This was explained by inhibition of enzyme adsorption
onto PBS surface caused by the TiO2 particles. In this context,
the weight loss of the TiO2 composites subjected to a 3-day
treatment by bothUV irradiation and enzymes was ∼44% higher
compared to the weight loss of neat PBS under same conditions
and over a similar time period, showing that the photocatalyst
accelerated the degradation rate. In the same frame, the
degradation of PHB films containing immobilized nanosized
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TiO2 was assessed.255 The photocatalytic activity of TiO2 was
preserved in the PHB−TiO2 composite, as demonstrated by
efficient photocatalytic decolorization of methylene blue and
sterilization of Escherichia coli. The effect of TiO2 on
biodegradation of PHB was found to depend on the soil
microbial activity and submission to UV irradiation. The
composite films showed faster degradation over a duration of
43 days when exposed to direct solar illumination at soil surface,
indicating photocatalytic influence, while buried films exhibited
slower degradation rates. The photoactivity of the composite
might, however, reduce the viability of the microorganisms on
the material surface, which may present a trade-off between
photocatalytic degradation and biodegradation. In a recent
study, poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
(PHBH) was coated with cellulose triacetate (CTA) to prevent
degradation of PHBH during use.256 Interestingly, deacetylation
of CTA could take place under slightly alkaline conditions in
seawater, which at the point of collection had pH = 7.7 and
temperature ∼15 °C, and the released acetic acid could catalyze
the hydrolytic degradation of PHBH.

Ferric chloride is a fairly strong Lewis acid, conventionally
used as a catalyst in organic synthesis.257 Recently, the scope of
embedded chemical catalysts was expanded by studies on PLA
composites with embedded ferric chloride (FeCl3).

258 This
modified PLA with 3% FeCl3 (expressed as parts per hundred
resin) exhibited a degradation rate over 10 times faster than pure
PLA in alkaline (10% sodium hydroxide) aqueous solution. The
suggested mechanism of action of FeCl3 involved formation of
iron(III) complexes with the C�O of the ester group,
weakening the ester bond and accelerating the PLA degradation.
The presence of FeCl3 also led to a marked reduction of
crystallinity and a drop in the thermal stability during processing,
leading to reduced molar mass of PLA. In a follow-up work, the
same group used incorporated FeCl3 in PLA/PBAT by melt
blending to overcome slow degradation rate of PLA alone.259

This resulted in materials with good mechanical properties and
higher susceptibility to degradation. For instance, when
subjected to a hydrolysis test under alkaline conditions, the 9-
day weight loss from PLA with FeCl3 was ∼45%, while this value
was ∼90% from PLA−PBAT blends with various FeCl3
contents. However, the suitability of polyesters with added
inorganic substances to recycling or their potential ecological
impacts have been poorly validated to date.
6.2. Biological Catalysts: Polyesters with Embedded
Enzymes

Microbial enzymes play a crucial role in the depolymerization of
polyesters under environmental conditions. Microbial enzymes
have an ability to catalyze a wide range of reactions, making them
useful biotechnological agents in technical formulations. In
order to enhance the biodegradation rate of slowly biodegrad-
able polyesters hydrolytic enzymes derived from microorgan-
isms have been integrated into the polyester matrix.260

Furthermore, the embedded enzymes could offer the possibility
to ensure degradation of materials even when they unwantedly
end up in environments that are not favorable for (bio)-
degradation. This integration has been achieved through
solution casting or melt processing of, e.g., surfactant-coated
or immobilized enzymes. It is evident that the incorporation of
enzymes into polyesters presents opportunities, but there are
also still many challenges involved as briefly summarized in
Table 1.

Most polyesters are rather hydrophobic in nature.105 While
this hydrophobicity is usually a favorable property during the
service life, it typically has an opposite influence on the
susceptibility to both chemical hydrolysis and biodegradation.27

The term embedded enzymatic degradation was coined by
Ganesh and co-workers who solution-casted films of surfactant
coated CALB and PCL to enhance its biodegradation rate.260

While a complete enzymatic hydrolysis of PCL with 1.6 wt % of
embedded CALB took nearly 17 days, the reaction run to
completion within 24 h when the PCL contained 6.5 wt % of
embedded CALB. Authors proposed that this approach
increased the enzyme−polymer interactions and changed the
degradation mechanism from surface to bulk degradation. In
contrast, when the enzymes were added externally, it was found
that the hydrolysis was restricted to outer surfaces of the
polymer material. These results were promising but also induced
the need for further development as the high concentration of
enzyme required would be both costly and influence thematerial
properties.

Following this approach, polyesters with 2 wt % of
nanodispersed enzymes were made by solution casting with
dissolved PCL and PLA.261 Authors proposed that when
enzymes are restricted to a nanoscale environment, polymer
chain ends become accessible as themain pathway for processive
depolymerization. The enzyme-loaded PCL and PLA under-
went near-complete depolymerization in soil, compost, and
household tap water. Once the enzyme-embedded polymer
reached a level of disintegration so that the particle size was
within the microplastic domain, the embedded enzymes
continued to catalyze the hydrolytic degradation, achieving
polymer-to-small molecule conversion of up to 98% within 24 h
in aqueous buffer solution (pH 7.2) at 40 °C. The authors
showed that the maximum degradation rate is achieved close to
the melting point of PCL, pointing out the well-known
phenomenon of preferential degradation of amorphous areas
over the crystalline domains and the beneficial influence of
increased chain mobility.262 Polymeric enzyme protectants

Table 1. SWOT Analysis of Enzyme Embedded, Designed-to-
Degrade Polyesters

strengths weaknesses

− Enhanced degradation of polyesters
disposed in the environment to
prevent accumulation of plastic
waste

− Requires protection of enzymes
from denaturation caused by
temperature, organic solvents, and
polymer additives; some enzyme
activity still typically lost

− Degradation can be initiated even
in less favorable environments

Enzyme Type, Loading, And Distribution Influence Degradation Process
− Tailored degradation under specific
conditions matching enzyme’s pH
and temperature optima, which
could be utilized for green recovery
of chemicals

− Hydrophobic nature and
crystallinity can impede enzyme-
catalyzed hydrolysis

− Possible steric and ionic hindrances
opportunities threats

− Progress in incorporation of
enzymes, i.e., new green
solvents

− High loading and costs of enzymes can
impede commercialization

− Discovery of new biotic
enzymes

− Properties do not meet performance
criteria

− Enzyme engineering and
artificial enzyme mimics

− Degradation starts already during service-
life

− Enzymes are released from the degrading
material and degradation stops or slows
down
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enabled maintaining the activity of hydrolytic enzymes at 60 °C.
This temperature is, however, well below typical Tm of common
polyesters such as PLA, posing hurdles to processing of materials
with embedded enzymes by commercially viable melt-
processing methods.

Incorporating heat sensitive enzymes into polyesters through
more industrial solvent-free melt processing poses a significant
hurdle, particularly as most polyesters have melting points
exceeding 100 °C. Overcoming this challenge is, however,
crucial for the success of this approach considering the
widespread commercial application of melt-processing techni-
ques in polymer manufacturing. Enhancing thermostability of
enzymes is thus a logical starting point in this endeavor (Figure
22). As an alternative, an attempt was made to physically protect
lipase by entrapping it in alginate beads prior to embedding the
enzyme in PBS films by hot-pressing. However, the enzyme
concentration and activity achieved were too low resulting in
merely 5% weight loss after 78 days.263 In another study,
polyacrylamide-immobilized proteinase K was extruded with
PLLA at 200 °C to produce enzyme embedded films.264 This
elevated temperature caused extensive denaturation of the
enzyme, and only a moderate weight loss of 6% was observed
after 21 days of immersion in 50 mMTris-HCl buffer solution at
pH 8.5. However, this was still a significant improvement in
comparison to the weight loss of the film without proteinase K,
which was practically zero during the same time interval. These
results indicate partial retention of the enzyme activity during
the extrusion process. In comparison, considerably higher

catalytic efficiency was achieved with solvent-casted films,
reaching a weight loss of 78% after 96 h with 0.5 wt %
embedded proteinase K. More studies are, therefore, required to
improve the thermal stability of the enzymes, either by more
effective immobilization or by enzyme engineering.265 Fur-
thermore, replacing poorly biodegradable immobilization
matrixes, such as polyacrylamide as the encapsulant, by more
readily biodegradable ones would further prevent the formation
of persistent residues.

3D printing based on melt extrusion technique has also been
utilized to prepare PCL with embedded Amano lipase (Figure
23).266 Amano lipase, in the form of dry powder, was mixed with
the polymer, and the resulting drymixture was thoroughlymixed
until the enzyme powder was evenly distributed throughout the
polymer matrix. Interestingly, the enzyme withstood processing
temperatures up to 130 °C without significant loss in activity.
The 3D printed specimens with 5 wt % embedded Amano lipase
were nearly completely hydrolyzed in 8 days when placed in
phosphate buffer at pH ∼ 7.5. The degradation of PCL
specimens by the embedded enzymes occurred mainly in the
amorphous domains. This was confirmed by DSC analysis,
showing 7.0% increase in crystallinity after 7 days of degradation.
The SEM imaging documented the formation of holes on the
surface of the specimens, and the dimensions of these holes
increased over time, confirming proceeding degradation. This
“internal” enzymatic hydrolysis was more efficient compared to
external enzymes, i.e., when PCL was placed in aqueous solution
with enzymes.

Figure 22. Strategies to improve enzymatic hydrolysis of polyesters. (a) Enhanced thermostability, (b) facilitated access to active site, (c) surface
modifications toward improved interactions between E−S, and (d) enzyme engineering via attachment of binding domains, auxiliary enzymes, or
generation of variants that mitigate product inhibition.
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Melt extrusion process was also used to prepare PBS, PBSA,
and PCL films with different lipases and the hydrolytic
degradation of these films with embedded enzymes was
compared to the hydrolysis of the same films with external
enzymes.267 The influence of processing temperature on the
enzyme activity and the ranking order of the three polymers
based on their melt processing temperatures were investigated.
PCL can be processed at temperatures as low as 90 °C, and the
hydrolysis kinetics remained unaffected by the processing
temperature when CALB enzyme was incorporated in PCL. In
the case of PBSA processed at 100 °C, only CALB exhibited
significant activity, leading to 100% weight loss within 4 days.
The other evaluated enzymes experienced a drastic loss of
activity, likely due to thermal denaturation during the extrusion
process. Lastly, PBS required the highest processing temper-
ature, and it was the most difficult substrate to hydrolyze with
only 18% weight loss when CALB was embedded into the films
at 130 °C. This efficiency was actually lower compared to the
degradation with external CALB that lead to approximately 40%
weight loss within 21 days. All other lipases completely lost their
activities during extrusion at 130 °C. Embedded enzymes could
also provide a potential solution for slow degradation of
polyesters in seawater, as recently shown with thermally
embedded Humicola insolens cutinase that accelerated the
degradation of polyesters in seawater.268 In another recent
study, the embedded enzyme approach was found effective in
inducing deacetylation of cellulose acetate, which could help to

overcome the bottleneck of efficient biodegradation of chemi-
cally modified cellulose esters.269

The aforementioned pioneering studies have pushed the
boundaries of melt-processing enzymes within the temperature
ranges applicable for processing of PBSA, PBS, PBAT, and PLA,
with melting points ranging from 100 to 160 °C. However, other
commodity polyesters such as PET, PBT, and poly-
(cyclohexylene dimethylene terephthalate) (PCT) still pose
significant challenges due to the substantially higher melting
points exceeding 200 °C. Another challenge with aromatic
polyesters is their significantly lower susceptibility to enzymatic
hydrolysis, meaning that chemical pretreatments and enzyme
engineering are typically required to increase the efficiency.9,270

Here, directed evolution coupled with machine learning could
provide a new tool for engineering robust and effective enzymes
or artificial enzyme mimics capable of catalyzing the breakdown
of different polymer structures.271 Improving the enzyme
immobilization and enhancing the thermal denaturation
resistance are pivotal in making progress in this frontier.
Moreover, in nature, the biodegradation of polymers such as
cellulose involves a complex interplay of microbial enzymes that
exhibit synergistic processive activity. Within this domain, the
benefits of incorporating enzymes working with both processive
and random chain scission mechanisms was demonstrated.272

Candida Antarctica (CA) lipase B and Burkholderia cepacia
(BC), two enzymes known to degraded PCL via random chain
scission and progressive depolymerization, respectively,261 were
embedded in PCL films and demonstrated to synergistically

Figure 23. (a) Schematic over the experimental aging setup for PCL with embedded and external enzymes. (b) Comparison of the weight loss of the
enzyme embedded films and the films aged with external enzymes after 7 days at 37 °C with different enzyme loadings. (c) Photographs of PCL films
after 7 days of degradation without enzymes (plain PCL), with embedded or external enzymes. (d) Photographs of the PCL films with different
loadings of embedded enzymes after different aging times. (e) pH of the aging medium as a function of degradation time at 37 °C. Reproduced with
permission from ref 266. Copyright 2021 American Chemical Society.
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induce a random scission in the amorphous domains and
processive depolymerization. This conclusion was supported by
reference samples and by means of molar mass analysis and
relaxation studies by NMR. First, BC alone was immobilized on
high or low molar mass support and embedded in PCL.
Interestingly, these systems had completely different degrada-
tion behaviors. In the materials with low molar mass
immobilization matrix depolymerization stopped after 3 h at
65% weight loss, while the other system continued to
depolymerize until almost complete weight loss (98%). Since
the progressive depolymerization by BC enzyme takes place by
binding of the enzyme to the chain end, this difference was
explained by availability of chain-ends in the two systems. Solid-
state NMR analysis showed significantly slower T2 relaxation in
the rigid-amorphous regions of the material where BC was
immobilized on low molar mass polymer. This was explained by
attachment of chain ends at the crystal−amorphous interface,
which would make them unavailable for enzyme binding.
However, the combination of CA and BC lipase overcame this
problem as random chain scission of PCL chains in the
amorphous regions provided accessible chain ends for the BC
enzyme and progressive depolymerization. This process was
further supported by molar mass analysis. More studies are
required to fully utilize the potential of polyesters engineered for
multienzyme catalyzed degradation.

In conclusion, modification of polyesters with chemical or
biological catalyst is an attractive route to modulate the end-of-
life fate and degradation behavior. This modification can be
performed on existing commercial materials, ideally during the
processing step, omitting the challenges in development and
commercialization of new polymer materials. The possibility to
choose both type and concentration of additives ideally gives
tools to initiate the degradation of materials by specific triggers
(e.g., UV-light, water) to tune and control the degradation rate
in a targeted end-of-life environment and even under less
favorable degradation conditions. Many challenges still exist,
such as the potential influence of the additive on the degree of
crystallinity and mechanical properties and risks of premature
failure and degradation during processing or service. There can
also be compatibility issues and difficulties in even distribution
of the additives in the polymer matrix. In the case of embedded
enzymes, the thermal stability of the enzymes to maintain
activity after thermal processing is still one of the largest
challenges, together with the additional cost of enzymes. The
used additives itself should not cause any negative environ-
mental impacts, and care should be taken not to mix these
materials with those aimed for mechanical recycling.

7. POLYETHYLENE-LIKE POLYESTERS AS MORE
CIRCULAR ALTERNATIVES TO POLYETHYLENE

Polyethylene (PE), with simple hydrocarbon structure, is a
versatile material divided into different types, such as LDPE and
high density polyethylene (HDPE), depending on the
production route and degree of branching. PE materials have
huge commercial, practical, and theoretical importance, but they
are also among the largest contributors to plastic waste due to
the cheap price, large production volumes, short-term
applications, low recycling rates, and relative inertness. Biobased
PE is already a commercial material but faces the same recycling
problems than petroleum-based PE. Polyethylene-like aliphatic
polyesters have appeared as attractive PE-alternatives. These
polymers typically contain 10 or more methylene groups
between the ester groups, providing the synthesized polyesters

PE-like properties, tunable from flexible LDPE to more rigid
HDPE by choice of starting monomers.273 These polyesters
could become ideal circular materials of the future with
mechanical and chemical recyclability and potentially also
enhanced biodegradability, although it is somewhat more
difficult to achieve. The synthesis and materials properties of
polyethylene-like polyesters were quite extensively studied
during the last years. There are also many possible biobased
starting materials such as long-chain dicarboxylic acids (e.g.,
plant-oil fatty acids)274 or biobased macrolactones275,276 that
can be utilized for the production.
7.1. Hydrolysis and Biodegradation of Polyethylene-Like
Polyesters

After 50 years of studies, evaluating many different approaches,
an easily biodegradable carbon−carbon main chain poly-
ethylene still does not exist. Attempts to make “environmentally
degradable” or biodegradable polyethylene has been made since
the 1970s, including several commercial materials.277 These
were mainly based on existing polyethylene materials modified
with pro-oxidants or copolymers, where carbonyl groups were
introduced into the polymer backbone or side groups. The aim
was to enhance the photo-oxidative degradation of the material
to break it down to smaller fragments which then would
biodegrade. However, there were several problems with these
materials, and the photo-oxidative degradation under environ-
mentally relevant conditions did not continue to a degree that
would allow subsequent biodegradation. The early work of
Bailey introduced another approach, where weak linkages in the
form of ester bonds were introduced into the polyethylene chain
by copolymerizing ethylene with a ketene acetal.278 Biode-
gradation experiments indicated slow biodegradation rates for a
polymer with 2 mol % of ester bonds, while the rate significantly
increased for a material with 10 mol % of ester linkages. It is,
however, difficult to obtain a quantitative idea of what these rates
meant in % biodegradation. Also, the tested polymers had
relatively low molar mass, sometimes as low as ∼5000 g/mol,
which has a positive influence on the biodegradation rate but
renders the material with poor material properties.

Although the synthesis of polyethylene-like polyesters has
been quite extensively studied, very limited studies have been
performed on the hydrolytic degradation or biodegradation of
these materials.279 It is surprising, as they are often presented as
potentially biodegradable alternatives to PE. At the same time, it
can be anticipated that as the −COO−/−CH2− ratio decreases,
the hydrolytic degradation and biodegradation rate slows down.
This was clearly shown by an investigation on the hydrolytic and
enzymatic degradability of polyesters prepared from pentade-
calactone (C15) and hexadecalactone (C16).280 The hydrolytic
degradation was studied during a two-year period in phosphate
buffer at 37 °C, and basically no degradation was detected
during this time period based on weight loss and molar mass
changes. Similar neglectable degradation was observed during
100 days of enzymatic degradation in the presence of lipase from
Pseudomonas cepacia.

Clever structural design could possibly retain the PE-like
properties while increasing the susceptibility to hydrolysis and
(bio)degradation. One possibility could be combining long and
short monomers to introduce some more easily hydrolyzable
“weak” segments. This approach was investigated by synthesiz-
ing a library of “short−long” diol−diacid polyesters.281 The
hydrolytic degradation of five polyesters, PE2,12, PE2,14,
PE2,16, PE4,14, and PE4,16 was investigated, where the first
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number indicated the number of carbons in the diol (C2 as
ethylene glycol or C4 as 1,4-butanediol), and the second number
is the number of carbons in the diacid (C12 as dodecanedioic
acid, C14 as tetradecanedioic acid, or C16 as hexadecanedioic
acid). The influence of the chemical structure, i.e., the length of
the diol and diacid, on the hydrolysis under aqueous conditions
at pH 7 and 30 or 60 °C and during soil burial was clearly
observable. All the studied polyesters hydrolyzed very slowly at
30 °C, showing maximum weight loss of 2 wt % after 90 weeks.
When the temperature was increased to 60 °C, the weight losses
were still under 3 wt % after 48 days. However, when the
hydrolysis time was increased to 72 days the influence of
chemical structure became clear. Approximately 64 and 27 wt %
weight losses were measured for PE2,12 and PE2,14,
respectively, i.e., the materials with the shortest diol (C2) in
combination with the two shortest diacids (C12, C14). At the
same time, the weight loss of PE2,16, PE4,14, and PE4,16 still
remained neglectable. The intrinsic viscosity, reflecting the
molar mass of the materials, decreased somewhat faster
compared to the weight loss, which is a typical observation
during the hydrolytic degradation of aliphatic polyesters as
certain molar mass decrease is required before water-soluble
products are formed.207 The weight losses after 2 months of soil
burial in moistened horticultural soil at room temperature
remained under 1 wt % for all the materials. When the time was
increased to 17 months, PE2,10 and PE2,12 exhibited clear
weight losses of 36 and 13 wt %, respectively, while the
remaining materials with longer diacids still exhibited weight
losses of only 1−3 wt %. This again supports that degradation
rate drastically decreases when the length of the diacid increases
fromC10/C12 to C14 and the short diol (C2) clearly benefitted
the degradation rate. This large influence from the C2-diol can
be explained by considering that most C2-diol units are expected
to be located in the amorphous regions and not included in the
crystalline lamella, which will significantly increase the
concentration of hydrolyzable groups in the more hydrolysis
sensitive amorphous regions.

The crucial role of the incorporated short diol was further
demonstrated, as the PE-like polyesters produced from
butanediol (C4) and C11−C14 diacids did not show
biodegradation during BOD-test with aerobic microorganisms
from soil suspension in aqueous medium at 25 °C (Figure
24).282 On the other hand, the used monomers, butanediol and
different dicarboxylic acids, were 56−75% biodegraded under
same conditions after 45 days, giving positive indication that the
polyesters could still be degraded if molecular weight can be
significantly reduced by abiotic hydrolysis.

Finally, PE2,18, with HDPE-like solid-state structure and
tensile properties, was mineralized to >95% during two months
at 58 °C under simulated industrial composting conditions
according to ISO 14855-1.283 This was again explained by the
short diol in combination with the higher temperature and more
favorable conditions compared to those in the soil burial test. As
a comparison, PE18,18 only mineralized to 30% during the same
period of two months. As already explained above, the
introduction of the shorter diol was proposed to lead to a
higher ester group concentration in the more accessible
amorphous regions, which could explain the significant increase
of the degradation rate. This work also evaluated the enzymatic
hydrolysis of PE2,18 by two cutinase, Humicola insolens (HiC)
and Aspergillus oryzae (AoC), and one lipase, Thermomyces
lanuginosus (TlL). Both cutinases showed significant activity
toward PE2,18. HiC could completely hydrolyze the materials

within a few days at 37 °C, while >60% was depolymerized after
7 days at 25 °C. In comparison, PE18,18 showed almost no
hydrolysis after 7 days with HiC. The other cutinase AoC
depolymerized 55% of PE2,18 within 7 days at 37 °C, while TIL
demonstrated almost no activity. Through modeling of the
active site surface area of the enzymes, the results were explained
by different accessibility of the active sites. The active site
accessibility may thus be a controlling factor in the ability of an
enzyme to hydrolyze crystalline polyesters.

Blending with more easily hydrolyzable components can also
be utilized to increase the hydrolysis rate and susceptibility of the
materials toward hydrolysis. This approach was evaluated by
blending PE18,18 with poly(H-phosphonate) (PHP) while
retaining the overall HDPE-like properties.284 The PHP
component was shown to completely hydrolyze during 4
months at 25 °C in phosphate buffer. Furthermore, clear
degradation of PE18,18 as a blend component was observed, as
shown by molar mass reduction after 4 months from 50 000−70
000 g mol−1 to 7000−11 000 g mol−1, depending on the blend
composition. However, no significant further molar mass
reduction was observed when the degradation period was
expanded to 12 months. This could be explained by degradation
of PHP during the first four months as well as increased
crystallinity for PE18,18. The weight loss also remained low
throughout the aging period of 12 months, which is connected
to the still relatively high molar mass and low water solubility of
oligomers and monomers. No signs of degradation or molar
mass reduction was observed for plain PE18,18 material during
the same time period under the same conditions.

Figure 24. BOD biodegradability of four poly(butylene-n-alkylene
dicarboxylates) and their corresponding monomers. Four different
polyesters were synthesized by utilizing four different dicarboxylic acids
[tridecanoic diacid (n = 11; TrdA), tetradecanoic diacid (n = 12;
TedA), pentadecanoic diacid (n = 13; PdA), and hexadecanoic diacid
(n = 14; HdA)]. In all cases, the diol was 1,4.butanediol (BD). The
corresponding polymers were named as PBTrd, PBTed, PBPd, and
PBHd, respectively. Adapted with permission from ref 282. Copyright
2021 Elsevier.
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7.2. Chemical Recyclability
Although PE is well suited for mechanical recycling, each use
phase and reprocessing cycle will age the materials until it is no
longer suitable for mechanical recycling, at least without
significant downcycling. Significant efforts have been made
both by industry and the scientific community to chemically
recycle PE,285,286 however, the processes typically require high
temperatures and/or long reaction times to break the C−C
bonds. Chemical recycling of PE typically leads to mixtures of
chemicals instead of the ethylene monomer, i.e., the attractive
closed-loop enabling a truly circular polymer economy is not
reached, at least not without further refining steps. In contrast,
chemical recycling of condensation polymers back to original
monomers is generally significantly easier due to the reversibility
of the functional groups such as ester and amide bonds. These
reactions typically require less energy and lead to original
monomers or other well-defined compounds. One interesting
approach could thus be chemical recycling of postconsumer PE
materials (LDPE, HDPE) to compounds such as dicarboxylic
acids or α,ω-divinyl functionalized oligomers that could be
further oxidized to dicarboxylic acid or hydrated to alcohols for
production of circular aliphatic polyesters, such as polyethylene-
like polyesters.287−289 This way, traditional polyolefins could be
turned to closed-loop recyclable materials designed for more
easily managed end-of-life while retaining the polyethylene-like
properties and processability.

Recent studies support the attractive chemical recyclability of
polyethylene-like polyesters. PE18,18 synthesized from plant oil
derived C18 diester (1,18-dimethyl ester of octadecanedioic
acid) and C18 diol (1,18-octadecane diol) exhibited mechanical
properties and thermal processability similar to HDPE.273

Chemical recycling by solvolysis in methanol at 150 °C led to
96% recovery of original monomers after 12 h without a catalyst.
In comparison, the pyrolytic recycling of PE typically requires
temperatures around 800 °C and leads to low (∼10%) recovery
of ethene monomer. After evaporation of methanol, the
obtained 1:1 mixture of C18 diol and C18 dimethyl ester were
directly repolymerizable to high molar mass PE18,18. Similar
process was utilized to chemically recycle biomass-derived
polyethylene-like surface coatings for fabrics,290 while ester-
linked polypropylene (PP), synthesized from telechelic
polypropylene macromonomer, illustrated LLDPE-like thermal
and mechanical properties.291 Heating the polymer in ethylene
glycol in the presence of triazabicyclodecene (TBD) as
transesterification catalyst at 190 °C for 24 h led to 93%
conversion of ester groups to reform the 2-hydroxyethyl-
terminated macromonomer. The recycled macromonomer
could be repolymerized under the original polymerization
conditions to a material closely resembling the original ester-
linked PP. Furthermore, macrolactones (e.g., ω-pentadecalac-
tone, globalide, 6-hexadecenlactone) derived polyethylene-like
polyesters could be enzymatically recycled by utilizing
immobilized Candida antarctica lipase B.292 The enzymatic
recycling proceeded in toluene at 70 °C during 72 h and led to
cyclic monomers and dimers as the main products. These
macrolactones were proven to be repolymerizable.

In conclusion, polyethylene-like polyesters are attractive
materials that can potentially be produced from biobased
resources and circulated through mechanical and chemical
recycling and biodegradation. However, biodegradability of
these materials is not guaranteed and might require specific
structural considerations, such as utilization of short diols in
combination with long dicarboxylic acids. Biodegradation of

polyethylene-like polyesters with systematic structural variations
should be further investigated in different environments to more
clearly define the limits of biodegradability and how it can be
influenced by structural modifications.

These materials could replace PE, especially in applications
where chemical recycling or biodegradation are targeted end-of-
life options. However, while the chemical recycling of poly-
ethylene-like polyesters is facile compared to conditions
required for chemical recycling of PE, the production of PE is
expected to require less energy. A comparative life-cycle
assessment from cradle-to-cradle could further highlight the
benefits of each material taking into account the whole life cycle.

8. OUTLOOK
Polymer materials can in many ways contribute to the
sustainable development goals. At the same time, the current
production and especially how we use and dispose our materials
poses a significant threat to our environment. The paradigm shift
from linear to circular polymer economy is possible, but it
requires overcoming several logistic, engineering, societal, and
scientific challenges. This review focused on the latter one by
highlighting different strategies to chemically design polymers,
especially polyesters, for circularity. Polyesters have all the
prerequisites to become ideal circular materials of the future, but
further research is needed to optimize materials for different
application-dependent end-of-life options. Here, chemistry
offers almost endless possibilities, both to modify existing
commercial polyesters or to design new structures from
emerging biobased monomers, to tailor-make both the perform-
ance properties and end-of-life management. As an example,
incorporation of groups or segments in the polyester chain that
are more susceptible to hydrolysis or incorporation of functional
groups that can internally catalyze bond exchange reaction,
hydrolytic degradation, and chemical recycling are examples of
promising chemical modifications. The rapid development in
dynamic covalent chemistries opens up new avenues for
modification of polyesters with other dynamic bonds to tailor
the bond exchange reactions and susceptibility to external
stimuli such as heat, pH, or UV light to provide circularity under
mild conditions. Developments in green chemical and biological
catalysts further promotes the circular processes and embedding
such catalysts in the polyester matrix can help to ensure the
degradation process during intended open environment
degradation of products such as geotextiles, mulching films, or
tree shelters. We have the necessary chemical toolbox, but
ensuring high performance during service, in combination with
ambient chemical recyclability or rapid biodegradability at the
end-of-life is still a demanding and multidimensional opti-
mization challenge requiring more research.
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