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Given the current environmental crisis caused by polymers, we have seen that it is mandatory to make
changes in the way we produce, consume, and, at the downstream, dispose, and manage polymeric
materials after use. For applications where recycling might not be the adequate answer, or landfilling is
highly likely to occur, (bio)degradable polymers can play an important role. This appraisal acknowledges
the most important synthetic (bio)degradable polymers, noticeably polyesters, and their potential for sub-
stitution of traditional persistent ones, in terms of thermal and mechanical properties and more adequate
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fate in controlled compostable media or instead in natural environments. Special focus is given to bio-
based poly(lactic acid), poly(butylene succinate) and furan-based polyesters. Alternatively, the most recent
progress and contributions to rendering fossil-based polymers such as poly(caprolactone) and poly(gly-
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Introduction

Polymers are a vast and versatile family of macromolecular
organic compounds that are lightweight and durable and
exhibit a vast array of physical and chemical properties allow-
ing them to fit the purposes of countless applications, span-
ning from packaging and textiles to more sophisticated pur-
poses within electronics and medicine.

In this vein, our dependency on polymeric materials is not
surprising, as clearly demonstrated by their annual pro-
duction, which reached 367 Mt in 2020." The polymers with
higher productions are polyolefins, namely poly(ethylene) (PE),
including linear low-density (LLDPE) and high-density PE
(HDPE), and poly(propylene) (PP)." The polyester poly(ethylene
terephthalate) (PET) is also among the most produced ones."
All these polymers find their main applications among packa-
ging, which represents the biggest market demand, while
other sectors, such as textiles and agriculture absorb the rest
of the production.” Despite their commercial relevance, the
synthesis of these polymers relies on petroleum-based mono-
mers, which are associated with greenhouse gas (GHG) emis-
sions,> besides the fact that they do not readily (bio)degrade
under common environmental conditions.? Indeed, the degra-
dation of these polymers by microorganisms is an extremely

“CICECO—Aveiro Institute of Materials, Department of Chemistry, University of
Aveiro, 3810-193 Aveiro, Portugal. E-mail: andreiafs@ua.pt

bCentre for Mechanical Engineering, Materials and Processes, Department of
Chemical Engineering, University of Coimbra Rua Silvio Lima - Polo II, 3030-790
Coimbra, Portugal

This journal is © The Royal Society of Chemistry 2022

slow process,® with PET plastic bottles having an estimated
minimum half-life of over 2500 years, whilst this value could
reach 5000 years for conventional HDPE pipes.’

Recycling is often the advocated solution to manage poly-
mers’ End-of-Life (EoL), playing an unarguable role.>®
However, despite this, only around 35% of polymer waste is
being recycled in the EU," and an even smaller amount in the
USA with only 9% in 2018.” Furthermore, this option is mainly
applied for packaging materials,® leaving out other polymeric
residues, such as textile fibres. Additionally, mechanical re-
cycling (the most commonly used and developed approach)’
fails to meet all the requirements due to polymers’ molecular
weight decay over repeating recycling cycles and/or the pres-
ence of additives and/or other polymer contaminations usually
leading to devaluation.'® Additionally, mechanical recycling is
not a valid option for multilayer packaging materials where
multiple polymers are present and separation is not always
viable. The approach is also not an option for thermosets,
which are out of the scope of this appraisal dedicated to
thermoplastics.

Another topic that must not be neglected is the fact that the
possibility of having efficient waste collection and appropriate
recycling facilities is far from being reached globally, in par-
ticular in developing countries.'""?

Therefore, it is not surprising that the provisional data for
2020 show that over 23% of polymer waste was still being dis-
posed in landfills in Europe, and around 75% in the USA."’
Additionally, 42% of polymer waste was incinerated for energy
recovery in Europe, while the amount in the USA was again
much lower (15%). This intricate polymer scene with, on the
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one hand, their typical durability, and, on the other hand, re-
cycling failing to promptly provide a solution to polymer waste
management, urges for adequate answers.

Some synthetic polymers, able to be assimilated by the
environment, or at least to be industrially compostable (ISO
17088, ISO 14855),">'* have the potential to be part of the
solution. It is expected that around 5.3 Mt of (bio)degradable
polymers will be produced in 2026, mainly due to the strong
developments of bio-based thermoplastic polyesters, notably
poly(lactic acid) (PLA), poly(butylene succinate) (PBS), and/or
partially renewable poly(butylene adipate terephthalate)
(PBAT)."*> All these polymers are polyesters that possess in
their backbone liable ester bonds prone to, for example, hydro-
lysis, thus triggering depolymerisation, although other poly-
condensates such as poly(carbonates) (PC) can also be con-
sidered due to their hydrolysable functional groups.
Investigation on their use for biomedical applications has
been extensively overviewed throughout the years, but these
polymers have also gained both academic and commercial
relevance among single use (SU) packaging, and have been
applied in films in agriculture or in textile fibres.

Specifically, PLA is already among the most used polymers
in the textile industry, while PBS also shows high growth
potential.'® Their contribution, as fibres'” or as coatings and
finishings,'® is unequivocable for supporting an expanding
textile industry, which doubled the production of synthetic
polymers in the last two decades, but still more than two-
thirds are going to be disposed in landfills."®"°

PBAT is a promising alternative for SU flexible polymers
often used in packaging,’> and for mulch films in
agriculture.”°>* For this application, degradability can circum-
vent additional costs and procedures often incurred for remov-
ing these agricultural films from the fields after use and, thus,
can mitigate their environmental impact.>’

These ongoing developments are motivated and supported
by large-scale initiatives within the European Green Deal or the
United Nations Sustainable Development Goals, which continue
to contribute to a more sustainable future.>*** Furthermore,
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many studies focusing on these (bio)degradable polymers
advantageously follow some of the Green Chemistry principles,
notably renewable origin, eco-friendly synthesis, and above all
proving a more sustainable fate.

The scope

This appraisal intends to shine a light on the ongoing research
and development activities on the synthesis of (bio)degradable
polymers, mainly polyesters, either fossil-based or instead
renewable-based, in a quest for more sustainable
alternatives.>>>° Greener synthetic pathways will be preferen-
tially overviewed. Together, characterisation and related appli-
cations are also addressed. All polymers considered for this
review can be overviewed in Scheme 1.

Although naturally occurring polymers, such as thermoplas-
tic starch and cellulose, among many others, play an impor-
tant role among (bio)degradable polymers, they have been
broadly overviewed before.>”*® This review focuses, instead, on
synthetic polymers due to their known reproducibility, versati-
lity to fulfil specific applications’ requirements,*® and in many
cases broad market implantation.

(Bio)degradable polymers’ definitions. It is important,
initially, and before going deeper into this review, to clarify
some of the basic concepts of (bio)degradable polymers often
misused. A pertinent question arises at this point: what is a bio-
degradable polymer? According to the IUPAC definition, launched
in 2004 and reviewed later in 2012, biodegradable polymers are
‘those susceptible to degradation by biological activity accompanied
by lowering of their molar masses’.>*>> The degradation mecha-
nism results from cell activity, and ultimately will lead to miner-
alisation into small molecules, such as, for example, carbon
dioxide, methane, nitrate, ammonium, and/or water.

It should be noted, however, that the IUPAC definition is not
restricted to (bio)degradation in a natural environment, as
marine or terrestrial ones, but instead the scope is broader and
often leads to erroneous assumptions of safe disposal and an
adequate EoL of polymers such as PLA that will not biodegrade
‘easily’ in the environment.** Therefore, in this review, for clarity

Bio-based

Scheme 1 Overview of the fossil- and bio-based (bio)degradable synthetic polymers considered in this review. Fossil-based: poly(caprolactone)
(PCL), poly(glycolic acid) (PGA), poly(ester amide) (PEA), bisfenol A poly(carbonate) (BPA-PC), poly(urethane) (PUR), poly(vinyl alcohol) (PVA); fossil-
and bio-based: poly(butylene adipate terephthalate) (PBAT); bio-based: poly(lactic acid) (PLA) and poly(butylene succinate) (PBS).
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reasons, whenever a polymer can be completely (bio)degraded
under natural conditions, this will be unambiguously stated.

Also, for objectivity purposes, whenever a polymer (bio)
degrades under very specific composting conditions, according
to the international standards (e.g., EN 13432, ISO 14855, ISO
17088, ASTM D6400),'*'*3*35 ysually performed industrially
in an aerobic or anaerobic environment or under home-com-
posting conditions, this polymer will be referred hereinafter as
compostable (according to a specific standard).

Both definitions (biodegradable and compostable poly-
mers) lie under the more general umbrella of degradable poly-
mers, defined, according to the IUPAC, as ‘polymers in which
macromolecules are able to undergo chain scissions, resulting in a
decrease of molar mass’.*' Degradation can be prompted by the
action of different factors, such as water (hydrolytic degra-
dation) and UV/Vis light (photodegradation), among others.
Nevertheless, the relevance of this definition, without a clear
indication of the (bio)degradation conditions, medium and
timescale remains vague. In a circular economy approach,
(bio)degradable polymers can play an effective role in efficient
waste management,*® in very specific situations and with ade-
quate labelling, as already pointed out previously in this
appraisal. Herein, we will disclose their uncovered potential in
packaging, textiles, and film applications, thus beyond the
extensively reviewed biomedical applications.

(Bio)degradable polymers

Overview of the main commercially available fossil-based
polymers

Poly(caprolactone) (PCL). PCL is among the most studied
and commercially applied polyesters and has been used in
many different fields, such as in packaging applications. It is
commercially available, for example, under the trademark
Capa 6500 by Ingevity.”” PCL’s market implementation is
undoubtedly associated with its outstanding viscoelastic and
rheological properties, besides it is certified as compostable
according to the European standard EN 13432.>° Additionally,
PCL is approved for food contact applications by the Food and
Drug Administration (FDA) and European Union law (21 CFR
175.105 and EU no. 10/2011, respectively).*®>°

Although PCL is derived from fossil resources, efforts to
synthesise e-caprolactone (e-CL) (or similar monomers) from
biomass sugars via the platform chemical 5-hydroxymethyl-
furfural (5-HMF) root (Scheme 2) or from vegetable oils have
been reported.’”*! However, to the best of our knowledge,
none of these alternatives have reached high maturity
Technology Readiness Levels (TRL).

In terms of synthesis, PCL is generally prepared through
the ring-opening polymerisation (ROP) of e-CL, under relatively
mild conditions leading to PCL with a low polydispersity (1.06
to 1.35).">** Usually, metal-based catalysts, such as tin(u)
2-ethylhexanoate, are used, although there have been efforts to
promote the development of greener processes using, for
example, enzymes.**

This journal is © The Royal Society of Chemistry 2022
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Scheme 2 An integrated microbial-chemical route to produce bio-
based e-CL via 5-hydroxymethylfurfural (5-HMF), 1,6-hexanediol (1,6-
HD) and 6-hydroxyhexanoic acid (6-HHA). Biocat: biocatalyst; IEx: ion
exchange catalyst.*°

PCL is widely known for being semicrystalline, hydrophobic
and soluble in most non-polar organic solvents (e.g., chloro-
form, benzene, toluene, etc.) at room temperature, and for its
moderate thermal features, viz low melting and glass transition
temperatures (60-65 °C and —60 °C, respectively).***>

PCL also showcases enhanced barrier properties, with an
oxygen (O,) permeability coefficient of 0.88, and great flexi-
bility with a maximum elongation at break of around 1000%
(LDPE has only max. elongation of 600%). When it comes to
tensile strength, it also shows improvements in relation to
LDPE, with maximum 785 MPa for PCL and only max. 35 MPa
for LDPE. Nevertheless, some of these features are still moder-
ate compared to its aromatic counterparts (Table 1),*°
although these can also be viewed as an advantage in terms of
processing energy and associated costs.

Although PCL’s fate is not desirable to occur in natural
environments, notably aquatic media, and particularly marine
salty ones, if it happens it is quite important to have data
beforehand on degradation in these media. In this regard,
Narancic et al.*” reported that PCL reached 80% degradation
in the marine environment and a maximum 50% degradation
in fresh water in 8 weeks. Also, Tsuji et al.*® studied the behav-
iour of PCL and several other (bio)degradable aliphatic poly-
ester films in static sea water (10 weeks at 25 °C), showing that
the degradability of the aliphatic polyesters in controlled sea-
water decreased in the order PCL > poly[(R)-3-hydroxybutyrate]
> poly(r-lactide) (PLLA).

Enzymatic pathways have also been explored as an effective
way to degrade PCL. In this vein, Su and Wang®® reported the
use of Candida antarctica lipase B (CALB) for degrading PCL
with different starting weight-average molecular weights (M,,).
The study demonstrated the rapid degradation of PCL in the
first 12 h with around 85% of mass loss (phosphate-buffered
saline medium at 45 °C), without the influence of the initial
M,,. Another study reported the processing of PCL into micro-
particles and their enzymatic degradation with lipases
(although the authors have not specified which lipase was
used).®!
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Besides, in 2012, a PCL-degrading Bacillus strain, namely
B. pumilus was reported.®” In this study, the ability of the
microorganism to degrade PCL films during soil burial tests
(35% moisture and 40 °C) was studied and it was demon-
strated that degradation can be seen on the surface of PCL
films in just 20 days of incubation.

One of PCL’s most highlighted properties is undoubtably
its compostability, especially when recycling is not adopted.
Narancic et al.’’” evaluated PCL degradation under industrial
(1SO 14855)"* and home composting conditions through net
gaseous CO, production measurements. The authors found
that for the former, complete degradation was achieved in just
45 days, whereas in home composting (28 °C) it took 88 days
to reach full degradation. Rutkowska et al.®® compared PCL’s
degradation in different environments and under different
conditions, namely in compost with activated sludge. PCL’s
degradation was the quickest with the activated sludge (com-
pared to liquid medium), with complete disintegration
observed just after 7 weeks of incubation.

Blending and copolymerisation have both been used to cir-
cumvent the described PCL’s moderate thermal and mechani-
cal properties, with the additional possibility of incorporating
bio-based materials, and therefore increasing the renewable
content.**®> In this vein, Mater-Bi®, commercialised by
Novamont (Italy), is a very interesting example of a blend of
PCL and starch.®® This blend is certified compostable accord-
ing to the European standard EN 13432%° and is mostly used
to produce carrier bags, cutlery, and food packaging, among
others.*’

In some studies, the addition of starch to improve PCL’s
Young’s modulus is reported in order to make the films less
ductile, which also means a decrease in tensile strength and
elongation at break.”> PCL/starch blends have comparable
mechanical performance to well established LDPE. They
exhibit greater elongation at break (780-886% vs. 150-600%
for LDPE) and comparable Young’s modulus and tensile
strength (Table 1).**%°

PCL films modified with a 10% ethylene butyl acrylate copo-
lymer were studied for their degradation in aqueous environ-
ments, revealing that the seawater medium gave improved
results with complete degradation after 7 weeks.®® Along the
same line, PLA and PCL blends and copolymers have been
reported in the literature,”” 7> showing that PCL enhances PLA’s
degradability, but this topic will be discussed in detail in a later
section of this review. Additionally, due to the non-degradability
of commonly used PET, a PET/PCL reactive blend has been
used to attempt accelerating degradability.”>””>

Poly(glycolic acid) (PGA). PGA is another fossil-based poly-
ester, currently in the market with the tradename Kuredux™
from Kureha Corporation (Japan).”® It has enhanced thermal
and Dbarrier properties, especially compared to PCL.
Furthermore, as a (bio)degradable polymer, similarly to PCL, it
satisfies the composting certifications of ISO 14855, ASTM
D6400 and EN 13432.'*2%35 A valuable asset of properties
makes PGA suitable for food packaging, and also for textiles
and agriculture. Nevertheless, the excessive production cost of

This journal is © The Royal Society of Chemistry 2022
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the PGA precursor (glycolide) still limits its wider market pene-
tration, besides the fact that its synthesis is, generally speak-
ing, not green!

Currently, glycolide is predominantly produced from the
carbonylation of formaldehyde, a toxic compound, requiring
high temperature and pressure.”” This monomer can also be
produced via hydrolysis of chloroacetic acid (also known to be
toxic and corrosive).”” Partially greener alternatives include for-
maldehyde conversion into glycolonitrile, which is then con-
verted into high-purity glycolide via chemoenzymatic
processes.”®”® More recently, there have also been attempts to
synthesise glycolic acid from biomass derived sugars.®® As for
PGA production, it is mainly synthesised by ROP using glyco-
lide lactone (Scheme 3).

When it comes to its general properties, in Table 1, it is
possible to note PGA’s high melting point (T,, = 220-230 °C),
especially when compared to PCL, associated with its linear
close packing aliphatic chains, and a high degree of crystalli-
nity (45-55%). Additionally, it also has excellent barrier pro-
perties of extreme importance for food and beverage packa-
ging, with an O, and CO, permeability coefficient of 0.014 and
0.052, respectively.””

Typically, PGA easily undergoes hydrolytic degradation,
even in the absence of enzymes.”” Shawe et al.®' studied the
degradation of PGA films with different thicknesses (at 37 °C
in phosphate-buffered saline) and their weight loss variation
throughout 24 days. By the end of this study, the thinner film
(0.06 mm) had 60% mass loss compared to 35% weight loss
for the thicker ones (0.3 mm).

Despite these features, PGA’s high hydrophilicity, rapid
degradation, and brittleness have limited its broader practical
application, yet they gave its copolymers and blends a lot of
importance. Glycolic acid has been often copolymerised with
lactic acid forming the well-known poly(lactic-co-glycolic acid)
(PLGA)®? or with e-caprolactone to produce poly(glycolic acid-
co-g-caprolactone) (PGC).**®" Cai et al® performed tensile
mechanical tests indicating that PGC could withstand an
extension of 250% without cracking, which was much higher
than that previously reported for PLGA (10-15%) or PGA
(15-35%). Degradation studies (in phosphate-buffered saline
at 37 °C) showed good degradability, with PGC having 50%
mass loss in just 6 weeks.

With regard to other blends, Vieira et al®® studied the
degradation of some aliphatic polyesters processed as fibres,
namely PGA and a PGA/PCL blend. The fibres obtained from
the PGA/PCL blend were the most prone to degradation after
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Scheme 3 PGA conventional synthesis via ROP.
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12 weeks with over 80% weight loss (in phosphate-buffered
saline at 37 °C). Although PCL has a lower degradation rate
than PGA, the combination of the two results in less crystalline
copolyesters accelerated the degradation process.

Poly(butylene adipate terephthalate) (PBAT). PBAT is an aro-
matic-aliphatic thermoplastic with a partially renewable
content assigned to the incorporation of 1,4-butanediol. PBAT
has both stiff butylene terephthalate and soft butylene adipate
units. The presence of aromatic groups contributes to both
enhanced thermal and mechanical properties and resistance
to degradation, whereas the incorporation of aliphatic moieties
in the polymer chain allows for degradability behaviour. PBAT
is commercialised by BASF under the tradename Ecoflex, and
by Novamont, BIOTECH and KINGFA, being certified as com-
postable under industrial conditions (EN 13432).*>%° It is
mainly used in packaging applications, more specifically as
compostable bags and cutlery.>® In the agricultural industry,
PBAT also plays an important role in the development of agri-
cultural mulch films.”?

PBAT is one of the most produced polyesters nowadays with
almost 20% of global production capacity of bio-based and
(bio)degradable polymers."™ It is typically synthesised by the
conventional two-stage bulk polyesterification®® of fossil-based
terephthalic acid (TPA), adipic acid (AA) and 1,4-butanediol
(BD) (Scheme 4), although there are several reports on the syn-
thesis of bio-based AA.*”®® In this regard, bio-based AA can be
obtained from the direct fermentation of biomass into AA or
fermentation to muconic or glucaric acids, followed by chemi-
cal hydrogenation.®’

PBAT conventional synthesis requires harsh conditions,
such as high temperature, vacuum, long reaction times, and
metal-based catalysts.>® To our knowledge, efforts to render
this synthesis greener have not yet been a focus of scientific
interest.

Although PBAT’s general mechanical properties depend on
the TPA/AA monomer composition and polymers’ molecular
weight, they are quite similar to LDPE*® which makes PBAT a
promising partially bio-based and greener alternative. Also,
typically, the Ty, varies between 110 and 125 °C and the Ty is

\CI HO o
HO ~_ + HO ~._OH + p— ;,;/
Il OH o \— OH
o
AA BD TPA
A
i 0 1
RN ) Ny o /H o
PP I o
Il ° 1,
0 m

PBAT

Scheme 4 Synthesis of PBAT with fossil-based TPA and AA and renew-
able-based BD.
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around —30 °C;”° while the elongation at break is around
500-800% and the tensile strength is in the range of 21-40
MPa (compared to LDPE 7-35 MPa, Table 1).%?

When it comes to PBAT’s copolyester degradation, Witt
et al.®*? published a couple of studies on this topic. First, in
1995 they reported the influence of TPA and AA ratios in the
degradation process (in aerated mineral liquid medium at
30 °C and soil burial), concluding that for a TPA molar fraction
>0.3 (including neat PBT), no degradation could be observed
in liquid medium. However, for soil burial tests, for copolye-
sters with 0.39 and 0.43 (mol/mol) of TPA units a relevant
weight loss (around 20%) was observed at the end of
3 months.”>%

More recently, Kijchavengkul et al.®® studied the compost-
ing degradation (ASTM D5338 at 58 °C)** of PBAT films, by
monitoring their conversion into CO,. The authors observed a
total degradation of films in manure compost after 45 days.

Another important sustainability aspect approached by Witt
et al.®® is the ecotoxicity of degradation intermediates. They
found that no toxic effects from composting PBAT could be
detected, which can be considered a great advantage for its
fate after use.”> When it comes to blending, there are several
reports on PBAT blends with bio-based PLA in order to
improve PLA’s degradability, but that will be discussed in the
PLA section below.”® %

Poly(ester amide)s (PEAs). PEAS are a group of broadly inves-
tigated polymers, obtained by condensation reactions leading
to the formation of both ester and amide groups in their poly-
meric backbone, imparting tailor-made thermo-mechanical
properties and the ability to degrade. The first commercially
available PEAs were trademarked as BAK from Bayer AG.”°
They were based on caprolactam, BD and AA or on 1,6-hexa-
methylene diamine (HMDA), BD, AA and diethylene glycol.
They were sold from 1997 to 2001, mainly for agriculture
mulch films, SU cutlery and biowaste bags, but abandoned
thereafter due to their high costs.'’ Nevertheless they remain
an object of interest mainly in the biomedical field (such as in
drug carriers and resin matrices for biomedical scaffolds).

PEAs are mainly composed of fossil-based monomers, such
as the above-mentioned HMDA or caprolactam (CLM),
although there is currently a trend to replace them with their
renewable counterparts, such as, for example, biobased HMDA
obtained from HMF or adiponitrile by hydrogenation.’®® In
this regard, some progress has been made with PEAs derived
from BD and AA,'°% amino acids'®*!°* or sebacic acid,'® or
other natural products such as carbohydrates. %

PEAs can be synthesised via polycondensation of linear
monomers (Scheme 5, top), usually performed under reduced
pressure, high temperatures and using transesterification
catalysts.'®'%” Alternatively, greener strategies based on the
ROP of cyclic monomers have also been used (Scheme 5,
bottom), which can be associated with high M,, PEAs, low dis-
persity'®® and without any volatile by-products. This approach
is also associated with increased atom economy.

In terms of properties, PEAs are a very adaptable family of
polymers prompted by varying the structural nature of the

This journal is © The Royal Society of Chemistry 2022
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starting monomers and of course their relative proportion.'’
As an example, Ge et al."*® studied PEAs with the incorporation
of 11-aminoundecanoic acid into the PLA chain to obtain
improved thermal properties. The ensuing polymer showed
enhanced thermal degradation compared to neat PLA (252 to
214 °C, respectively).

When it comes to PEA degradability, Gonsalves et al."'" and
Chen et al.'*? reported the hydrolytic degradation of two types
of PEA copolymers, one based on e-caprolactone and e-capro-
lactam and the other on 1,6-hexanediol, HMDA and adipoyl
chloride. In aqueous media, these copolymers had a
maximum weight loss of 59% in 19 days, under mild con-
ditions (phosphate-buffered saline at 37 °C). However, only
the hydrolysis of ester groups and no breakdown of amide
bonds were detected, which is expected based on the nature of
each group.

Similar observations were made by Zhiyong et al.''® with
PEAs based on lactic and 1,10-aminoundecanoic acids. The
lowest hydrolytic degradation rate was associated with the
highest amide content and crystallinity (phosphate-buffered
saline at 37 °C).

Some more PEA degradation studies were performed in
basic and acidic aqueous media."***® Across the literature, it
is clear that PEAs are more prone to alkaline hydrolysis than
neutral hydrolysis, with the degradation mechanism occurring
primarily on ester bonds. Some authors also pointed out the
inability of lipase from C. cylindracea to prompt enzymatic
degradation compared with proteases.""’

More recently, Novotny et al.'*® studied the performance of
the bacterium Pseudomonas aeruginosa, yeast C. guilliermondii
and micromycete Aspergillus fumigatus in a six week degra-
dation trial at 28 °C of PEA fibres based on e-caprolactone and
e-caprolactam (Fig. 1).

The morphological changes observed in SEM images lead
to mass losses between 5 and 10% in both biotic experiments
and an abiotic control, demonstrating that the microorgan-
isms’ contributions are not relevant. However, the culture
supernatants that contained polymer degradation products
exhibited significant biological toxicity. This topic needs to be
further investigated to provide adequate EoL management."'®

Poly(vinyl alcohol) (PVA). PVA is a water-soluble synthetic
polymer widely known for being the only polymer bearing only
carbon atoms in the main chain that is considered (bio)

This journal is © The Royal Society of Chemistry 2022

Fig. 1 SEM images of PEA fibres based on e-caprolactone and e-capro-
lactam after degradation with: Aspergillus fumigatus (left),
C. guilliermondii (middle), and the abiotic control (right). Adapted with
permission from ref. 118 Copyright 2014, with permission from Elsevier.

degradable = under  both  aerobic and  anaerobic
conditions.""*'*° PVA is commercialised by Kuraray'>' and
Sekisui,"*? under the trademark names Poval and Selvol,
respectively. It is commonly used for adhesives or paper
coating, but increasingly used in packaging applications, and
agriculture, among others.'*?

The repeating unit of PVA is vinyl alcohol, which is, in prin-
ciple, unstable and cannot be isolated or obtained in high con-
centrations.'®® Because of that, the most common method to
synthesize PVA is through the alcoholysis or hydrolysis of poly-
vinyl acetate (PVAc) (Scheme 6). To the best of our knowledge,
there are no reports of efforts on PVA green synthesis.

Although its properties depend on the degree of alcoholysis
(and thus M), PVA is resistant to oil, grease, and organic sol-
vents,*®* and has excellent barrier properties, such as a low O,
permeability (0.02 vs. 0.03-0.04 for PET, Table 1) due to its
relatively high degree of crystallinity and strong intermolecular
forces arising from the hydroxyl groups in its repeating unit."*>

Regarding degradability, Chiellini’s group performed
several studies on PVA degradation.**"*° In a comparative
study, through composting, soil burial and aquatic degra-
dation tests, they managed to identify an active PVA-degrading

] MeOH
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n
o

PVAc PVA Methyl acetate

Scheme 6 PVA synthesis by methanolysis of PVAc.

Green Chem.


https://doi.org/10.1039/d2gc02726g

Published on 21 October 2022. Downloaded on 12/3/2022 10:43:30 AM.

Critical Review

bacterial mixed culture starting from sewage sludge of a paper
mill as an inoculum.'®® They found the most significant degra-
dation level within a short incubation time in liquid cultures
(13% degradation in 21 days) in comparison with soil or
compost samples where they found limited mineralisation.
Additionally, PVA with different molecular weights was studied
and no influence of molecular weight on bacterial degradation
was observed.'*®

In an effort to endow PVA based materials with an increased
renewable content, and also to modulate their properties,
some authors followed a trend already observed for previously
discussed polymers, that is to prepare blends with natural
polymers and other biobased mixtures/compounds, such as
protein wastes, collagen hydrolysate, and glycerol.”*° This
latter PVA blend was degraded by a mixed culture from water
treatment after an approximately 10-day lag phase. This combi-
nation was proved to be a good option since the added protein
hydrolysate and glycerol in PVA increased the (bio)degradabil-
ity (activated sludge at 25 °C) more than expected from the pro-
portional representation of the individual components, with
increased CO, production (up to approx. 94%).

Azahari et al."" reported the addition of corn-starch to a
PVA matrix in an attempt to increase its degradation rate. In
this case, a 30/70 (in %) PVA/starch blend had a 92.5% weight
loss for enzymatic degradation after just 60 hours, and up to
85% in both the soil and compost for 8 weeks (while pure PVA
had only 60 and 20% degradation, respectively). However, the
results from mechanical testing showed that as the starch
content increased, the tensile and elongation at break
decreased, whereas the modulus increased (Fig. 2).

To overcome these disadvantages, Guohua et al.*** reported
the preparation of PVA blends with methylated corn-starch
(MCS). The obtained films had higher water resistance and
both tensile strength and percent elongation at break of the
MCS/PVA film were improved as the degree of substitution of
MCS increased. In soil burial experiments, the MCS/PVA film
showed rapid degradation in the initial 45 days (around 60%
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Fig. 2 Effect of the variation of PVA/starch blend content on the tensile

strength, elongation at break and Young's modulus. Adapted from ref.
130 Copyright 2011, with permission from USM Press.
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weight loss) followed by a slow degradation until the end of
the experiment (maximum 70% in 180 days). Still, the blend
showed improved degradation when compared to pure PVA,
that could only reach a maximum of 20% weight loss.

Polycarbonates (PCs). PCs are polymers with hydrolysable
functional groups, which have been commercially exploited
(Cyrolon™, Markrolon™) for their combination of outstanding
mechanical, thermal and optical properties.

PCs are conventionally synthesized by polycondensation of
either highly toxic phosgene or harmful diphenyl carbonate,
and with the health and environmental hazardous bisphenol A
(BPA). Indeed, this compound has been identified as an endo-
crine disruptor with acute toxicity in the range of 1-10 pg m1™*
for aquatic species.'®® Despite that, BPA-PCs (PCs containing
BPA) are sold under a number of trade names, including the
above cited Cyrolon (Acrylite)’®* or Markrolon (Bayer)."*®
Furthermore, they have been mainly used in plastic lenses for
eyewear, protective gear, and even to manufacture baby
bottles.

This success is clearly related to their outstanding pro-
perties. In this regard these polymers have superior mechani-
cal properties, such as great impact resistance (850 vs. 90 J m™*
in comparison with PET)**> and also toughness and flexibility
at room temperature. Besides they present heat resistance and
superior optical properties, such as transparency.

When it comes to BPA-PC degradation, Artham et al.**® per-
formed relevant studies in seawater medium. BPA-PC was able
to show only 9% weight loss and 5% M,, reduction after 1 year
of incubation under laboratory conditions, proving its slow
degradation in the marine environment. Despite this result,
the same authors, on another study, reported 9 pg ml™" of BPA
and the respective oxidized products in the supernatant for
seawater degradation studies."®” Further investigation showed
that, in fact, the amount of released BPA in 1 year was higher
than the half-maximal effective concentration (ECs,) for
marine species. In 2003, Sajiki et al."*® also studied the release
of BPA but in different aquatic media (10 ml of water, river
water, seawater at 20 °C) and BPA’s behaviour afterwards
under laboratory conditions. Fig. 3 shows BPA’s concentration
along time in these different media and at different
temperatures.
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Fig. 3 Variation of the time of PBA concentration in water (20 and
37 °C) from PC's degradation at 20 °C (left) and 37 °C (right). Reprinted
with permission from ref. 138 Copyright 2002, with permission from
Elsevier.
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They found that BPA’s leaching rate in seawater was the
fastest for both tested temperatures, with BPA’s rapid increase
at 11 ng day ' at 37 °C. This resulted in the highest concen-
tration of BPA, around 500 ng ml™", after 45 days. This value
corresponds to approximately half of the minimum concen-
tration for acute toxicity for aquatic species.'*?

Nevertheless, BPA-free and more sustainable PCs are being
increasingly studied,”*®'*® with some alternatives in the
market such as Kostrate® PC by the Plastic Selection Group.'*!
Other alternatives to prepare BPA-free PCs can be seen in
Scheme 7, with for example PCs synthesised from creosol-
derivatives, which are simultaneously non-estrogenic and bio-
based."*’

These creosol-derived BPA-free PCs show a good thermal
performance with high thermal stabilities, with a decompo-
sition temperature (T4sq,) Up to 383 °C."*° In that work no
degradability tests were carried out, despite their relevance for
anticipating future behaviour both in natural environments
and under controlled composting conditions.

Other studies suggest the synthesis of BPA-free PCs from di-
trimethylolpropane dicyclic carbonate (DTMPC) by greener
ROP homopolymerisation (Scheme 1) with a metal-free
organic-based catalyst system.'**> The ensuing PCs have shown
to be highly transparent materials when compared to commer-
cial PC sheets (Fig. 4).

The high optical transparency (with all BPA-free PCs above
85%) makes these new PCs excellent candidates for a variety of
applications, such as food contacting materials in packaging.
Despite the initial stages of development of these BPA-free
alternatives, the existing BPA-PCs’ degradation studies are of
extreme importance to understand the persistence (or not) of
these polymers in the environment.

Polyurethanes (PURs). PURs are also a vast class of polymers
with interesting properties, having the ability to produce
materials with either high strength and rigidity, or high flexi-
bility and toughness.'** Elastollan is the trademark named for
thermoplastic PURs commercialised by BASF,"** with a wide
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Scheme 7 Chemical structures of PCs derived from BPA and some
alternatives derived from creosol and DTMPC.'*814 Reproduced from
ref. 138, 141 with permission from the Royal Society of Chemistry, copy-
right 2021 and 2018.
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Fig. 4 Optical transparency (% transmittance) properties of PBA-free
PCs, prepared from DTMPC. BL: blank; BL in EtOH: blank in ethanol; PC
in EtOH: PC in ethanol; PC-THF: PC after being submerged in THF for
15 min; PC-THF in EtOH: PC after being submerged in THF for 15 min in
ethanol. Reproduced from ref. 141 with permission from the Royal
Society of Chemistry, copyright 2018.

range of possible uses, ranging from flexible and rigid foams,
adhesives, and surface coatings.

However, linear PURs are typically synthesised from hazar-
dous and fossil-based diisocyanates with polyols. These
different building blocks can be made of aromatic or aliphatic
isocyanates and several types of polyols, such as polyester-,
polyether-, and PC-derivatives, among others.

There is great interest today in a greener transition, and,
hence, in switching to bio-based PURs, to reduce their fossil
resource dependency. There are many bio-based polyols avail-
able,"*® mainly derived from vegetable oils, fatty acids, gly-
cerol, crop residues and protein-based feedstocks.'*® PURs pro-
duced with bio-based polyols and fossil-based isocyanates
have been reported.**”

In order to obtain a completely bio-based PUR, alternatives
for isocyanate substitution have also been addressed. For
example, Hojabri et al.**® reported the synthesis and character-
isation of unsaturated diisocyanate from oleic acids and its
incorporation into a bio-based PUR with canola diol and
canola polyol.

Another issue regarding the quest for more sustainable
PURs is the fact that typically diisocyanates have high toxicity
for humans. In this regard, in 2020, the EU agency of
Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH) published restrictions on the use of diiso-
cyanates.'*® Additionally, the release of diisocyanates in the
EoL of PURs is of serious concern and brings about an enor-
mous disadvantage for their use. Nevertheless, as reported by
Kim et al.">° PURs do suffer from composting degradation, the
extent of which depends on the different chemical structures.
In this work, the diisocyanates used were 4,4'-diphenyl-
methane diisocyanate and 1,6-hexane diisocyanate with a
variety of polyols. PURs’ weight losses ranged from 5 to 43% at
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the end of 45 days of composting (ASTM D 5338).°* When the
polyol used was poly(1,6-hexamethylene adipate)diol or PCL-
diol, the maximum degradation was achieved when compared
to poly(1,10-decamethylene adipate) diol or poly(ethylene
adipate)diol, for example.

Therefore, diisocyanate substitution is of extreme relevance
when it comes to the EoL, with extreme priority for non-toxic
alternatives. In that perspective, there are precisely several
efforts being made to produce alternative isocyanate-free
PURs.">'™'*3 Besse et al.™* reported the use of isosorbide dicy-
clocarbonates, instead of diisocyanates, in the preparation of
biobased PURs (Scheme 8). The above-mentioned alternative
isosorbide-based PUR'** had no alcohol or alkene by-products
being formed during thermal degradation (T < 500 °C), and
the only degradation products were CO, and secondary
amines. Further hydrolytic degradation studies, but specially
composting tests due to their relevance to waste management,
should be performed to understand their environmental
impact in-depth.

Overview of the main commercially available bio-based
polymers

In the last two decades an unprecedented quest for renewable-
based chemicals, monomers and polymers thereof
started,">"*” mainly motivated by expert predictions about
the depletion of fossil reserves, and the prevailing worrisome
concern about the geopolitical situation of these dwindling
resources."®

Research and innovation initiatives have been implemented
ubiquitously both by academia and industrial sectors. Biomass
became an inexhaustible source of building-block monomers
suitable for increasing the renewable content of polymers such
as the case of PBAT, mentioned previously, or instead to
prepare a variety of fully bio-based thermoplastic polyesters,
described subsequently, a few of which are already at the
market (e.g., PLA, PBS).

Poly(lactic acid) (PLA). PLA is well-established as the first
synthetic thermoplastic polymer entirely based on renewable
raw materials to be commercialised at a large scale.*® Ingeo,
Purac and Renew, for example, are some of the commercial
names for PLA materials (mainly PLLA)"*° manufactured by
NatureWorks, Corbion and Futerro, respectively.'®* %> A set of
interesting properties, including compostability, has dictated
its main use in food and beverage packaging, cutlery, and even
as 3D printing feedstock.

PLA can be obtained from the lactic acid (LA) monomer,
although the related lactide dimer is more commonly used via
ROP (Scheme 9). Because of the chirality of the lactyl unit,

n

Scheme 8 Example of an isocyanate-free PUR synthesized from a car-
bonated oligoisosorbide and 1,10-diaminodecane *>*
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Scheme 9 General process of PLA synthesis, through ROP, and
respective stereoisomeric forms of the lactide monomer.

lactide exists in three diastereoisomeric forms: r-lactide,
p-lactide and meso-lactide (Scheme 9).'** The polymer thereof
can be obtained as the enantiomerically pure form poly(p-
lactide) (PDLA) and poly(i-lactide) (PLLA), or as the racemic
poly-(pr-lactide) (PDLLA) form.

PLA’s renewable origin is, without a doubt, one of the most
attractive features. However, its mechanical properties, when
compared to, for example, fossil-based PCL can limit its wide-
spread use (lower tensile strength, elongation at break and
yield, as observed in Table 1. PLA possesses an intrinsic low
crystallisation rate and limited barrier properties compared to
its oil-based counterparts, like PET (3.5-15 vs. 1-5 O, per-
meability coefficient).’® As can be seen in Fig. 5, diffusivity
decreases as the crystallinity increases.’®* Furthermore, PLA
samples annealed at 125 °C have a higher diffusivity than
those annealed at a lower temperature, but with the same level
of crystallinity.

Studies on PLA hydrolytic degradation in aquatic environ-
ments, where temperatures are usually very low, revealed low
degradation under these media. In this vein, Bagheri et al.'®®
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Fig. 5 Effect of crystallinity on the O, diffusion coefficient for PLA

samples annealed at 100 and 125 °C. Reprinted with permission from
ref. 164. Copyright © 2009 Wiley Periodicals, Inc.
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performed a comparative degradation study of PLA with several
(bio)degradable polymers, namely PCL, in fresh water and sea-
water. PLA showed no significant weight variation for one year
period in both aquatic media, and the same result was
obtained for PCL. In static seawater (25 °C), Tsuji et al.*® also
studied the comparative degradation of PLLA and PCL. While
the latter showed a 25% weight loss at the end of 10 weeks,
PLLA showed no significant changes during that period. The
relevant work of the Scott and Suh group highlights precisely
the same trend, even showing that the specific surface degra-
dation rate of PLA and the well-established non-degradable
HDPE are similar in the marine environment.?

Despite the non-degradability of PLA in aquatic media, and
the probable persistence in the case of ending up in these
environments, if suitable composting facilities are instead
used, following well-defined international standards (e.g., EN
13432, ISO 14855, ISO 17088, ASTM D6400),"*4343> PLA will
have an adequate EoL. As an example, Kale et al.'®® studied
the industrial composting (60 °C) of PLA bottles reporting
complete degradation in just 30 days. Despite that, PLA’s
degradation at ambient temperatures (e.g., home composting
conditions) becomes much slower due to the lower tempera-
tures and most probable different biota. Rudnik et al’?
reported the degradation of PLA fibres and films in soil and
compost at ambient temperatures. The first significant
changes started to occur only after 7 months, and sample dis-
integration could only be clearly observed at the end of
11 months.

PLA’s previously mentioned poor mechanical properties
can be circumvented, as pointed out for other polymers, by
copolymerisation or by blending PLA and polymers with
enhanced mechanical properties like PCL.*” In fact, blending
PLA with a relatively low loading of PCL (<20% w/w) leads to a
substantial reduction of the Young’s modulus and increase of
the elongation at break when compared to pristine PLA, result-
ing, thus, in more flexible materials (Fig. 6)."”

The same study reported other PLA blends (Fig. 6), show-
casing for example, the incorporation of poly(hydroxyoctano-
ate) (PHO) to improve PLA’s flexibility, with the PLA/PHO (85/
15) blend having 35% elongation at break.

Logically, PLA’s blends and copolymers have also been
studied in the attempt to improve its degradation under mild
conditions. When PLA is blended with fossil-based PCL,
besides improving mechanical properties, it also becomes
home compostable (180 days at ambient temperature), which
is of extreme importance.*’ In this study a PLA/PCL blend with
a ratio of 80/20 was able to degrade under simulated home
composting conditions (ISO 14855 at 28 °C)'* in 260 days,
unlike PLA alone.*” However, this PLA/PCL blend was not able
to pass other degradation tests according to the ISO and ASTM
standards, so it would not be able to degrade in marine, fresh
water, or soil environments.

Following this trend, Fukushima et al.”* also tested a blend
of poly(pr-lactide) and PCL (PDLA/PCL = 80/20 (in %)). The
addition of PCL also showed improvements in PDLA’s com-
posting behaviour that was generally higher in compost after

This journal is © The Royal Society of Chemistry 2022
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Adapted with permission from ref. 47. Copyright 2018 American
Chemical Society.

just 84 days at 37 °C. Other attempts for improving PLA’s
degradation with alternative blends, such as PLA/PBAT, can
also be found in the specialised literature.”®°” However, it was
found that the expectation of accelerating PLA degradation in
soil by blending with PBAT was not achieved, since PLA and
PBAT individual controls degraded faster than the blend
thereof.

When it comes to copolymers, the incorporation of the gly-
colic moiety is able to enhance the degradation, with the copo-
lymer poly(lactic-co-glycolic acid) (PLGA) (lactide/glycolide
molar feed ratio of 50/50), known to be the most common bior-
esorbable copolymer, showing the best results of Bagheri’s sea-
water study (25 °C) with complete degradation after 270
days.'®®

Poly(butylene succinate) (PBS). PBS is another aliphatic poly-
ester synthesised via the polycondensation of succinic acid
(SA) and BD. Although, commercially, SA is still mostly manu-
factured by the hydrogenation of fossil-based maleic anhydride
to succinic anhydride, followed by hydrolysis, in the foresee-
able future it is expected to shift its production to the fermen-
tation route based on renewable sugar feedstocks, like starch,
glucose, and xylose, as exemplified in Scheme 10.°7'%®
Furthermore, BD can also be of renewable origin, providing,
thus, the potential to have entirely biobased PBS. Currently,
PBS is commercialised by Mitsubishi Chemical Corporation
under the trade name of BioPBS™, with certifications for food
contact applications (EU10/2011) and compostability
(EN13432)."%° Therefore its main applications are in flexible
packaging such as, for example, in coated papers, agriculture
mulch films and sports equipment.

PBS is a highly crystalline polyester with a melting point at
around 115 °C."7° When compared to well-established PLA
(Table 1), it has a lower Ty, (115 °C vs. 160 °C), but it reveals a
higher flexibility, with an elongation at break of 379%
(maximum 240% for PLA). These characteristics make PBS a
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Scheme 10 PBS production via polycondensation of succinic acid (SA)
and 1,4-butanediol (BD).

viable option to replace, for example, fossil-based PP in fishing
gear.

In this vein, Deroiné et al.'”* reported a resistant monofila-
ment based on PBS as an alternative for fishing gear. The
monofilaments were prepared by melt-processing using a
single-screw extruder and by controlling the processing temp-
erature they managed to improve the tensile behaviour of PBS
monofilaments (Fig. 7).

The monofilaments’ tensile behaviour was improved in
comparison with undrawn PBS. However, in this study degra-
dation studies in aquatic environments (at least hydrolytic
degradation) of PBS monofilaments are missing, despite their
particular relevance for target fishing gear application.
Nevertheless, other authors studied the hydrolytic degradation
of PBS pieces (5 x 6 x 0.2 mm?®) at ambient temperatures in
phosphate-buffered saline.'”> The samples started losing
weight slowly, with only 10% after 9 weeks, but they reached
65% weight loss at the end of 15 weeks. When it comes to
microbial degradation, Zhao et al.'”? isolated and identified
different microbial strains from the compost of PBS degra-
dation, and Aspergillus versicolor revealed to be the best PBS-
degrading microorganism.

350 1
undrawn

300 === SIG
—g0'C

Stress (MPa)

Strain (%)

Fig. 7 Evolution of the tensile behaviour of PBS monofilaments drawn
at different temperatures. Adapted with permission from ref. 171.
Copyright 2018, with permission from Elsevier.

Green Chem.

View Article Online

Green Chemistry

When it comes to controlled composting studies (ISO
14855, 58 °C),"* Zhao et al'”® studied PBS degradation in
different forms (powder, granulate, and films). The
maximum composting degradation was achieved, as one
could anticipate, with powdered samples with maximum 72%
after 90 days. The SEM analysis allows the observation of the
changes in the PBS surface, thus confirming its degradation
in compost (Fig. 8).

Some copolymers and blends with PBS have also been
reported as a strategy to tailor degradation. In a comparative
study, Tsutsumi et al.’”* studied both the enzymatic (lipases in
phosphate-buffered solution at 37 °C) and oxidative degra-
dation (sodium hydroxide solution at 37 °C) of PBSA and a
PBS/PCL blend and compared them with PBS. They found that
PBSA was readily degraded by various lipases, with a
maximum weight loss of 96% after just 10 days by AK lipase
from Pseudomonas sp. The degradation rate of PBSA by the
same lipase was 16 times faster than that by the tested oxi-
dative degradation. Also, for the same enzyme, the PBS/PCL
blend reached a ca. 56% weight loss while PBS reached only
14%.

Zhu et al."” described the microbial degradation of poly
(butylene succinate-co-adipate) (PBSA) and poly(butylene-co-
hexylene succinate) (PBHS) copolymers carried out with
Penicillium chrysogenum (37 °C), whereas Wang and co-
workers'”® used Aspergillus versicolor fungi (30 °C) instead. For
the former, the copolyesters reached over the course of 52
days, a maximum weight loss of only ca. 7% (PBSA), although
this result is higher than that observed for pristine PBS.
Hence, in the case of Penicillium chrysogenum-mediated degra-
dation (as well as soil burial tests) the copolymerisation strat-
egy was not enough to make a noticeable impact on the overall
degradation process. Oppositely, in the case of Aspergillus versi-
color mediated microbial degradation of PBSA, more than 90%
of the copolymer was assimilated within 25 days.'’® At the
early stage of PBSA microbial degradation, the decrease in
molecular weight is mostly attributed to the random non-enzy-
matic hydrolysis of the polymer chains. Once the molecular
weight decreases to a point where microbial attack can
proceed, the biotic hydrolysis is accelerated.

Furan-based polymers. The intense quest of both scientific
and industrial communities to produce new high-performance
bio-based polymers, which typically is not accessible with pure

Fig. 8 SEM images of the surface changes of PBS films before com-
posting (left) and after composting (right) for 90 days. Adapted with per-
mission from ref. 173. Copyright © 2005 Wiley Periodicals, Inc.
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aliphatic polymers, has spotlighted furan-based ones amongst
the most interesting in terms of properties and future appli-
cations. Notably bio-based poly(ethylene 2,5-furandicarboxy-
late) (PEF) has the potential to phase out the widely used PET,
mainly in packaging applications due to a set of properties
including superior barrier performance and a more favourable
degradation profile."”””*® Avantium N.V., a technology
company in the field of renewable chemistry, leads PEF devel-
opments towards market introduction.'®?

PEF is synthesized from bio-based 2,5-furandicarboxylic
acid (FDCA) as opposed to fossil-based TPA, and ethylene
glycol through a typical two-step melt polycondensation pro-
cedure (Scheme 11) applying high temperature (>200 °C),
vacuum, and long reaction times and using metal-based
catalysts.'®'%° Nevertheless, greener synthesis has been pro-
posed, either using ROP in less than 30 min,'®>"®
ionic liquids or non-metal catalysts."%%'5°

PEF is expected to reach several markets, with applications
in packaging, mainly in the form of bottles for soft drinks
(being 31 times less permeable to CO, than PET); other poten-
tial applications comprise textiles and as films."”®'°® The
unique set of properties of PEF include thermal properties
such as high melting (200-215 °C) and glass transition
(75-80 °C) temperatures, together with high thermal stability
(up to 350 °C)."”” Furthermore, this polyester is a highly stiff
material with a Young’s modulus of approximately 2450 MPa
and maximum stress equal to 35 MPa.'®*

In terms of composting experiments, Avantium reported
the degradation of PEF under accelerated (58 °C) industrial
composting conditions by Organic Waste System (OWS).'8*19
In these tests, it was observed that in just 9 months PEF
reached 90% degradation based on the amount of CO,
released (vs. only 10% for PET). Nevertheless, further studies
under natural conditions (such as typical aquatic and soil
degradation) are required to provide a more realistic scenario
of PEF behaviour.

Furan-based polymers include many others, besides PEF,
namely furanic-aliphatic (co)polyesters with potential
enhanced degradability compared to PEF, and in this regard,
with multiple EoL options. In this vein, Sousa et al.'®> intro-
duced the synthesis of this family of polymers with poly(ethyl-
ene 2,5-furandicarboxylate-co-poly(r-lactic acid))s (PEFLs). The
authors reported an overall trend of improved thermal stability
of PEFLs when compared with the PLLA precursor (>300 °C vs.

or using

- CH;0H
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N, atm
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Scheme 11 General route for the synthesis of PEF via two-step
polycondensation.
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257 °C, respectively). Also, the T, was higher due to an increase
in stiffness prompted by the furanic moieties. The incorpor-
ation of just 8 mol% of lactyl units was enough to increase the
enzymatic degradability of the copolyester in phosphate-
buffered saline medium (37 °C), while not compromising the
thermal properties, as can be seen in Table 1. Nevertheless,
the highest weight loss was achieved with 74% lactyl units,
reaching almost 60% total weight loss over the course of 12
weeks. Later, in 2015, Wu et al. complemented the previous
study with PEFL degradation tests in garden soil at 35 °C, for
55 days.'®* As observed for the phosphate-buffered saline incu-
bation tests performed by Sousa et al.,'**> a maximum weight
loss was achieved for the copolymer incorporating 80% of
lactyl units.

Efforts on this family of polymers have also turned to
furanic replacements of previously described fossil-based TPA
in PBAT, that is poly(butylene adipate-co-butylene 2,5-furandi-
carboxylate)s (PBAFs).>®'9%'%> These copolyesters possess the
excellent thermal stability of furan-based polyesters (Tqs0, >
340 °C).”® PBAFs with a lower furanic content (<50%) also
exhibited high-elastic deformation and rebound resilience, but
the Young’s modulus ranged between 18 and 122 MPa and the
tensile strength was 9-17 MPa.”® PBAF with 40% of butylene
2,5-furanoate moieties has the lowest tensile modulus and
strength due to the weakest ability to crystallise (also associ-
ated with statistic factors). With increasing furanic content,
the stress hardening becomes more obvious, and the tensile
modulus and strength of PBAF increase, but the elongation at
break follows a downward trend.

Degradation experiments in phosphate-buffered saline
medium (37 °C), simulated seawater (5-10 °C) and CALB enzy-
matic incubation revealed PBAFs’ tendency to degrade,
especially for higher percentages of adipic acid,'®* as already
observed for the PBAT counterparts.'®

In other similar studies, PBSFs prepared from FDCA, succi-
nic acid and 1,4-butanediol were also mentioned,’®'°”'%% put
many others could also be included as those made of poly
(ethylene glycol) segments'®*®*°° or from long chain alkanoids
and alkane diols.>*"*%*

Criteria and opportunities for (bio)
degradable polymers

(Bio)degradable polymers can play a role in polymer waste
management or, at least, in mitigating their accumulation in
natural environments, and, thus, prompting a more adequate
EoL for polymer articles. This review shows that there is not a
one size fits all solution, as would be expected for a complex
problem as polymer waste, instead it requires a series of varied
efforts, starting from social behavioural ones, along with ade-
quate legal frameworks, to, at the downstream, stronger collec-
tion, sorting and better recycling technologies.>** However, it
is undeniable that in certain circumstances compostable or
fully (bio)degradable polymers can attenuate the persistent
polymers’ environmental impact. Anticipating the need for a
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judicious replacement of traditional persistent polymers with
compostable ones, the European Bioplastics Association
(EUBP) has set forth a group of recommendation criteria for
considering such substitution:***

(i) alternative reusable solutions cannot be redesigned,
highlighting the need to reuse polymeric objects;

(i) contamination with food waste occurs and cleaning is
not feasible;

(iif) they provide
contamination;

(iv) only when mechanical recycling fails to effectively recycle
polymers and likely they will end up in the organic waste collec-
tion, (bio)degradable options should be considered.

Besides the need to reuse before performing a substitution,
polymer separation from organic waste might be challenging
and cross-contamination might be a serious problem.”* It is
not uncommon for polymer articles made of non-degradable
polymers to coexist with food residues in a collection stream.
Here, they act as cross-contaminants to each other, limiting
both their EoL solutions, namely recycling and composting,
respectively. Precisely, several studies indicate that approxi-
mately 4 to 5 wt% of biowaste streams are contaminated with
non-(bio)degradable polymers, with the majority being plastic
bags and packaging films typically made from PE and PP, or
even PET.>°%?” Other products that fall under similar EoL
issues are, for example, tea bags and fruit stickers.”** In these
situations, the most probable fate of these contaminated poly-
mers is either landfills or incinerators.”’® From a general point
of view, the advantage of using compostable polymers is evident
when there is a risk of cross-contamination, and recycling fails.

Furthermore, collection is often associated to several
issues, being not cost-effective, rather incomplete, or even
impossible due to causes as diverse as the countries’ underde-
veloped collecting/separation system,*’® not practiced by the
users as is the case of agriculture mulch films from LDPE, and
of the fishing gear’s dolly rope, commercially manufactured
from persistent PP. All of these open up great opportunities for
compostable polymers, such as PBAT or PLA, as well as to
innovative recycling technologies.

Additionally, there may be advantages of using bio-
degradable polymers in situations where separation is an
impossible task, for example when small polymer pieces are
unavoidably mixed with sewage and likely to escape to the
environment.”*> For example, microbeads with typically less
than 1 mm in diameter present in exfoliants are small plastic
pieces.”’® Recently, there have been further reports on the
environmental impact of microplastics in cosmetics’, stressing
the urgent need for global legislation.>'**?

To conclude, following the previously mentioned criteria, a
series of products can be identified as potential for being pro-
duced from compostable polymeric materials, although this
path also brings technological challenges. Nevertheless, Fig. 9
illustrates some of those products based on how commonly
they are found in compost and how rarely they are recycled. In
this regard tailor-made synthetic (bio)degradable polymers are
a very promising solution for a sustainable development.

potential to reduce biowaste
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Fig. 9 Several products and their potential compostable materials
based on how often they are found in compost and their recyclability.
Reproduced from ref. 203 with permission from European Bioplastics e.
V., 2022.

Conclusions

In summary, there are a variety of promising synthetic (bio)
degradable polymers, either fossil-based or, even better, bio-
based ones. PCL, PGA, PBAT, PLA, PBS and furan-based poly-
mers are some of the materials judiciously selected to be
reviewed in this appraisal due to their properties and related
(potential) commercial relevance for packaging, textile fibres
or films. They were in-depth overviewed from three main
aspects: green efforts to render their composition and/or syn-
thesis greener, properties and applications, and (bio)degra-
dation behaviour in natural environments and under con-
trolled composting conditions.

We have also discussed a very pertinent point for a con-
scientious transition from persistent polymers to (bio)degrad-
able ones - the criteria and the specific situations where they
are beneficial for a sustainable development. For example, in
cases where reuse is not possible, cross-contamination and
separation are not cost-effective or mostly incomplete, and re-
cycling fails.
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