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• Biodegradability and non-enzymatic
hydrolysis of PISOX-HDO (polyisosorbide
oxalate copolyester with 1,6-hexanediol
as third monomer; isosorbide / 1,6-
hexanediol ratio = 3/1); a representa-
tive of a new class of high Tg renewable
polyesters

• Unique combination of High Tg
(103 °C), very good mechanical- and
gas barrier properties and fast degrad-
ability in soil and marine environment

• Fast degradability results from facile
non-enzymatic hydrolysis of oxalate
ester bonds.

• Good application potential due to
unique combination of excellent me-
chanical and thermal properties and
fast biodegradability
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In order to reduce the plastic accumulation in the environment, biodegradable plastics are attracting interest in the
plastics market. However, the low thermal stability of most amorphous biodegradable polymers limits their applica-
tion. With the aim of combining high glass transition temperature (Tg), with good (marine) biodegradation a family
of novel fully renewable poly(isosorbide-co-diol) oxalate (PISOX-diol) copolyesters was recently developed. In this
study, the biodegradability of a representative copolyester, poly(isosorbide-co-1,6-hexanediol) oxalate (PISOX-
HDO), with 75/25 mol ratio IS/HDO was evaluated at ambient temperature (25 °C) in soil and marine environment
by using a Respicond system with 95 parallel reactors, based on the principle of frequently monitoring CO2 evolution.
During 50 days incubation in soil and seawater, PISOX-HDO mineralised faster than cellulose. The ready biodegrad-
ability of PISOX-HDO is related to the relatively fast non-enzymatic hydrolysis of polyoxalates. To study the underlying
mechanism of PISOX-HDObiodegradation, the non-enzymatic hydrolysis of PISOX-HDO and the biodegradation of the
monomers in soil were also investigated. Complete hydrolysis was obtained in approximately 120 days (tracking the
formation of hydrolysis products via 1HNMR). It was also shown that (enzymatic) hydrolysis to the constitutingmono-
mers is the rate-determining step in this biodegradation mechanism. These monomers can subsequently be consumed
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and mineralised by (micro)organisms in the environment much faster than the polyesters. The combination of high Tg
(>100 °C) and fast biodegradability is quite unique and makes this PISOX-HDO copolyester ideal for short term appli-
cations that demand strong mechanical and physical properties.
1. Introduction

The annual production of plastics worldwide was close to 370 million
tons in 2019 and 2020 (Global Plastic Production, 1950–2020 | Statista;
PlasticsEurope, 2020). The annual plastic production is predicted to in-
crease to 1 billion tons by 2050 (De Smet, 2016). Plastics are used for
many applications and play an important role in industry, transportation
and our daily lives. Plastics are also cheap and lightweight, which makes
it difficult to replace them with other materials. Because bulk plastics are
very cheap, their main applications are short term, meaning that they are
used only once or a few times before being discarded. This leads to enor-
mous amounts of plastic waste, which is not always disposed of properly
and causes environmental pollution. This has been widely reported both
for terrestrial and marine ecosystems (Chae and An, 2018; Li et al.,
2016). Their resistance to (bio)degradation causes plastic materials to re-
main in the environment and interact with other pollutants (as carrier). Es-
pecially for micro- and nanoplastics, this facilitates global migration and
accumulation in the food chain (Li et al., 2020). A change in mentality
and improved infrastructure regarding plastic use and waste-management
is therefore required, but even highly advanced systems cannot completely
prevent littering, which requires materials to break down over time to
avoid accumulation in the environment. Therefore, environmental biode-
gradability (fate-in-nature) will be required to be considered a design fea-
ture for plastics.

As our plastics today are essentially all fossil based, plastic waste dis-
posal by incineration causes large amounts of CO2 emissions. Fossil based
biodegradable plastics can still lead toCO2 emissionswhich ultimately orig-
inate from fossil fuels. Spierling et al. (2018) suggested that switching
around 66% (around 220 Mt. by 2017 estimates) of plastic production to
biobased could potentially save 241–316 Mt. of CO2-eq. annually.

Biodegradation of plastics in the environment typically takes place in
three steps: disintegration, depolymerisation, and assimilation andmineral-
ization by microorganisms. Abiotic factors (heat, light, mechanical stress,
moisture/water) directly affect the first two steps and indirectly affect the
third step, whereas biotic factors (microorganisms by enzymatic actions)
could directly influence all three steps (Badia et al., 2017; Krueger et al.,
2015; Krzan et al., 2006). In short, plastics break down to oligomers and
monomers, so that microorganisms can take them up and utilize them as
substrates for metabolism and growth.

Polylactic acid (PLA), polyhydroxyalkanoates (PHA), starch blends,
polybutylene adipate terephthalate (PBAT), polybutylene succinate (PBS)
and polycaprolactone (PCL) are typically considered as biodegradable ther-
moplastics which are produced on industrial scale (Lambert and Wagner,
2017; Satti and Shah, 2020). However, their commodity applications are
limited by their poor physical properties, a low glass transition temperature
(Tg) being one of these, especially, for the replacement of fossil based coun-
terparts, such as poly(ethylene terephthalate) (PET) and polystyrene (PS)
ig. 1. Poly(isosorbide-co-1,6-hexa
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(Scholz and Gross, 2001). Therefore biobased thermoplastics with in-
creased Tg are attracting attention (Nguyen et al., 2018). Aiming for high
Tg, a novel type of biorenewable copolyesters, poly(isosorbide-co-1,6-
hexanediol) oxalates (PISOX-HDO) (Figure 1) was recently synthesised in
our group (Wang and Gruter, 2018). Potential applications could be (sin-
gle-use) coffee cups/straws, or even paper coating. One of the drivers for
this research is our ongoing development of technology to obtain oxalic
acid via electrocatalytic reduction of CO2 (Schuler et al., 2021a, 2021b).

Often, plastics claimed to be biodegradable are tested under industrial
composting conditions, such as those described in ISO 14855-1 (2012),
ASTM D6400 (2019), EN 13432 (2000). Their biodegradation in nature
is, however, likely to be not as fast as consumers would expect based on
these tests (Nazareth et al., 2019). PLA, for instance, is compostable, yet
minimal degradation has been observed at ambient temperature in seawa-
ter and soil. These different results can easily be explained by the fact that,
compared to in the natural environment, industrial composting provides
more favourable conditions for PLA biodegradation, most importantly
due to higher temperature (i.e. close to PLA Tg), total concentration of mi-
croorganisms and a higher moisture content than present in soil (Haider
et al., 2019). Napper and Thompson (2019) reported that a commercially
compostable carrier bag completely disappeared within 3 months in a ma-
rine environment, yet no measurable surface area loss was observed after
27 months in the soil. Therefore, testing novel plastics in both soil and ma-
rine environments at ambient temperature is important to evaluate their
environmental biodegradability and thus their fate-in-nature. Additionally,
ISO 17556 (2019), ASTM D5988 (2018) and ISO 19679 (2020) are related
standard methods. Briassoulis et al. (2019a, 2020, 2019b) discussed these
standardmethods and alsomethods of plastic biodegradation under natural
marine environment.

Polyoxalates (oxalic acid based polymers) and their copolymers have
been reported to hydrolyze easily (Table S.1). Garcia and Miller (2014)
even observed that poly-(decylene-co-resorcinol bis(hydroxyethyl)ether)
oxalate (50% aromatic) was hydrolysed by the humidity in the air.
Polyoxalates have been mainly considered for medical applications, such
as drug carriers, so most studies have focused on non-enzymatic hydrolysis
under physiological conditions (Table S.1). However, Yoshikawa et al.
(2011) claimed food containers had intermediate layers containing poly
(ethylene oxalate) which was environmentally biodegradable. Polyoxalate
applications for packaging and agriculture have been scarcely reported.
Given that hydrolysis is considered the rate limiting step for polyesters bio-
degradation (Sander, 2019; Wang et al., 2022), PISOX-HDO is expected to
be biodegradable in bothmarine and soil environments because its sensitiv-
ity to hydrolysis (moisture).

Annually, over 8 million tons of plastic is estimated to end up in the sea
(Jambeck et al., 2015).When plastics end up in the sea, thosewith low den-
sitywill float, while plastics with higher densitywill sink and deposit on the
seafloor. In contrast to polyolefins, polyesters and nylons have a higher
nediol) oxalate (PISOX-HDO).
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density than seawater, however, limited research has been conducted on
plastic ending up on the seawater/sediment interface, which is a biologi-
cally active zone (Tosin et al., 2012). PISOX-HDO has a density of
1.38 g ml−1, which means it will sink in water. It is therefore important
to see how it behaves in aquatic environments, both from a hydrolysis
and a biodegradation point of view. When marine degradability within a
reasonable time is required, polyesters (which typically all have densities
>1 g ml−1 and as a consequence do not float) will really benefit from
non-enzymatic hydrolysis as a mechanism towards full (bio)degradation.
In this light it is also interesting to consider a “use before date” not only
for food products but also for certain types of (hydrolysable) packaging.
Solving the problems with current plastics without compromising on con-
venience may be as obtainable as a “carrot on a stick”.

The aim of this research is to assess the biodegradability of PISOX-HDO
in soil and marine (seawater and marine sediment) environments. In order
to understand the underlyingmechanisms, the biodegradation of themono-
mers in soil and non-enzymatic hydrolysis of the PISOX-HDO polymer in
water was also studied.

2. Materials and methods

2.1. Test materials

Oxalic acid (99.0%) and 1,6-hexanediol (99%) were purchased from
Sigma–Aldrich and Aldrich respectively. Isosorbide was obtained from
Carbonsyth and was further purified by distillation and crystallization in
house. Cellulose (powder, 20 μm average particle size) and sodium oxalate
(99.5%) were purchased from Sigma–Aldrich and Alfa Aesar respectively.
Dimethyl sulfoxide (DMSO, 99.9%) was purchased from Fisher Scientific.

PISOX-HDO (25%of 1,6-hexanediol and 75%of isosorbide)was synthe-
sised in our group (Wang and Gruter, 2018). Two separate batches of
PISOX-HDO were used for the experiments, both with similar Tg around
103 °C and density of 1.38 g ml−1. Their number average molecular
weights (Mn) are 21,000 and 28,600 g mol−1 respectively, and butyltin hy-
droxide oxide hydrate (catalyst, 120 ppm) was only used (for synthesis) in
the first batch. No catalyst was used in the synthesis of the second batch.
The first batch of PISOX-HDO was used for polymer biodegradation in
soil and hydrolysis at room temperature. The second batch of PISOX-
HDO, with the same 1,6-hexanediol/isosorbide ratio, was used in the sea-
water, pre-exposure and heat-shock experiments.

2.2. Soil, seawater and sediment

Soil was collected from an active agricultural field at Vredepeel, Lim-
burg province, in the Netherlands and previously described by Schlemper
et al. (2017). It was sieved through a 4mmmesh, and stored in air-dry con-
ditions. Soil was dried at 40 °C for 70 h before experiments. Related proper-
ties of soil were listed in Table S.2.

Seawater and sediment was collected at Zandvoort in the Netherlands,
at low tide. Seawater was filtered with coarse filter paper and sediment
was sieved through a 4 mm mesh filter. They were used at the same day
of sampling.

2.3. Biodegradation testing method

A Respicond respirometer was used for execution of the biodegradation
tests and details of the methods were described by us before (Wang et al.,
2022). Briefly, biodegradation tests were performed in the dark, in closed
250 ml vessels which were maintained at 25 °C. Three to five replicates
were carried out for each test material or media (blank). CO2 evolved
from the testmediumwas trapped by a potassiumhydroxide solution inside
the vessel. Then the amount of trapped CO2was calculated based on the de-
crease in the conductivity of the KOH solution. Conductance in the KOH so-
lution was measured hourly and the solution was refreshed regularly,
before the absorption of CO2 reached its limit. The incubation experiments
lasted around 50 days.
3

2.3.1. Environment

2.3.1.1. Soil. To each of the Respicond vessels, 15 g of wet soil (or ~ 12.5 g
dry soil), was added. The moisture level of soil was adjusted to about 50%
of the field capacity by slowly adding a mineral salt solution (Table S.3).
After this moisture adjustment, the pH of the soil was 5.9, whichwas deter-
mined after adding a 0.01 M CaCl2 solution (Hendershot et al., 1993). Typ-
ically, the amount of organic carbon introduced by the polymer or
monomer test substance to the dry soil was kept at around 5 mg C g−1

dry soil. Thismeans that approximately 63mg of carbonwas added per ves-
sel. The resulting carbon to nitrogen ratio (C:N) in the soil containing test
material, was around 12.5. The test materials were added to the dry soil
as solution (monomers dissolved in mineral salt solution combined with
the step of adding moisture) or ground powder (polymers), respectively.
Monomers were studied individually and also in a mixture (corresponding
to the monomer composition of PISOX-HDO, i.e. 50 mol% oxalic acid,
12.5 mol% 1,6-hexanediol and 37.5 mol% isosorbide). Sodium oxalate
was also tested.

Oxalic acid and 1,6-hexanediol were additionally tested at lower con-
centrations, which corresponded with their molar proportion in polymers
(50% and 12.5%). This resulted in approximately 1.1 and 0.8 mg C g−1

dry soil respectively.
For PISOX-HDO, 6 pre-exposure experiments were performed by

first adding 50% of the carbon loading in the form of PISOX-HDO
(2.5 mg C g−1 dry soil). After 80 days, the second 50% of carbon load-
ing (2.5 mg C g−1 dry soil of isosorbide or PISOX-HDO) was added to
these pre-exposed vessels separately in triplicates. This second addi-
tion is considered as the starting point of incubation. One of the ves-
sels containing the isosorbide test was excluded due to leakage.

2.3.1.2. Marine environment. About 50 g filtered seawater was used in all ex-
periments. In the sediment experiments 20 g of drip-dried sediment was
added to the seawater. Subsequently test materials equivalent to about
75 mg carbon were added directly to each vessel, except for the blanks.

2.3.2. Calculation
The degree of biodegradation (percentage of added substrate‑carbon

converted intoCO2, Dt,%) of a test material at time twas calculated accord-
ing to Eq. (1):

Dt ¼ CO2_sample − CO2_blank

ThCO2
∗ 100 (1)

Here CO2_sample (mg) represents the amount of accumulated CO2

evolved from a vessel containingmedia and testmaterial at time t. CO2_blank

(mg) is the average amount of accumulated CO2 of the blanks (soil, seawa-
ter or and sediment) at time t. ThCO2 (mg) is the maximum amount of CO2

that could theoretically evolve from the test material, based on the amount
carbon added. Failures due to malfunction of the Respicond and outliers
were removed.

2.4. Hydrolysis

In an NMR tube approximately 10 mg polymer powder (<425 μm) was
added to 1 ml D2O, containing 2.0 mg ml−1 dimethyl sulfoxide (DMSO) as
a standard. The tubes were subsequently sealed by melting and stored at a
controlled temperature of 25 °C. A Bruker Avance III 400 MHz NMR spec-
trometer was used to measure (1H NMR) soluble hydrolysis products. 1H
NMRwasmeasured once or twice aweek over a period of 160 days. The hy-
drolysis experiments were performed in triplicate. This method allows for
tracking hydrolysis without invasive sampling, making it convenient for
long term experiments.

To test if a paper cup coated with PISOX-HDOwould release monomers
upon multiple fills with hot liquid (such as water/tea or coffee), an NMR
tube filled with PISOX-HDO powder as described above was placed in a
cup filled with hot water from a coffee machine. 1H NMR was measured
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after theNMR tube in the cup had cooled down at room temperature for ap-
proximately 30 min. This was repeated for a total of four times with the
same NMR tube.

3. Results and discussion

3.1. Biodegradation of PISOX-HDO and its monomers in soil

The biodegradability of PISOX-HDOand itsmonomers was tested in soil
at 25 °C. Under the same conditions we tested the biodegradation of cellu-
lose as a reference.Within the 53 daywindow, PISOX-HDO showed amuch
higher level of degradation than cellulose, despite it having a significantly
longer lag phase (Figure 2). The fact that PISOX-HDO with a Tg of 103 °C
is quite surprising as high Tg synthetic polyesters, such as poly(ethylene
terephthalate) (PET), are typically not degradable (Chiellini et al., 1996;
Nguyen et al., 2018; Polman et al., 2021).

After 53 days incubation time, 57 (± 4)% of the PISOX-HDO polyester
was converted into CO2. After these 53 days the curve still has an upward
trend (substrate carbon conversion rate after 53 days was close to 0.5%
Fig. 2. 53 day biodegradation curves of (a) PISOX-HDO and its monomers, and
cellulose (reference) with approximately 5 mg (substrate) carbon per gram of dry
soil and (b) oxalic acid and 1,6-hexanediol with low concentration (1.1 and
0.8 mg C g−1 dry soil), sodium oxalate and the mixture of monomers at 25 °C.
Mean biodegradation (lines) were plotted. The shaded area represents the
standard deviation of at least three replicates, except for 1,6-hexanediol and
oxalic acid (in (a)), in which case it represents the range of duplicates.
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per day). As a result, it is likely that PISOX-HDOwill biodegrade completely
to CO2 and biomass in a matter of months in soil, depending on parameters
such as temperature, sunlight, water content and soil type. This shows its
competitive biodegradability with other biobased and biodegradable plas-
tics. For instance, PLA is compostable, but shows very slow degradation
at ambient temperature in soil (Karamanlioglu et al., 2017; Kunioka et al.,
2006). Barragán et al. (2016) observed that buried Mater-Bi films, a
commercial product consisting of thermoplastic starch–vegetable oil–
copolyesters, lost less than 20% of its total mass after 60 days in soil at
25 °C. Furthermore, buried films and pellets of commercially available
polyhydroxybutyrate (PHB) and polyhydroxybutyrate-co-hydroxyvalerate
(PHBV) showed losses of 5%–50% of the initial mass within 50 days
under natural tropical conditions (Boyandin et al., 2013). With comparable
or even better biodegradability than these much lower Tg commercial poly-
mers, the higher Tg of PISOX-HDO allows for a wide range of single use ap-
plications, such as packaging for hot foods and drinks.

Generally, biodegradable building blocks (monomers) are a prerequi-
site for biodegradation of their polymers, because breaking polymers
down to oligomers andmonomers is a precondition for the final step of bio-
degradation (mineralization). Therefore, the biodegradation of PISOX-
HDO monomers was also tested (Figure 2a). Unexpectedly, PISOX-HDO
reached a higher biodegradation percentage than that of all of its mono-
mers when they were measured individually. Specifically, the biodegrada-
tion percentage of isosorbide was approximately half that of PISOX-HDO
while the degradation percentages of oxalic acid and 1,6-hexanediol were
zero or even negative. The low level of biodegradation of oxalic acid and
1,6-hexanediol in soil are not in line with the literature and the fast biodeg-
radation of PISOX-HDO indicates that its monomers should also be biode-
gradable (Evans, 1998; Siotto et al., 2011). It is therefore likely that the
biodegradation may have been limited by the apparently high and poten-
tially toxic concentration of the monomers (5 mg C g−1 dry soil) added to
soil.

To check possible toxicity of/inhibition by oxalic acid and 1,6-
hexanediol, they were tested at reduced concentrations (Figure 2b). At
these reduced loadings the monomers all showed clear degradation over
a 53 day period. Oxalic acid exhibits a significant lag phase, whereas 1,6-
hexanediol at this loading started degrading after only a fewdays. These ob-
servations show that the lack of biodegradation observed earlier (Figure 2a)
was indeed caused by the high concentrations of oxalic acid and 1,6-
hexanediol, which apparently inhibited microbial activity in soil. In order
to better understand the reason for the relatively long lag phase of oxalic
acid, an experiment with sodium oxalate was also performed (Figure 2b),
which showed essentially no lag phase. This suggests that the toxicity and
lag phase regarding oxalic acid are caused by its strong acidity rather
than by the oxalate itself. This is furthermore supported by the pH of
soil (3.8) after adding oxalic acid solution, which increased to 6.7 after
incubation.

Remarkably, the lag phases of isosorbide, oxalic acid with low concen-
tration, and PISOX-HDO were similar (Figure 2). This would suggest that
the lag phase of PISOX-HDO resulted from microbial adaption (to mono-
mers) instead of the time required for hydrolysis. The latter is commonly
considered as the rate-limiting step for polyester biodegradation in soil. In
order to test this, the biodegradation rate of a mixture of monomers corre-
sponding to the monomer composition of PISOX-HDO (50 mol% oxalic
acid, 12.5 mol% 1,6-hexanediol and 37.5 mol% isosorbide) was studied
(Figure 2). Clearly the lag phase of this mixture was much shorter than
that of PISOX-HDO. This is in line with the lack of hydrolysis being the
main cause of PISOX-HDOs lag phase. These samples contain the same
amount of oxalic acid as the experiments in which only oxalic acid was
used, showing a similar initial pH value of 3.6, yet biodegradation starts
already within 5 days. This discrepancy could be explained by the
addition of other carbon sources, which may facilitate the adaptation of
microorganisms. Similarly, Loh and Tan (2000) reported that the
presence of glucose enhanced the biodegradation rate of phenol. They
suggested that adding a more readily degradable carbon source could
support cell growth and increase the tolerance of microorganisms to high



Fig. 4. Biodegradation curves of PISOX-HDO and cellulose in seawater and on the
interface of seawater and sediment. Mean biodegradation percentages (lines)
were plotted. The shaded area represents the standard deviation of at least
three replicates. The data between 2 and 4 days was excluded due to an
unintentional temperature decrease of the water bath of the Respicond to 20.3 °C.
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phenol concentrations. It is also possible that different organisms are
responsible for the breakdown of the various monomers, and that they
have a different sensitivity towards the acidity. No conclusive statement
can be made on this, as this method does not allow for distinguishing
between the degradation of different carbon sources within the same
sample. In order to test this, in future research labeled monomers could
be used to distinguish carbon sources.

Pre-exposure, i.e. adding the test material to activate the inoculum be-
fore repeating the addition and starting the biodegradation test, a way to
decrease the lag phase of biodegradation due to microbial adaptation. In
this way PISOX-HDO and isosorbide were added to vessels containing soil
that had been pre-exposed with PISOX-HDO and the day of this addition
was defined as the starting point of incubation. The biodegradation rates
of PISOX-HDO and isosorbide in these incubations are shown in Figure 3.
The biodegradation rate of isosorbide in pre-exposed soil increased imme-
diately from 0.5 to 2.4 mg CO2 day−1 within 4 days. This indicates that
the lag phase of isosorbide in the earlier experiments resulted from micro-
bial adaptation. On the other hand, the increase in biodegradation rate of
PISOX-HDO with pre-exposure started after 14 days (Figure 3). It indicates
that the lag phase of PISOX-HDO (regardless of pre-exposure or not)mainly
resulted from the lack of depolymerization (hydrolysis) instead ofmicrobial
adaptation. This is a different result than reported for the effect of pre-
exposure on PLA compostability, which was significantly accelerated after
pre-exposure (Kunioka et al., 2006).

In short, it appears that the rate determining step for PISOX-HDO bio-
degradation in soil is the hydrolysis to its monomers. These monomers
can subsequently be consumed by microorganisms in the soil. As was ob-
served, some of thesemonomers can inhibit biodegradation at high concen-
trations, but the hydrolysis of these polymers leads to a gradual release of
themonomers, which limits their concentrations and therefore their inhibi-
tion/toxicity. Apart from this, the addition of mixtures of carbon sources
may facilitate the microbial adaptation and even the biodegradation rate
of our polymers.

3.2. PISOX-HDO degradation in the marine environment

The biodegradability of PISOX-HDO in the marine environment was
assessed by using a Respicond system with 95 parallel reactors to monitor
CO2 conversion. Figure 4 shows the biodegradation curves of PISOX-HDO
and cellulose in seawater, with and without sediment, at 25 °C. After incu-
bation with seawater and sediment for around 50 days, 17% (± 2%) of
PISOX-HDO was converted into CO2, which was more than three times as
much as for cellulose (around 5%). The degradation rate of PISOX-HDO
Fig. 3. The evolution rate of CO2 (per vessel) from isosorbide and PISOX-HDO
biodegradation in PISOX-HDO pre-exposed soil. Average of 2–3 replicates were
plotted in dots.

5

in seawater only was initially not much slower than with sediment and sea-
water, but CO2 evolution stopped after around 25 days. In this case cellu-
lose degradation was very slow and the difference in rate with the PISOX-
HDO was thus much more pronounced than in the presence of sediment.

The pH of the seawater (with PISOX-HDO, without sediment present)
was measured after 76 days and the pH had dropped from the initial
value of 7.7 to 1.7. The decrease in pH indicates an increase in oxalic acid
concentration, which means that the hydrolysis to the monomers is faster
than the mineralization of these monomers, as is the case for the oxalic
acid biodegradation in soil. This very low pH likely inhibited microbial ac-
tivity. In sediment (with PISOX-HDO) this drop in microbial activity was
not observed, likely because of the higher amount of microbes preventing
the build-up of oxalic acid and also the buffering effect of the sediment.
In the actual environment, the inhibition of biodegradation by acidification
due to oxalic acid release is not expected, because of concentrations of
oxalic acid released would be much lower.

In other studies concerning the biodegradation of polymers in seawater
with sediment, the biodegradation (mineralization) of PHB and Mater-Bi
films was reported to be around 50% and 20%, respectively, in a similar
time frame as we used at room temperature, which is in the same range
as observed for PISOX-HDO (Briassoulis et al., 2020a, 2020b; Tosin et al.,
2012).

Interestingly Bagheri et al. (2017) studied the mass loss of so-called bio-
degradable plasticfilms poly(D,L-lactide-co-glycolide) (PLGA, lactide:glyco-
lide 50:50), PHB, and PLA in seawater for 1 year. They observed 100%, 5%
and 0% mass loss, respectively. They attributed the complete degradation
of PLGA in seawater to non-enzymatic hydrolysis.

3.3. PISOX-HDO hydrolysis

The results of the biodegradation experiments in both soil and seawater
show that hydrolysis of the polyester is the rate-determining step and main
depolymerisation route in the conversion to CO2. In principle, hydrolysis in
nature can occur in twoways: non-enzymatic and enzymatic hydrolysis. En-
zymatic hydrolysis requires specific hydrolases that are typically present in
fungi and bacteria. Although non-enzymatic hydrolysis is expected to be
slower at ambient temperature and neutral pH, as hydrolysis is typically
base and/or acid catalysed, it is likely to still take place. Therefore the eval-
uation of non-enzymatic hydrolysis is necessary to fully investigate the en-
vironmental fate of PISOX, especially taking into account that the relatively
fast (non-enzymatic) hydrolysis of polyoxalates is known.
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Fig. 5. 1HNMR spectra of isosorbide, 1,6-hexanediol and hydrolysis of PISOX-HDO in 1mLD2Owith 2.0mg dimethyl sulfoxide as internal standard: measurements after 0 d,
42 d, 74 d and 120 d reaction time are shown. The excerpt on the left shows an expansion of the area around 8.2 ppm.
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Figure 5 shows the 1H NMR spectra of PISOX, isosorbide and 1,6-
hexanediol in D2O. Strong signals observed at approximately 2.73 ppm cor-
respond to the methyl groups of DMSO. Triplets at 3.49–3.54 and
3.58–3.62 ppm represent a single CHO proton of isosorbide (position
1) and 4 CH2O protons of 1,6-hexanediol (position 2), respectively, the
areas of which, relative to the DMSO, were used to quantify the level of hy-
drolysis. Very weak resonances started appearing after 5 weeks in the 1H
NMR spectra of PISOX, indicating the process of non-enzymatic hydrolysis
and the subsequent release of soluble monomers had started. Their inten-
sity increased gradually over time. Oxalic acid cannot be observed via 1H
NMR, because both protons of oxalic acid are exchanged with D2O.

A small peak at 8.22 ppm was also formed over time, observed first in
one of the triplicates after 5 weeks. This peak can be assigned to formic
acid, which is one of the end groups of PISOX, formed by decarboxylation
of oxalic acid end groups. Its intensity was generally too low to quantify
(<1% of DMSO peak integral) till the end of hydrolysis, while an increase
(a)
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over time was observed (Figure 5, expansion). Nevertheless the low pH of
the solution (pH < 2) after complete hydrolysis indicates the presence of
oxalic acid. No other significant peaks were present in the NMR spectra,
which shows that oxalic acid, 1,6-hexanediol and isosorbide are the soluble
end products of PISOX-HDO hydrolysis, together with a small amount of
formic acid.

The hydrolysis of PSIOXwas demonstrated in Figure 6 (a), which shows
the individual yields in time of hydrolysis products, isosorbide and 1,6-
hexanediol, at 25 °C in D2O. Traces of monomers were first observed after
5 weeks and hydrolysis was complete after approximately 120 days,
which was also confirmed visually (Figure 6 (b)). The lag phase and expo-
nential increase in the yields of hydrolysis products indicate random scis-
sion of ester bonds along the polyester backbone was predominant (endo-
wise attack), which resulted in a decrease inmolecular weight, butminimal
release of monomers in the initial phase of hydrolysis (Gigli et al., 2019). As
hydrolysis proceeded, the amount of end-groups increased and with it the
(b)
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amount of end-groups released. A linear increase in yield of monomers
would have been expected if chain-end scission were dominant, as in that
case the amount of end-groups would remain constant. Additionally,
there is the matter of autocatalysis, a phenomenon which is also observed
in the hydrolysis of PLGA and PLA (Ford Versypt et al., 2013; Grizzi et al.,
1995; Li, 1999; Siparsky et al., 1998). Esterification and ester hydrolysis re-
actions are acid-catalysed and as hydrolysis proceeds, more oxalic acid will
be released, which results in increased acidity of the solution and therefore
faster hydrolysis. In a natural environment, this effect would be absent due
to the lower concentrations of this oxalic acid.

After about 114 days the measured yields exceed 100%, yet in time
these decreased again to a stable value of approximately 100%, even after
820 days (Fig. S.1). It is conceivable that DMSO could interact with poly-
mers and oligomers of PISOX, the consequence of whichwould be a slightly
reduced DMSO concentration. This would lead to an overestimation of the
monomer concentrations in the initial part of the graph. Eventually PISOX-
HDO completely hydrolysed to soluble monomers, consequently releasing
all DMSO into solution, normalising the yields at 100%.

A short NMR relaxation delay (d1 = 1 s) could result in less accuracy
(around 10%) between experimental and theoretical ratios (Fig. S.2). Be-
cause insufficient delay times will lead to lower signal intensity. If not all
1H nuclei are fully relaxed, this will result in less accurate integrations (rel-
ative to DMSO). However, a good correlation between monomers concen-
tration and integral ratio to fixed concentration of DMSO was determined
(Fig. S.3) and used for quantification in this study.

Nevertheless, in terms of determining the complete hydrolysis of
PISOX-HDO, the overall trend and the consistency of the trend and tripli-
cates support the hypothesis that PISOX-HDO can (non-enzymatically)
fully hydrolyse in a relatively short time (around 5 months). Especially,
compared to the hydrolysis of PLA, which only yielded 4% of lactic acid
under the same conditions and timeline, the hydrolysis rate of PISOX-
HDO is very high (Fig. S.4). Additionally, the fact that the isosorbide and
1,6-hexanediol curves show essentially the same trend suggests that they
are distributed randomly within the PISOX-HDO structure.

The combination of PISOX's high Tg and high level of degradability
make it quite a unique material, and it could prove valuable for short life-
time applications, especially in combination with high temperatures. A po-
tential application could be single-use coffee cups, or even paper coating. Of
course in that case it would be important to assess its suitability for high
temperature applications. Therefore, PISOX's resistance to hydrolysis after
a high temperature shock, was tested via 1H NMR. An NMR tube with
PISOX-HDO powder and D2O was placed in a cup filled with hot water (di-
rectly from a coffee machine), which cooled down to room temperature in
about 30 min. Furthermore, in order to take into account reuse of a dispos-
able paper cup with plastic film, shocks were applied four times. No soluble
monomer was observed in any of the 1H NMR spectra. This simple test
suggests PISOX-HDO has a good resistance to hot water in single-use
applications.

3.4. The role of hydrolysis in biodegradation of PISOX-HDO

Depolymerization is a precondition for mineralization, i.e. microbial
utilization of polymer carbon, which for polyesters typically means hydro-
lysis of ester bonds at room temperate in the soil in the dark. Generally,
non-enzymatic hydrolysis is supposed to be slower than enzymatic hydroly-
sis, considering relatively neutral pH in soil. However, non-enzymatic hy-
drolysis of PISOX-HDO released soluble monomers, which were first
observed in NMR after 5 weeks (Figure 6) in water (D2O). This was later
than mineralization started in soil (2 weeks), even though less water was
available in soil. Moreover, after 7 weeks over half of PISOX-HDO was
biodegraded while only 20% of PISOX-HDO hydrolysed after 8 weeks.
Therefore, this slower non-enzymatic hydrolysis rate indicates enzymatic
hydrolysis was dominant in soil in our study.

Release ofmonomers from PISOX-HDOhydrolysis was not observed be-
fore 5 weeks while biodegradation of PISOX-HDO started within a week in
seawater with sediment, as well as in just seawater. It is relevant to note
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that the polymer used in the marine experiments had a higher molecular
weight and did not contain catalyst, two factors that should decrease the
amount of released oligomers and monomers. However, hydrolysis (yield
of monomers, 10–20%) and biodegradation (CO2 yield around 15%) of
PISOX-HDOwere similar after 7 weeks. Although it is not clear whether en-
zymatic hydrolysis of PISOX-HDO occurred in seawater, complete hydroly-
sis of PISOX-HDO is expected within a relatively short time (around
5 months at 25 °C). Since hydrolysis is the predominant mechanism for
the degradation of PISOX-HDO in seawater and its monomers are reported
readily biodegradable in water (ECHA, 2021). PISOX-HDO is therefore bio-
degradable in the marine environment.

In conclusion, the non-enzymatic hydrolysis of PISOX-HDO demon-
strates its potential to degrade (hydrolyse) relatively rapidly in the marine
environment, even under unfavorable conditions for biodegradation, such
as the deep sea where it is dark and cold with low biological activity.

4. Conclusions

The biodegradability of copolyester poly(isosorbide oxalate) -co-1,6-
hexanediol (PISOX-HDO) in soil and marine environments was assessed
by monitoring CO2 formation in time at ambient temperature (25 °C)
using a respirometer (Respicond). PISOX-HDO was shown to be signifi-
cantly more biodegradable than cellulose in both media around 7 weeks.
In soil it will degrade completely to CO2 and biomass in amatter of months,
whereas in seawater with sediment this would be close to a year. This is ex-
tremely fast when compared to the majority of plastics that are currently
mass-produced and littered. Especially its degradation in the marine envi-
ronment stands out when taking into account that plastic litter often ends
up there. Furthermore, it was shown that (enzymatic) hydrolysis to its
monomers is the rate-determining step in this biodegradation mechanism.
It was also shown that PISOX-HDO can hydrolyse non-enzymatically. The
combination of high Tg (>100 °C) and high level of biodegradability is
quite unique and makes it suitable for short term applications that demand
strong mechanical and physical properties. One such application would be
disposable plastic (coated) coffee cups. The initial heat shock tests showed
no measurable release of monomer, which appears to make this an ideal
material for such applications. Other potential applications would be agri-
culture (mulching films, fertilizer coating) or packaging.
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