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Chapter 1 

1 Polyester biodegradability: why is this 

important and how can it be tuned? 

Structural effects on the hydrolysis and biodegradation rate of  

polyesters  
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Abstract 

To address the targets for CO2 emission reduction, replacing feedstock for 

plastics from fossil to renewable resources is considered essential. At the same 

time it provides an opportunity to develop novel plastics with improved design 

features, such as better reusability and recyclability, but also environmental 

biodegradability. Even though recycling and reuse of plastics is favoured, it relies 

heavily on the infrastructure of waste management, which is not evenly 

developed worldwide. In addition, today’s bulk polyolefin plastics are inherently 

unsuitable for closed-loop recycling. Therefore, biodegradation could be a 

supplemental performance feature to deal with plastic accumulation problems, 

especially for packaging applications. It is also important to realise that even in 

places with the best waste-collection infrastructure littering takes place, which 

will cause endless environmental accumulation if this litter does not degrade. 

Biodegradability depends heavily on the circumstances: some biodegradable 

polymers could degrade rapidly under tropical conditions in soil, but this does 

not mean they also degrade on the bottom of the sea. Biodegradable polyesters 

are theoretically recyclable and even if mechanical recycling is difficult they can 

be broken down to their monomers (hydrolysis) for subsequent purification and 

re-polymerisation. Additionally, both the physical properties and the 

biodegradability of polyesters are tuneable by varying their building blocks. The 

relationship between the (chemical) structures/compositions (aromatic, 

branched, linear, polar/apolar monomers; monomer chain length) and 

biodegradation/hydrolysis of PISOX polyesters is discussed here in the context 

of the design of biodegradable polyesters.  

1.1 The problems of plastics 

Plastics are used for many applications and play a vital role in industry, (food) 

packaging, textiles, transportation and other uses in daily life. It was reported 

that the annual production of plastics worldwide was 367 million tons in  2020 

(PlasticsEurope, 2021). Packaging represents the largest (approximately 40%) 

end-use market for virgin plastics in Europe (PlasticsEurope, 2021). The annual 

global plastic production is expected to reach 1 billion tons by the end of 2050 

(Hamilton et al., 2019), with an  associated annual CO2 footprint predicted at 
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2.8 billion tons (2.8 Gt) (Hamilton et al., 2019). The increasing plastics 

production from fossil-based resources is not compatible with the targets of 

global CO2 emission reductions. Thus, more sustainable feedstock, such as 

biomass, CO2 (using carbon capture and utilisation (CCU)) and recycled waste 

materials, will be required as feedstock for the next generations of plastics. A 

substantial portion of the 1 Gt CO2 emissions (2022) related to plastics can be 

avoided by changing the feedstock, and potentially even achieving net-zero 

emissions is possible when using renewable energy for the plastics production 

and a significant amount of CO2 as feedstock (European Bioplastics, nova-

Institute, 2021; Meys et al., 2021; Spierling et al., 2018). 

In addition to the impact of plastics manufacturing on climate change, plastic 

waste is also a severe problem. It is estimated that annually 6–17 million tons 

of plastic waste accumulates in the environment (Jambeck et al., 2015). 

Unproperly disposed plastic waste causes environmental pollution and 

threatens ecosystems (Chae and An, 2018; Li et al., 2016) (Figure 1). An 

illustrative  example was the 2019 report that a pregnant sperm whale washed 

up dead on a Mediterranean beach with close to 25 kg of plastic waste in her 

stomach (Borunda, 2019). Unrecyclable single-use packaging plastics have no 

post-use value, which is the main cause for plastic pollution, because it creates 

a high risk that following improper disposal such materials end up in the 

environment. As conventional plastics are resistant to (bio)degradation, they 

remain in the environment where they eventually disintegrate into micro- and 

nanoplastics (MNPs). Prarat and Hongsawat (2022) found that microplastics in 

samples collected from the shore areas in Thailand are mostly polyethylene (PE), 

polypropylene (PP) and polystyrene (PS) (Prarat and Hongsawat, 2022).  

Additionally, MNPs  interact with (hydrophobic) contaminants (as carrier), which 

raises additional concerns about MNPs as they could contribute to the 

migration and accumulation of pollutants in the food chain worldwide(Barboza 

et al., 2018; Dissanayake et al., 2022; Guo et al., 2020; Li et al., 2020; Pannetier 

et al., 2020; Qu et al., 2020). For example, in a simple artificial food chain 

experiment, zebrafish were fed with Artemia nauplii (crustaceans) in which very 

small (1-20 μm) nanoplastics were accumulated with and without 

benzo[a]pyrene as a persistent organic model pollutant (POP) (Batel et al., 2016). 

Microplastics passed the intestinal tracts of zebrafish without significant 
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accumulation (3 of 39 fish) and without signs of severe disease even after 

chronic dietary exposure. The potential of microplastics to act as a vector for 

POPs was tracked and uptake and distribution within intestinal tracts of 

zebrafish in histological cryosections was shown. Even though problems caused 

by MNPs in the human body have not been reported yet, the observation of 

microplastics in the human body attracts public concern. Recently, plastic 

particles, including PS, PE and PET, were detected and quantified in human 

blood by Leslie et al. (Leslie et al., 2022). To avoid risks to human health and 

ecosystems, it is necessary to  change our attitudes towards plastics and their 

use and waste-management, and to improve relevant infrastructure. 
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Figure 1. Impacts of plastic waste on the marine environment (United Nations Environment Programme, 
2021). 
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1.2 Biodegradable plastic: a pollution mitigation 
supplementary to reduce, reuse and recycle 

The convenience, low cost and light weight of plastic makes it neither feasible 

nor sustainable to replace them with other materials in certain situations. For 

instance, using plastic bottled water remains essential for public health in terms 

of sanitation in developing countries (Nikiema and Asiedu, 2022). Particularly, 

the outbreak of COVID-19 stresses our reliance on plastic products with the 

increase in use of personal protective equipment, disposable tableware, and 

packaging waste  (Maissan, 2020). Additionally, plastic packaging improves the 

shelf life and the convenience of transportation and distribution of food, which 

subsequently decreases food waste, provides consumers with a wider variety of 

food, and contributes to worldwide food security (United Nations Environment 

Programme, 2021). Therefore,  plastics are important for sanitation and food 

safety.  

Recycling plastic waste is a popular topic for addressing the carbon footprint 

and pollution problems of plastics (Jiang et al., 2022). However, it relies heavily 

on the infrastructure of solid waste collection systems. In Europe in 2020, only 

34.6% of plastic waste was recycled and this represents the top level of waste 

management (PlasticsEurope, 2021). Moreover, this value was calculated based 

on the amount of collection instead of circulation. This shows that even for what 

is widely considered as high-quality infrastructure for waste management, 

recycling levels are low. It means that efficient recycling in the absence of this 

infrastructure is impossible, which is the reality the majority of the global 

population is dealing with. 

Furthermore, it is not cost-effective to separate complex and contaminated 

plastic waste with laminated flexible structures (such as food packaging) for 

mechanical recycling (Cruz Sanchez et al., 2020). Chemical recycling, which 

converts plastics into smaller molecules, could be an alternative, while it is not 

adopted as commonly as mechanical recycling (Cruz Sanchez et al., 2020; 

Nikiema and Asiedu, 2022; Ragaert et al., 2017). Currently, only 0.2% of the 34.6% 

recycled post-consumed plastic in Europe has been chemically recycled 

(PlasticsEurope, 2021). For chemical recycling it is important to realise that the 
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circularity potential is very different for different plastic materials. While nylons, 

polycarbonates and polyesters such as poly(ethylene terephthalate) (PET) can be 

depolymerised to their monomers in very high yields, this is not the case for 

polyolefins. It is not possible to selectively depolymerise PE and PP back to 

ethylene and propylene, respectively  and a maximum monomers yield of 40-

50% is expected from pyrolysis followed by hydrotreating of polyolefin waste. 

Particularly for the packaging segment, which typically has the largest 

proportion of recycled plastics, it is estimated that worldwide only 14% has 

been recycled, while most of packaging plastics leaked into the environment 

(32%) or ended up in landfills (40%) (PlasticsEurope, 2013; Ellen MacArthur 

Foundation, 2016). For some of those applications where single-use is a design 

feature and collection for recycling is not possible, environmental 

biodegradability of the materials should become a requirement. 

The three R’s, reduce, reuse and recycle, are a well-known framework to 

minimise the footprint of plastics. There are limitations though, especially in the 

field of packaging, as has been discussed above. Therefore, next-generation 

plastics are expected to be either 1) fully closed-loop recyclable when the 

relevant infrastructure is available or 2) designed to degrade completely 

(without the generation of harmful residuals, e.g. mineralisation to CO2) over 

time in the environment. Even if they do not degrade within months but for 

example in a matter of years, this will prevent the endless accumulation of 

plastics in the environment. It means biodegradable plastics could be used as a 

supplemental and transitional technology to the three R’s framework. This could 

be especially beneficial for applications with an expected short lifetime and/or 

applications which are a challenge for collection, for example (food) packaging, 

mulch films, fishery materials and disposable medical items. 

1.3 Shedding light on biodegradable polyesters 

The International Union of Pure and Applied Chemistry (IUPAC) defines 

biodegradable polymers as “polymer susceptible to degradation by biological 

activity, with the degradation accompanied by a lowering of its molar 

mass”(Chemistry (IUPAC), 1997), which emphasises the deterioration of the 

polymer.  
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The biodegradation of plastic generally undergoes three main stages (Figure 2) 

(Badia et al., 2017; Krueger et al., 2015; Krzan et al., 2006):  

(1) Disintegration: polymers fragment into smaller size particles due to 

mechanical stress, light, heat, water and microorganisms. This leads to 

alteration of the  physical (e.g. morphology, weight loss) and mechanical 

properties (e.g. ductility and tensile strength) of the polymers and can 

accelerate the formation of MNPs.  

(2) Depolymerisation (e.g. hydrolysis for polyesters): the scission of ester bonds 

within the polymer chains decreases the molecular weight of the polymer 

and releases small oligomers and monomers to the environment.  

(3) Mineralisation: microorganisms can take up small molecules (monomers 

and oligomers) released from the second stage and utilise them as 

substrates for metabolism and biomass growth (Sander, 2019). In this phase, 

polymer carbon is converted into CO2 and biomass under aerobic conditions 

(or CO2 and CH4 under anaerobic conditions).  

 

Figure 2. Plastic biodegradation under aerobic conditions. Arrows represent carbon flow. (Wang et al., 
2022b) 

Clearly, disintegration of a polymer is only the beginning of this process and 

therefore not a good definition for biodegradability. Thus, we recommend the 

published scientific opinion from the European Union, where biodegradation of 

plastics is considered as “the microbial conversion of all its organic constituents 

to carbon dioxide (CO2) (or carbon dioxide and methane in conditions where 

oxygen is not present), new microbial biomass and mineral salts, within a 

timescale short enough not to lead to lasting harm or accumulation in the open 

environment” (Science Advice for Policy by European Academies (SAPEA), 2020). 

This emphasises the ‘results’ from biodegradation of (biodegradable) plastics 
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should have relatively less environmental impact on nature. The “timescale 

short enough not to lead to lasting harm or accumulation” is powerful, as this 

will be very different for each material and for all local circumstances. “Lasting 

harm and accumulation” are criteria that can be objectively assessed.  

Consumers expect that the so-called biodegradable plastics can biodegrade fast 

in nature without resulting in any negative impact on the environment 

(Nazareth et al., 2019). However, some of those commercial plastics claimed to 

be biodegradable were tested under industrial composting conditions, as 

described in standard methods ISO 14855 (the International Organisation for 

Standardization, 2012, p. 14855), ASTM D6400 (ASTM International, 2021), EN 

13432 (EN13432, CE de NCEN, 2000, p. 134). The fact that industrial composting 

provides more favourable conditions (i.e. higher temperature, higher total 

concentration of microorganisms, and for soil a higher moisture content) can 

easily explain that polylactic acid (PLA), a well-known bio-based biodegradable 

polyester, completely degrades within several months under industrial 

composting conditions, yet only very slow degradation has been observed at 

ambient temperature  (Haider et al., 2019; Karamanlioglu et al., 2017; Kunioka 

et al., 2006; Wang et al., 2022b). Particularly, the temperature of industrial 

composting (55-60 °C) could be equal to or above the Tg of PLA (55–62 °C), which 

leads to the glassy and crystalline polymer becoming softer and the change of 

state is believed to accelerate the biodegradation rate (Haider et al., 2019). 

Overall, testing biodegradation at ambient temperature instead of under 

industrial composting conditions is more representative to evaluate fate-in-

nature for biodegradable plastics. 

In 2019, Napper and Thompson studied the biodegradation of “compostable” 

carrier bags. One type completely disappeared within 3 months in a marine 

environment (note: breakdown into MNPs is not considered to be 

biodegradation), but minimal loss was observed after 27 months in soil (Napper 

and Thompson, 2019). Therefore, it is necessary to define the conditions when 

describing or claiming the biodegradability of plastics.  

Polyesters, including polybutylene adipate terephthalate (PBAT), polylactic acid 

(PLA),  polybutylene succinate (PBS) and polyhydroxyalkanoates (PHA), are the 

largest group (> 67%) of biodegradable thermoplastics produced on industrial 
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scale, followed by starch blends (26%) (European Bioplastics, nova-Institute, 

2021). PHA is produced by bacteria (natural) and other synthetic polyesters are 

typically manufactured via esterification polymerisation.  

The search for more sustainable feedstock for next generation plastics can 

generate a very wide range of building blocks (monomers) for polymer synthesis 

that are not necessarily available from fossil resources. In particular biomass 

and CO2 (via CCU) can provide building blocks (monomers) for polyesters with 

unique properties, as their chemical structure (composition) heavily determines 

the resulting thermal and physio-mechanical properties of the polymer. As a 

consequence, it is possible to tune the properties of the resulting polyesters by 

selecting the building blocks and to enable them to meet the requirements for 

various applications (Larrañaga and Lizundia, 2019). For example, Wang and 

Gruter recently reported that they were able to tune the Tg of a series of fully 

renewable (co)polyesters poly(isosorbide oxalate-diols) from 60 to 168°C by varying 

the isosorbide/diol ratio (Wang and Gruter, 2018a, 2018b) and Kasmi et al. 

recently reported that they were able to tune the Tg of a series of fully biobased 

(co)polyesters poly(isosorbide furanoate-co-azelate) from -3 to 91°C by varying 

the content of 2,5-furandicarboxylic acid (FDCA) (Kasmi et al., 2022).  

Moreover, polyesters can potentially be recycled by both mechanical and 

chemical recycling processes. Compared to polyolefins, the esterification is a 

chemically reversible process and can be reversed via hydrolysis or alcoholysis. 

This means polyesters can be broken down to monomers and then these 

monomers (optionally after purification) can be polymerised again. In this way, 

the recycling of polyesters is closed loop and downcycling (e.g. mechanical 

recycling) can be avoided.  

For biodegradation of polyesters to take place, they first typically need to be 

hydrolysed to small molecules that can be taken up into the bacterial or fungal 

cell. Theoretically this hydrolysis can occur enzymatically or non-enzymatically. 

In principle specific hydrolases (typically secreted by fungi and bacteria) are 

required, as the rate of  non-enzymatic hydrolysis of polyesters is expected to 

be much slower, especially under the mild conditions (ambient temperature and 

neutral pH) in nature. The occurrence of non-enzymatic hydrolysis also depends 

strongly on the type of ester bonds present in the polyester. Esters from strong 
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carboxylic acids are more easily formed and also more easily hydrolysed, 

especially in aquatic environments. Therefore, when environmental 

degradability is desired, we should go for polyesters that show non-enzymatic 

hydrolysis as a mechanism for complete (bio)degradation within a reasonable 

time frame, especially under aquatic environments. This means that under 

conditions where biodegradation is unfavourable but where water is present, 

for example in the deep sea (darkness, cold and low biological activity), non-

enzymatic hydrolysable polyesters are potentially able to degrade and 

contribute to minimising the accumulation of plastics in the environment. 

For hydrolysable polyesters, the MNPs could theoretically be hydrolysed more 

easily than macroplastics due to relatively larger surface area. Breaking down to 

oligomers and monomers will continue in the presence of moisture. If the 

hydrolysis products are known to be biodegradable and not harmful, then full 

environmental biodegradation is assured. It is also important to realise that 

breakdown to monomers and small oligomers is slow and will be diluted in 

nature, which will mitigate risks of monomers that have some toxicity (at 

elevated concentration) for bacteria and fungi. 

Compared to current packaging material, hydrolysable plastics can reduce the 

lifetime of microplastics, which reduces the likelihood that they absorb and 

spread contaminants into the food chain. Therefore, hydrolysable polyesters 

may also contribute to minimising the negative effects of MNPs. 

1.4 Structural effects on the hydrolysis and 
biodegradation rate of biodegradable polyesters 

Both chemical structures and physical properties, including molecular weight, 

glass transition and melting temperature (Tg and Tm), crystallinity, rigidity and 

hydrophilicity, impact the potential of polyesters for biodegradation to occur 

within a reasonable time frame in various environments. The chemical structure 

is a major factor in determining thermomechanical and most physical properties 

of polyesters. As a consequence, (co)polymerisation of different monomers 

leading to varying compositions is a commonly employed strategy to tune the 

final properties of polyesters and make them suitable for certain applications. 
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Biodegradability of polyesters is also expected to be tuneable via the same 

strategy. Therefore, by making copolyesters, it is possible to design 

biodegradable/hydrolysable polyesters with favourable high thermal- and good 

mechanical properties.   

Understanding how the structure of polyesters affects their biodegradability is 

inspirational for the development of novel plastics. Therefore in this section the 

impacts of the chemical structure on biodegradation or hydrolysis of polyesters 

are discussed by presenting specific selected examples. For a detailed discussion 

on how the chemical structure of polyesters effects their thermal and 

mechanical properties see Larrañaga and Lizundia (2019) (Larrañaga and 

Lizundia, 2019) and references mentioned below. 

1.4.1 Aromatic diacid monomers 
Most commercially available biodegradable polyesters, including PLA, 

polybutylene succinate (PBS) and polyhydroxybutyrate (PHB), are aliphatic 

polyesters with linear structures. However, they generally possess unfavourable 

thermal- and/or mechanical properties for many applications. Typically, the 

introduction of rigid aromatic and (bi)cyclic monomers, like terephthalate, furan 

dicarboxylate, isosorbide, cyclobutene diol or cyclohexane dimethanol into 

polyesters improves their thermal and mechanical properties. Therefore, 

copolyesters with rigid (bi)cyclic comonomers attract a lot of attention but their 

synthesis is often challenging.  

Terephthalic acid (TPA) 

Among various aliphatic-aromatic copolyesters, the most popular is 

poly(butylene adipate-co-terephthalate) (PBAT, Figure 5), which is commercially 

available and accounts for 19.2 % of the biodegradable plastic market (European 

Bioplastics, nova-Institute, 2021). Meanwhile, extensive research is being done 

on improving its properties and understanding its mechanism of 

(bio)degradation.  

Higher terephthalate content could reduce the enzymatic degradation rate of 

copolyesters, as has been reported widely. When the terephthalate content is 

above 60 mol% (relative to the total diacid), copolyesters are considered non-
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biodegradable, similar to purely aromatic polyesters (Figure 3) (Marten et al., 2005; 

Müller et al., 2001). This reduced biodegradability was attributed to the limited 

accessibility of the enzyme to catalyse the cleavage of ester bonds, likely caused by 

the aromatic groups. 

 

Figure 3. Dependence of the degradation rate of aliphatic–aromatic copolyesters (BTA-copolyesters, PBAT) 
on the content of terephthalic acid in the polymer in different degradation environments. The absolute 
degradation rates are normalised to the rate for the random copolyesters BTArandom40:60. B: 1,4-butanediol 
unit; T: terephthalic acid unit; A: adipic acid unit; SP 4/6: poly(butylene adipate) (SP 4/6). (Marten et al., 
2005) 

Interestingly, Marten et al. studied the enzymatic hydrolysis of PBAT50/50 with 

different micro-structures, including random and strictly alternating, at 37 and 

50°C respectively (Figure 4) (Marten et al., 2005). It is found that neither of them 

were significantly hydrolysed at 37°C while the alternating one hydrolysed at 

50 °C. Even though the molecular weight of the alternating PBAT was only about 

one third of the other (18,000 and 51,000 g mol-1), this difference was attributed 

to their different Tm (random, 132°C; alternating, 85°C ), which also gave an 

indication of the mobility of the chains. The authors suggested that the chain 

mobility of polymers increased with an increase in the temperature of the 
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environment, which allows the access by lipase (with a deep active site) for the 

alternating PBAT50/50 (BTAaltern.50:50) at 50°C but not for the random 

copolyesters (BTAstatist.50:50). Therefore, they concluded that it could not be 

possible to design polyesters with high Tm combined with high degradation rate 

at ambient temperature, unless polyesters could degrade via mechanisms other 

than enzymatic hydrolysis by lipase (deep active site). It means polyesters with 

high Tm could be hydrolysed either non-enzymatically or by other enzymes, for 

instance enzyme with shallow active sites as shown in the next paragraph.  

 

Figure 4. Degradation of polyesters of different micro-structure by a lipase from Pseudomonas sp. (PsL) at 
37°C and 50°C in water. Degradation was monitored by titrating the acid groups formed during ester 
cleavage. B: 1,4-butanediol unit; T: terephthalic acid unit; A: adipic acid unit; SP 4/6 :poly(butylene adipate) 
(SP 4/6). (Marten et al., 2005) 

Moreover, Zumstein et al. investigated the relationship between chain flexibility 

of PBAT (dependent on the ratio of aromatic and aliphatic monomers) and the 

active site of the enzyme (Zumstein et al., 2017). Enzymes with a deep active 

site (e.g. Rhizopus oryzae lipase (RoL)) require higher chain flexibility to 

hydrolyse PBAT, while Tm (43-126°C) has little effect on enzymes with shallow 

active sites (Fusarium solani cutinase (FsC)) (Figure 5).  
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Figure 5. Hydrolysis of poly(butylene adipate-co-terephthalate) (PBATx) thin films by Fusarium solani 
cutinase (FsC) and Rhizopus oryzae lipase (RoL) at pH 6, as measured with a quartz-crystal microbalance 
with dissipation monitoring (QCM-D). The different PBATx polyesters varied in the molar fraction of the 
aromatic diacid terephthalate (T) to the aliphatic diacid adipate (A) (i.e., x = T/(A + T) · 100). Fraction (%) of 
initially coated dry polyester mass that was released during the hydrolysis experiments. Error bars 

represent deviations of duplicate measurements from their mean. (Zumstein et al., 2017) 

Furan dicarboxylic acid (FDCA) 

The only aromatic compound identified by the US Department of Energy in the 

twelve sugar-based future building blocks was 2,5-furandicarboxylic acid (FDCA) 

(Werpy and Petersen, 2004). One of its derived polymers, polyethylene 2,5-

furandicarboxylate (PEF), is considered a promising alternative for PET (as 

terephthalic acid today only available from fossil resources). PEF has high-

potential applications in packaging as it has better mechanical, thermal (higher 

Tg) and gas barrier properties than PET. Moreover, PEF was reported to be 

industrially compostable while PET is not (Figure 6) (de Jong et al., 2022). The 

biodegradation of PEF under ambient conditions is under investigation. 
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Figure 6. Biodegradation profiles of weathered and unweathered PEF, as well as weathered and 
unweathered PET and cellulose as a reference material. Biodegradation (%) = amount of polymer converted 
to CO2 (up to 450 days with air/oxygen @ 58 °C in soil. All curves are the averages of three samples. (de 
Jong et al., 2022) 

However, similar to TPA, aromatic-aliphatic copolyesters with higher FDCA 

content were reported to hydrolyse relatively slowly at low temperature (non-

industrial composting). For instance, Hu et al. synthesised a series of 

poly(butylene furandicarboxylate-co-glycolate, PBFGA) copolyesters with 

different molar ratios of glycolate (GA) and furanoate to conduct hydrolysis 

experiments with and without porcine pancreas lipase phosphate-buffered 

saline at 37°C (Hu et al., 2019). Weight loss was observed for PBFGAs with more 

than 30 mol% GA units (with fully random micro-sequential structures) after 35 

days, independent of the presence of enzyme. For PBFGA20 slight weight loss 

(with visible holes in the surface) was observed only with lipase after 70 days. 

Higher contents of FDCA further decreased the hydrolysis rate of PBFGA 

copolyesters (Figure 7). The authors suggested that the steric hindrance of the 

furan ring restrained hydrolysis. The threshold of FDCA content for 

biodegradability is likely higher than for TPA.  

PEF PET 
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It is important to mention that Tg‘s of all PBFGAs are around 37°C (Table 1) and 

the experiments were also performed at 37°C. The low Tg‘s indicate the polymer 

chains have a more flexible structure than for instance PLA (Tg 55–62°C) or PET 

(Tg >70°C). The faster degrading compositions (40% GA content and higher) 

were all amorphous, whereas those with less GA exhibited increasing levels of 

crystallinity with decreasing amounts of GA, resulting in reduced degradation. 

This suggests that a low Tg (i.e. close to the temperature of degradation) 

combined with an amorphous structure likely makes the ester bonds more 

accessible for both water and enzymes.  

 

Figure 7. Weight loss curves of PBFGAs during hydrolysis (a), enzymatic degradation (b) and visual 
observations of degraded films after 70 d. Note: Scales are not equal for (a) and (b) ). (Hu et al., 2019) 

Table 1. Thermal properties of PBFGAs. (Hu et al., 2019) 

  

1st heating scan 1st heating scan after 
annealing 

2nd heating scan 

T m 
(°C) 

ΔHm 
(J g−1) 

T m 
(°C) 

ΔHm 

(J g−1) 
T g 

(°C) 
T m 

(°C) 
ΔHm 

(J g−1) 

PBFGA60 Nd nd nd nd 37.7 nd nd 

PBFGA50 Nd nd nd nd 37.6 nd nd 

PBFGA40 Nd nd 84.5 2.7 37.3 nd nd 

PBFGA30 110 0.6 112.8 17 36.3 nd nd 

PBFGA20 138.7 14.1 141.7 31 38.2 nd nd 

PBFGA10 158.7 24.1 156 33.2 37.2 155.6 26.7 

PBF 168.3 34.8 167.8 37.5 36.9 170.3 30.8 
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1.4.2 Cyclic aliphatic diol monomers 

Isosorbide 

Apart from aromatic compounds, cyclic aliphatic diols have also been used for 

improving thermal properties of polyesters. Isosorbide (IS) is one of these 

biobased diols and is commercially  produced at ~20 kton per year scale by 

Roquette in France. Qi et al. incorporated isosorbide into PBS and obtained a 

series of random copolymers (PBIS) with a wide range (0-100 %) of IS content 

(Qi et al., 2019). They found that the increase in isosorbide almost linearly 

improves the Tg but reduces the crystallinity and Tm of the resulting copolyesters 

(Figure 8). This was attributed to the molecular structure of isosorbide, which is 

rigid and asymmetric. Similar effects on Tg were also observed by Van der Maas 

et al. (van der Maas, 2023). Modification of these properties (i.e. Tg, Tm, 

crystallinity) are also expected to affect the biodegradation behaviour of PBIS 

copolyesters.  

 

Figure 8. Melting and glass transition temperatures of PBIS copolyesters as a function of isosorbide contents. 
Melting temperatures were obtained during the first and the second heating scans using differential 
scanning calorimetry (DSC) (Tm1, Tm2). (Qi et al., 2019) 

In the same study, Qi et al. compared hydrolysis of homopolymers (PBS and PIS) 

and copolymers PBIS-20 (20 mol% isosorbide) and PBSA-20 (20 mol% SA). The 

incorporation of isosorbide was found to facilitate the hydrolysis, especially for 

enzymatic hydrolysis with porcine pancreas lipase and for the homopolymer PIS 
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(higher content of isosorbide) (Figure 9). This was attributed to the increased 

hydrophilicity/hygroscopicity and reduced crystallinity resulting from isosorbide. 

However, the Tg ’s of PBS and PBIS-20 were lower than the experiment 

temperature (37°C), while the Tg of PIS was rather higher. Together with steric 

hindrance caused by isosorbide, these factors are actually expected to impede 

enzymatic hydrolysis of polyesters containing isosorbide.  

Figure 9 Enzymatic degradation of polyesters. Remaining weight of samples tested with (green) or without 
(black) the presence of porcine pancreas lipase at 37°C. Note: PBSA-20 (A=adipate) Tm1=98°C , Tm2=97°C , 
Tg=-42°C. (Qi et al., 2019) 

In Chapter 3 we report the biodegradation of poly(isosorbide-co-1,6-hexanediol) 

oxalate (PISOX-HDO, with 75/25 mol ratio IS/HDO), a representative of a new 

class of high Tg renewable polyesters containing isosorbide, at ambient 

temperature (25 °C) in soil and marine environment (Wang et al., 2022a). This 

novel material was designed to combine high Tg (>100 °C) with good (marine) 

biodegradation. The relationship between biodegradation and the non-

enzymatic hydrolysis was discussed. After demonstration of its relatively fast 

(bio)degradation, we further studied the biodegradation and hydrolysis of a 

series of PISOX-based copolyesters with 11 compositions (tuneable Tg ‘s of 75 to 

173 °C) in soil in Chapter 4. All (co)polyesters with non-cyclic co-monomers 

biodegraded completely within 6 months. They show biodegradability 

comparable to (or even better than) that of cellulose under the same conditions. 
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The PISOX copolymers with 1,4-cyclohexanedimethanol and terephthalic acid 

as third and fourth comonomer did not show fast biodegradation. However, the 

PISOX homopolymer (which has a similar content of cyclic rigid monomers) 

degraded the fastest. This indicates that isosorbide, as a biobased rigid cyclic 

monomer, can provide good thermal (i.e. Tg) and mechanical properties of 

polymers without sacrificing biodegradability when combined with oxalic acid.  

Resistance to heat (i.e. high Tg) for amorphous polymers is generally considered 

an unfavourable factor for facile environmental biodegradability. An increased 

difference between Tg and the temperature of the environment negatively 

affects the mobility of the polymer (like the Tm), and has been attributed to 

limiting the access to the enzyme, especially for those enzymes with deep active 

sites. This seems to contrast the biodegradation of PISOX copolyesters but we 

learned that non-enzymatic hydrolysis of the oxalate building blocks allowed 

environmental biodegradability despite the materials having very high Tg’s. 

1.4.3 Linear aliphatic building blocks 
In general the chain length (or the number of methylene units) of linear aliphatic 

building blocks is expected to affect thermal-mechanical properties of 

polyesters as well as biodegradability. To systematically investigate the effect of 

the number of methylene units on biodegradability of linear polyesters, Baba et 

al. conducted polycondensations of 1,4-butanediol with nine aliphatic α,ω-

dicarboxylic acids (C4-C16) to obtain PBADs (Figure 10) (Baba et al., 2017). Their 

environmental biodegradability was determined by biochemical oxygen 

demand (BOD, i.e. oxygen consumptions) in water (inoculum mixture prepared 

with 4 soils) at 25 °C. After 30 days, it was found that PBDd (C12) barely 

biodegraded, and biodegradation rates of PBUd and PBS(u) (C11, C4) were 

slower than the others. Despite the long lag phase of PBS(u) and limited 

incubation time, biodegradability of PBS(u) (during a longer period) could be 

considered comparable with others, taking into account the steep upward trend 

at the end of incubation. These results suggested that medium chain length (C4-

C8) linear aliphatic building blocks had a similar effect on the biodegradability 

of polyesters, which is in line with our observations in Chapter 4, while long 

chain length diols had a negative effect.  
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Figure 10. BOD biodegradation curves of PBADs by inoculum mixture of four soils  at 25 °C for 30 days. (Baba 
et al., 2017)  

A further study from the same group was published in 2021 (Figure 11). 

Tachibana et al. conducted the BOD-test for PBADs with longer chain 

dicarboxylic acids (C13-C16) (Tachibana et al., 2021). As expected, quite limited 

biodegradation (0%-5%) was reported after 45 days.  

Figure 11. BOD biodegradation curves of BD , DCAs, and PBADs at 25°C for 45 days. (Tachibana et al., 2021).  

It is noteworthy that the even-odd effect on Tm was demonstrated clearly with 

these PBADs (Figure 12) (Tachibana et al., 2021). However, this effect did not 

appear to apply to their biodegradability. Additionally, Tg of PBADs (<-16 °C) are 

far lower than the incubation temperature.   
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Figure 12. Relationships of Tm of PBAD and number of methylene (n) in the alkylene 
dicarboxylate of PBADs. (Tachibana et al., 2021) 

Tachibana et al. polymerised oxabicyclodicarboxylic anhydride (OBCA, derived 

from furfural) and six linear diols of varying chain length units (Figure 13) 

(Tachibana et al., 2017). The same method as was used in the study mentioned 

above was used to assess biodegradability. Generally, no clear effect of the chain 

length of  the diol units on biodegradability could be observed. Specifically three 

compositions, i.e. diols with chain lengths of 3, 4 and 10 carbons in 

polyoxabicyclates (POBC), showed high biodegradability in the BOD tests, while 

POBCs with C2 and C6 showed much lower biodegradability after 90 days. There 

is therefore no direct relationship between the chain length of the diol and the 

biodegradability of the polyester. Considering the rapid mineralisation (under 

the same conditions) of all the diol monomers, the rate-limiting step should be 

the hydrolysis of the polymers by enzymes produced by the microorganisms in 

the inoculum. Additionally, in comparison with PBADs, this study showed that 

incorporation of cyclic building blocks delayed biodegradation significantly. 
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Figure 13. BOD biodegradation curves of POBCs (   : POBC-a, ○: POBC-b, ▲: POBC-c, △: POBC-d, ▇ POBC-

e, and : POBC-f) by the mixture inoculum at 25 °C. (Tachibana et al., 2017)  

Oxalic acid 

Oxalic acid is particularly interesting as a rigid diacid that can be potentially 

obtained from CO2. Polyesters from oxalic acid (polyoxalates), with two ester 

functional groups adjoined directly, show susceptibility to non-enzymatic 

hydrolysis. Currently attention is mainly focused on medical applications, such 

as drug carriers. A table summarising the hydrolysis results can be found in 

Chapter 3. 

Therefore, polyoxalates are expected to lead to fast biodegradation in various 

environments. Combined with isosorbide, poly(isosorbide-co-diol oxalate) 

polyesters (PISOX-diol) were developed, which provide good mechanical, good 

water vapour- and oxygen barrier and good thermal properties. Their 

biodegradation is discussed in section 4.2. Additionally, non-enzymatic 

hydrolysis of these polyesters was performed at 25°C in the same study, where 

copolyesters with linear co-diol non-enzymatically hydrolysed completely 

within 180 days. This indicates that facile hydrolysis of oxalate ester is essential 

for the fast biodegradability of PISOX (co)polyesters at ambient temperature in 

soil. 
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Furthermore, the presence of oxalate in polyesters was shown to favour 

relatively fast biodegradation, independent of the type of the non-cyclic co-diol, 

including 1,3-propanediol, diethylene glycol, 1,5-pentanediol, 1,6-hexanediol 

and neopentyl glycol. Similar to the study of Baba et al., no obvious trend was 

observed for the chain length of the diol (C3 – C6) on the biodegradability of 

PISOX copolyesters. 

1.4.4 Branched building blocks 

Poly(lactic-co-glycolic acid) (PLGA) 

Poly(lactic acid) (PLA) was the largest  bio-based plastics produced by volume in 

2020, mainly for packaging and disposable tableware applications (European 

Bioplastics, 2020). Lactic acid (LA) is industrially produced by fermentation of 

glucose. In the commercial PLA process, LA is first converted into its cyclic 

diester lactide, which in turn is polymerised to PLA via ring opening 

polymerisation (Singhvi and Gokhale, 2013). Glycolic acid (GA) can also be made 

from biomass, but potentially also from CO2 (Murcia Valderrama et al., 2020). 

LA/GA copolymer, poly(lactic-co-glycolic acid) (PLGA), is one of the most widely 

investigated biodegradable and biocompatible copolyester for controlled 

release devices (Wnek and Bowlin, 2008). Relatively fast hydrolysis of PLGA 

copolyesters versus very slow hydrolysis of PLA provides a suitable example to 

show the effect of the methyl branch or side chain of lactic acid on the hydrolysis 

rate by increasing the hydrophobicity. 

Specifically, varying the ratio between LA and GA allows for tuning the 

sensitivity to hydrolysis for PLGA. For example, Zhou et al. presented the non-

enzymatic hydrolysis profile of a series of PLGAs with 50% to 100% molar 

content of LA in phosphate-buffered saline at 37°C (Figure 14)(Zhou et al., 2004). 

The losses of microsphere (containing human serum albumin) weight and 

polymer intrinsic viscosity for PLGAs in a 7-week hydrolytic incubation were 

presented. Both rates decreased with the increase in LA molar ratios in PLGA in 

spite of slight increase in Tg. 

The negative impact of LA monomers on hydrolysis for PLGA (LA >50%) was also 

reported in other studies (Li et al., 1990; Tracy et al., 1999; Wnek and Bowlin, 
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2008). This was attributed to the lower hydrophilicity of LA versus GA. The 

methyl branch/side-chain makes the lactate ester groups more sterically 

hindered than the glycolate ester groups, which could reduce the accessibility 

to water. 

 

Figure 14. Weight remaining percentage of ( —) PLA, (•) PLGA (85/15), (▴) PLGA (75/25), (•) PLGA (65/35), 
and (◾) PLGA (50/50) microspheres containing human serum albumin incubated in phosphate-buffer saline 
(154 mM, pH 7.4) at 37°C. Each point represents the mean of three individual samples of microspheres. 
(Zhou et al., 2004) 

In chapter 2, the biodegradation and hydrolysis of relatively novel PLGA with 

high glycolic acid (GA) content (PLGA12/88 and PLGA6/94) were studied (Wang 

et al., 2022b). They biodegraded at a rate similar to cellulose (the reference), 

which reached approximately 40% mineralisation  within 53-day incubation in 

soil. However, their non-enzymatic hydrolysis was not that fast (not complete 

over 800 days). The comparison of the hydrolysis profile of these two 

compositions suggested the competition of two factors that determine the 

relative hydrolysis rate of these PLGA copolymers: on the one hand, higher LA 

content results in less hydrophilicity, primarily affecting the early stages of 

hydrolysis; on the other hand, the presence of crystalline areas with higher GA 

content appears to slow down the hydrolysis in the later stages  (Wnek and 

Bowlin, 2008). 
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Polyhydroxyalkanoates (PHA) 

Side-chains with increasing  side-chain length can hinder enzymatic hydrolysis 

of copolyesters more. For example, Li et al. compared the enzymatic hydrolysis 

by PHA depolymerase produced by Ralstonia pickettii T1 of several microbial 

biopolyesters, polyhydroxyalkanoates (PHAs), consisting of 3-hydroxybutyrate 

(HB) and different chain-length 3-hydroxyalkanoates within 25 hours at 37°C 

(Figure 15) (Li et al., 2007). Table 2 provides an overview of the PHAs tested, 

with a description of their composition. 

The biodegradability of these polyesters was evaluated by weight loss (mg/cm2), 

considering typical surface erosion resulting from enzymatic hydrolysis. It was 

found that the order of biodegradability (poly(3-hydroxybutyrate–19 mol% 3-

hydroxyvalerate) (PHBV) > poly-3-hydroxybutyrate (PHB) > poly(3-

hydroxybutyrate–19 mol% 3-hydroxyhexanoate) (PHBHHx) > poly(3-

hydroxybutyrate–15 mol% 3-hydroxyalkanoates (PHBA)) did not correlate with 

the Tm, Tg, crystallinity and molecular weight but with the side-chain length of 

comonomers ((PHB>) PHBV >PHBHHx > PHBA). In general, the biodegradation 

rate increased with decreasing side-chain length, except for PHB (the 

homopolymer), which was an outlier from this trend. Therefore, the authors 

proposed that the structural effect, i.e. length of side-chain in this case, was the 

predominant factor determining enzymatic hydrolysis of PHA with intermediate 

chain length. The side-chain length was considered to affect the hydrolysis in 

two ways: the depolymerase used in this study only show affinity to PHA with 

short side-chain, and the higher hydrophobicity of the medium side-chain 

prevents the access of the enzyme to the crystalline region of the PHA with 

short side-chains. 
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Table 2. Compositions (see also Figure 15), molecular weights and thermal properties of PHB, PHBV (19.1%), 
PHBHHx (18.8%) and PHBA (15.2%) used in (Li et al., 2007). Structures of monomers, HB, HV, HHx, HO, HD 
and HDD see in Figure 15. 

Sample  P(3HA) compositions 
(mol%) 

Molecular weight Thermal properties 

HB Other 
monomer 

HD, 
HDD 

Mn (×105) Mw/Mn Tg  
(°C) 

Tm  

(°C) 
ΔHm  
(J/g) 

PHB 100 – – 1.84 2.2 3 175.9 91.5 
PHBV 80.9 19.1 (HV) – 1.53 2.1 −0.4 160.5 78.4 
PHBHHx 81.2 18.8 (HHx) – 5.68 1.7 −0.6 103.1 75.4 
PHBA 84.8 9.4 (HO) 5.8 1.15 3.4 −5.9 133.4 67.1  

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Enzymatic degradation of PHBV  (94%), PHB (75%), PHBHHx (39%) and PHBA (0%) by PHA 
depolymerase produced by Ralstonia pickettii T1 at 37 °C. Structures of monomers and PHBV (m-HB, n-HV, 

as an example for copolymers). (Li et al., 2007) 

HV HB 
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1.5 Concluding remarks and outlook 

The predicted growth in plastic demand and the targets for global CO2 emission 

reductions require a transition to substitute fossil-based feedstock for plastics. 

Polyesters allow a wide selection of feedstocks and building blocks (monomers) 

from biobased and other renewable resources for making plastics. Meanwhile 

they can provide excellent physico-mechanical, thermal, barrier and 

biodegradation properties for a wide range of applications.  

Apart from that, there is the plastic waste problem, including the accumulation 

in the environment and the risk of microplastic particles, which requires the 

improvement of waste-management. The three R’s (reduce, reuse and recycle) 

are a well-known framework to deal with these issues. However, (single-use) 

plastics are important for sanitation and food safety and recycling heavily relies 

on collection and recycling infrastructures, which is lacking in many countries, 

especially in the most populated parts of the world. Therefore, biodegradability 

should be combined with the three R’s. 

Therefore, next-generation plastics should at least be either closed-loop 

recyclable when the infrastructure is available or designed to degrade 

completely (e.g. mineralised) over time when ending up in the environment. 

This would specifically require biodegradability as a design feature for 

applications with an expected short lifetime and/or  challenges for collection. 

One can think of (food) packaging, mulch films, fishery material and disposable 

medical items. Furthermore, we should definitely ensure that biodegradable 

plastics should not be advertised in a way that could encourage littering. 

Additionally, polyesters have the potential to be recycled by both mechanical 

and chemical processes. Therefore, using biodegradable polyesters could help 

to smooth the transition from the current scenario (with leaks to the 

environment) to a future circular economy (with most plastics recycled). 

The hydrolysable ester bonds provide potential for biodegradation in the 

environment, especially for polyesters that are susceptible to non-enzymatic 

hydrolysis at a moderate rate at ambient temperature. Their hydrolysis does not 

rely on enzymes, so degradation is likely to still take place under unfavourable 
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conditions for biodegradation, such as in the deep sea. Therefore, non-

enzymatically hydrolysable polyesters contribute to reducing plastics 

accumulation in the environment, especially for marine environments. Such 

polyesters may also contribute to minimising the effect of MNPs.  

Even though the sensitivity to non-enzymatic hydrolysis will reduce the service 

life of the polymers/plastics (“plastics with an expiry date”), the benefits of  

environmental biodegradation not requiring the presence of specific hydrolases 

should outweigh the disadvantages. For many applications the trade-off 

between convenience and environmental risk reduction needs to be considered.  

Similar to the variety of thermal and mechanical properties, polyesters also 

show great potential for designing their biodegradability by selection of building 

blocks, even though this does require the development of novel synthetic 

approaches and copolymerisation. Generally, incorporation of cyclic monomers 

as rigid building blocks, including aromatic and aliphatic compounds, improves 

certain thermomechanical properties of polyesters. However, for hydrocarbon 

based monomers this typically ended up slowing down the biodegradation and 

or non-enzymatic hydrolysis rate and this became worse with higher molar ratio 

of these cyclic monomers. This could be the result of 1) the decrease in the 

flexibility of the polymer chain, which decreases the probability of hydrolysis via 

enzymes with deep active-sites; 2) the steric hindrance/hydrophobicity of the 

cyclic structure. However, biobased isosorbide could be an alternative where 

the cyclic structure can provide good thermal (i.e. Tg) and mechanical properties 

to polymers while also showing a high level of (bio)degradability (Kasmi et al., 

2022; Qi et al., 2019).  

On the other hand, increasing the chain length, i.e. amount of methylene units 

within aliphatic building blocks for polyesters, could tune the polyester towards 

being more flexible (and elastomeric), while long chain (>C11) polyesters show 

significantly less biodegradability than polyesters with medium chain lengths. 

This may be attributed to the decrease in hydrophilicity. Furthermore, there is 

no clear trend in biodegradability for the chain length of short- and middle-

length chains. The shortest diacid, oxalic acid, shows sensitivity to hydrolysis. 

Additionally, (longer) side-chains can result in increased hinderance of 

hydrolysis of polyesters. 
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Determining the balance between thermal and mechanical properties, and 

biodegradability for specific applications is key, which requires comprehensive 

investigation on the structure-biodegradability relationship. The development 

of novel polyesters from sustainable sources leads to a wide variety of potential 

compositions. Since biodegradation tests are usually time-consuming, 

efficiently researching the biodegradability of these polymers will only be 

possible using high-throughput platforms. It allows high quality study of the 

biodegradability of novel polymers with various compositions in a time-efficient 

way. This can help scope research into novel materials already in the early stages 

at limited cost (Wang et al., 2022b)(Chapter 2). 
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Chapter 2 

2 Biodegradation and non-enzymatic 

hydrolysis of poly(lactic-co-glycolic 

acid) (PLGA12/88 and PLGA6/94)1 

  

 
1 Published as ‘Biodegradation and Non-Enzymatic Hydrolysis of Poly(Lactic-co-Glycolic Acid) (PLGA12/88 and 
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Abstract 

The predicted growth in plastic demand and the targets for global CO2 emission 

reductions require a transition to replace fossil-based feedstock for polymers 

and a transition to close- loop recyclable, and in some cases to, biodegradable 

polymers. The global crisis in terms of plastic littering will furthermore force a 

transition towards materials that will not linger in nature but will degrade over 

time in case they inadvertently end up in nature. Efficient systems for studying 

polymer (bio)degradation are therefore required. In this research, the 

Respicond parallel respirometer was applied to polyester degradation studies. 

Two poly(lactic-co-glycolic acid) copolyesters (PLGA12/88 and PLGA6/94) were 

tested and shown to mineralise faster than cellulose over 53 days at 25 °C in soil: 

37% biodegradation for PLGA12/88, 53% for PLGA6/94, and 30% for cellulose. 

The corresponding monomers mineralised much faster than the polymers. The 

methodology presented in this article makes (bio)degradability studies as part 

of a materials development process economical and, at the same time, time-

efficient and of high scientific quality. Additionally, PLGA12/88 and PLGA6/94 

were shown to non-enzymatically hydrolyse in water at similar rates, which is 

relevant for both soil and marine (bio)degradability.  

2.1 Introduction 

In 2019, 368 million tons of plastic were produced worldwide, of which an 

estimated 6–17 million tons accumulates in the environment annually (Jambeck 

et al., 2015; PlasticsEurope, 2020). Nearly all of these plastics (>99%) are 

produced from fossil resources, annually consuming about 4–8% of oil 

production for material feedstock and for their production (roughly half–half) 

(De Smet, 2016). Plastic production is expected to triple to more than 1 billion 

tons by 2050, with an associated annual plastic CO2 footprint of 2.8 billion tons 

(2.8 Gt) (Hamilton et al., 2019). This is incompatible with the global CO2 

emission reduction targets required to minimise global warming and climate 

change. Therefore, as a world, we will need to transition from plastics produced 

from fossil resources to plastics produced from carbon already “above the 

ground”. There are only two alternative feedstocks for producing virgin plastic 

materials: biomass and CO2 (via carbon capture and utilisation (CCU)) (Murcia 
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Valderrama et al., 2019). Next to sustainable feedstocks, other options to 

minimise the footprint of plastics are the well-known three R’s: reduce, reuse 

and recycle. Apart from the effects of plastics on global warming, plastics also 

have a waste problem. Plastics typically end up in the environment when they 

have no residual value, and this is why the so-called plastic soup mainly consists 

of unrecyclable single-use packaging waste (more than 68% polypropylene (PP) 

and polyethylene (PE)) (Suaria et al., 2016). Although biodegradable plastics will 

often not be a viable solution for this problem, plastics of the future should also 

have design features that address end-of-life (such as closed-loop recyclability) 

and fate-in-nature (even slow biodegradation will avoid accumulation over 

decades or even centuries). Although readily biodegradable plastic is not 

desired for some applications, the fact that it biodegrades is important, as it will 

avoid plastics accumulating as is the case for current materials such as 

polyethylene terephthalate (PET) and polyolefins. 

Poly(lactic acid) (PLA) was the most produced bio-based plastic by volume in 

2020, with applications in packaging, plastic bags and disposable cutlery 

(European Bioplastics, 2020). It is commercially produced from lactide, the 

cyclic diester of lactic acid (LA), which in turn is produced by fermentation of 

glucose (Singhvi and Gokhale, 2013). Similar to LA, glycolic acid (GA) can be 

made from biomass, but potentially also from CO2 (Murcia Valderrama et al., 

2020). LA/GA copolymers, poly(lactic-co-glycolic acid) (PLGA), have been used 

as materials for the synthesis of absorbable sutures and are being evaluated in 

the biomedical field (Wnek and Bowlin, 2008). In the European Horizon 2020 

project “OCEAN”, our group is involved in the development of a continuous 

multistep process from CO2 to oxalic acid and derivatives such as glycolic acid, 

starting with the electrochemical reduction of CO2 (Ikeda et al., 1987). We are 

interested in evaluating these polymers for other applications, such as paper 

coating in packaging. PLGA copolyesters with high lactic acid (LA) content and 

lack good oxygen and moisture barriers. Therefore, PLGAs with over 50% 

glycolic acid content have been synthesised and studied in our group (Murcia 

Valderrama et al., 2020). Increased thermal stability was observed with 

increasing glycolic acid content (Murcia Valderrama et al., 2020). The barrier 

property assessment revealed that increasing glycolic acid content in PLGA 

copolymers enhances the barrier to both oxygen and water vapour. At room 
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temperature and a relative humidity below 70%, the PLGA copolymers with high 

glycolic acid content outperform non-oriented PET on barrier properties 

(Murcia Valderrama et al., 2020). This shows the great potential for these 

copolymers for application in barrier films. The expected short lifetime of these 

copolymers makes them promising candidates for certain short lifetime 

applications. Therefore, studying the biodegradability of two representative 

PLGA copolyesters (PLGA12/88 and PLGA6/94) with desired barrier properties 

is important for further application.  

The process of plastic biodegradation typically has three main phases: (1) 

disintegration/fragmentation/deterioration, (2) depolymerisation (hydrolysis 

for polyesters), and (3) mineralisation, which involves microbial utilisation of 

monomers and oligomers from the second phase leading to the release of 

mainly CO2 and H2O under aerobic conditions (Figure 1) (Badia et al., 2017; 

Krueger et al., 2015; Krzan et al., 2006). Heat, light, mechanical stress, humidity 

and microorganisms are all drivers that can play a role in the first phase. This 

initial phase results in modifications in polymer physical (e.g., morphology, 

weight loss) and mechanical properties (e.g., ductility and tensile strength) and 

the release of micro- and nanoplastics into the environment. After polymers 

break down to oligomers and monomers, microorganisms can take them up and 

utilise them as substrates for metabolism and biomass growth (Sander, 2019). 

In the third phase, polymer carbon is converted into CO2 (mainly) and biomass 

under aerobic conditions.  

 

Figure 1. Plastic biodegradation under aerobic conditions. Arrows represent carbon flow. 

To assess biodegradation of plastic, mass loss, spectroscopy (such as gel 

permeation chromatography (GPC), infrared spectroscopy (IR), nuclear 

magnetic resonance (NMR) spectroscopy), visual analysis (observation, 

scanning electron microscope (SEM)) and respirometry are the most commonly 
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used methodologies (Ruggero et al., 2019). The first three methods all rely on 

sample collection and/or extraction of plastics. If it is in soil and sediment, 

separation and collection of plastic samples is not easy when samples consist of 

small fragments, for instance due to disintegration. Furthermore, monitoring 

the mass loss of plastic may not represent biodegradability and lead to false 

positive results, as it could be the result of the release of microplastic particles 

(and the loss of volatile and soluble components). Released microplastics may 

cause other potential threats to the environment and human health (Barboza 

et al., 2018; Browne et al., 2013). Extraction could be a solution but requires 

considerable effort on method development, especially for novel materials. 

Conversely, monitoring the process of mineralisation by CO2 (and/or CH4 under 

anaerobic conditions) evolution and O2 consumption, is not specific to the 

material (Krueger et al., 2015). This means that it could be applied to novel 

materials without too much customisation. Specifically, the conversion of 

polymer-derived carbon into CO2 is the direct demonstration of active polymer 

biodegradation without accumulation of intermediates (Zumstein et al., 2019).  

Therefore, the analysis and quantification of CO2 released from polymer 

degradation is required for assessing the biodegradability of polymers 

(Zumstein et al., 2019).  

Standard biodegradation tests typically require triplicates for each test material 

as well as blanks and references. The fact that polymers are solids makes it 

difficult to mix them homogeneously with inoculum, which is why more 

replicates are recommended. Considering the slow biodegradation of most 

plastics, biodegradation tests are usually time-consuming. Consequently, many 

parallel reactors are necessary to improve time efficiency (per sample). In our 

lab, we use a Respicond (A. Nordgren Innovations AB, Djäkneboda 99, SE915 97 

Bygdeå, Sweden) 95-vessel parallel testing platform with automated CO2 

release monitoring (“Respicond references,” 2018). An individual vessel is a 

closed system with a hydroxide solution inside to trap the evolved CO2. The 

amount of absorbed CO2 is measured based on the conductivity change of the 

hydroxide solution (Chapman, 1971). This setup has been used since 1986 

(Nordgren et al., 1986). It has been used to study the effect of nutrients and 

contamination on soil respiration and for studying the decomposition of plant 
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material (Hopkins et al., 2005; Meyer et al., 2018; Nadal-Romero et al., 2016; 

Nordgren, 1988). It has been used to monitor CO2 accumulation in a study on 

the decomposition of tobacco roots (Hopkins et al., 2005), as well as CO2 fluxes 

(carbon mineralisation rate) of soil to assess the effect of land use on soil organic 

carbon stocks and sequestration (Nadal-Romero et al., 2016). There are over 

100 publications reporting the use of this equipment, but to the best of our 

knowledge, this paper reports the first application of this equipment for plastic 

biodegradation studies. 

The aim of this research is to study the biodegradability of two representative 

high barrier PLGA copolyesters in soil (PLGA12/88 and PLGA6/94) by measuring 

CO2 evolution in the Respicond. In order to better understand the underlying 

degradation pathways and mechanisms, the biodegradation of the monomers 

(GA and LA) in soil and the non-enzymatic hydrolysis of PLGA in water were also 

researched.  

2.2 Methods and materials 

2.2.1 Materials 
Glycolic acid (99%) and l-(+)-lactic acid (≥88%) were purchased from Aldrich 

(Darmstadt, Germany) and Fisher Scientific (Leicestershire, UK), respectively 

and used as received in the monomer biodegradation studies. Tin (II) 2-

ethylhexanoate (Sn(Oct)2) was acquired from Aldrich. Lactide was acquired from 

Corbion (Gorinchem, The Netherlands) and was used for the synthesis of PLA 

by ring opening polymerisation together with 1-dodecanol (98%) from Merck. 

d(+)-glucose monohydrate and cellulose (powder, 20 µm average particle size) 

were purchased from Merck (Darmstadt, Germany) and Sigma–Aldrich 

(Schnelldorf, Germany), respectively. Deuterated water (99.9% D) and dimethyl 

sulfoxide (DMSO, ≥99.9%) were purchased from Aldrich and Fisher Scientific, 

respectively. Sodium deuteroxide solution (40 wt. % NaOD in D2O, 99.5 atom % 

D) was purchased from Aldrich. 
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2.2.2 Soil 
The soil used was collected from an active agricultural field in Vredepeel, in 

Limburg province in the south of the Netherlands (51°32' 25.8"N, 5°51'15.5"E) 

and was previously described by Schlemper et al. (Schlemper et al., 2017). It 

was sieved through a 4 mm mesh and stored in air-dry conditions. It was dried 

at 40 °C for 70 hours before use. The soil properties as provided (*) or as re-

established are listed in Table 1. 

Table 1. Properties of soil. 

2.2.3 Polymer synthesis and characterisation 
PLGA12/88 and PLGA6/94: Both types of PLGA copolymers were synthesised 

via direct polycondensation. Initially, the required amounts of lactic acid (4.91 

or 2.53 g) and glycolic acid (15.1 or 17.5 g) were weighed in a round bottom 

flask, fit with a mechanical stirrer (95 rpm), a nitrogen inlet and a nitrogen outlet. 

0.02 mol% of (Sn (Oct)2) with respect to the total monomer load was used as 

catalyst. Subsequently, the system was heated in an oil bath at 200 °C for 4.5 h 

under nitrogen atmosphere (20 mL min−1) at ambient pressure with removal of 

water as the side product. After 4.5 h, the temperature was increased to 210 °C 

and the pressure was gradually reduced to 12 mbar within 2.5 h. For both 

copolymers, a light yellow product was recovered. 

PLA: Ten grams of lactide was weighed in a round bottom flask with 0.01 mol% 

of (Sn (Oct)2) as catalyst and 1-dodecanol as initiator. The system was first 

submitted to 3 cycles of vacuum and nitrogen (5 min each) at 40 °C. Afterwards, 

it was heated in an oil bath at 150 °C and the temperature was increased to 

195 °C within 8 h. The reaction proceeded under nitrogen atmosphere (20 mL 

Properties Values 

Sand/Silt/Clay (%) 90/5/1* 

Organic carbon (mg g−1) 18.29* 

Nitrogen (mg g−1) 0.97* 

C:N (g C g−1 N) 22* 

Phosphate (µg g−1) 4.6* 

pH (0.01 M CaCl2) 5.9 

Cation exchange capacity (mmol+ kg−1) 60* 

Field capacity (g water 100 g−1 dry soil) 33.3 

*Values taken form Schlemper et al. (Schlemper et al., 2017). 
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min−1) at ambient pressure. Finally, a light transparent product was recovered. 

PLGA12/88 exhibited an amorphous structure, unlike their homopolymers PGA 

and PLA, which are known to be semi-crystalline at these same testing 

conditions in DSC (10 °C/min). PLGA6/94 showed a semi-crystalline structure 

with lower Tg than PLGA12/88 (31 vs 40 °C) and Tm = 186 °C (Table 2). 

Table 2. Thermal transitions for PLGA copolymers and PLA recorded from DSC (10 °C min−1). 
Polycondensation (PC), ring opening polymerisation (ROP). 

Polymers  Tg (°C)  Tm (°C)  Structure  

PLGA12/88 (PC)  40  -  Amorphous  

PLGA6/94 (PC)  31  186  Semi-crystalline  

PLA (ROP)  45  165  Semi-crystalline  

2.2.4 Soil and test material preparation for 

biodegradation 
To each of the 250 mL vessels, 15 g of (wet) soil mixture (~12.5 g dry soil), with 

or without test material, was added. In order to adjust the moisture level of all 

soil mixtures to about 50% of the field capacity, a mineral salts solution (OECD, 

2014) (OECD TG310, table S1) was added slowly to the dry soil in a soft plastic 

bag. This plastic bag was massaged in order to homogeneously moisturise the 

soil. The pH was determined by using the method published by Hendershot et 

al. using 0.01 M CaCl2 (Hendershot et al., 1993). After this moisture adjustment, 

the pH of the soil was 5.9.  

Apart from five blanks, typically the amount of organic carbon introduced by 

the test substance to the dry soil was kept at around 5 mg C g−1 dry soil. This 

means the amount of adding test material is equivalent to approximately 62.5 

mg C per vessel. The resulting ratio of carbon to nitrogen in the soil containing 

test material (C:N) was around 12.5:1. The monomer and cyclic diester were 

dissolved in the mineral salt solution prior to mixing with dry soil. The non-

soluble polymer test materials were added as ground powder to the dry soil and 

subsequently mixed thoroughly by shaking the sealed plastic bags. After even 

distribution of plastic particles in the fine soil was observed, the moisture was 

added as described. Lastly, soil with test material was divided over multiple 

vessels: soluble test materials in triplicate and non-soluble test materials in five 



Chapter 2  

45 
 

replicates. Powdered cellulose was used as a reference material for the polymer 

biodegradation tests, in triplicate (the International Organization for 

Standardization, 2019). The pH of the soil mixture was measured before and 

after incubation. 

2.2.5 Soil biodegradation testing 
The Respicond automated respirometer with 95 vessels was used (“Respicond 

references,” 2018). The biodegradation tests were performed in the dark, in 

closed vessels which were maintained at a constant temperature of 25 °C. Figure 

2 shows the schematic setup of an individual vessel. CO2 evolved from the test 

medium is trapped by a hydroxide solution inside the vessel (Reaction 1), which 

converts the hydroxide into carbonate and thus changes the conductivity of the 

solution. 

2 OH− (aq) + CO2 (g) → CO3
2− (aq) + H2O (l) (1) 

The conductivity of a potassium hydroxide solution (KOH) decreases with 

increased CO2 absorption (Chapman, 1971). The conductance of the KOH 

solution can be measured and recorded at user-defined intervals (≥20 min): the 

present study employed 1 h intervals. The amount of absorbed CO2 (mg) was 

calculated (Equation (2) (Smirnova et al., 2014) by the Respicond’s native 

software. 

CO2_amount =A
Ct0 -  Ct

Ct0
 (2) 

A (mg) is a constant dependent on the KOH concentration. Ct0 (S) represents the 

conductance of the initial KOH solution and Ct (S) represents the conductance 

of the KOH (+K2CO3) solution at time t. In this study a 0.6 M KOH (A = 219 mg) 

solution was used, and in each CO2-trap, the solution was refreshed before the 

maximum CO2 absorption was reached. 
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Figure 2. Measuring unit of the parallel respirometer, adapted from Respicond website. 

The relative amount of substrate converted into CO2, defined as the degree of 

biodegradation (Dt, %) of a test material at time t was calculated according to 

Equation (3) :  

 Dt =
CO2_sample-CO2_blank

ThCO2
×100 (3) 

Here CO2_sample (mg) represents the amount of accumulated CO2 evolved from a 

vessel containing soil and test material at time t. CO2_blank (mg) is the average 

amount of accumulated CO2 of the blanks (soil without test material) at time t. 

ThCO2 (mg) is the maximum amount of CO2 that could theoretically evolve from 

the test material, based on the amount added. 

2.2.6 Hydrolysis 
Polymers were ground into a powder and sieved with a 425 µm screen. About 

10 mg polymer was added to 1 mL D2O with 2.0 mg mL−1 DMSO as a standard in 

a 5 mm NMR tube (SP Industries, Vineland, NJ, USA). These tubes were 

subsequently sealed by melting to avoid water evaporation over time and 

stored at a controlled temperature of 25 °C. The hydrolysis experiments were 

performed in triplicate over 116 weeks. An Avance III 400 MHz NMR 

spectrometer (Bruker, Billerica, MA, USA) was used to measure (1H NMR) 

soluble hydrolysis products. Samples were typically measured once per week 

and in the latter stages once per month. Glycolic acid (GA) and lactic acid (LA) 

Measuring cell

KOH

Soil (+ test material)

Conductometer

CO2
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resulting from polymer hydrolysis are soluble in D2O and can therefore be 

quantified (Equation (4)), allowing determination of the degree of hydrolysis 

(Equation (5)). The complete hydrolysis of copolymers was forced by adding 

over 100 mg sodium deuteroxide solution to NMR tubes at the end of the 

hydrolysis experiment. After all solid was dissolved, 1H NMR spectra were 

obtained, and the ratio of monomers (LA/GA) was calculated (Equation (6)). 

The amount of dissolved GA or LA was calculated according to Equation (4): 

Cx =
Ix

IDMSO
×

NDMSO

Nx
×CDMSO (4) 

Here, I represents the peak area, N the number of protons corresponding to the 

integrated peak(s) and C (μmol) the amount of the target compound (x, i.e., LA 

or GA) or DMSO (internal standard). 

The degree of hydrolysis of the polymer Y (%) is the sum of the yields of the 

individual hydrolysis products after multiplying by the corresponding 

proportions. This was calculated according to Equation (5)): 

Y = ∑
Cxfx

ThC𝑥
× 100

𝑥

 (5) 

where Cx (μmol) represents the amount of monomer released, f the molar 

fraction of said monomer incorporated in the polymer and ThC (μmol) the 

theoretical amount of monomer upon complete hydrolysis. 

The amount of dissolved LA or GA relative to the total amount of hydrolysed 

monomers (Fx) was calculated according to equation (6): 

F𝑥  =
Ix Nx⁄

ILA/3 + IGA/2
×100 (6) 

Here, I represents the 1H NMR peak area and N the number of protons 

corresponding to the integrated peak(s) (x, i.e., LA or GA). 
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2.3 Results and discussion 

2.3.1 Biodegradation in soil of PLGA and its 

monomers  
The biodegradation of PLGA12/88 and PLGA6/94 at 25 °C in soil was followed 

over time, together with cellulose and PLA as comparisons (Figure 3a). After 53 

days, 53(±9)% of PLGA6/94 and 37(±2)% of PLGA12/88 was converted into CO2. 

The PLGA6/94 therefore degraded faster than the PLGA12/88 and the cellulose, 

which showed comparable degradation. PLA, on the other hand, shows little 

biodegradation (<5%) at room temperature within the timeframe of this 

experiment, which is in agreement with what is known from literature 

(Karamanlioglu et al., 2017).This indicates that increasing the GA amount in 

PLGA copolymers increases the degradation rate.  

  
(a) (b) 

Figure 3. Fifty-three-day biodegradation curves of (a) PLA, PLGA12/88, PLGA6/94 and cellulose (references) 
and (b) glycolic acid, lactic acid, lactide and glucose (building blocks) with approximately 5 mg (substrate) 
carbon g−1 dry soil at 25 °C. Mean biodegradation (lines) were plotted. The shaded area represents the 
standard deviation (calculated per point) of at least three replicates, except for glucose, in which case it 
represents the range of the duplicates. 

The biodegradation in soil of the building blocks of PLA and PLGA (glycolic acid, 

lactic acid, lactide) was also studied (Figure 3b). As expected, the monomers 

degrade much faster than the polymers. The mineralisation rates of glycolic acid 

and lactic acid are even comparable to that of glucose. The observation that the 

polymers made up of these building blocks degrade at clearly slower rate is in 
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line with the commonly considered theory that the hydrolysis of the ester bonds 

is the rate limiting step for biodegradation of polyesters in soil (Sander, 2019).  

The lag phase, however, was longer for the building blocks than for the polymers 

(Figure 3b). The soil pH for the monomer and cyclic diester experiments 

increased from around 4 at the start of the experiment to around 6 after the 

incubation time (Table A2), which indicates that these acidic test substances 

were mineralised. The longer lag phase observed for the monomer 

biodegradation experiments could be caused by the high initial concentrations 

of the acidic monomers, which could inhibit biological activity, probably due to 

their acidity. The fact that the lactide tests showed low pH initially suggests it 

was already hydrolysed to lactic acid at the start of the experiment. 

2.3.2 Non-enzymatic PLGA hydrolysis 
Hydrolysis in nature can, in principle, occur via non-enzymatic and enzymatic 

pathways. Enzymatic hydrolysis requires specific hydrolases, which are typically 

present in fungi and bacteria.  

PLGA is known to be biodegradable for uses in the biomedical field, which has 

been reported widely both in vivo and in vitro (Wnek and Bowlin, 2008). Non-

enzymatic hydrolysis of ester bonds is generally considered an important 

pathway for its (bio)degradation (Wnek and Bowlin, 2008). Therefore, non-

enzymatic hydrolysis of PLGA12/88 and PLGA6/94 is also relevant in terms of 

environmental biodegradability. Several studies reported hydrolysis of PLGA 

with high GA content (Nandakumar et al., 2013; Venkatachalam et al., 2019, p. 

90). In order to better understand the role non-enzymatic hydrolysis plays in 

biodegradation of these polyester, NMR experiments with PLGA12/88 and 

PLGA6/94 were performed.  

Figure 4 shows representative 1H NMR spectra of PLGA 12/88, PLGA 6/94 and 

PLA hydrolysate in D2O with DMSO as internal standard (2.73 ppm). Singlets at 

4.20 ppm represent the CH2 protons of glycolic acid (position 2) and peaks 

between 1.40–1.65 result from CH3 protons of lactic acid (position 1), including 

small peaks assigned to dimers (a’) and trimers (a’’), respectively, the 

integrations of which, relative to the DMSO, were used to quantify the degree 

of hydrolysis.  
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Figure 4. 1H NMR spectra of PLGA 12/88, PLGA 6/94, and PLA hydrolysis in D2O with 2.0 mg dimethyl 
sulfoxide as internal standard in 45 weeks. 

These peaks were already observed at the start of hydrolysis, which suggests 

either the presence of residual monomers and oligomers or that hydrolysis had 

already started in the air prior to starting this experiment. Although the peaks 

of LA dimer and trimer were observed, the monomer peaks of GA and LA were 

the most significant peaks present in the NMR spectra, especially in the later 

phase, which indicates that PLGA will eventually convert into its monomers as 

the main end products (Figure A1).  

Figure 5 shows the degree of hydrolysis for PLGA6/94, PLGA12/88 and PLA 

calculated from the amount of hydrolysed monomers. The hydrolysis of both 

PLGAs is significantly faster than the hydrolysis of PLA. This is in agreement with 

research published by Li et al. (Li, 1999). Initially the formation of lactic acid 

(including dimers and trimers) and glycolic acid from PLGA6/94 is clearly faster 

than that of PLGA12/88. This suggests that a higher LA content in the polymer 

reduces the rate of hydrolysis, which makes sense based on the fact that pure 

PLA shows slow hydrolysis. In the literature, it is described that lactate ester 

groups have a higher steric hindrance than glycolate ester groups for hydrolysis, 

which could reduce the accessibility to water and explain this phenomenon (Pitt 

and Zhong-wei, 1987).  



Chapter 2  

51 
 

 

Figure 5. Degree of hydrolysis for PLGA6/94, PLGA12/88 and PLA versus time over 116 weeks at 25 °C in 
D2O. The points represent the averages of triplicate experiments, with the error bars representing the 
standard deviation. 

Starting at around week 20, the hydrolysis rate of PLGA12/88 appears to be 

faster than that of PLGA6/94. Furthermore, the rate of monomer formation 

from PLGA6/94 starts to decrease at an earlier stage than the rate decrease for 

PLGA12/88. As a result, the lines intersect after 50 weeks, after which the 

overall monomer yield from PLGA12/88 is higher than that for PLGA6/94. It is 

known that PLGA12/88 is amorphous, and PLGA6/94 is semi-crystalline, which 

could explain this observation. It is expected that for PLGA6/94 the amorphous 

fraction degrades first, followed by the crystalline fraction that degrades slower, 

overall leading to the hydrolysis rate dropping below that of PLGA12/88 after 

60 weeks.  
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By comparing Figures 3 and 5, it becomes clear that biodegradation of PLGAs in 

soil at ambient conditions is significantly faster than their hydrolysis at ambient 

conditions in water: 50% conversion of PLGA6/94 to CO2 in 7 weeks and 12–16% 

hydrolysis of PLGA6/94 to soluble monomers and oligomers in the same time 

period. From this, it can be concluded that non-enzymatic hydrolysis could play 

a role in PLGA soil biodegradation but that enzymatic hydrolysis is significantly 

faster and therefore dominant in PLGA biodegradation. 

Figure 6 shows the individual yields (a) relative to their maximum theoretical 

yield and amounts (b) of glycolic acid and lactic acid for all polymer hydrolysis 

experiments at 25 °C in D2O. The relative yields of lactic acid are higher than 

those of glycolic acid in the same experiment (Figure 6a). This indicates that 

initially a higher amount of LA and a lower amount of GA is released than should 

be expected from the incorporated ratio in the polymer. This in turn suggests 

that GA–LA ester bonds are more susceptible to hydrolysis than GA–GA ester 

bonds. LA–LA ester bonds are not likely to play a major role here, given PLA’s 

slow hydrolysis. The overestimation of the LA yield is likely caused by the low 

absolute amounts relative to the total amount of monomers, which impacts the 

accuracy. This also explains why this is more pronounced for the PLGA6/94 

samples than for the PLGA12/88 samples. 

Although initially the amounts of LA were in the same range for both PLGAs, 

after approximately 20 weeks the amount of PLGA12/88-LA started increasing 

relative to that of PLGA6/94-LA (Figure 6b). After approximately 50 weeks, a 

similar trend is observed for glycolic acid amounts, where the amount of GA 

released from PLGA12/88 overtakes that of PLGA6/94 (Figure 6b). This relative 

rate decrease of PLGA6/94-GA could be explained by the lack of GA-LA ester 

bonds at that point in time.  
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Figure 6. Individual yields (a) and amounts (b) of monomers (glycolic acid and lactic acid) versus time from 
hydrolysis of PLGA6/94, PLGA12/88 and PLA at 25 °C in D2O. The points represent the averages of triplicate 
experiments, with the error bars representing the standard deviation. 

  

(a) 

(b) 
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Figure 7 shows the percentage of released glycolic acid (GA) and lactic acid (LA, 

including dimers and trimers), relative to their sum (i.e., GA/(GA + LA) or LA/(GA 

+ LA)) observed during hydrolysis of the PLGA12/88 and PLGA6/94 copolymers. 

This provides a visualisation of the ratio of the sum of monomers released in 

time. It shows that the initial monomer ratio is close to 50/50 for PLGA12/88 

and close to 30/70 (LA/GA) for PLGA 6/94. This can be interpreted in two ways: 

either the polymer contains sections with different monomer ratios, of which 

the sections highest in LA content hydrolyse first, or the LA-GA bonds across the 

polymer are hydrolysed and released at a higher rate. This also shows that as 

the hydrolysis progresses, the GA content increases in the remaining polymer, 

which in turn could increase the degree of crystallinity and slow down its 

hydrolysis. The hydrolysis did slow down clearly after about 20 weeks for 

PLGA6/94 and after about 40 weeks for PLGA 12/88 (Figure 5) (Muthu, 2009; 

Park, 1995; Schliecker et al., 2003). 

 

Figure 7. Percentages of dissolved glycolic acid and lactic acid relative to the total amount of hydrolysed 
monomers in time for PLGA12/88 and PLGA6/94. Triplicates were plotted. Dotted and solid lines show the 
starting composition of the polymer.  
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The percentage of GA slowly increased to 89% and that of LA decreased to 11%. 

This LA/GA ratio of 11/89 is similar to the feed ratio for synthesis, however, 

lower than the ratio of 6/94, which was obtained after complete hydrolysis. A 

GA content higher than the feed ratio could be expected due to the known 

higher reactivity of GA (primary alcohol) compared to LA (secondary alcohol) 

and the possible evaporation of the latter during synthesis at the selected 

reaction conditions.  

The higher initial rate of hydrolysis of PLGA6/94 compared to PLGA12/88 can be 

explained by the higher content of GA leading to more hydrophilic polymers, 

which facilitates more water uptake (Tracy et al., 1999). This could also explain 

the relatively slow hydrolysis of PLGA12/88 in the first several weeks. However, 

PLGA12/88 overtakes PLGA6/94 after around 60 weeks. This makes sense, 

taking into account that PLGA6/94 is a semi-crystalline copolymer and 

PLGA12/88 is amorphous. The amorphous areas are expected to be more 

accessible and therefore more reactive than the crystalline areas (Li et al., 1990). 

Alternatively, this may also attribute to higher content of LA-GA ester bonds of 

PLGA12/88. In short, there are two competing factors that determine the 

relative hydrolysis rate of PLGA copolymers with high GA content: on one hand, 

higher LA content leads to less hydrophilicity, mainly affecting the early stages 

of hydrolysis, and conversely, the presence of crystalline areas in copolymers 

with higher GA content seems to slow down the hydrolysis in the later stage.  

The biodegradation of PLGA in soil is much faster than the non-enzymatic 

hydrolytic degradation in heavy water. A higher percentage of carbon from 

PLGA6/94 compared to that for PLGA12/88 was converted into CO2 within the 

timeframe of the biodegradation experiments. At the same time PLGA6/94 

yielded more monomer from the hydrolysis experiments than PLGA12/88 in the 

early stages of the hydrolysis experiments (before reaching 50% yield). 

Furthermore, PLA showed little conversion to CO2 and limited hydrolysis to lactic 

acid at ambient temperature. It is also clear that the monomers themselves (LA 

and GA) all readily degraded to CO2. These results indicate that enzymatic 

hydrolysis is the rate limiting step in the biodegradation of these PLGA 

polyesters. 
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The fact that PLGAs with high GA content hydrolyse in water at a relatively high 

rate, potentially translates well to marine environments. Although 

temperatures might not always be as high, they are not expected to remain for 

decades.  Bagheri et al. observed the complete degradation (mass loss) of 

poly(D,L-lactide-co-glycolide) (PLGA50/50) plastic films in seawater within a year, 

compared to 0% degradation for PLA (Bagheri et al., 2017). PLGA co-polymers 

are already known to be biocompatible and therefore used in biomedical 

applications, which means they likely pose less of a risk when ingested by 

fauna(Wnek and Bowlin, 2008). 

2.3.3 PLGA versus commodity barrier plastics  
The combination of its biodegradability and good barrier properties makes 

poly(glycolic acid) (PGA) an interesting polymer. It is, however, difficult to 

process because of its high degree of crystallinity (Murcia Valderrama et al., 

2020). As a result, it is not suitable for most of the bulk packaging applications. 

Conversely, PLA is easier to handle, but does not have favourable barrier 

properties and shows little biodegradation at room temperature (Figure 3a) 

(Sangroniz et al., 2019). Combining the two in copolyesters, i.e., adding small 

proportion of LA to PGA, results in more processable (than PGA) polymers that 

still possess good barrier properties and biodegradability. 

Conventional polymers used for their barrier properties in packaging are PET, 

polypropylene (PP) and polyethylene (PE). Negligible weight loss or 

biodegradation of those polymers was observed after 8 months to 2 years in 

soil, which is not surprising given the omnipresent plastic litter from these 

plastics (Albertsson, 1980; Arkatkar et al., 2009; Chiellini et al., 1996). Bio-based 

versions of these plastics are in various stages of development, which deals with 

the CO2 issue, but not with the plastic waste problem (Siracusa and Blanco, 

2020). Using non-biodegradable plastics for short-lifetime applications, such as 

packaging, makes little sense when littering is almost impossible to prevent 

and/or composting is used for their end-of-life treatment: micro- and 

nanoplastics will undeniably be released and end up in the environment (Davis 

et al., 2013; Narayan, 2011). From this point of view PLGA type materials make 

sense as packaging materials for the future. An application that appears to make 

sense is that of paper coating, as the PLGA degrades even faster than the paper 
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(cellulose) it is coated on.  

Apart from conventional polymers, polyhydroxybutyrate (PHB) and 

polyhydroxybutyrate-co-hydroxyvalerate (PHBV) have attracted interest for 

packaging applications since they are bio-based and biodegradable (Boyandin 

et al., 2013). Although PHB and PHBV also have good barrier properties, PLGAs 

have better thermal properties (glass transition temperature (Tg), around 40 °C 

vs. lower than ambient temperature), which allows for more applications 

(Keskin et al., 2017; Murcia Valderrama et al., 2020; Sangroniz et al., 2019). 

2.3.4 Applicability of the research method  
The Respicond with 95 vessels allows parallel testing of 16 materials with five 

replicates, including two abiotic controls, six soil blanks and three reference 

vessels. Assuming 6-month incubation, it would take 8 years for the same 

experiments with 10 individual reactors including one abiotic control, three soil 

blanks and two reference vessels. The benefit of this setup is that it enables real-

time, accurate, online and high-throughput measurements. The high-

throughput, parallel vessel setup allows for testing the biodegradability of (new) 

plastic materials and for evaluating the effect of variables such as polymer 

molecular weight, polymer crystallinity, and the influence of environmental 

factors such as pH, temperature and moisture on the biodegradation rate. 

Especially considering the slow nature of the biodegradation of plastics, this 

high-throughput parallel approach with automated CO2 release monitoring is 

key for obtaining significant amounts of data within a realistic time frame. The 

required global shift to sustainability is expected to lead to an increase in the 

development of novel materials, for which fate-in-nature should be an 

important parameter to research. To efficiently achieve this, high-throughput 

testing is a must. 

The NMR method used allows both qualitative and quantitative analysis for 

soluble hydrolysis products in a relatively quick and easy way. Compared to 

chromatographic methods, it is far less time-consuming. Although this method 

requires water-soluble products with non-overlapping identical peaks, it does 

not require intermittent (invasive) sampling, which requires lots of replicates, 

and the typically time-consuming samples pre-treatment. Especially, long-term 
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experiments, such as the hydrolysis of polyesters at ambient temperature, will 

benefit from this. 

For scientific purposes, one would like to determine the biodegradation rate of 

materials quantitatively and accurately, and understand the processes involved. 

From a more societal and industrial perspective it is important to have an 

indication of the timeframe in which a material is expected to degrade, since 

the precise values can be influenced by many factors that are difficult to 

determine exactly (different soils, seasonal shifts, etc.). It is, in a sense, much 

more important to gain understanding on if and how polymers will degrade in 

nature and to make sure that they break down to CO2 and water, rather than to 

non-degradable oligomers and small molecules, as to avoid build-up of waste. 

Using references such as cellulose and glucose helps to provide a baseline for 

how long materials will linger when not disposed of properly.  

For certain applications, it makes sense to design for degradability, for example 

in agriculture. For most applications, however, reuse and recycling are still 

preferred over disposal, for obvious reasons, and environmental fate research 

relates to what happens with materials when they inadvertently end up in 

nature. For any novel materials to be developed, the platform and methodology 

described in this paper could provide essential clues in researching fate-in-

nature at an early stage of the development, where these issues can still be 

dealt with without escalating cost. Especially polyesters could be tuned for 

biodegradability in earlier phases of research by performing these kinds of 

degradability studies in parallel with materials development. This can only 

realistically work using a high-throughput setup, given the timeframe. A high-

throughput system also provides the opportunity to study the mechanism of 

polymer biodegradation. 
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2.4 Conclusions 

In this study, a parallel automated respiration platform (Respicond) was 

successfully used for plastic biodegradability testing on poly(lactic-co-glycolic 

acid) copolyesters high in glycolic acid content: PLGA12/88 and PLGA6/94. Their 

conversion to CO2 at ambient temperature (25 °C) in soil was monitored, 

providing highly reproducible data. The biodegradability of copolyesters was 

comparable to that of cellulose and much higher than that of PLA, as around 50% 

of PLGA6/94 and 40% of PLGA12/88 was converted into CO2 within 8 weeks. 

Furthermore, faster biodegradation was observed for monomers (LA, GA and 

lactide) than for the polymers.  

In parallel, the non-enzymatic hydrolysis of these polymers was also studied, 

using NMR and D2O. This showed that the polyesters consisted of sections with 

different sensitivity towards hydrolysis, leading to an uneven release of 

monomers. Over 60% of both PLGAs was hydrolysed within 2 years. 

The PLGA copolyesters with high glycolic acid content show the potential to 

biodegrade to CO2 and biomass in a matter of months. This, together with the 

combination of good oxygen and moisture barrier properties reported 

previously, makes them interesting for food packaging. Especially considering a 

PLGA-coated paper packaging, the biodegradable film would result in a home 

compostable waste, which in areas that lack logistics for collection and recycle 

is an interesting alternative to incineration in the open air.  

This research also showed that a high-throughput platform allows high quality 

study of the biodegradability of novel polymers with various compositions in a 

time-efficient way, which can help scope research into novel materials already 

in the early stages at limited cost. This is of considerable importance, given the 

global plastic waste crisis, which will force a transition to materials that do not 

endlessly linger in nature. Given the fact that CO2 evolution is always calculated 

against the natural CO2 evolution in the soil, materials or chemicals that degrade 

slowly are more difficult to study.   
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Appendix A 

Table A1. Constituents of mineral salts solution used to adjust soil moisture (OECD, 2014). 

Salts mg L−1 

Potassium dihydrogen phosphate (KH2PO4) 85.0 

Dipotassium hydrogen phosphate (K2HPO4) 217.5 

Disodium hydrogen phosphate dihydrate (Na2HPO4.2H2O) 334.0 

Ammonium chloride (NH4Cl) 50.0 

Calcium chloride dihydrate (CaCl2.2H2O) 36.40 

Magnesium sulphate heptahydrate (MgSO4.7H2O) 22.50 

Iron (III) chloride hexahydrate (FeCl3.6H2O) 0.25 

Table A2. pH of soil mixture (0.01M CaCl2) before and after incubation. 

Compound Pre-Incubation pH Post-Incubation pH 

Lactic acid 3.7 6.3 

Lactide 3.8 6.1 

Glycolic acid 3.6 6.4 

PLA 5.9 6.0 

PLGA12/88 5.3 5.9 

PLGA6/94 5.1 6.0 

Blank 5.9 5.9 

Glucose 5.8 6.1 

Cellulose 5.8 6.2 
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Figure A1. 1H NMR spectra of PLGA 12/88 hydrolysis in D2O with 2.0 mg dimethyl sulfoxide as internal 
standard after 0 and 86 weeks. 
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Chapter 3 

3 Biodegradability of novel high Tg 

poly(isosorbide-co-1,6-hexanediol) 

oxalate polyester in soil and marine 

environment2 

  

 
2 Published as ‘Biodegradability of novel high Tg poly(isosorbide-co-1,6-hexanediol) oxalate polyester in soil 

and marine environments,’ Wang, Y., Davey, C.J.E., van der Maas, K., van Putten, R.-J., Tietema, A., Parsons, 
J.R., Gruter, G.-J.M., 2022. Science of The Total Environment 815, 152781. 
https://doi.org/10.1016/j.scitotenv.2021.152781 
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Abstract 

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 application. 

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 marine 

environment, PISOX-HDO mineralised faster than cellulose. The ready 

biodegradability of PISOX-HDO is related to the relatively fast non-enzymatic 

hydrolysis of polyoxalates. To study the underlying mechanism of PISOX-HDO 

biodegradation, 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 1H NMR). It was also shown that (enzymatic) hydrolysis 

to the constituting monomers is the rate-determining step in this 

biodegradation mechanism. These monomers can subsequently be consumed 

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. 

3.1 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 increase 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 
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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 enormous 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 

remain in the environment and interact with other pollutants (as carrier). 

Especially 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 biodegradability 

(fate-in-nature) will be required to be considered a design feature for plastics.   

As our plastics today are essentially all fossil based, plastic waste disposal by 

incineration causes large amounts of CO2 emissions. Fossil based biodegradable 

plastics can still lead to CO2 emissions which ultimately originate 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 and mineralization 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 

thermoplastics which are produced on industrial scale (Lambert and Wagner, 

2017; Satti and Shah, 2020). However, their commodity applications are limited 
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by their poor physical properties, a low glass transition temperature (Tg) being 

one of these, especially, for the replacement of fossil based counterparts, such 

as poly(ethylene terephthalate) (PET)  and polystyrene (PS) (Scholz 2001). 

Therefore biobased thermoplastics with increased 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 (single-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).  

 

Figure 1. Poly(isosorbide -co-1,6-hexanediol) oxalate (PISOX-HDO). 

Often, plastics claimed to be biodegradable are tested under industrial 

composting conditions, such as those described in ISO 14855 (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 seawater 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 microorganisms 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 marine environment, yet no 

measurable surface area loss was observed after 27 months in the soil (Napper 

and Thompson, 2019). Therefore, testing novel plastics in both marine and soil 

environments at ambient temperature is important to evaluate their 

environmental biodegradability and thus their fate-in-nature. Additionally, ISO 
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17556, ASTM D5988 and ISO 19679 are related standard methods. Briassoulis 

et al. (2019a, 2020, 2019b) discussed these standard methods and also methods 

of plastic biodegradation under natural marine environment. 

Polyoxalates (oxalic acid based polymers) and their copolymers have been 

reported to hydrolyze easily (Table B.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 (Garcia and Miller, 2014). 

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 B.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 biodegradation (Sander, 2019; 

Wang et al., 2022), PISOX-HDO is expected to be biodegradable in marine 

environment as well as in soil because its sensitivity 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, those with low density 

will float, while plastics with higher density will sink and deposit on the seafloor. 

In contrast to polyolefins, polyesters and nylons have a higher density than 

seawater, however, limited research has been conducted on plastic ending up 

on the seawater/sediment interface, which is a biologically 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 convenience may be 

as obtainable as a “carrot on a stick”.     
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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 underlying mechanisms, the biodegradation of the monomers 

in soil and non-enzymatic hydrolysis of the PISOX-HDO polymer in water was 

also studied.  

3.2 Materials and methods 

3.2.1 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 synthesised 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 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 hydroxide 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 seawater, pre-exposure and heat-shock experiments.  

3.2.2 Soil, seawater and sediment 
Soil was collected from an active agricultural field at Vredepeel, Limburg 

province, in the Netherlands and previously described by Schlemper et al. 

(2017). It was sieved through a 4 mm mesh, and stored in air-dry conditions. 

Soil was dried at 40°C for 70 hours before experiments. Related properties of 

soil were listed in Table B.2.  
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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. 

3.2.3 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 test medium was 

trapped by a potassium hydroxide solution inside the vessel. Then the amount 

of trapped CO2 was calculated based on the decrease in the conductivity of the 

KOH solution. Conductance in the KOH solution was measured hourly and the 

solution was refreshed regularly, before the absorption of CO2 reached its limit. 

The incubation experiments lasted around 50 days. 

3.2.4 Environment 

3.2.4.1 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 B.3). After this moisture adjustment, 

the pH of the soil was 5.9, which was determined after adding a 0.01 M CaCl2 

solution (Hendershot et al., 1993). Typically, 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. This means that approximately 63 mg of carbon 

was added per vessel. 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. 
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Oxalic acid and 1,6-hexanediol were additionally tested at lower concentrations, 

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 loading (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 addition is considered as the starting point of incubation. One of 

the vessels containing the isosorbide test was excluded due to leakage. 

3.2.4.2 Marine environment 

About 50 g filtered seawater was used in all experiments. 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. 

3.2.5  Calculation 
The degree of biodegradation (percentage of added substrate-carbon converted 

into CO2, Dt, %) of a test material at time t was calculated according to equation 

(1):  

 Dt =
CO2_sample-CO2_blank

ThCO2
*100 (1) 

Here CO2_sample (mg) represents the amount of accumulated CO2 evolved from a 

vessel containing media and test material at time t. CO2_blank (mg) is the average 

amount of accumulated CO2 of the blanks (soil, seawater 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.   

3.2.6 Hydrolysis 
In an NMR tube approximately 10 mg polymer powder (<425 µm) was added to 

1 mL D2O, containing 0.2 mg mL-1 dimethyl sulfoxide (DMSO) as a standard. The 
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tubes were subsequently sealed by melting and stored at a controlled 

temperature of 25°C. A Bruker Avance III 400MHz NMR spectrometer was used 

to measure (1H NMR) soluble hydrolysis products.  1H NMR was measured once 

or twice a week over a period of 160 days. The hydrolysis 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-HDO would 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 after the NMR tube in the 

cup had cooled down at room temperature for approximately 30 minutes. This 

was repeated for a total of four times with the same NMR tube. 

3.3  Results and discussion 

3.3.1 Biodegradation of PISOX-HDO and its 

monomers in soil 
The biodegradability of PISOX-HDO and its monomers was tested in soil at 25°C. 

Under the same conditions we tested the biodegradation of cellulose as a 

reference. Within the 53 day window, PISOX-HDO showed a much 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 ºC 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% per day). As a 

result, it is likely that PISOX-HDO will 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 plastics. 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)  
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Figure 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.  

(b) 

(a) 
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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 polymers, the higher Tg of PISOX-HDO allows for a wide range of 

signle use applications, such as packaging for hot foods and drinks. 

Generally, biodegradable building blocks (monomers) are a prerequisite for 

biodegradation of their polymers, because breaking polymers down to 

oligomers and monomers is a precondition for the final step of biodegradation 

(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 monomers when they were 

measured individually. Specifically, the biodegradation 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 biodegradation of PISOX-HDO indicates that its 

monomers should also be biodegradable (Evans, 1998; Siotto et al., 2011). It is 

therefore likely that the biodegradation may have been limited by the 

apparently high and potentially 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 few days. These observations 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 
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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 concentration, 

and PISOX-HDO were similar (Figure 2). This would suggest that the lag phase of 

PISOX-HDO resulted from microbial adaption (to monomers) 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 corresponding 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-HDO’s 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 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 before 

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-
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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 immediately 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 microbial 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 of microbial 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). 

 
Figure 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.  

In short, it appears that the rate determining step for PISOX-HDO 

biodegradation in soil is the hydrolysis to its monomers. These monomers can 

subsequently be consumed by microorganisms in the soil. As was observed, 

some of these monomers can inhibit biodegradation at high concentrations, but 

the hydrolysis of these polymers leads to a gradual release of the monomers, 

which limits their concentrations and therefore their inhibition/toxicity. Apart 

from this, the addition of mixtures of carbon sources may facilitate the microbial 

adaptation and even the biodegradation rate of our polymers.  
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3.3.2 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 incubation 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 in seawater only was initially not much 

slower than with sediment and seawater, but CO2 evolution stopped after 

around 25 days. In this case cellulose degradation was very slow and the 

difference in rate with the PISOX-HDO was thus much more pronounced than in 

the presence of sediment.  

 

Figure 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 2-4 days was excluded due to an 
unintentional temperature decrease of the water bath of the Respicond to 20.3 °C. 
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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 activity. 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., 2020; Tosin et al., 2012).  

Interestingly Bagheri et al. (2017) studied the mass loss of so-called 

biodegradable plastic films poly(D,L-lactide-co-glycolide) (PLGA, 

lactide:glycolide 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.  

3.3.3 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 two ways: non-enzymatic and enzymatic hydrolysis. 

Enzymatic 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 evaluation of non-

enzymatic hydrolysis is necessary to fully investigate the environmental fate of 

PISOX, especially taking into account that the relatively fast (non-enzymatic) 
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hydrolysis of polyoxalates is known (Table B.1).  

Figure 5 shows the 1H NMR spectra of PISOX, isosorbide and 1,6-hexanediol in 

D2O. Strong signals observed at approximately 2.73 ppm correspond 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 hydrolysis. 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 intensity 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 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 PSIOX was 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 exponential increase in the 

yields of hydrolysis products indicate random scission of ester bonds along the 

polyester backbone was predominant (endo-wise attack), which resulted in a 

decrease in molecular weight, but minimal 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 amount of end-groups released. A linear  
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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. Additonally, 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 reactions 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.  

 

Figure 6. Individual yield of monomers (isosorbide and 1,6-hexanediol) during 6-month hydrolysis of at 25°C 
in D2O as percentage of their theoretical maximum release. Error bars represent standard deviation of 
triplicate hydrolysis experiments. Photos of PISOX-HDO (brownish particles) before and after hydrolysis in 
NMR tube. Dark brown particles left was catalyst. 

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 

(Figure B.1). It is conceivable that DMSO could interact with polymers and 

oligomers of PISOX, the consequence of which would 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%.  
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A short NMR relaxation delay (d1 = 1 s) could result in less accuracy (around 

10%) between experimental and theoretical ratios (Figure B.2). Because 

insufficient delay times will lead to lower signal intensity. If not all 1H nuclei are 

fully relaxed, this will result in less accurate integrations (relative to DMSO). 

However, a good correlation between monomers concentration and integral 

ratio to fixed concentration of DMSO was determined (Figure B.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 triplicates 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 (Figure B.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 lifetime applications, 

especially in combination with high temperatures. A potential 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 (directly from a coffee machine), which cooled 

down to room temperature in about 30 min. Furthermore, in order to take into 

account reuse of a disposable 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. 
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3.3.4 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 hydrolysis of ester 

bonds at room temperate in the soil in the dark. Generally, non-enzymatic 

hydrolysis is supposed to be slower than enzymatic hydrolysis, considering 

relatively neutral pH in soil. However, non-enzymatic hydrolysis 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 of monomers from PISOX-HDO hydrolysis was not observed before 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 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-HDO were similar after 7 

weeks. Although it is not clear whether enzymatic hydrolysis of PISOX-HDO 

occurred in seawater, complete hydrolysis 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 biodegradable in the marine environment. 

In conclusion, the non-enzymatic hydrolysis of PISOX-HDO demonstrates 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.  
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3.4 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 significantly more biodegradable than 

cellulose in both media around 7 weeks. In soil it will degrade completely to CO2 

and biomass in a matter of months, whereas in seawater with sediment this 

would be close to a year. This is extremely fast when compared to the majority 

of plastics that are currently mass-produced and littered. Especially its 

degradation in the marine environment 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 agriculture (mulching films, fertilizer coating) or packaging. 
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Appendix B 

Table B.1. Studies of polyoxalate degradation. Phosphate-buffered saline (PBS).  

 

Table B.2. Properties of soil. 

Properties Values 

Sand/Silt/Clay (%) 90/5/1* 
Organic carbon (mg g-1) 18.29* 
Nitrogen (mg g-1) 0.97* 
C:N (g C g-1 N) 22* 
Phosphate (µg g-1) 4.6* 
pH (0.01 M CaCl2) 5.9 
Cation exchange capacity (mmol+ kg-1) 60* 
Field capacity (g water 100 g-1 dry soil) 33.3 

* Values taken form Schlemper et al. (2017). 

Table B.3. Constituents of mineral salts solution used to adjust soil moisture (OECD, 2014). 

 

Type of polyoxalate Shape Matrix Parameter Results Ref. 

Poly(isomannide-co-
dodecanediol)oxalate 

Pellets pH7, room 
temperature 

Weight loss 39%, 15 days (Rajput et al., 2018)  

Poly- 
(decylene-co-resorcinol 
bis(hydroxyethyl)ether) 
oxalate (50% aromatic) 

Powders Air  Molecular 
weight 

63,700→4,200 g mol-1, 13 
months 

(Garcia and Miller, 
2014) 

Poly1,4-
cyclohexanedimethanol 
oxalate 

Nanopartic
les 

Buffered 
pH7&5.4, 
37°C 

Molecular 
weight 

Half-life, 6.5 days (Kim et al., 2010)  

Poly(vanillin oxalate) Nanopartic
les 

PBS, 37°C, 
pH7.4 & 5.4 

Monomer 
release 
(vanillin) 

40% & 80%, 36 hours (Kwon et al., 2013)  

Poly(amino oxalate) Fine 
powders 

PBS, 37°C, 
stirring, 
pH7.4 & 5.5 

Molecular 
weight 

Half-life ~40 hours & ~20 
hours  
 

(Seong et al., 2011)  

Poly(ethylene oxalate) 
(blend with PLA) 

Films (2*2 
cm) 

PBS, Lipase 
solution, 
45°C, 100 
rpm 

Weight loss >60%, 7 days (Yoshikawa et al., 2011)  

 

Salts mg L-1 

Potassium dihydrogen phosphate (KH2PO4) 85.0 
Dipotassium hydrogen phosphate (K2HPO4) 217.5 
Disodium hydrogen phosphate dihydrate (Na2HPO4.2H2O) 334.0 
Ammonium chloride (NH4Cl) 50.0 
Calcium chloride dihydrate (CaCl2.2H2O) 36.40 
Magnesium sulphate heptahydrate (MgSO4.7H2O) 22.50 
Iron (III) chloride hexahydrate (FeCl3.6H2O) 0.25 
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Figure B.1.  Individual yield of monomers (isosorbide and 1,6-hexanediol) during hydrolysis of at 25°C in 
D2O. Error bars represent standard deviation of triplicate hydrolysis experiments. Same samples were 
measured again over two years (shown after the break in x-axis), which confirmed the complete of 
hydrolysis of PISOX-HDO around 150 days. 
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Figure B.2. Experimental ratio (i.e. determined by 1H NMR) against theoretical ratio of isosorbide (upper) 
and 1,6-hexanediol (lower) to dimethyl sulfoxide (DMSO, internal standard, fixed amount). 
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Figure B.3 Calibration for quantification of isosorbide and 1,6-hexanediol concentration in 1mL D2O with 
2.0 mg DMSO.  The area ratio of isosorbide and 1,6-hexanediol to internal standard (DMSO), as a function 
of corresponding monomers concentration, were measured in 1H NMR spectra and processed in 
MestReNova.  

Figure B.3 plots the area ratio of isosorbide and 1,6-hexanediol to fixed amount 

of DMSO in 1H NMR spectra with the function of monomers concentration 

respectively. Fourth points (low to high) on both graphs were measured from 

mixture of all monomers including oxalic acid and it fits well in both linear 

relationships with high R squared (>0.999). These calibrations were used for 

quantifying hydrolytic products of isosorbide and 1,6-hexanediol, and then 

accessed hydrolysis of PISOX-HDO. 
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Figure B.4 Comparison of yields of monomers between PISOX-HDO and PLA during 6-month hydrolysis of 
at 25°C in D2O. Error bars represent standard deviation of triplicate hydrolysis experiments (Wang et al., 
2022). 
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4 The relationship between composition 

and biodegradation/hydrolysis of 

poly(isosorbide oxalate) (PISOX) 

copolyesters 
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Abstract 

To reduce the global CO2 footprint of plastics (1 Gt in 2022 and a predicted 3 Gt 

in 2050), bio- and CO2-based feedstock is considered the most important design 

feature for plastics. Although reuse and recycling are the most desired designed 

end-of-life for plastics, biodegradability will become very important when 

waste collection is not available/viable or to avoid endless accumulation of 

waste plastics leaking into the environment. Oxalic acid from CO2 and 

isosorbide from biomass are interesting rigid building blocks for high Tg 

polyesters. A family of novel fully renewable (bio- and CO2-based feedstock) 

poly(isosorbide-co-diol) oxalate (PISOX-diol) copolyesters was recently 

developed, and their mechanical, (water vapour and oxygen) barrier and 

thermal properties were reported. In this additional research the 

biodegradability and non-enzymatic hydrolysability of PISOX and its 

copolyesters are evaluated. We systematically investigated the effects of the 

composition on biodegradation at ambient temperature (25 °C) in soil for PISOX 

copolyesters by measuring CO2 evolution using a respirometer. All copolyesters 

mineralised completely within 180 days (>80%; faster than cellulose as 

reference) except one composition with the cyclic diol CHDM (1,4-

cyclohexanedimethanol) as second diol. Their lag phases range from 3 to 43 

days. Oxalate esters were shown to favour fast biodegradation independent of 

the type of the non-cyclic co-diol, including 1,3-propanediol, diethylene glycol, 

1,5-pentanediol, 1,6-hexanediol and neopentyl glycol. Moreover, these 

copolyesters with linear co-diol (including the PISOX “homopolymer”) were 

observed to hydrolyse completely within 180 days. This supported the 

conclusion that the relatively fast degradability of PISOX-diol copolyesters 

results from facile non-enzymatic hydrolysis of oxalate ester bonds. Thus, 

partially replacing oxalate by terephthalate units increases the resistance of the 

polymer to hydrolysis as well as to biodegradation. We demonstrate the 

variation in biodegradability of PISOX copolyesters by their lag phase, ranging 

from 1 to 10 weeks and by the time to complete biodegradation, typically all in 

a matter of months for compositions with non-cyclic second diol comonomers. 

In conclusion, this work shows the potential for tunning the composition of 

PISOX copolyesters  to optimize the resulting properties (thermal-, mechanical-, 

barrier-, hydrolysis- and biodegradability properties) to target certain 
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applications, such as controlled release for fertilizers, films and rigids for 

packaging, 3D printing, etc. 

4.1 Introduction 

Currently, the majority of plastics used is derived from fossil resources and their 

manufacture typically consumes fossil energy. For future plastics, more 

sustainable feedstock will be required, e.g.  biomass or CO2 (via carbon capture 

and utilisation (CCU)) and from recycled waste materials. By changing feedstock, 

an important fraction of the 1 Gt 2022 global plastic related CO2 emissions can 

be reduced, and when using CO2, even negative emissions for plastics are 

feasible (Meys et al., 2021). Furthermore, biomass and CCU can provide a very 

wide range of building blocks (monomers) for polymer synthesis, and 

potentially plastics with comparable or even better properties (compare to 

traditional fossil-based plastics) can be produced (Larrañaga and Lizundia, 

2019).  

Since (bio)degradability will be a very important design parameter for many 

future plastic materials, the environmental biodegradability of novel polymers 

should be considered in earlier phases of their development. Despite the fact 

that some regions lack infrastructure for proper waste management, highly 

advanced systems cannot prevent all littering (Plastics Europe, 2021; UNEP and 

ISWA, 2017). The fact that non-recyclable single-use packaging has no value 

after use, leads to a high chance of these materials ending up in the 

environment. Because of the resistance of conventional plastics to 

(bio)degradation, they will eventually fragment into  micro- and nano sized 

particles  (MNPs). They can interact with (bind) pollutants present in the 

environment, which increases the MNPs concerns as this could promote 

migration and accumulation of pollutants in the food chain worldwide (Li et al., 

2021). Therefore, the next generation of plastics should at least be either 

closed-loop recyclable when collection infrastructure is available or designed to 

degrade completely (e.g. mineralised) over time when ending up in the 

environment. Even when materials do not degrade within months but for 

example in a matter of years, this will avoid endless build-up of plastics in the 

environment.  
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Isosorbide is a bicyclic secondary diol derived from glucose. When incorporating 

it in polymers, its structure provides rigidity and therefore favourable 

thermomechanical properties to these polymers. Isosorbide’s asymmetric 

structure reduces the resulting polymer’s crystallinity, making isosorbide a 

good candidate for producing (bio-based) amorphous polyesters (or 

polycarbonates) with a high glass transition temperature (Tg) (Qi et al., 2019; 

Weinland et al., 2022), for instance as replacement for poly(ethylene 

terephthalate) (PET). Oxalic acid can be potentially obtained from CO2. 

Polyoxalates, i.e. polymers derived from oxalic acid or its esters, show 

susceptibility to (non-enzymatic) hydrolysis and subsequently could lead to fast 

biodegradation in various environments (with moisture) (Wang et al., 2022a). 

Therefore, a family of novel renewable poly(isosorbide-co-diol oxalate) (PISOX-

diol) polyesters was developed, aiming for high Tg in combination with 

biodegradability (Wang and Gruter, 2018). 

A method for synthesizing these PISOX copolyesters was developed by our 

group (van der Maas, 2023). These PISOX copolyesters have good mechanical, 

good water vapour- and oxygen barrier and good thermal properties. 

Specifically, their tensile properties are better than or at least comparable to 

high performance polymers such as Eastman’s TRITAN or ABS, and oxygen 

barrier properties are comparable to those of polyethylene 2,5-

furandicarboxylate (PEF) and thus considerably better than those of PET (~10x). 

Additionally, the Tg of the PISOX copolyesters is tuneable from sub-zero to 

167 °C (for the PISOX homopolymer) by varying the type and amount of co-diol. 

The biodegradability in soil and marine environments at ambient temperature 

(25 °C) of a representative PISOX, poly(isosorbide-co-1,6-hexanediol) oxalate 

with a 75/25 IS/HDO molar ratio (PISOX-HDO25), was reported previously 

(Wang et al., 2022a). It was found that PISOX HDO 25% mineralised faster than 

cellulose in both environments (after 50 days) and this high-level 

biodegradability was related to the relatively fast non-enzymatic hydrolysis of 

polyoxalates. Analogously, we expected PISOX co-polymers with other diols to 

also biodegrade rapidly in soil under ambient conditions. They should then also 

be home compostable, as in that case the conditions are expected to be more 

favourable (Narancic et al., 2018). Overall, the combination of good 

thermomechanical properties (e.g. Tg> 100 °C) and fast biodegradability (also in 
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marine environment) is unique and could make this family of copolyesters ideal 

for short term applications that demand amorphous polymers with very good 

mechanical- and thermal properties (van der Maas, 2023).  

Therefore, the aim of this research is to assess the biodegradability and 

hydrolysability of this series of novel PISOX-diol (co)polyesters at ambient 

temperature (25 °C) in soil and water and investigate the relationship between 

structure and biodegradation/hydrolysis. Specifically the effects of (1) the 

molar ratio of isosorbide to co-diol, (2) the co-diol type and chain length and (3) 

replacing part of the oxalate by an aromatic building block (terephthalate) in 

addition to the diol (poly(isosorbide-co-1,3-propylene oxalate-co-terephthalate; 

PISOXT-diol) were studied.  

4.2 Materials and methods 

4.2.1 Materials 
Cellulose (powder, 20 µm average particle size) and polycarbonate (PC) were 

purchased from Sigma–Aldrich. PISOX, PISOX-diols, PISOXT-diol and PISSU were 

synthesised in our group (van der Maas, 2023; Weinland, 2022) and their 

compositions are listed in Table 1. Figure 1 shows the structure of PISOX-HDO 

as an example. The synthesis and characterisation of a CHDM oxalate oligomer 

model compound is provided in the supplementary material.  

Deuterated water (99.9% D) and dimethyl sulfoxide (DMSO, ≥ 99.9%) were 

purchased from Aldrich and Fisher Scientific respectively, and used for the 

hydrolysis experiments. 

The molecular weight and molecular weight distribution of all polymers was 

measured by gel permeation chromatography (GPC, size exclusion 

chromatography on a Agilent HPLC system (1260 Infinity II)). It is equipped with 

two PL gel 5 μm MIXED-C (300 x 7.5 mm) columns and a refractive index 

detector. Dichloromethane (DCM) was used as mobile phase (1 mLmin-1 at 35 °

C) and polystyrene standards (Sigma Aldrich) were used for calibration. 

PISOX100 does not dissolve in DCM.  
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4.2.2 Soil 
The standard soil (LUFA 2.2) used for the biodegradation experiments was 
obtained from LUFA Speyer and was stored at room temperature before the 
experiments. The properties of the soil are given in Table 2. The moisture level 
of soil was adjusted to about 50% of the water holding capacity (WHC) by slowly 
adding a mineral salt solution (Table S.1) to soil in soft plastic bags. These plastic 
bags were massaged and preconditioned at 25 °C for about one week. The pH 
of the soil was measured after the moisture adjustment. 

Table 2. Properties of soil. 

Properties Values 

Soil type Sandy loam 

Particle size distribution (%): <0.002/0.002-0.05/0.05-2.0 mm 11/15/74 

Organic carbon (mg g-1, dry soil) 177±56 

Nitrogen (mg g-1, dry soil) 20±6 

C:N (g C g-1 N) 9 

Phosphate (µg g-1, dry soil) 4.6 

Cation exchange capacity (meq 100 g-1 dry soil) 8.5±2.0 

Maximum water holding capacity (g water 100 g-1 dry soil) 43.3±5.1 

pH (0.01 M CaCl2) 4.9* 

* Measured value. All other values were obtained from the supplier.  

4.2.3 Biodegradation testing method 
A respirometer (Respicond) was employed to perform the biodegradation tests, 

of which the details of the method have been described in a previous 

publication (Wang et al., 2022b). In short, biodegradation tests were conducted 

in a system with 95 parallel sealed 250 mLvessels maintained at 25 °C in the 

dark. The CO2 released from the soil was captured by a potassium hydroxide 

solution (KOH) placed inside each of the vessels. The conductivity of the KOH 

solution, which decreased with trapping more CO2, was measured hourly, and 

was used to determine the amount of evolved CO2. Subsequently, the 

percentage conversion of substrate carbon converted into CO2 was calculated 

by subtracting the amount of CO2 evolved from the blanks (soil only) and 

dividing the resulting amount by the theoretical maximum amount of CO2 that 

could be released from each polymer sample after complete conversion to CO2. 

Two series of experiments were performed and the incubations lasted 

approximately 270 and 410 days, respectively. Each series including two abiotic 

controls, six replicates of blanks (soil without test material), triplicates of 
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cellulose (positive references) and three to five replicates of each of the PISOX 

copolyesters. Triplicates of polycarbonate were used as negative references 

only in the 270 days experiments. Most polymers were tested in the 270 days 

series. PISOXT54-PrDO49 was tested in the 410 day series.   

All polymers were ground and sieved through a 600 µm mesh filter, except 

cellulose powder which was used as obtained. Typically, 120-170 mg test 

material (equivalent to approximately 75 mg of carbon) was added on top of 19 

g wet soil (equivalent to 15 g dry soil) in each vessel. The resulting carbon 

loading was kept at 5 mg C g-1 dry soil in all experiments with added polymers. 

Additionally, CHDM was tested in a following experiment under the same 

conditions, but  at a lower concentration, which corresponded to the molar 

proportion in the evaluated polymers (50% relative to all diol). This resulted in 

a final carbon loading of approximately 2.2 mg C g-1 dry soil.  

4.2.4 Hydrolysis 
About 10 mg polymer powder (<600 μm) was added to a NMR tube, followed 

by 1 mL D2O solution with 3.6 mM dimethyl sulfoxide (DMSO) as internal 

standard. The tubes were sealed and kept in an incubator at 25 °C. A Bruker 

Avance III 400 MHz NMR spectrometer was used to measure (1H NMR) soluble 

hydrolysis products over time during a period of 185 days (except for the PISOX-

HDO37.6 for 112 d). The soluble monomers were further quantified to 

determine the degree of hydrolysis of the polyesters. The calculations are 

described in our previous study (Wang et al., 2022b). All hydrolysis experiments 

were performed in triplicate.  

4.3 Results and discussion 

4.3.1 Overview of PISOX biodegradability in soil 
The biodegradation of PISOX and its copolyesters with 10 different 

compositions at 25 °C in soil was followed over time, together with cellulose 

and polycarbonate as positive and negative references, respectively (Figure 2). 

The biodegradation curves of PISOX and its copolyesters with non-cyclic co-diol 

clearly show a high level of degradation (more than 86%) in 270 days, which 



The relationship between composition and biodegradation/hydrolysis of poly(isosorbide 
oxalate) (PISOX) copolyesters 

106 
 

was higher than cellulose (80±3%). Typically, over 80% of polymer was 

converted into CO2 within 180 days for all compositions without CHDM. 80% 

CO2 release within 120 days occurred for compositions with 1,5-propanediol 

49%, 1,3-pentanediol 25%, diethylene glycol 37.5%, and the homopolyester 

PISOX100.   

Among the investigated compositions, the PISOX-CHDM50, which consists of 

25% molar ratio of 1,4-cyclohexanedimethanol (50% of co-diol), is the only 

exception, showing less than 50% degradation. Lastly, as expected, no 

biodegradation of polycarbonate (negative reference) was observed. 

The shape of the curves show the different phases of the biodegradation. The 

lag phase reflects initial hydrolysis and possible microbial adaptation to the 

released hydrolysed oligomers and monomers, and the subsequent increase in 

CO2 release indicates the mineralization of the oligomers and monomers. The 

lag phase varies from 3 to 43 days, while the time to biodegradation completion 

(curves reaching plateau) for (co)polyesters ranges from 120 to 240 days.  
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These results demonstrate the competitive biodegradability of PISOX compared 

to other biodegradable  polyesters. For example, PLA is industrially 

compostable, however, it biodegrades very slowly at ambient temperature  

(Karamanlioglu et al., 2017; Kunioka et al., 2006; Wang et al., 2022b). Similarly, 

the mineralization of polybutylene succinate (PBS) particles (average size of ≥

100 μ m) was reported to be over 90% after 200 days under industrial 

composting conditions (Anstey et al., 2014), while limited mineralization of PBS 

(dumbbell shaped) was observed in a 6-month incubation at 25 °C (levelled off 

at 65% after 100 days). Despite the different shapes of specimen in these two 

studies, (bio)degradation of PBS was found to be relatively slow at ambient 

temperature (Peñas et al., 2022). Boyandin et al. (2013) observed that buried 

polyhydroxyalkanoates (PHA) films (0.1 mm thick), commercially available 

polyhydroxybutyrate (PHB) and polyhydroxybutyrate-co-hydroxyvalerate 

(PHBV), lost 14%-98% of their total mass within 250 days under natural tropical 

conditions (~ 29 °C, 75 % relative humidity) (Boyandin et al., 2013). With 

comparable and even better biodegradability than these examples,  PISOX 

copolyesters with a high Tg (76-110°C), very good mechanical and gas barrier 

properties can extend the possible applications for biodegradable plastics, 

particularly to replace fossil-based counterparts such as polystyrene (PS)  and 

PET (Nguyen et al., 2018; Scholz and Gross, 2001). 

4.3.2 The effect of oxalic acid and isosorbide 
Biodegradation curves of PISOX copolyesters with the same type of co-diol (i.e. 

PDO, HDO and NPG) but different IS content are compared in Figure 3. In the 

case of PISOX with HDO, there is essentially no difference in the degradation 

behaviour between the two compositions tested. In the case of the PISOX with 

PDO and NPG, however, the compositions with higher isosorbide content 

exhibit faster degradation. Even though in the case of NPG and PDO all the 

replicates followed this trend, this appears to be caused by a combination of 

the type and content of the co-monomer, since no such trend could be 

observed for the PISOX with HDO. Interestingly in both cases the PISOX with the 

higher isosorbide content also had higher Mn, which means in this case that Mn 

does not appear to be a main factor in biodegradation rate. 
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Figure 3. Biodegradation curves for PISOX copolyesters with 1,6-hexanediol (HDO) (a), 1,5-pentanediol 
(PDO) (b) and  neopentyl glycol (NPG) (c) as co-diol. Mean biodegradation (lines) were plotted and the 
shaded area represents the standard deviation of at least four replicates for each polymer composition.  

  

(c) 

(a) 

(b) 
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In literature steric hindrance caused by the butterfly bicyclic structure of 

isosorbide is suggested to impede hydrolysis of isosorbide containing polyesters, 

while conversely the strong hydrophilicity/hygroscopicity of isosorbide could 

facilitate hydrolysis (Qi et al., 2019). The results in Figure 3 would suggest that 

the type of co-diol could determine which factor is predominant for a certain 

PISOX type, however, no hard conclusions can be drawn on the effect of these 

competing factors because of the limited amount of compositions tested. 

Although the final effect of isosorbide (~12.5% difference) on biodegradation 

was not strong for most PISOX compositions,  the PISOX homopolyester clearly 

showed the shortest lag phase (3 days) (Figure 2). High molecular weight 

polyisosorbide succinate (PISSU), which has isosorbide as the only diol, did not 

exhibit measurable biodegradation in the same experiments, which shows that 

oxalic acid plays a more important role than isosorbide in the biodegradability 

of the polyester (Weinland et al., 2022). The PISSU results are not in line with 

those of Qi et al.,  who observed the order of (enzymatic and non-enzymatic) 

hydrolysis rate was poly(isosorbide succinate) (100% IS) > copolyester (IS/BDO 

20/80)> PBS (0% IS), and higher content of isosorbide has more impact on PISSU 

with the presence of enzyme (Qi et al., 2019). The most obvious explanations 

for this are that the Mn of PISSU used by Qi et al. was much lower than that 

used in our studies (7.3 vs. 36.9 kg mol-1) and the different temperatures at 

which the experiments were performed (37 °C for Qi et al. vs. 25 °C in our 

studies). Given the fact that isosorbide is asymmetric, it reduces the crystallinity 

of the polyesters and when the content is high enough it will lead to amorphous 

polymers, which is beneficial for their biodegradability due to the increased 

accessibility of the ester bonds (Qi et al., 2019; Wang et al., 2022b).  

It is worth mentioning that Qi et al. (Qi et al., 2019) also found that the increase 

in isosorbide almost linearly correlates to Tg, which is in line with the 

observation in our previous studies (van der Maas, 2023; Wang and Gruter, 

2018). In conclusion, oxalic acid, as a potentially CO2-based and commercially 

available building block, shows potential regarding the design of biodegradable 

polyesters with enhanced mechanical and thermal (i.e. Tg) properties and a 

possible negative carbon footprint.  
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4.3.3 The effect of co-diol structure 
To investigate the effect of the co-diol type on the biodegradability of PISOX, 

copolyesters with different co-diols in similar ratios (i.e. 25/75, 37.5/62.5, 50/50) 

were compared (Figure 4). The final mineralisation of PISOX-diol 25% was not 

significantly different (p>0.05) for the co-diols HDO and PDO (Figure 4a, Figure 

S. 1a). The same can be said for the PISOX-diol 37.5% with HDO, PDO, DEG and 

NPG (Figure 4b, Figure S. 1b). Moreover, the mineralisation of all PISOX 

containing linear co-diol (excluding branched NPG) was similar (p>0.05) (Figure 

S. 1e).  This indicates that variations in co-diol intermediate chain length (i.e. C3 

to C6, ratio from 25% to 50%) have little effect on the biodegradability of PISOX 

copolyesters in terms of complete mineralization.  

At the same time, a relatively short lag phase was observed for PISOX-DEG37.5 

(Figure 4b). Even though the difference is small, this suggests that incorporation 

of (more) DEG is likely to make the polymers more biodegradable 

((enzymatically) hydrolysable). Similarly, Haernvall et al. observed that 2,5-

furandicarboxylic acid (FDCA) and 5-sulfoisophthalic acid-based copolymers 

that contained ether diols were more susceptible to enzymatic hydrolysis than 

those containing alkyl diols (Haernvall et al., 2017). They suggested that the 

presence of oxygen (in ether diols) affected the interaction between polymer 

and enzyme. 

In contrast to the above, the final mineralisation was significantly different for 

the group of PISOX-diol 50% (Figure 4c, Figure S. 1 c). The NPG co-diol (at 50% 

content) shows slower biodegradation (Figure 2, Figure 4b, c). This may be 

attributed to the relatively high steric hindrance (relative to the linear structure) 

as a result of the two methyl branches. Furthermore, the negative effect of diol 

substituents with side-chains on the (basic) hydrolysis was also reported for PET 

copolyesters (Kiyotsukuri et al., 1994). 

CHDM is often used for the development/modification of polymers to improve 
the thermal stability and the impact strength (Cai et al., 2017; Legrand et al., 
2019). For this reason a PISOX composition with 50% CHDM was also made. 
When comparing its biodegradation to another PISOX composition containing 
50% comonomer (NPG) (Figure 4Figure 4c, Figure S. 1 c), the lag phase and 
biodegradation behaviour until around 40% conversion to CO2 are similar. 
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Figure 4. Biodegradation curves of PISOX copolyesters with the similar co-diol ratio (25/75 (a), 37.5/62.5 
(b), and 50/50 (c)) at 25°C in soil. Mean biodegradation (lines) were plotted. The shaded area represents 
the standard deviation of at least three replicates.  

(c) 

(a) 

(b) 
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However, past this point the biodegradation of PISOX-CHDM50 stalled and 

levelled off at a bit under 50% conversion to CO2, while the NPG variant 

continued to biodegrade. This is also in line with the observation that white 

particles were remaining on top of the soil for the PISOX CHDM samples (Figure 

S. 2).  In the PISOX-CHDM50, oxalic acid and isosorbide account for 56% of the 

carbon content, which means that at full biodegradation of this fraction a 

conversion to CO2 of around 50% is expected. This indicates that the relatively 

low mineralisation for PISOX-CHDM50 resulted from the presence of the cyclic 

co-diol, which possibly does not convert to CO2. Even though CHDM was 

registered as readily biodegradable (OECD 301)(ECHA), we did not observe 

biodegradation of CHDM (2.2 mg C g-1 dry soil) in soil after 225 days, which is in 

line with the limited mineralisation of PISOX-CHDM50.  

The biodegradability of novel polymers containing CHDM should be of concern 

in terms of their fate in  nature and release of non-biodegradable micro/nano-

plastics. Further investigation should therefore be conducted to assess the 

biodegradability of CHDM containing polyesters in various environments, 

including soil. 

4.3.4 The effect of molecular weight 
The molecular weight of polyesters is considered one of the factors that could 

affect the biodegradation rate. It is noteworthy to mention that the molecular 

weight of PISOX NPG 37.5% is much higher (~1.5x Mn; ~2x Mw) than that of 

PISOX-NPG50 (Figure 5, Figure S. 3). For the same polyester, a higher molecular 

weight (or actually a higher degree of polymerisation) is expected to slow down 

biodegradation, as it requires hydrolysis of more ester bonds. However, PISOX-

NPG37 shows both a shorter lag phase and faster biodegradation. Apparently, 

OX-IS ester bonds (with secondary alcohol) are faster hydrolysing than NPG-OX 

ester bonds (with primary alcohol).  

Overall, there seems to be no obvious trend of biodegradation rate related to 

the molecular weights of the copolyesters studied (Figure 5).  
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Figure 5 The molecular weights (Mn) v.s. the time of plateau of mineralization (average of replicates) for 
PISOX copolyesters. Error bars represent 20% difference respectively. PISOX is not included in the figure as 
it is insoluble in DCM; it plateaus at 130 days. 

4.3.5 The effect of aromatic monomer 
In order to explore the potential application of PISOXs copolyesters with a 

longer shelf life, half of the oxalate in PISOX-PrDO49 was replaced by TPA to 

obtain PISOXT54-PrDO49. Generally, the introduction of rigid aromatic 

monomers, like terephthalate, has been reported to result in an increased 

resistance to biodegradation (Marten et al., 2005; Larrañaga and Lizundia, 

2019). Although the terephthalate building block is not bio-based, it could be 

obtained from PET recycling, i.e. from renewable resources. In addition, this 

replacement could also reduce the cost of feedstock for PISOX copolyesters. 

The biodegradability of PISOXT54-PrDO49 was tested in soil at 25 °C. After more 

than 400 days of incubation, 61±4% of PISOXT54-PrDO49 was converted into 

CO2 (Figure 6). As was expected, compared to PISOX-PrDO49, the lag phase of 

the biodegradation curve for PISOXT54-PrDO49 was notably prolonged (over 

three times to 70 days).  This resulted from replacing easily hydrolysable ester 

bonds (i.e. oxalic esters) with aromatic acid esters (i.e. TPA) (Marten et al., 2005; 

Wang et al., 2022a). Esters from stronger acids form faster, but also hydrolyse 

faster. 
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Figure 6. Biodegradation curves of PISOXT54-PrDO49 and PISOX-PrDO49 with approximately 5 mg 
substrate carbon per gram of dry soil at 25°C. Mean biodegradation lines were plotted. The shaded area 
represents the standard deviation of at least three replicates per material. 

At the point biodegradation curves of PISOXT54-PrDO49 levelled off (daily 

mineralization rate < 0.1 mg) after approximately 250 days, still white particles 

were observed on top of the soil until the end of the incubation experiments 

after 410 days (Figure S. 2). In contrast to the curve of CHDM containing PISOX 

in Figure 4c, the curve of PISOXT54-PrDO49 in Figure 7 is still going up, which 

means that biodegradation is still progressing.  It is therefore likely to continue 

increasing in time, but it is not certain that it will biodegrade completely.   

The mineralization of TPA monomer was reported to be around 40% in 7 weeks 

at 20 °C in soil, which was comparable to linear aliphatic monomers, including 

1,6-hexanediol and succinic acid, and glucose in the same study (Siotto et al., 

2011).  

However, relatively large oligomers with TPA could be resistant to 

biodegradation at room temperature in soil. Witt et al (1996) observed that the 

short oligomers, i.e. P-T-P (P: 1,3-propanediol, T: TPA) and P-T-P-T-P, were 

degraded within 8 weeks, whereas larger oligomers in the mixture were not 

(Witt et al., 1996). They also studied the degradation of the mixture under 

industrial composting (4, 12 weeks) and aqueous (5 weeks) conditions, where 

the size-exclusion chromatography profiles of oligomer mixtures demonstrated 

that a fraction of the larger oligomers degraded. Therefore, these suggest the 

relatively low temperature (lower than industrial composting) and the limited 
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availability of water (compared to aqueous) in the soil hinder the hydrolysis of 

the larger oligomers. Subsequently, they cannot be taken up and mineralised 

by microorganisms. Similarly, the incompleteness of PISOXT54-PrDO49 

mineralization could be explained  by the non-biodegradable oligomers 

containing TPA. PISOXT54-PrDO49 is a random copolyester, which means T-P-

T-P-T or higher could be hydrolysis products.  

Another aliphatic-aromatic copolyester containing TPA, poly(butylene adipate-

co-terephthalate) (PBAT), is commercially available and is well known for its 

biodegradability. Complete biodegradation of PBAT was observed in industrial 

compost (Witt et al., 1996). However, it is found that the biodegradation rate 

reduced significantly and is rather dependent on soil type at room temperature 

(Han et al., 2021). For example, Han et al. (2021) studied mineralization of PBAT 

film buried in four types of soil at 30 °C, and 0.3-16% of PBAT converted to CO2 

after 120 days (Han et al., 2021). The highest mineralization percentage is 

comparable to that of PISOXT54-PrDO49, which was approximately 20% after 

120 days.  

In conclusion, the introduction of an aromatic component in PISOX copolyester 

demonstrates the potential to increase the resistance of polymers to 

biodegradation.  

4.3.6 Non-enzymatic hydrolysis 
Table 3 summarises the results of the hydrolysis of PISOX (co)polyesters in 

pure water (D2O). The detailed hydrolysis profiles are shown in Figure 7. The 

PISOX homopolymer shows by far the fastest hydrolysis, with complete 

hydrolysis within 60 days.  
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Figure 7 Degree of hydrolysis for PISOX and PISOX copolyesters versus time at 25 °C in D2O. The points 
represent the averages of triplicate experiments, with the error bars representing the standard deviation. 
* Hydrolysis of PISOX-HDO37.6 was run for 112 days instead of 180 days. 

Table 3. Summary results of a 180-days non-enzymatic hydrolysis for PISOX diol polymers at 25 °C in water. 

Polymer Complete hydrolysis (~days) 

PISOX100 60 

PISOX-DEG37.5 110 

PISOX-PrDO49 140 

PISOX-PDO24.5 160 

PISOX-PDO36.4 160 

PISOX-HDO24.7 160 

PISOX-HDO37.6 ~140* 

PISOX-NPG37 ~180 

PISOX-NPG50 Incomplete at 180 d 

PISOX-CHDM50 Incomplete at 180 d 

PISOXT54-PrDO49 No soluble hydrolysis products observed 

* Hydrolysis of PISOX-HDO37.6 was run for 112 days instead of 180 days, time estimated based 
on similar curve to PISOX-PrDO49. 

Most of the PISOX copolymers were hydrolysed completely within 160 days, 

with the exception of the copolymers with NPG and CHDM and the PISOX-T. 

Especially those with ~50% NPG and CHDM diol content were significantly 

slower after 180 days, while the PISOXT did not exhibit any hydrolysis. In the 

case of PISOX-CHDM50 hydrolysis was only observed via 1H NMR spectra (i.e. 

formation of hydrolysis products) but not visually, which is different with PISOX-

NPG50 where the decrease in the amount of particles was visually observed.  
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From the graph it is clear that most of the curves at some point remarkably 

exceed 100% yield, which is of course not possible. The experiments were 

performed with DMSO as internal standard, and this phenomenon therefore 

indicates a lower than designed amount of the standard present in the solution 

(detectable phase), leading to an overestimation of the product/standard ratio. 

Interestingly the values dropped back to around 100% with time, which 

indicates the standard peak recovered. A plausible explanation is therefore that 

interaction between the internal standard DMSO and the insoluble polymers 

and/or oligomers takes place and decreased the DMSO concentration in 

solution. Subsequently, the concentration of soluble diols was overestimated 

and resulted in the overshoot. After the insoluble polymers and/or oligomers 

hydrolysed completely, all DMSO was released back into solution and 

eventually normalized the degree of hydrolysis to approximate 100%. Although 

this interaction could result in less accuracy of the quantification of soluble 

monomers in especially the earlier stages of hydrolysis, it is still clear that 

polyesters hydrolysed completely within the time frame of the experiments. In 

addition, the hydrolysis curve of PISOX HDO 24.7 is consistent with PISOX HDO 

25/75 from our previous study where the peak and the regression to ~100% 

were observed around 120 and 150-160 days respectively. 

In general, this trend of hydrolysis rates for the different PISOX diol 

compositions is in line with the biodegradation trend. This indicates that (non-

enzymatic) hydrolysis can play an important role in the biodegradation of 

amorphous polyesters in general and of PISOX (co)polyesters specifically.  

As was already mentioned, no soluble hydrolysis products of PISOXT54-PrDO49 

were observed in the 1H NMR spectra after 180 days incubation at 25 °C, which 

suggests PISOXT54-PrDO49 is much more resistant to non-enzymatic hydrolysis 

than the other PISOX (co)polyesters. Meanwhile, over 40% of polymer was 

converted to CO2 when incubated with soil. This much slower non-enzymatic 

hydrolysis rate indicates that enzymatic hydrolysis was dominant in 

biodegradation of PISOXT54-PrDO49 in soil, especially, considering the 

relatively reduced availability of water in soil versus the experiments in water.  
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4.3.7 General remarks 
In general, the facile hydrolysis of oxalate ester is essential for the fast 

biodegradability of PISOX (co)polyesters at ambient temperature in soil. This is 

supported by data on the non-enzymatic hydrolysis of these polymers (Table 3), 

which is also in line with other studies (Wang et al., 2022a). The fast hydrolysis 

of the PISOX homopolymer compared to the copolyesters can be explained by 

the high hydrolysability of the isosorbide oxalate ester bond. The fact that this 

is not just caused by the isosorbide content in the polyester is supported by the 

fact that poly(isosorbide succinate) is not biodegradable at all under the same 

conditions (Weinland, 2022). There is also a clear relationship between the 

hydrolysability and biodegradability of these PISOX polyesters: the polymers 

exhibiting the fastest hydrolysis, which was observed under these conditions to 

be faster than the biodegradability, were also those with the fastest 

biodegradability.  

The biodegradability of PISOX copolyesters with non-cyclic co-diols, including 

1,3-propanediol, diethylene glycol, 1,5-pentanediol, 1,6-hexanediol and 

neopentyl glycol, are similar. The mineralization curves and time to complete 

hydrolysis for copolyesters suggest that incorporation of more diethylene glycol 

could facilitate and more neopentyl glycol could impede 

biodegradation/hydrolysis of copolyesters, respectively. Moreover, no obvious 

trend was observed for the intermediate chain length of the diol (C3 – C6) on 

biodegradability of PISOX copolyesters, nor for the molecular weight of the 

PISOX (co)polyesters. 

Incorporation of cyclic building blocks is a typical strategy to improve thermal 

and physical properties of polyesters. However, in case these are too apolar 

(hydrophobic) this may hinder the biodegradation/ hydrolysis of the 

copolyesters, such as the PISOX copolyesters containing 50% 1,4-

cyclohexanedimethanol and PISOXT54-PrDO49 containing 50% terephthalate. 

These materials could thus have an increased risk with respect to microplastic 

accumulation and retention in the environment. 

Importantly, isosorbide (derived from glucose) also has a cyclic structure and 

can thus provide good thermal (i.e. Tg) and mechanical properties to polymers 

while also showing a high level of (bio)degradability (Kasmi et al., 2022). Further 
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studies with more variation of isosorbide content (e.g. from 10% to 90% ) could 

be interesting, although lower isosorbide content will result in lower Tg of the 

polymer if it is replaced with less rigid diols (Qi et al., 2019; Wang and Gruter 

2018).  

Finally, the non-enzymatic hydrolysis results demonstrate the potential of 

PISOX (co)polyesters (excluding compositions with CHDM and TPA) to degrade 

completely through non-enzymatic hydrolysis in the aquatic environment 

within a reasonable timeframe (Wang et al., 2022a). Given that these PISOX 

polyesters show both facile biodegradability and hydrolysability, they should be 

interesting materials for home-composting disposal. Also regarding marine 

degradability this is a very relevant result.  

Even though non-enzymatic hydrolysis may result in a limited shelf life for these 

materials (“plastics with an expiry date”), this is a trade-off between 

convenience and environmental risk reduction.  

4.4 Conclusions 

The biodegradability of a series of poly(isosorbide oxalate) (PISOX) and its 

copolyesters in soil was assessed at ambient temperature (25°C) via a 

respirometer. In general, PISOX (co)polyesters powders biodegraded within 180 

days, which was shown to be comparable (or even better) than for cellulose in 

the long-term (indicating home compostability). However, incomplete 

biodegradation of PISOX based copolyester with CHDM and TPA building blocks 

within the timeline of our experiments was observed. Similar results were 

obtained in the hydrolysis experiments, where copolyesters with linear co-diol 

non-enzymatically hydrolysed completely within 180 days, showing a strong 

connection between their non-enzymatic hydrolysability and biodegradability. 

The outstanding biodegradability (in both soil and aquatic environment) of 

PISOX copolyesters makes them promising for short term applications that 

demand good mechanical-, thermal- and gas barrier properties. The fast non-

enzymatic hydrolysis can also be used for efficient chemical recycling of these 

PISOX (co)polyesters.  
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Appendix S 

Table S.1. Constituents of mineral salts solution used to adjust soil moisture (OECD, 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S. 1 Boxplots of the biodegradation percentages for PISOX copolyesters with 25% (a), 37.5% (b), 50% 
(c), all 25% & all 37.5% & PrDO 49% (d), all linear (e) co-diol, respectively. Highlighted group in (d) was 
excluded in (e). The central red mark, the bottom and top edges of the box indicate the median, and the 
25th and 75th percentiles, respectively. The lines extending from the box represent the variability outside 
the upper and lower quartiles. Corresponding ANOVA table shown under the graphs.   

Salts mg L-1 

Potassium dihydrogen phosphate (KH2PO4) 85.0 

Dipotassium hydrogen phosphate (K2HPO4) 217.5 

Disodium hydrogen phosphate dihydrate (Na2HPO4.2H2O) 334.0 

Ammonium chloride (NH4Cl) 50.0 

Calcium chloride dihydrate (CaCl2.2H2O) 36.40 

Magnesium sulphate heptahydrate (MgSO4.7H2O) 22.50 

Iron (III) chloride hexahydrate (FeCl3.6H2O) 0.25 

(a) PISOX-diol25, p>0.05 (b) PISOX-diol37.5, p>0.05 (c) PISOX-diol50, p<0.05 
     

 

(d) PISOX-diol25&37.5 and PrDO49, p<0.05 (e) All linear co-diol (PISOX-NPG excluded), p>0.05 
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Figure S. 2 Photos of polymers before and after incubation. Visible particles left for PISOX-CHDM50 (a) 
and PISOXT54-PrDO49 (b) after incubation. Disappearance of particles and growth of microorganisms was 
observed for PSIXO-PDO36.4 (c). 

 

Figure S. 3 The molecular weights (Mw) v.s. the time of plateau of mineralization (average of replicates) 
for PISOX copolyesters. Error bars represent 20% difference respectively. 

PISOX-PrDO49

PISOX-PDO24.5

PISOX-CHDM50

PISOX-NPG37

PISOX-HDO37.6

PISOX-HDO24.7

PISOX-DEG37.5

PISOX-NPG50

PISOX-PDO36.4

PISOXT54-
PrDO49

 -

 20,000

 40,000

 60,000

 80,000

 100,000

 120,000

 140,000

 160,000

100 120 140 160 180 200 220 240 260 280

M
o

le
cu

la
r 

w
e

ig
h

t 
(M

w
),

 
g 

m
o

l -1

Time to reach plateau of mineralization, days



 

127 
 

List of abbreviations 

ABS Acrylonitrile butadiene styrene 

BD 1,4-Butanediol  

BOD Biochemical oxygen demand 

CCU Carbon capture and utilisation 

CHDM 1,4-Cyclohexanedimethanol 

DCA Dicarboxylic acid 

DCM Dichloromethane 

DEG Diethylene glycol 

DMSO Dimethyl sulfoxide 

DSC Differential scanning calorimetry 

FDCA 2,5-Furandicarboxylic acid 

GA Glycolate/glycolic acid 

GPC Gel permeation chromatography 

HB 3-Hydroxybutyrate  

HDO 1,6-Hexanediol 

IS Isosorbide 

IUPAC International Union of Pure and Applied Chemistry  

LA Lactic acid  

Mn Number average molecular weights 

MNPs Micro- and nano plastics 

NMR Nuclear magnetic resonance  

NPG Neopentyl glycol 

OX Oxalic acid/oxalate 

PBADs Poly(butylene n-alkylene dicarboxylate)  

PBAT Poly(butylene adipate-co-terephthalate) 

PBDd Poly(butylene dodecanedioate) 

PBF Poly(butylene furandicarboxylate) 

PBFGA Poly(butylene furandicarboxylate-co-glycolate 

PBIS Poly(butylene-co-isosorbide) succinate 

PBS/PBS(u) Polybutylene succinate 

PBSA Poly(butylene succinate-co-butylene adipate) 
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PBUd Poly(butylene undecanedioate) 

PC Polycondensation (chapter 2)/polycarbonate (chapter 4) 

PCL Polycaprolactone 

PDO 1,5-Pentanediol 

PE Polyethylene 

PEF Poly(ethylene 2,5-furandicarboxylate) 

PET Poly(ethylene terephthalate) 

PET Poly(ethylene terephthalate) 

PHA Polyhydroxyalkanoates 

PHB Polyhydroxybutyrate 

PHBA Poly(3-hydroxybutyrate–15 mol% 3-hydroxyalkanoates 

PHBHHx Poly(3-hydroxybutyrate–19 mol% 3-hydroxyhexanoate) 

PHBV Polyhydroxybutyrate-co-hydroxyvalerate 

PIS Poly(isosorbide succinate) 

PISOX/PISOX100 Poly(isosorbide oxalate) 

PISOX-diol poly(isosorbide-co-diol oxalate)  

PISOX-HDO Poly(isosorbide-co-1,6-hexanediol) oxalate 

PISSU Poly(isosorbide succinate) 

PLA Poly(lactic acid) 

PLGA Poly(lactic-co-glycolic acid)  

POP Persistent organic pollutant 

PP Polypropylene 

PrDO/P 1,3-Propanediol 

PS Polystyrene 

ROP Ring opening polymerisation 

SEM Scanning electron microscope  

Tg Glass transition temperature 

Three R's  Reduce, reuse and recycle 

Tm Melting temperature 

TPA/T Terephthalic acid 

WHC Water holding capacity 
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Summary 

Plastics have become the biggest sector of the chemical industry in terms of volume, 

except for fuels, as they play a key role in industry, transportation and our daily lives. 

It is estimated that over 5 million metric tons plastics have been disposed into the 

environment (Geyer et al., 2017) and the predicted global demand of plastic will 

increase to 1 billion metric tons by 2050 (De Smet, 2016). This is incompatible with 

the targets for global CO2 emission reductions, considering the vast majority 

plastics are currently fossil-based. Therefore, a transition to replace fossil-based 

feedstock for polymers is required. Alternatives could be carbon “already above 

the ground”, including biomass, CO2 (via carbon capture and utilisation (CCU)), 

and recycled fossil based materials. Additionally, the first two resources provide 

opportunities for alternative building blocks for polymer synthesis and 

subsequently could provide better properties.  

One of these opportunities is to incorporate environmental biodegradability as 

a design feature for novel polymers, in order to solve another problem of 

plastics—waste accumulation. The three Rs, reduction, reuse and recycling, are 

the currently recognised principals for dealing with this issue. Of course this is 

the best approach to deal with pollution, however, there are limitations to this 

approach. For example, single-use plastics are important for sanitation and food 

safety and the leakage of plastics to the environment is inevitable (mainly due 

to the insufficient waste management). Therefore, environmentally 

biodegradable (not limited to industrially compostable) plastics should be 

considered as a supplementary approach to the three Rs. 

In Chapter 1 some background is provided on the state-of-the art of polymer 

biodegradability. The majority of commercially available biodegradable plastics 

are polyesters. The ester functional group make polyesters hydrolysable (and 

biodegradable), compared to polyolefins, for example, which have no chemical 

functionality. Meanwhile, the ester bonds allow chemical recycling. 

Theoretically, post-consumer polyesters could break down to monomers 

(building blocks) and make virgin polymer again. Thus, making plastic 
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applications from biodegradable polyesters could benefit smoothing the 

transition from the current scenario (disposable with limited environmental 

impact) to a circular economy (recyclable with the development of waste 

management) in the future.  

Moreover, (co-)polyesters provide a wide range of applications with (to some 

extent) tuneable physical and thermal properties by variation of (chemical) 

structures and compositions. Similarly, the biodegradability of polyesters could 

also be designed by selection of building blocks. In Chapter 1 we present specific 

examples to discuss the relationship between the (chemical) 

structures/compositions and biodegradation/hydrolysis of polyesters to inspire 

the design of biodegradable polyesters. Specific properties of these building 

blocks are discussed, including aromatic monomers, cyclic aliphatic (isosorbide) 

monomers, and linear aliphatic monomers with increased chain length (methyl 

groups) and branches.  

Traditionally, incorporation of aromatic monomers (as rigid building blocks) to 

biodegradable (typically linear) polyesters is used to improve their 

thermomechanical properties. However, a higher ratio of aromatic building 

blocks results in a lower biodegradation/hydrolysis rate. Finding the balance 

between biodegradability and thermomechanical properties for specific 

applications is important and requires comprehensive research on the 

structure/composition-biodegradability relationship.  

Considering the variety of compositions of polyesters (as well as different 

environments) and the fact that biodegradation tests are usually time-

consuming, a high-throughput platform is a must. In Chapter 2, we demonstrate 

the method that makes (bio)degradability studies as part of a materials 

development process economical and, at the same time, time-efficient and of 

high scientific quality: A respirometer (monitoring CO2 evolution) equipped 

with 95 vessels (batches) was used to test the biodegradability of polyesters at 

ambient temperature (25 °C) in soil. In parallel, the (non-enzymatic) hydrolysis 

of polyesters (in D2O) was tracked via 1H NMR.  This method provides us with 

both qualitative and quantitative analysis of soluble hydrolysis products in a 

comparatively fast and easy way. It also allows non-invasive sampling, which 

makes the analysis particularly convenient for long term experiments. 
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Specifically, two poly(lactic-co-glycolic acid) (PLGA) copolyesters, which can be 

produced from biomass and CO2(CCU), were selected as test materials in 

Chapter 2.  PLGAs are well-known for their degradation via hydrolysis, while the 

two compositions used in this study were relatively novel, with high glycolic acid 

(GA) content (i.e. PLGA12/88 and PLGA6/94). They biodegraded similarly and 

even faster than cellulose (the reference) within 53-day incubation, which 

demonstrates their potential for food packaging combining their good barrier 

properties provided by GA. 

The comparison of the hydrolysis profile of these two compositions suggested 

the competition of two factors that determine the relative hydrolysis rate of 

these PLGA copolymers: on the one hand, higher LA content results in less 

hydrophilicity, primarily affecting the early stages of hydrolysis; on the other 

hand, the presence of crystalline areas with higher GA content in the 

copolymers appears to slow down the hydrolysis in the later stages (Wnek and 

Bowlin, 2008; Wang et al., 2022). 

In general biodegradable polyesters with high Tg are absent in the current 

market (Nguyen et al., 2018). For instance, the Tg of PHA, PBS and PBAT is lower 

than ambient temperature, and that of PLA and PLGA are around 60 °C and 40 °C, 

respectively. Biodegradable polyesters with higher Tg (and good mechanical 

properties) from renewable sources are attracting attention. Therefore, a family 

of novel renewable poly(isosorbide-co-diol) oxalate (PISOX-diol) was developed. 

The environmental biodegradability of a representative copolyester 

(poly(isosorbide-co-1,6-hexanediol) oxalate, Tg 103 °C) in soil and marine 

environments was primarily assessed and furthermore, its relationship to non-

enzymatic hydrolysis is discussed in Chapter 3. After demonstration of its 

relatively fast (bio)degradation, we studied the biodegradation of a series of 

eleven PISOX compositions (tuneable Tg of 75-110 °C) in soil in Chapter 4, in 

order to investigate the relationship between composition and biodegradation. 

All (co)polyesters with non-cyclic  comonomers, namely 1,3-propanediol, 

diethylene glycol, 1,5-pentanediol, 1,6-hexanediol and neopentyl glycol, 

biodegraded completely within 6 months. They show comparable (or even 

better) biodegradability than that of cellulose under same conditions in the long 

term. The polymers with the cyclic comonomers 1,4-cyclohexanedimethanol 
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and terephthalate did not. However, the homopolymer which has the similar 

content of cyclic rigid monomers, degraded the fastest. This indicates isosorbide, 

as a biobased rigid cyclic monomer, can provide good thermal (i.e. Tg) and 

mechanical properties of polymers without sacrificing biodegradability. In 

addition, the rapid non-enzymatic hydrolysis of these polyesters with linear co-

diols supports that facile hydrolysis of oxalate ester is essential for the 

environmental biodegradability of PISOX copolyesters. 
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Samenvatting 

Op brandstoffen na zijn kunststoffen qua volume de grootste sector van de 

chemische industrie, omdat ze een sleutelrol spelen in de industrie, het vervoer 

en ons dagelijks leven. Naar schatting is meer dan 5 miljoen ton van dit plastic 

in het milieu terechtgekomen (Geyer et al., 2017) en zal de voorspelde 

wereldwijde vraag naar plastic toenemen tot 1 miljard ton in 2050 (De Smet, 

2016). Dit is onverenigbaar met de doelstellingen voor wereldwijde CO2-

emissiereductie, aangezien het overgrote deel van de kunststoffen momenteel 

fossiel is. Daarom is een transitie nodig om fossiele grondstoffen voor 

polymeren te vervangen. Duurzame alternatieven moeten worden gezocht in 

‘al bovengrondse' koolstof, waaronder biomassa, CO2 (via afvang en gebruik van 

koolstof (CCU)), en gerecyclede fossiele materialen. Bovendien bieden de eerste 

twee hulpbronnen mogelijkheden voor alternatieve bouwstenen voor de 

synthese van polymeren, die vervolgens betere eigenschappen kunnen 

opleveren.  

Eén van deze mogelijkheden is de integratie van biologische afbreekbaarheid in 

het milieu als ontwerpkenmerk voor nieuwe polymeren, om een ander 

probleem, namelijk dat van de accumulatie van kunststofafval, op te lossen. 

Minderen, hergebruik en recycling, zijn de momenteel erkende beginselen om 

dit probleem aan te pakken. Natuurlijk is dit de beste aanpak om de vervuiling 

aan te pakken, maar er zijn beperkingen aan deze aanpak. Zo zijn kunststoffen 

voor eenmalig gebruik belangrijk voor de sanitaire voorzieningen en de 

voedselveiligheid en is het weglekken van kunststoffen naar het milieu 

onvermijdelijk (vooral door onvoldoende afvalbeheer). Daarom moeten 

ecologisch afbreekbare (niet beperkt tot industrieel composteerbare) 

kunststoffen worden beschouwd als een aanvullende benadering. 

In hoofdstuk 1 wordt enige achtergrondinformatie gegeven over de stand van 

zaken met betrekking tot de biologische afbreekbaarheid van polymeren. De 

meeste commercieel beschikbare biologisch afbreekbare kunststoffen zijn 

polyesters. De functionele estergroep maakt polyesters hydrolyseerbaar (en 

biologisch afbreekbaar), in tegenstelling to bijvoorbeeld polyolefinen, die geen 
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chemische functionaliteit hebben. Bovendien maken de esterbindingen 

chemische recycling mogelijk: in principe kunnen polyesters na gebruik worden 

afgebroken tot monomeren (bouwstenen) om opnieuw een polymeer maken. 

Door plastic toepassingen te maken van biologisch afbreekbare polyesters kan 

dus de overgang van het huidige scenario (wegwerp met beperkte milieu-

impact) naar een circulaire economie (recyclebaar met de ontwikkeling van 

afvalbeheer) in de toekomst worden vergemakkelijkt.  

Bovendien bieden (co-)polyesters een breed scala van toepassingen met (tot op 

zekere hoogte) aanpasbare fysische en thermische eigenschappen door variatie 

van (chemische) structuren en samenstellingen. Ook de biologische 

afbreekbaarheid van polyesters zou kunnen worden ontworpen door selectie 

van bouwstenen. In hoofdstuk 1 wordt de relatie tussen de (chemische) 

structuren/samenstellingen en biologische afbraak/hydrolyse van polyesters 

besproken aan de hand van specifieke voorbeelden als inspiratie voor het 

ontwerp van biologisch afbreekbare polyesters. Specifieke eigenschappen van 

deze bouwstenen worden besproken, waaronder aromatische monomeren, 

cyclische alifatische monomeren (isosorbide) en lineaire alifatische monomeren 

met langere ketenlengte en vertakkingen.  

Traditioneel wordt de toevoeging van aromatische monomeren (als rigide 

bouwstenen) aan biologisch afbreekbare (doorgaans lineaire) polyesters 

gebruikt om hun thermomechanische eigenschappen te verbeteren. Een 

hogere verhouding aromatische bouwstenen resulteert echter in een lagere 

biologische afbraak/hydrolyse. Het vinden van het de juiste balans tussen 

biologische afbreekbaarheid en thermomechanische eigenschappen voor 

specifieke toepassingen is belangrijk en vereist uitgebreid onderzoek naar de 

relatie structuur/samenstelling-biologische afbreekbaarheid.  

Gezien de verscheidenheid aan samenstellingen van polyesters (en 

verschillende omgevingen) en het feit dat biologische afbreekbaarheidstesten 

meestal tijdrovend zijn, is een hoge doorvoer-platform een must. In hoofdstuk 

2 demonstreren wij de methode die (bio)afbreekbaarheidsstudies als onderdeel 

van een materiaalontwikkelingsproces economisch en tegelijkertijd 

tijdsefficiënt en van hoge wetenschappelijke kwaliteit maakt: Met een 

respirometer (die de CO2-evolutie meet) uitgerust met 95 vaten is de 
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biologische afbreekbaarheid van polyesters bij kamertemperatuur (25 °C) in de 

bodem getest. Tegelijkertijd werd de (niet-enzymatische) hydrolyse van 

polyesters (in D2O) gevolgd via 1H NMR.  Deze methode biedt ons zowel 

kwalitatieve als kwantitatieve analyse van oplosbare hydrolyseproducten op 

een relatief snelle en eenvoudige manier. Het maakt ook niet-invasieve 

bemonstering mogelijk, wat de analyse bijzonder geschikt maakt voor 

langdurige experimenten. 

In hoofdstuk 2 zijn specifiek twee poly(melkzuur-co-glycolzuur) (PLGA) 

copolyesters, die kunnen worden geproduceerd uit biomassa en CO2 (CCU), 

geselecteerd als testmaterialen.  PLGA's staan bekend om hun afbraak via 

hydrolyse, terwijl de twee in deze studie gebruikte samenstellingen relatief 

nieuw waren, met een hoog glycolzuurgehalte (GA), namelijk PLGA12/88 en 

PLGA6/94. Deze biodegradeerden op vergelijkbare wijze en zelfs sneller dan 

cellulose (de referentie) over een incubatieperiode van 53 dagen. Deze 

materialen lijken verder geschikt voor levensmiddelenverpakkingen dankzij de 

goede barrière-eigenschappen door het hoge GA gehalte. 

De vergelijking van het hydrolyseprofiel van deze twee samenstellingen 

suggereert dat twee factoren de relatieve hydrolysesnelheid van deze PLGA-

copolymeren bepalen: enerzijds leidt een hoger gehalte aan LA tot minder 

hydrofiliteit, wat vooral de vroege stadia van de hydrolyse beïnvloedt; 

anderzijds lijkt de aanwezigheid van kristallijne gebieden met een hoger GA-

gehalte in de copolymeren de hydrolyse in de latere stadia te vertragen (Wnek 

en Bowlin, 2008; Wang et al., 2022). 

Over het algemeen zijn er momenteel geen biologisch afbreekbare polyesters 

met een hoge Tg op de markt (Nguyen et al., 2018). Zo is de Tg van PHA, PBS en 

PBAT lager dan de omgevingstemperatuur, en die van PLA en PLGA 

respectievelijk rond de 60 °C en 40 °C. Biologisch afbreekbare polyesters met 

een hogere Tg (en goede mechanische eigenschappen) uit hernieuwbare 

bronnen trekken de aandacht. Daarom werd een familie van nieuwe duurzame 

poly(isosorbide-co-diol) oxalaat (PISOX-diol) ontwikkeld. 

De biologische afbreekbaarheid in het milieu van een representatief copolyester 

(poly(isosorbide-co-1,6-hexaandiol) oxalaat, Tg 103 °C) in de bodem en in 
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mariene milieus wordt in hoofdstuk 3 besproken, alsmede de relatie met niet-

enzymatische hydrolyse. Na het aantonen van de relatief snelle (bio)afbraak 

ervan, hebben wij de biologische afbraak van een reeks van elf PISOX-

samenstellingen (aanpasbare Tg van 75-110 °C) in de bodem bestudeerd 

(hoofdstuk 4), om de relatie tussen samenstelling en biologische afbraak te 

onderzoeken. Alle (co)polyesters met niet-cyclische comonomeren, namelijk 

1,3-propaandiol, diethyleenglycol, 1,5-pentaandiol, 1,6-hexaandiol en 

neopentylglycol, waren binnen 6 maanden volledig biologisch afgebroken. Zij 

vertonen een vergelijkbare (of zelfs betere) biologische afbreekbaarheid dan 

cellulose onder dezelfde omstandigheden op lange termijn. De polymeren met 

de cyclische comonomeren 1,4-cyclohexaandimethanol en tereftalaat niet. Het 

homopolymeer met een vergelijkbaar gehalte aan cyclische rigide monomeren 

degradeerde echter het snelst. Dit wijst erop dat isosorbide, als rigide cyclisch 

monomeer uit biomassa, goede thermische (d.w.z. Tg) en mechanische 

eigenschappen van polymeren kan bieden zonder de biologische 

afbreekbaarheid op te offeren. Bovendien ondersteunt de snelle niet-

enzymatische hydrolyse van deze polyesters met lineaire co-diolen dat een 

gemakkelijke hydrolyse van de oxalaatester essentieel is voor de biologische 

afbreekbaarheid van PISOX-copolymeren in het milieu. 
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