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hydrolysis of poly(butylene succinate)
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The molecular mass of biodegradable polymers often explains the varying biodegradation results in
outdoor environments and determines the mechanical properties and embrittlement of polymer
samples. Accordingly, we have investigated the relationship between the molecular mass of
poly(butylene succinate) (PBS) and its tensile properties and mineralisation. With decreasing
molecular mass, we found that Young’s modulus was rising while tensile strength and elongation at
break were decreasing. A ductile-brittle transition was found between a M,, of 80,000 g/mol and
110,000 g/mol. The dependency of mechanical properties on molecular mass as determined after
hydrolysis differed significantly from a study performed on freshly synthesised PBS. Biodegradation to
CO, by microorganisms in a mixture of field soil and compost soil was found to begin at a M,, between
8060 g/mol and 26,666 g/mol. These results are essential for estimating the service life of products

made from PBS.

The market value of poly(butylene succinate) (PBS) is estimated to have
been USD 71.23 billion in 2021. PBS is expected to be increasingly used for
packaging, agriculture, and biomedical applications, with a forecasted
market value of USD 124.69 billion by 2029'~*. Polyester-based products like
those made from PBS will degrade if placed in humid environments in
which they are hydrolysed and will finally be completely mineralised to CO,,
water, and biomass’. Their mechanical properties are expected to change
drastically during degradation from a polymer with a high molecular mass
to lower molecular masses and, finally, monomers and small volatile
compounds. Even for non-biodegradable polymers, the dependency of
mechanical properties on the molecular mass changes or aging processes is
important for determining the estimated lifetime, shelf life, and remaining
service life of products in use. It is also essential during the selection of raw
material, recycling, and estimating the fate of biopolymer particles and
microplastic in the environment™. Much interest is taken in biomedical
applications for which balancing mechanical properties and stability with
the degradation of biodegradable bone implants, and tissue is helpful to
enable a gradual load transfer to the regenerated structure’™"". This shows
that for products that are degraded during their application, it is crucial to
estimate how their mechanical properties and biodegradability change
during the degradation process. Also, if the relationship between molecular
mass, mechanical properties, and biodegradability is known, it would be
possible to tailor the properties of a product according to its application by
adjusting the molecular mass through hydrolysis. The mechanical

properties depending on molecular mass changes or other aging processes
have been investigated during photodegradation, thermal degradation,
oxidative degradation, hydrolysis, and other degradation pathways on well-
established polymers like polypropylene (PP), polyethylene (PE), poly(vinyl
chloride) (PVC), poly(ethylene terephthalate) (PET), polyamides (PA) and
polystyrene (PS)**'**. The biodegradation and its effect on mechanical
properties of poly(lactic acid) (PLA) has been extensively studied™*™.
Despite its economic value and scope of applications, few studies have been
published on the relationship between mechanical properties and the
molecular mass of PBS’' . Not only are the mechanical properties expected
to change with further hydrolysis, but biodegradability may also change.
The biodegradation process can consist of several mechanisms. Ultimately,
biodegradation means the complete mineralisation of the polymer to CO,,
water, and biomass under aerobic conditions and, additionally, methane
under anaerobic conditions by microorganisms. Direct digestion by
microorganisms is usually not possible due to the lack of water solubility and
the considerable chain length of polymers™. Therefore, the rate-limiting step
for biodegradation is usually the abiotic chemical hydrolysis for polyesters
and can be accompanied by enzymatic hydrolysis in some environments
due to excreted enzymes or by photodegradation™”.

The results of biodegradation studies vary widely, and the reason is
often not clear™. In one study of PBS degradation in soil at 19 different
sites, weight loss varied between 1.6% and 100%, with an average of
342 +36.2% after 12 months”. Therefore, identifying and quantifying

Chair for Biogenic Polymers, TUM Campus Straubing for Biotechnology and Sustainability, Technical University of Munich, Schulgasse 16, Straubing, 94315,

Germany. e-mail: cordt.zollfrank@tum.de

npj Materials Degradation | (2024)8:97


http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-024-00512-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-024-00512-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-024-00512-3&domain=pdf
http://orcid.org/0000-0002-3040-970X
http://orcid.org/0000-0002-3040-970X
http://orcid.org/0000-0002-3040-970X
http://orcid.org/0000-0002-3040-970X
http://orcid.org/0000-0002-3040-970X
http://orcid.org/0000-0002-2717-4161
http://orcid.org/0000-0002-2717-4161
http://orcid.org/0000-0002-2717-4161
http://orcid.org/0000-0002-2717-4161
http://orcid.org/0000-0002-2717-4161
mailto:cordt.zollfrank@tum.de
www.nature.com/npjmatdeg

https://doi.org/10.1038/s41529-024-00512-3

Article

factors affecting the biodegradation is of great interest. Environmental and
sample parameters are influencing the biodegradation process. Usually, the
most important factors regarding the sample are the polymer composition,
the molecular mass of the polymer, and the crystallinity’*****. The most
important external factors are temperature, availability of humidity, and the
availability of a microbiome that can degrade the polymer in addition to
environmental conditions, which allow the microorganisms to
thrive™***~*, Since the ability of the microbiome to degrade polymers can
depend on the molecular mass of the polymer, it is of great interest to
determine the biodegradability at different molecular weight ranges.

Therefore, we are addressing two issues in our work the relationship
between mechanical properties, biodegradation, and molecular mass. First,
molecular mass is a determining factor for degradation pathways like
mineralisation or disintegration by embrittlement. Depending on the
starting molecular weight, the different degradation pathways can be the
cause for the observed varying biodegradation rates in the literature. Fur-
thermore, if mineralisation is observed above the threshold of molecular
mass determined in this study, this may indicate a microbiome able to
degrade high molecular mass PBS. The second issue we are addressing is
determining molecular weight ranges in which the mechanical properties
and, therefore, the functionality and stability of products are changing with a
declining molecular mass during the ongoing biodegradation.

In this work, we degraded PBS tensile bars and granulates to different
molecular masses by hydrolysis in hot water to establish a quantitative
relationship between molecular weight and tensile properties. We also
assessed experimental factors possibly affecting the comparability of
laboratory results with the slow degradation in outdoor environments with
lower humidity and lower temperatures. CO, evolution of PBS in soil has
been investigated in order to determine the molecular mass at which
mineralisation of PBS and, therefore, the complete conversion to CO,,
water, and biomass is possible and whether this point could influence the
mechanical properties. The mechanical properties of PBS with different
molecular masses were determined by tensile testing. Ultimately, we iden-
tified important molecular mass ranges in which the mechanical and bio-
degradation behaviours are changing.

Results

Stress-strain behaviour

The stress-strain curves observed during tensile testing of the different
degraded molecular weights can be grouped into three categories without a

clear molecular weight threshold separating them. High molecular weight
PBS showed necking behaviour after the yield point. The stress-strain curves
for this category (see also Fig. la, b) could be observed down to a M,, of
80,446 g/mol. Stress-strain curves for tensile bars between a M,, of
102,406 g/mol and 60,610 g/mol can be attributed to the second category
and showed elastic and plastic deformation until fracture occurred after the
yield point without necking (Fig. 1c). Below a M., 0of 57,693 g/mol, the tensile
bars became even more brittle, exhibited lower tensile strengths, and broke
after a short elastic deformation (Fig. 1d). As can be seen in Fig. 1b, tensile
bars of the same molecular weight can behave differently during tensile
testing, presumably due to inhomogeneities and defects. Necking often
occurred for high molecular weight PBS. After the yield point, necking
began and moved along the tensile bar on one side of the necking area. This
can be observed in the stress-strain curves (see Fig. 1) as strain softening. The
stress—strain curves were also affected by several effects. When the necking
front reached the beginning of the shoulder of the tensile bars, it began
moving instead on the other side of the necking area with the lower cross-
sectional area. Afterwards, for barely degraded PBS, sometimes it also
moved inside the first and later the second shoulder of the tensile bars, at
some point leading to a small jump of the contact gauges. In these cases, the
effect on elongation at break was, in our assessment, small enough to let the
tensile test continue.

Mechanical properties

We evaluated several mechanical properties accessible by tensile testing with
M,, ranging from 41,947 + 261 g/mol to 133,667 + 702 g/mol. The Young’s
modulus describes the resistance of the material against elastic deformation,
the tensile strength is the maximum stress the material could withstand, and
the elongation at break is a good indicator of embrittlement. These prop-
erties show different dependencies on molecular mass, as shown in Fig. 2.
Young’s modulus kept rising while molecular mass was degrading. The
decrease of tensile strength even accelerated with lower molecular mass
below a M,, of 60,000 g/mol. Elongation at break declined fast with
decreasing molecular mass at higher molecular masses and then slowed
down at lower molecular masses. Elongation at break decreased rapidly
between 80,000 g/mol and 110,000 g/mol. Below 40,000 g/mol, it was not
possible to test or prepare tensile bars regardless of the preparation method
because the material had become too brittle. Tensile bars degraded at 115 °C
exhibit a higher Young’s modulus and tensile strength but lower elongation
at break than other tensile bars of similar molecular mass and an increased

Fig. 1 | Stress-strain curves. Stress-strain curves a

exhibiting typical behaviour for different molecular
weight ranges. a M,, of 105,833 g/mol: High mole-
cular weight PBS shows necking behaviour, includ-
ing strain-softening and strain-hardening. The
necking front jumps several times from one side of
the neck to the other. b M,, of 107,166 g/mol:
Sometimes, necking behaviour is not observed for
some tensile bars despite the high molecular weight.
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Fig. 2 | Mechanical properties versus molecular mass. Data points for the rela-
tionship of the molecular mass to Young’s modulus (a), tensile strength (b), and
elongation at break (c) are shown. Blue dots: non-degraded tensile bars, orange dots:
tensile bars made from degraded granulates, green dots: at 60 °C degraded tensile
bars, red dots: at 115 °C degraded tensile bars. Fitted models and their parameters are
provided in the Supplementary Figs. 1-7.

crystallinity. A comparison of different available mathematical models with
their respective parameters is provided in Supplementary Note 1 and
Supplementary Fig. 1-7.

Influence of degradation on tensile bars

Beginning with industrially available high molecular weight PBS granulates,
we degraded them to lower molecular weights for our study. Since accel-
erated hydrolysis at higher temperature may change important factors
affecting tensile properties, we analysed the samples to validate the com-
parability of the data. Regardless of the degradation pathway, tensile bars
showed the same cross-sectional area. Tensile bars from degraded and non-
degraded granulate had a cross-sectional area of 9.99 + 0.12 mm”, whereas
tensile bars, which had been degraded at 60 °C or 115°C had a cross-
sectional area of 10.01 +0.13 mm’ and 9.95 + 0.16 mm’ respectively. The
crystalline fraction of the polymer did not change with degrading molecular
mass as determined by X-ray diffractometry (XRD) (see Supplementary Fig.
9). Tensile bars from non-degraded granulates had a crystalline fraction of
0.55 +0.02, at 60 °C degraded tensile bars 0.62 + 0.04 and tensile bars from
degraded granulates 0.59 + 0.04. The degradation at higher temperatures led
to further crystallisation up to a crystalline fraction of 0.69 + 0.02. As shown
in Fig. 3, the grain volume of the crystallites is rising with degrading
molecular mass. The trend seems to hold for all degradation types but for the
tensile bars, which were degraded at 115 °C. They showed a higher grain
volume than tensile bars degraded to the same molecular mass at a lower
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Fig. 3 | Grain volume versus molecular weight. The grain volumes of the crystallites
determined by XRD are plotted against M,, and a fit for the linear decrease with
increasing molecular mass with a Pearson correlation coefficient of —0.25 is shown
(slope = —0.002, intercept = 1456, R*=0.06). Values for tensile bars that have been
degraded at 115 °C are shown but not included in the fit. Blue dots: non-degraded
tensile bars, orange dots: tensile bars made from degraded granulates, green dots: at
60 °C degraded tensile bars, red dots: at 115 °C degraded tensile bars.

temperature or made from degraded granulates. The rise of the grain
volume was driven by an enlargement of the crystal in the direction of the
c-axis with a correlation coefficient of —0.42 and in the direction of the
a-axis with a correlation coefficient of —0.27, whereas 010 only showed a
slight increase with a correlation coefficient of —0.12 for increasing mole-
cular mass.

Influence of degradation on the crystallinity of powdered PBS for
biodegradation

The crystalline content of the powdered degraded PBS granulates for the
biodegradation experiment had been analysed by differential scanning
calorimetry (DSC). No trend with degrading molecular mass was found as
shown in Supplementary Fig. 10. However, the degradation temperature
mattered: PBS degraded at 60 °C yielded a crystalline fraction of 0.49 + 0.05,
whereas the PBS with the lowest M,, of 8060 g/mol, which had been
hydrolysed in hot water at temperatures above 100 °C exhibited a crystalline
fraction of 0.67 £ 0.01.

Biodegradation

CO, is commonly accepted as the only degradation product (except the
corresponding oxygen demand) which can be attributed with certainty to
the digestion of the sample by microorganisms™***". In the following, the
amount of carbon actually metabolised to CO, divided by the theoretically
amount of CO, evolved by a completely metabolised sample is referred to as
“biodegradation”. The only sample showing a significant biodegradation in
soil was the one with the lowest M,, of 8060 g/mol, which reached a
cumulative biodegradation of 5.18 +0.34% after 38 days and 6.46 + 0.58%
after 92 days as shown in Fig. 4. The next sample with a slightly higher
molecular mass of 26,666 g/mol achieved a cumulative biodegradation of
1.16 + 0.37% after 38 days and 1.78 + 0.68% after 92 days. The same sample
was also investigated in a smaller grain size below 125 micrometre and
yielded a slightly higher biodegradation of 1.20 +0.78% after 38 days and
2.57 £ 0.65% after 92 days. The biodegradation of both grain sizes is higher
but still similar to all other PBS samples with a higher molecular mass, which
have been mineralised between 0.13 + 0.28% and 1.04 + 0.72% after 38 days
and 0.22 + 0.44% and 1.66 * 0.10% after 92 days. In comparison, cellulose as
positive control for a microbial-active and degrading environment, reached
a cumulative biodegradation of 65.74 + 2.76%. In contrast, PP as negative
control for possible effects of addition of non-biodegradable material to the
soil showed a cumulative biodegradation of 2.48 +0.36% after 92 days.
Therefore, the low biodegradation of PBS with a higher M,, may not be
caused by its biodegradation. While dispersity of the samples did not change
for the hydrolysed samples above 32,000 g/mol with a dispersity of
1.73 £ 0.08, the samples with a M,, of 26,667 g/mol and 8060 g/mol were
determined with a dispersity of 2.76 +0.30 and 2.81 + 0.40, respectively.
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Fig. 4 | Mineralisation versus molecular mass. The cumulative biodegradation
dependency on M,, is shown after 38 days (light blue) and 92 days (dark blue), as well
as the highest biodegradation rate per day over the course of the experiment(red
dots). The standard deviation is shown by error bars.

This means that PBS hydrolysed to low molecular weights with a broader
molecular weight distribution is biodegradable.

Discussion

The transition from abiotic to biotic degradation is important for the
environmental degradation of polymers. Nearly no biodegradation was
observed for most of the molecular mass samples of PBS during 92 days.
Between a M,, of 8060 g/mol and 26,666 g/mol, there appears to be a critical
molecular mass below which microorganisms can mineralise the polymer
chains to CO,. The real threshold molecular mass for single chains may be
even lower since the sample of 8060 g/mol reached a cumulative biode-
gradation of only 6.46 + 0.58% after 92 days which is similar to the fraction
of the sample of 6.9 + 1.3% that has a molecular mass below 1000 g/mol and
can be assumed to be water soluble and readily biodegradable™. This
observation is contrary to results reported by other authors who found that
PBS with a M,, of 56,000 g/mol were successfully mineralised in soil*. These
differences are typical for PBS. Two other studies also found inconsistent
results for biodegradation in different soils. At 19 different sites, PBS was
degraded between 1.6% and 100% within 12 months. In three of the 19 soils,
PBS showed a complete degradation, in two a degradation above 50%, in 5
more than 25% and in 7 soils degradation was below 10%, which gives an
impression of the distribution of soil capability to degrade PBS*. In another
investigation, 46% weight loss of PBS was found in one soil but no degra-
dation in another at the same temperature. Differences in the respective
microbiome of the soils could explain this discrepancy””. This leads to the
conclusion that the soil used in our study does not contain a suitable
microbiome for the degradation of high molecular weight PBS and biotic
and that the identified threshold molecular weight for biodegradation is
valid for soils with corresponding microbiomes. Since mechanical proper-
ties are lost well above the threshold for significant biodegradation, one has
to consider only factors regarding hydrolysis as the predominant degrada-
tion mechanism in soil for modelling changes in the functionality of a
product made from PBS. Samples showed a higher biodegradation rate if the
particle size was lower, resulting in an increased surface area. While it was
surprising to see this effect even for low biodegradation rates, it is well-
known in the literature for the biodegradation of PLA",

We have also investigated the dependency of mechanical properties
like the Young’s modulus, the tensile strength and elongation at break on
molecular mass. In order to compare results from different studies more
easily, we are providing in the following section the estimated corresponding
M,, or M,, values in our study in brackets calculated with the average
dispersity of 1.86 + 0.14 observed in our study. The Young’s modulus in our
study increased with lower molecular masses up to 873 +104 MPa. In
comparison, Jin et al. observed a maximum of 396.3 + 3.1 MPa at a M,, of
33,000 g/mol (M,, = 61,380 g/mol) and a decrease towards higher and lower
molecular masses for synthesised PBS™'. We found that the tensile strength
was at high molecular masses slowly decreasing with decreasing molecular
mass and then dropped faster below a M,, of 60,000 g/mol (M,, ~ 32,258 g/

mol). This fits well with observations on hydrolysed PBS and PBAT as well
as PBS films™*. On the other hand, Jin et al. found a maximum at a M,, of
41,000 g/mol (M,, = 76,260 g/mol) and a decrease for lower and higher M,,.

In our study, elongation at break was still increasing with increasing
molecular mass, which fits well with the results from Han et al. and
Muthuraj et al. In contrast, Jin et al. found it to decline after a maximum was
reached at a M,, of 50,000 g/mol (M, = 93,000 g/mol)’"*. The observation
of a maximum with a decline to higher molecular weights in contrast to our
results may be explained by the larger deviations of crystallinity of the
samples by Jin et al.

The sudden change in elongation at break can be described by a critical
molecular mass for the ductile-brittle transition. The critical molecular mass
for PET was found to be above a M, of 17,000 g/mol, for PP between
170,000 g/mol and 250,000 g/mol depending on the degradation pathways
photo-oxidation, thermal oxidation or radiochemical oxidation and for PE
between 40,000 g/mol and 100,000 g/mol'***. This is the same order of
magnitude as for the ductile-brittle transition observed in our study for PBS.

As can be seen in Fig. 2, the measurements of the mechanical properties
of degraded PBS show a large variability. One factor for this may be the used
equipment. Only one tensile bar could be prepared per injection of the melt
into the mould. While care has been taken, usually, bigger injection moulding
machines are used and five to ten specimens can be prepared in the same shot
with exactly the same temperature and duration in the melt. Furthermore, we
fixated the tensile bars in the tensile testing machine manually. Small dif-
ferences in the angle and the use of a contact strain gauges may also lead to a
premature failure of the tensile bars™ due to a shift in the applied force vector
—especially if the behaviour of a degraded sample is prone to inhomo-
geneities. While tensile bars were checked for defects prior to tensile testing
and also afterwards at the fracture surface, it is possible that small changes,
defects or inhomogeneities in the distribution of the crystallites and the
molecular weight have been introduced by the ageing process, which could
not be captured by XRD and visual inspection. Therefore, the variability may
be, to some extent, part of the degradation process.

Long-term processes in the environment with many influencing fac-
tors are best emulated in the laboratory. Therefore, it is important to check
the most important factors which may be affected by the experimental setup.
In this study, the polymer was degraded at elevated temperatures in water.
While this leads to accelerated hydrolysis, it may also lead to swelling and
further sample crystallisation. To reduce the possible effects on the com-
parability of the laboratory results to the process in the environment, we
checked the cross-sectional area of the tensile bars and their crystallinity
after the degradation. We also degraded the samples at different tempera-
tures to see if there was any effect of rising temperatures. Finally, we also
prepared tensile bars from already degraded polymer granulates because
melting should remove any effect introduced by accelerated hydrolysis. We
assumed that those tensile bars may be otherwise not comparable to directly
degraded samples since crystallinity, surface roughness, and other changes
in the microstructure may occur. Nevertheless, we found no influence of the
degradation parameters on the cross-sectional area of the tensile bars and,
therefore, no swelling. The degradation temperature influenced crystallinity.
A degradation at 115 °C led to a higher crystallinity of 0.70 £ 0.04 while at
60 °C degraded tensile bars and tensile bars from degraded granulates had a
similar crystalline content of 0.60 + 0.04 and 0.62 + 0.07. Tensile bars from
non-degraded high molecular mass PBS had, in comparison, a crystalline
content of 0.52 + 0.07. Therefore, we excluded the tensile bars degraded at
115 °C from the comparison. Since crystallinity and cross-sectional area did
not differ much for samples prepared by the different degradation para-
meters, we conclude that our results for tensile bars prepared by different
parameters, except those at 115 °C, are comparable to outdoor degradation
processes at lower temperatures.

We assumed that during the degradation of PBS, specific molecular
mass thresholds exist for the mechanical properties and biodegradability. We
have found such a critical molecular mass for the mineralisation in soil
between a M,, of 8060 g/mol and 26,666 g/mol. The biodegradation corre-
sponds to the content of water-soluble polymer chains below 1000 g/mol.
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This contradicts other studies, which observed mineralisation of high
molecular mass PBS in soil. Mechanical properties changed over a larger
molecular mass range, but below a critical M,, 0f 40,000 g/mol, no mechanical
properties could be measured any more. Embrittlement by hydrolysis occurs
between a M,, of 80,000 g/mol and 110,000 g/mol, a fast decline of tensile
strength was observed below 60,000 g/mol. In contrast, the Young’s modulus
kept increasing with decreasing molecular mass which is contradictory to
some literature reports on synthesised PBS. Knowing the dependency of
biodegradability on the molecular mass allows for determining the relevant
degradation pathways and their most important parameters. Without soil
containing a microbiome able to degrade high molecular mass PBS, abiotic
hydrolysis can be expected to be the predominant degradation mechanism
for polymers of high molecular mass. Below the embrittlement criteria,
weight loss and microplastic formation may occur. The dependency of
mechanical properties on molecular mass is essential for selecting materials
suitable for recycling or for products with an intended service time frame.
Combined with a kinetic model for the biodegradation of PBS, it is possible to
predict the service life of products in degrading environments and the time of
mechanical failure. Our results are also crucial for monitoring the function-
ality of products made from PBS for use in the environment. Our results are
valid for soils without a microbiome, which can degrade high molecular mass
PBS, and for hydrolytically degraded samples. The mechanical properties of
PBS degraded by other degradation pathways or freshly synthesised may
behave differently. The development of robust biodegradation models for
different degrading environments and a more simple method to discern, for
example, soils with a microbiome capable of degrading high molecular mass
PBS from those without this capability are needed for a more widespread use
of biodegradable products for environmental and biomedical applications.

Methods

Degradation of molecular mass

In order to attain different molecular masses for mechanical properties, PBS
granulates (grade FZ71, PTT MCC Biochem, Bangkok, Thailand) were
degraded between temperatures of 60 °C and 135 °C. Since crystallinity was
affected by temperatures above 60 °C, we varied the hydrolysis time for
granulates degraded at 60 °C between a few days and a few weeks, depending
on the desired molecular weight. Granulates degraded at higher temperatures
were melted before further use in order to remove changes to crystallinity.
Since polymers with lower molecular masses could not be injection moulded,
some tensile bars made from not yet degraded PBS were directly degraded at
60 °C. At this temperature, the influence of degradation on swelling and the
crystalline fraction was negligible in contrast to the degradation of tensile bars
at 115 °C. All tensile bars were air dried and stored in a box with a beaker with
a saturated MgCl, solution to set air humidity to 30%. For the biodegradation
experiment, granulates degraded at 60 °C were dried, then frozen in N,(1) and
mixed with an A 11 basic analytical mill (IKA-Werke GmbH & CO. KG,
Staufen, Germany) with an A 11.3 Beater. Samples were then sieved through
2 mm, 1 mm, 500 micrometre, and 125 micrometre meshes to yield different
grain size fractions.

Determination of molecular mass by SEC

The molecular mass was determined by size exclusion chromatography
(SECcurity GPC System, PSS, Mainz, Germany) with a set of SDV 5 pm
columns containing a pre-column, a 100,000 A column, a 1000 A column,
and a refractive index detector (1260 Infinity, Agilent, United States of
America). PS standards from 682 g/mol to 526,000 g/mol were used for
calibration. Samples were injected at a concentration of 5 g/L in chloroform
at a flow rate of 0.7 mL/min. Molecular mass for each set of tensile bars was
determined from three tensile bars, while for the biodegradation experi-
ment, one powdered and, therefore, representative sample was injected
three times into the SEC.

Preparation of tensile bars
Tensile bars were prepared by injection moulding (Haake MiniJet Pro,
Thermo Fisher Scientific) of PBS granulates after 15 minutes of melting

between 125 °C and 135 °C and with applied pressures between 100 bar and
300 bar for 15 seconds. We designed a three-part injection mould for tensile
bars of type 1BA based on DIN EN ISO 527 to allow a more gentle removal
of the tensile bar than in the original two-part injection mould™. The design
is shown in Supplementary Fig. 8. It allowed us to produce tensile bars down
to a M,, of 41,947 g/mol with the side effect of flashes that barely changed
material properties as tested on non-degraded PBS.

Determination of crystallinity by DSC

Small particles from the crushed fractions were analysed by differential
scanning calorimetry. 5 mg to 15 mg of samples were heated in a DSC (DSC
1 Stare System, Mettler Toledo, Columbus, Ohio, United States of America)
from 25 °C to 250 °C with 10 °C/min. Crystalline content was calculated by
the following equation (1)

AH, — AH,,
=T 1
with AH,, being the observed melting enthalpy of the sample, AH,. the
observed cold crystallisation enthalpy and AH,,,’ being the melting enthalpy
for 100% crystalline PBS. We used the AH,,,” determined on extended-chain
crystals with 133.5 £ 3 J/g.”".

Determination of crystallinity by XRD

We analysed changes in the crystalline content of the tensile bars after tensile
testing by XRD (MiniFlex 600, Rigaku, Tokyo, Japan) with a copper anode
and a silicium strip detector (D/teX Ultra, Rigaku) from 10" to 80" in 0.02°
steps ata scan speed of 5° per minute. For each molecular mass, the top parts
of three tensile bars were analysed. After Rietveld-refinement with the
software BGMN (version 4.2.23), the crystallinities were calculated
according to Ruland and Vonk™ . Atomic coordinates for PBS-a phase
were taken from Ichikawa et al.”.

Tensile testing

A universal tensile testing machine (smarTens 010, Karg Industrietechnik,
Krailling, Germany) was used to determine the mechanical properties. For
the measurement of elongation, contact displacement transducers were
used. To correct for the influence of tensile bar mounting, all tensile bars
were pulled with 1 mm/min until an initial load of 1 MPa. After 1 MPa was
reached, samples were pulled with 5 MPa/min until an elongation of 0.5%
was reached and then with 10 mm/min until the measured stress fell below
75% of the maximum of the recorded stress. This indicated that fracture
occurred, and elongation at break was determined. The maxima of the
stress-strain curve yielded the tensile strength, Young’s moduli were eval-
uated at the elastic deformation region and work of fracture was determined
as the integral of the stress-strain curve. We also investigated several
mathematical models describing the relationship between molecular weight
and mechanical properties. Models were fitted via Python and the optimi-
se.curve_fit algorithm using non-linear least squares and stats.linregress
using linear least squares regression from the scipy package version 1.3.3%.
Further details and results are available in Supplementary Note 1.

Biodegradation

Biodegradation of samples was determined by quantifying the evolving CO,
during mineralisation of the samples compared with the background CO, of
soil without samples. The evolved CO, was absorbed in 20 mL of a 1 mol/L
KOH solution and then titrated with 0.6 mol/L HCl. The amount of CO,
corresponds to the volume of HCI between the two inflection points of the
pH-titration curve at a pH of 8.1 and 3.9. The KOH solutions were titrated
and replaced every 2-27 days, when the pH approached 9 to ensure a
quantitative CO,-absorption. Before the biodegradation experiment started,
we acquired a soil containing 50% compost and 50% topsoil from the local
composting facility (Zweckverband Abfallwirtschaft Straubing Stadt und
Land, Straubing, Germany). The manufacturer described it as loamy,
humous soil. In order to remove organic residues, the soil was sieved through
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a1 mm mesh. The soil should be as wet as possible but not muddy in order to
yield a microbial-active biodegradation environment while keeping the
biodegradation process aerobic and allowing a proper evolvement of the
produced CO,. Therefore, water content was increased until the expectations
were met at 0.209 g/g water/dried soil. 300 g soil and a custom-made metal
structure for placing the beakers containing the KOH solution in the air
without soil contact were placed in each 3-L-jar. Equal background pro-
duction of each jar was determined before adding 3 g of the sample with a
particle size below 500 micrometre. Each molecular weight fraction of PBS
was determined in triplicate from 8060 g/mol to 134,000 g/mol. Cellulose
powder (a-cellulose, Sigma-Aldrich, St. Louis, Missouri, United States of
America) was used in four jars as a positive control, and PP in three jars as a
negative control. Four jars with soil but without samples were used as a
reference for the CO, background. The biodegradation of each sample was
calculated by subtracting the mean weight of CO, of all blanks from every jar
and then dividing the net CO, of the sample by the theoretically possible
amount of CO, evolution after complete biodegradation. The carbon con-
tents of the samples were determined in triplicate by elemental analysis (Euro
EA Elemental Analyzer, Euro Vector S.P.A,, Italy). The biodegradation
experiment was carried out over 92 days with room temperature set to 23 °C.
We reduced the number of investigated molecular mass fractions after
38 days due to the lack of biodegradation and, therefore, useful information.

Data availability
The datasets used and analysed during the current study are available from
the corresponding author upon reasonable request.
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