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Abstract: In the successful transition towards a circular materials economy, the implementation of
biobased and biodegradable plastics is a major prerequisite. To prevent the accumulation of plastic
material in the open environment, plastic products should be both recyclable and biodegradable.
Research and development actions in the past few decades have led to the commercial availability of
a number of polymers that fulfil both end-of-life routes. However, these biobased and biodegradable
polymers typically have mechanical properties that are not on par with the non-biodegradable plastic
products they intend to replace. This can be improved using particulate mineral fillers such as talc,
calcium carbonate, kaolin, and mica. This study shows that composites thereof with polybutylene
succinate (PBS), polyhydroxybutyrate-hexanoate (PHBH), polybutylene succinate adipate (PBSA),
and polybutylene adipate terephthalate (PBAT) as matrix polymers result in plastic materials with
mechanical properties ranging from tough elastic towards strong and rigid. It is demonstrated that the
balance between the Young’s modulus and the impact resistance for this set of polymer composites is
subtle, but a select number of investigated compositions yield a combination of industrially relevant
mechanical characteristics. Finally, it is shown that the inclusion of mineral fillers into biodegradable
polymers does not negate the microbial disintegration of these polymers, although the nature of the
filler does affect the biodegradation rate of the matrix polymer.
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1. Introduction
The development of plastic materials in the 20th century has led to a multitude
of plastic products that combine lightweight, high performing mechanical properties
and outstanding barrier properties with the ability to be molded in virtually any shape
imaginable. As a result, plastic products have become an indispensable part of human
life as they are found in applications such as food packaging, clothing, home appliances,
and toys. The downside of this innovation is that society now faces a huge challenge
to properly dispose and recycle these plastic products and prevent the accumulation of
plastics in the natural environment. Even though the need for a functional recycling
infrastructure is clear, which is reflected in the development of new and improved waste
collection, sorting, and recycling (e.g., pyrolysis) technologies, there is still an unacceptable
large fraction of plastic waste that ends up in the natural environment [1]. As a result
of their chemical composition, the majority of plastic waste originating from day-to-day
products (mainly polyethylene (PE), polypropylene (PP), and polyethylene terephthalate
(PET)) are not broken down by the microbes present in the respective environments.
Therefore, it would be highly advantageous if plastic products that have a high risk of
ending up in nature will be, aside from being recyclable, biodegradable in both soil and
marine environments. In order to fulfil this demand, many academic initiatives on the
development of biodegradable polymers have taken place in the past few decades. As some
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of these initiatives have proven to be very fruitful, there are a number of biodegradable
polymers, such as poly (lactic acid) (PLA), polybutylene succinate (PBS), polybutylene
succinate adipate (PBSA), polyhydroxy alkanoates (PHAs), and polybutylene adipate
terephthalate (PBAT), that are currently being produced at a (semi-)industrial scale [2,3]. It
has to be noted that biodegradability is considered to be a system property, resulting from
the interaction between the material properties of the plastic and the biotic and abiotic
conditions of the environment in which it biodegrades. Therefore the environment in
which biodegradation occurs always needs to be taken into account [4]. As an example,
PLA has a high biodegradation rate at temperatures well above room-temperature and
is therefore very suitable for industrial compositing processes. However, even though
its biodegradation rate in soil and aquatic environments is higher than that of PE, PP,
and PET, it can still persist in these environments and thereby accumulate for multiple
decades if it ends up there [5]. Other biodegradable polymers such as PBS and PBSA show
biodegradation rates in soil environments that are several orders of magnitude higher
than that of PE-, PP-, and PET-based plastics, although they are typically not certified
as such since the timeframe does not always match the certification standards [6]. In
this respect, PHA and PBAT polymers are amongst the few polymers that are (certified)
biodegradable in all environments including marine conditions and therefore, show much
potential for use in high littering risk applications [7,8]. The ability to process these
biodegradable polymers in complex shapes required for products such as bags, containers,
and toys is most often comparable to that of non-biodegradable plastics. However, a
clear disadvantage is that the number of biodegradable polymers that possess both the
stiffness and impact resistance that are required for these applications is limited [7,9]. This
is one of the reasons that these biodegradable polymers are often not seen as acceptable
alternatives for conventional non-biodegradable plastics. In addition, it has to be noted
that currently, the high production costs prevent industry acceptance of these polymers.
An often employed approach to obtain relevant polymer properties is by blending various
biodegradable polymers via polymer extrusion. For example, many investigations were
performed on PBS/PLA blended materials with the aim of obtaining plastic formulations
with mechanical properties in the range of polypropylene (PP) [10–12]. Although this
strategy allows for the optimization of mechanical properties, the biodegradable character
of these immiscible blends will still be governed by the polymer with the lowest intrinsic
biodegradation rate [13]. Another feasible approach to improve the mechanical properties
is by distributing inorganic mineral fillers into the polymer matrix phase, thereby creating
particulate polymer composites [14–16]. The addition of reinforcing filler material is a
well-established strategy in both academia and industry. A disadvantage of this approach
is the effect that the addition of mineral fillers has on the recyclability of these polymers,
although this highly depends on the recycling infrastructure in which these materials end
up. The effect of mineral filler reinforcement on the biodegradation end-of-life route is
less detrimental as the release of these fillers upon biodegradation does not affect the
overall concentrations that are typically already present in this environment [17]. A final
advantage of the inclusion of particulate fillers in biodegradable polymers is that in general,
the overall cost price of these materials is substantially lowered compared to unfilled
polymers. Although the main academic focus of biodegradable polymer reinforcement
in recent years has been on the use of organic natural fillers [18–20], the use of inorganic
mineral fillers such as talc [21,22], calcium carbonate [23,24], kaolin [25,26], and mica [27,28]
and their impact on the biodegradability of these polymers [29–31] has been investigated
as well. As the properties of particulate polymer composites can highly fluctuate strongly,
due to variations in additional polymer additives, processing techniques, and the applied
test methods, it is generally complex to compare individually reported results [32–34].
Therefore, this work is a comparative study on the effect of various particulate fillers
(talc, calcium carbonate, kaolinite, mica) on the most important mechanical properties of a
selected number of industrially available biodegradable polymers (PBS, PBSA, PHBH, and
PBAT) while keeping all other factors constant. Furthermore, an investigation is performed
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on the effect of particle addition on the biodegradability of these polymers. The resulting
overview gives a clear overview of the possibilities to tailor the mechanical properties of
biodegradable polymers towards specific plastic applications using particulate fillers.
2. Experimental
2.1. Materials
Polybutylene succinate (PBS) BioPBS FZ91PB and polybutylene succinate adipate
(PBSA) BioPBS FD92PB were obtained from MCPP, Dusseldorf, Germany. Polybutylene
adipate terephthalate (PBAT) Technipol 061/E was obtained from Sipol, Mortara, Italy.
Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) Aonilex X331N was obtained
from Kaneka, Westerlo-Oevel, Belgium. Talc Luzenac A10HC powder (d50% = 2.1 µm) and
Mica 200k powder (d50% = 60 µm) were obtained from Imerys, Toulouse, France. Calcium
carbonated chalk VS10 powder (d50% = 1.8 µm) was obtained from Omya, Oftringen,
Switzerland. Kaolin Burgess Iceberg powder (d50% = 1.4 µm) was obtained from Burgess
Pigment, Sanderville, GA, US.
2.2. Compound Preparation
All polymers were dried at 83 ◦ C for at least 8 h in a Gerco two-chamber dry-air
desiccant dryer (TTM 2/100 ES, Gerco Kunstofftechnik GmbH, Warendorf, Germany) to
achieve moisture contents below 250 ppm prior to further processing. Extrusion was
performed with a Berstorff ZE25x40D twin screw co-rotating extruder (KraussMaffei
Berstorf GmBH, Hannover, Germany) at maximum temperatures of 180, 180, 160, and
180 ◦ C for PBS, PBSA, PBAT, and PHBH, respectively. Injection molding was performed
with a Sumitomo Demag IntElect 2 (Sumitomo Demag Plastics Machinery GmbH, Schwaig,
Germany) at maximum temperatures of 170, 170, 160, and 180 ◦ C for PBS, PBSA, PBAT, and
PHBH, respectively. Tensile bars (75 mm × 5 mm × 2 mm) were produced conforming to
ISO527-2 and impact bars (80 mm × 10 mm × 4 mm) were produced according to ISO 294.
Sheet extrusion was performed with a Dr. Collin single screw extruder (COLLIN Lab &
Pilot Solutions GmbH, Maitenbeth, Germany) with a sheet die at maximum temperatures
of 180, 180, 135, and 175 ◦ C for PBS, PBSA, PBAT, and PHBH, respectively.
2.3. Mechanical Characterization
Mechanical properties of the polymer compounds were evaluated using a Zwick
Z010 tester with Multisens extenso meters (ZwickRoell, Venlo, The Netherlands), which
was built according to ISO 527. Tests were performed following standards ISO 527-2
(for injection molded samples) and ISO 527-3 (for sheets and films). Measurements were
performed in 5-fold. The test speed for determination of the Young’s modulus was 1 and
10 mm/min for determination of the strength at break and strain at break. Charpy impact
resistance of the polymer compounds was evaluated using a Ceast 9050 tester (Instron,
Boechout, Belgium) equipped with a Charpy 4J hammer which was built according to ISO
179 and conforming to the method based on the standards ISO 179-1eU (notched).
2.4. Physical Characterization
GPC measurements to determine molar mass were performed using a Viscotech VE
2001 GPC max provided with a TDA305 Triple Detector Array (RALLS + LALLS, RI Detector and Viscometer). Columns used were a PSS PFG analytical linear M and guard column,
molecular range ~250–2.5·10e6 D (PMMA in HFIP). The selected solvent was hexafluoroisopropanol (HFIP) with 0.02 M potassium trifluoroacetate (KTFA). All measurements
were performed in duplicate. The Melt Flow Index (MFI) was determined using a Zwick
MFlow tester according to ISO 1133 and conforming to the methods described in ASTM
D1238 and ISO 1133.
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2.5. Biodegradation Assessment
Assessment of the biodegradation in soil was based on the method described in ASTM
G160-12(2019) [35].
Dumbbell-shaped samples were cut from sheets and were exposed to soil under
laboratory-controlled conditions. The soil, a sandy topsoil obtained from organic experimental and training Farm “Droevendaal” (Part of Wageningen University and Research,
NL), was inoculated with 2% (based on dry weight) fresh, mature compost from an industrial composting facility treating the organic fraction of municipal solid waste. Containers
(40 cm × 16 cm × 18 cm) with buried samples were incubated at constant temperature
(25 ± 2 ◦ C) and relative humidity (90 ± 5%). Moisture content of the soil was maintained
constant at 80% of the water holding capacity by spraying demineralized water to correct
for any evaporation during the incubation. Viability of the soil was regularly checked with
an untreated cotton cloth reference, which should lose >50% of the initial tensile strength
in 5 days of exposure to the soil. In addition, soil pH was monitored as well.
Plastic samples were recovered from the soil at regular intervals; for this purpose,
6 replicate samples were buried per datapoint. Recovered samples were carefully rinsed
and cleaned to remove the soil and subsequently photographed. Prior to mechanical
analyses, the samples were conditioned for 1 week at 50% RH and 23 ◦ C. Control samples
were recovered after of 1 day of exposure to exclude any influence of the burial and cleaning
procedure.
3. Results and Discussion
3.1. The Effect of Various Fillers on the Mechanical Properties of PBS
PBS was selected as one of the model matrices to compare the effect of different
types of inorganic mineral fillers on the mechanical properties of biodegradable polymer
composites. The non-reinforced polymer has properties in the same order of magnitude as
PP, although the modulus is typically a factor 2–3 too low for adequate material substitution
in current non-biodegradable applications. Furthermore, several applications benefit from
an outstanding water vapor barrier capacity and optical properties, in which PP clearly
outperforms PBS, but these properties are not included in this overview. The effect of talc,
calcium carbonate, kaolin, and mica fillers on the selected mechanical properties (modulus,
strength at break, strain at break, and notched impact resistance) of PBS is depicted in
Figure 1. The fillers selected for this study all have an average particle size in the range
of 2–20 µm. Aside from small variations in particle size, the main difference between the
selected fillers lies in the particle shape. In this respect, calcium carbonate particles can
be considered as near-spherical with an aspect ratio close to 1. Talc and kaolin are both
plate-like particles with a substantially higher aspect ratio that can range up to 20 [36].
Finally, mica particles are also plate like particles that typically possess even higher aspect
ratios that can go up to 100 [37].
Figure 1A shows that the modulus of the PBS gradually increases upon increasing
filler content and that the addition of 10 wt.% mica and talc already yields a modulus that
is two times higher than the unfilled matrix. Furthermore, the figure shows that upon
increasing filler content, the highest moduli are obtained for mica-filled polymers, whereas
the calcium carbonate composites yield lower values than all other tested compounds at
equal filler content. This difference is mainly attributed to the difference in shape between
these fillers as it is generally observed that a higher particle aspect ratio is accompanied
with a stronger increase in Young’s modulus [38]. Figure 1B shows that the initial loading
with filler material results in a moderate drop in tensile strength and that this effect is
most profound for calcium carbonate-filled composites. However, the measured strength
is unaffected by an additional increase in filler content which correlates with the initial
drop in strain at break that is observed in Figure 1C. This figure shows that addition of
any concentration of fillers is directly detrimental for the elasticity of these polymers as
they act as stress concentration points, which is in correspondence with the effect generally
observed in particulate-reinforced plastics. This fracture behavior also explains that a
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similar trend is observed for the impact resistance of notched test specimens that is shown
in Figure 1D. Although the initial decline is not as steep as observed for the measured
strain at break, it is shown that the particulate composites become substantially less tough
with increasing filler content. It is noteworthy to address that talc outperforms the other
Polymers 2021, 13, x FOR PEER REVIEW minerals tested for low concentrations of filler and that an addition of up to 10 wt.% talc5 of 14
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Figure 3A shows that the modulus of PHBH is gradually increased upon the addition
of both talc and calcium carbonate up to a modulus around 8000 MPa for a 50 wt.% talcfilled compound. These results are in accordance with the trends observed in Figure 1A.
The effect of the selected fillers on the strength, depicted in Figure 3B, does show a different trend than observed for PBS in Figure 1B. Here, a moderate increase in strength is
observed for talc-filled PHBH, while a reduction in strength was observed for PBS-based
materials. At the same time, a clear reduction in strength is visible when the polymer is
loaded with calcium carbonate which is in line with results obtained in PBS. Figure 3C
shows that unfilled polymer is significantly less tough than PBS and non-biodegradable
polymers such as PP and that the addition of high quantities of filler material promotes
this behavior up to a level where the strain at break is lower than 1%. Figure 3D shows
that an increased filler content has a less detrimental effect on the impact resistance than
it has on the strain at break. A small increase in impact resistance can even be observed
for the lower concentrations of calcium carbonate used in this study. This is also reflected
in the graphical comparison between the notched impact resistance and Young’s modulus
of the PHBH composites that are depicted in Figure 4.
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Figure 4 shows clearly that the modulus of the PHBH compounds can be increased
by the 30 wt.% addition of both talc and calcium carbonate without compromising the
impact resistance. Furthermore, at this level of calcium carbonate loading, both the mod
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Figure 4 shows clearly that the modulus of the PHBH compounds can be increased by
the 30 wt.% addition of both talc and calcium carbonate without compromising the impact
resistance. Furthermore, at this level of calcium carbonate loading, both the modulus
and the impact resistance are increased. Nevertheless, these compounds remain very
brittle compared to PBS, regardless of the selected filler content. This brittle character is
one of the main challenges that has to be overcome before these materials can be seen
as a truly feasible alternative for use in plastic products that are currently made from
non-biodegradable plastics. On top of that, the narrow processing window of PHAs is
considered an additional issue that complexes the industrial application of this class of
materials in general. In this work, this is reflected by the difference in the values measured
for the mass average molar mass and melt flow index (MFI) for both PBS and PHBH that are
shown in Table 1. Here, it is shown that compounding of PHBH composites via extrusion
yields a clear reduction in molecular weight and increase in MFI which both indicate that
polymer degradation has taken place during the processing operations. The degradation
during processing of PHBH and PHAs in general is typically attributed to the molecular
chain scission that is reported to occur at temperatures over 160 ◦ C [41]. Furthermore, the
addition of high quantities of filler increases the overall shear stress during the extrusion
process which can also contribute to the observed degradation in this work. The PBS
composites, which were subjected to a comparable process, possess a somewhat higher
mass average molar mass and a reduced melt flow index compared to the unfilled PBS,
which is in line with the traditional behavior of particulate-filled plastics. The increase in
mass average molar mass of the PBS composites is attributed to a secondary crosslinking
reaction that is more commonly observed in this type of compounds.
Table 1. Overview of mass average molar mass and melt flow index values of PBS and PHBH with
50 wt.% talc and calcium carbonate content.
Compound

Mass Average Molar
Mass (kg/mol)

Melt Flow Index
(g/10 min)

PBS

124

3.5

PBS + 50 wt.% talc

137

1.8

PBS + 50 wt.% calcium carbonate

172

0.5

PHBH

283

16.4

PHBH + 50 wt.% talc

140

79.4

PHBH + 50 wt.% calcium carbonate

183

74.6

3.3. The Effect of Talc on the Mechanical Properties of Various Biodegradable Polymers
Figures 1 and 3 show that the impact of talc on the mechanical properties is more
substantial than the other mineral fillers investigated in this work. Besides investigating
the effect on PBS and PHBH matrices, the effect of talc on the mechanical properties of
a broader selection of biodegradable polymers was studied. Figure 5 shows the effect of
different talc concentrations on the mechanical properties of PBS, PHBH, PBSA, and PBAT.
As PBSA and PBAT are less rigid polymers than PHBH and PBS, they possess lower
moduli and strength and a higher strain at break and impact resistance in their unfilled
form. Figure 5A,B show that the effect of talc on the modulus and ultimate strength
of PBSA and PBAT corresponds to the trends that were already observed for PBS and
PHBH. Figure 5C shows that the strain at break evolution upon increased filler content
for PBSA and PBAT also compares to the trends observed for PBS and PHBH, although
the higher initial strain of the base polymers makes that the addition of 10 wt.% is not
directly detrimental for this mechanical characteristic. The reported strain values (±200%)
are well within the specifications that are considered acceptable for the majority of plastic
applications. A further increase in talc content reduces the strain at break towards levels
that are in the same order of magnitude as PBS composites with a similar talc loading.
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As PBSA and PBAT are less rigid polymers than PHBH and PBS, they possess lower
moduli and strength and a higher strain at break and impact resistance in their unfilled
form. Figure 5A,B show that the effect of talc on the modulus and ultimate strength of
PBSA and PBAT corresponds to the trends that were already observed for PBS and PHBH.
Figure 5C shows that the strain at break evolution upon increased filler content for PBSA
and PBAT also compares to the trends observed for PBS and PHBH, although the higher
initial strain of the base polymers makes that the addition of 10 wt.% is not directly detrimental for this mechanical characteristic. The reported strain values (±200%) are well
within the specifications that are considered acceptable for the majority of plastic applications. A further increase in talc content reduces the strain at break towards levels that are
in the same order of magnitude as PBS composites with a similar talc loading. These com-
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Young’s moduli and impact resistance of all talc-filled composites are graphically com
pared. This figure clearly shows that the balance between these two mechanical charac
teristics is very subtle as a small increase in one can have a severe impact on the other
The figure also shows that when targeting PP-like mechanical properties10 (modulus
o
of 14
1000–2000 MPa and impact resistance of 5–20 kJ/m2), several of the composites develope
in this work could yield a biodegradable alternative.
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subjected to a tensile test in order to assess the decay of the modulus, strength at break,
and strain at break over time. These results are shown in Figure 8. Here, it is shown that all
mechanical properties of the unfilled PHBH specimens are gradually lowered as the soil
exposure time is increased, which corresponds with the visual observations of Figure 7.
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the presence of visible defects in the polymer sheet which are also attributed to microbial
digestion.

Figure
7. Visual
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of biodegradation
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unfilled (sheet
(sheet thickness
thickness == 500
500 μm)
µm) and
and talctalc- and
andcalcium
calciumcarbonatecarbonateFigure 7.
filled PHBH (sheet thickness = 200 μm).
µm).
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and strain at break over time. These results are shown in Figure 8. Here, it is shown that
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not
soil exposure time is increased, which corresponds with the visual observations of Figure
impact the biodegradation rate of the polymer. However, the fact that the thickness of the
7.
unfilled specimens was 2.5 times higher due to different sheet processing parameters and
the earlier addressed thermal degradation took place in the composite specimen means
that this conclusion cannot be drawn based on these results. Nevertheless, based on these
observations, it can be stated that talc–PHBH composites maintain their biodegradable
character and thereby their unique end-of-life scenario compared to non-biodegradable
plastics. The fact that during a final measurement point after 16 weeks, no substantial test
specimen for any of the tested compounds could be recovered from the soil due to severe
disintegration reinforces this statement. A similar conclusion can be drawn for the calcium
carbonate–PHBH composites as the observed visual disintegration rates are significantly
higher than those of their talc–PHBH counterparts. This rapid degradation also led to the
fact that the test specimens could no longer be measured by means of tensile testing which
is why Figure 8 only shows the properties of the calcium carbonate–PHBH composite
after 1 day of soil exposure. In addition, the observed degradation rate is also higher than
that of the unfilled PHBH. However, the difference in sample dimension and preparation
means that the claim that the addition of calcium carbonate accelerates the biodegradation
of PHBH is unfound. Still, the difference that is observed between the talc and calcium
carbonate composites seems to indicate that the type of filler does affect the biodegradable
characteristics of the overall composite. The fact that calcium carbonate–PHBH composites
had a higher starting molecular weight than the talc–PHBH composites (Table 1) prior to
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soil exposure strengthens this observation. A potential explanation for this phenomenon
Polymers 2021, 13, x FOR PEER REVIEW could be that the alkaline nature of the calcium carbonate fillers prevents the acidification
12 of 14
of the soil that is expected during the microbial depolymerization of PHBH polymers, but
this has not been further quantified in this work.
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4. Conclusions

Figure 7 also shows that the disintegration of the talc-filled PHBH specimens follows
This study gives a comprehensive overview of the effect of various particulate mineral
a similar trend as was observed for the unfilled specimens with discoloration after 4 weeks
fillers (talc, calcium carbonate, kaolin, and mica) within PBS, PHBH, PBSA, and PBAT
andpolymers.
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