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Abstract
The property profile of thin thermoplastic starch (TPS)/poly(butylene succinate) (PBS) films was investigated and the 
potential improvement, which can be achieved due to the utilization of hydrophilic/hydrophobic compatibilizer systems, 
was assessed. The evaluation in terms of morphology exhibited a very good TPS dispersion (under optimized processing 
conditions) within the polyester matrix, while an average particle size of 1.5 µm was obtained. Two different raw material 
approaches were applied for the preparation of the compatibilizers: (a) native corn starch and (b) destructurized TPS. 
In the course of the compounding process 0.5 and 1.0 wt% of the two compatibilizer systems (a) and (b) were added. In 
comparison, the addition of the TPS-based compatibilizer resulted in improved incorporation of TPS within the polyester 
matrix, which was accompanied by higher tensile strength and tear resistance. Explanations for this observation could 
be that pre-plasticized starch provides a larger reaction surface and enables better homogenization during the course of 
compounding. In contrast, for native starch the reaction only can take place at the granule surface and thus, the com-
patibilization was less efficient. The outcome of this investigation is a compostable film material with high bio-based 
content, which exhibits great potential for single-use, light-weight packaging applications.
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Introduction

During the past two decades thermoplastic starch (TPS)-
based polyester compounds have been extensively inves-
tigated since starch is used in polymer formulations for 
three major purposes: (1) cost-reduction, (2) increase in 
biodegradation speed, and (3) increase in bio-based con-
tent [1]. Different strategies for the compatibilization of 
TPS-polyester mixtures have been developed and char-
acterized such as carboxylic acid- [2, 3], maleic anhy-
dride- [4–7] and glycidyl methacrylate-based systems [8], 
as well as binary/ternary blend formulations [9–11]. Many 
approaches have focused on the optimization of compound 
formulations consisting of starch and petroleum-based 
polybutylene adipate-co-terephthalate (PBAT), because 
the polyester exhibits a market competitive price and is 
readily available. Polyesters, which are (completely or 
only partially) obtained from natural building blocks, have 
attracted attention in recent years because of their renewa-
ble, bio-based character. Among them, poly(butylene suc-
cinate) (PBS), which is a biodegradable polyester (already 

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s1092​4-019-01601​-0) contains 
supplementary material, which is available to authorized users.

 *	 Barbara Fahrngruber 
	 barbara.fahrngruber@agrana.com

1	 Agrana Research & Innovation Center GmbH, 
Josef‑Reither‑Straße 21‑23, 3430 Tulln, Austria

2	 Polymer and Composite Engineering (PaCE) Group, Institute 
of Materials Chemistry and Research, Faculty of Chemistry, 
University of Vienna, Währingerstraße 42, 1090 Vienna, 
Austria

3	 Institute for Wood Technology and Renewable Materials, 
University for Natural Resources and Life Sciences, Vienna, 
Konrad Lorenz Strasse 24, 3430 Tulln, Austria

4	 Institute for Natural Materials Technology, University 
for Natural Resources and Life Sciences, Vienna, IFA Tulln, 
Konrad Lorenz Strasse 20, 3430 Tulln, Austria

http://orcid.org/0000-0002-1422-2099
http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-019-01601-0&domain=pdf
https://doi.org/10.1007/s10924-019-01601-0


258	 Journal of Polymers and the Environment (2020) 28:257–270

1 3

commercially available) with a bio-based carbon content 
between 35 and 50% (which will further increase in the 
near future), is of great interest [12–14]. Therefore, PBS 
exhibits potential as a compound-partner in combination 
with TPS, intended for the preparation of cost-effective 
and sustainable film materials. As in the case of TPS/
PBAT mixtures, the production of high-quality compounds 
consisting of TPS and PBS is difficult, because the misci-
bility of the two polymers is restricted due to differences 
in viscosity and interfacial tension [15–17].

In this study, two approaches are addressed with respect 
to the compatibilization of TPS/PBS compounds during 
reactive extrusion: the preparation of a compatibilizer sys-
tem based on (1) native starch, and (2) pre-plasticized/
destructurized starch, i.e. TPS (Fig. 1).

To generate a better understanding for TPS/PBS mix-
tures as potential future compounding partners, three 
hypotheses are stated: (1) The two mentioned reactive 
compatibilizer approaches enable different interactions 
with starch (in TPS) and polyester. In case of the native 
starch-based compatibilizer the reaction can only take 
place at the granule surface, which restricts the compat-
ibilization-efficiency as well as the production of thin 
film materials with high surface quality (as the starch 
granules to some extent are likely to act as defects inside 
of the compound matrix). The already plasticized TPS-
based system is expected to enable a better homogeni-
zation during compounding, providing a larger interac-
tion surface since the reaction between starch and PBS 
can occur throughout the compatibilizer-system. (2) 

The addition of the TPS-based compatibilizer improves 
the incorporation of TPS within the PBS matrix. (3) 
The mechanical properties of film materials consisting 
of TPS and PBS are influenced by the compatibilizer 
concentration. Particularly, the mechanical strength is 
expected to improve when the compatibilizer is added. 
Finally, the disintegration of the produced TPS/PBS 
films under home composting conditions is reported.

The overall goal of this research is the development 
of a flexible plastic material, which is suitable to replace 
single-use, petro-based and persistent packaging. To 
meet the market-requirements, the production of thin 
film materials (layer thicknesses of 50 µm and lower) 
must be possible, whereby a preferably high elongation 
as well as a mechanical strength of at least 30 MPa, and 
tear resistance of 50 N/mm, are considered as state of 
the art [2, 18, 19]. The utilization of TPS in plastic-
packaging usually introduces hydrophilic characteristics 
due to the hydrophilic functionalities that are present in 
starch [19]. The influence of compatibilization on the 
water vapor barrier is addressed in the present investi-
gation. A full degradation under composting conditions 
is targeted, since a controlled, separate waste collection 
cannot be granted in the case of light-weight, single-use 
packaging.

Fig. 1   Compatibilizer systems (proposed reaction mechanism) based on a native, granular starch and b thermoplastic starch in combination with 
poly (butylene succinate)
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Experimental Part

Materials and Methods

TPS Extrusion

To obtain TPS, native corn starch (Agrana Stärke, Aus-
tria) was destructurized within a co-rotating twin screw 
extruder (27D, Theysohn, Switzerland) at a screw speed 
of 200 rpm. Glycerol (13 wt%, Brenntag, Austria), and 
stearic acid (2.0 wt%, Sigma Aldrich) were added as plas-
ticizer and processing aid (applied temperature profile see 
Fig. 2).

Compatibilizer Preparation

The starch-based as well as the TPS-based compatibi-
lizer were prepared in accordance with the methodology 
described by Suchao-in, Koombhongse & Chirachanchai 
[16], whereat reaction time, batch size and reactant ratio 
were slightly adapted. Twenty grams of PBS (film type, 
MCPP Germany GmbH) were dissolved in chloroform 
(Honeywell™, Germany) in a three-neck round-bottom 
1000 ml flask. As soon as PBS had fully dissolved the 
starch (100 g, pre-dried) [or in case of the TPS-based com-
patibilizer the ground TPS powder (120 g)] was added 
to the solution. Afterwards, the mixture was stirred for 
2 h, before the flask was flushed with nitrogen and N,N′-
dicyclohexylcarbodiimide (DCC, 30 g) (Sigma Aldrich, 
Germany) was added. After 48 h of reaction time under 
constant stirring at room temperature the obtained 

suspension was centrifuged to remove residual, unreacted 
starch/TPS. The supernatant was further treated with ace-
tone (Sigma Aldrich, Germany) to precipitate the reaction 
product, which was then purified by repeated washing with 
ethanol (Sigma Aldrich, Germany). The reaction product 
was dried at 40 °C for 48 h. The compatibilizer prepara-
tion was also conducted without DCC (control), in order 
to show the absence of an interaction between starch and 
PBS without the reagent. The stability of the suspended 
reaction products in chloroform (10 mg compatibilizer 
suspended in 2 ml chloroform) was taken as a qualitative 
measure for the compatibilizer efficiency [5].

Compounding

Compounding of TPS with PBS (1:1) was conducted via 
extrusion using a co-rotating twin screw extruder (27D, 
Theysohn, Switzerland). Initially, four different screw 
speeds (100, 200, 300 and 400 rpm) were applied to evalu-
ate the optimum processing range. The incorporation of 
TPS within the polyester matrix was investigated by means 
of iodine testing. For this purpose, the prepared compound 
granules were exposed to iodine/potassium-iodine solution 
(Lugol’s solution diluted 1 wt%, Sigma Aldrich, Germany) 
and the evolving color effects were used to differentiate 
between a sufficient and a non-sufficient incorporation of 
TPS inside the polyester matrix (solution colored → non-
sufficient incorporation; only granules colored/solution 
yellow → incorporation and fine distribution). The addi-
tion of the two compatibilizer systems at concentrations 
of 0.5 and 1.0 wt% (with respect to the TPS share) was 
conducted via a micro-dosing unit (Brabender, Germany) 
at optimum screw speed only (Table 1).

Flat Film Preparation

Flat films were prepared using a small-scale flat film 
extrusion line (Optical Control Systems, Germany) at 
160 °C, 20 rpm, and a haul off speed of 3.5 m/min. A film 
thickness between 40 and 50 µm was obtained (average 

Fig. 2   Temperature (°C) profile applied during extrusion, for the 
preparation of thermoplastic starch as well as for compounding

Table 1   Experimental setup

Concentration (wt%) Starch-based compatibilizer TPS-based 
compatibi-
lizer

0 Control
0.5 05St 05TPS
1.0 10St 10TPS
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thickness measured over 10 points, thickness testing 
instrument Kaefer, Germany).

Characterization

Scanning Electron Microscopy (SEM)

The compounds were fractured in liquid nitrogen and 
treated with hydrochloric acid to remove the dispersed 
starch particles. Prior to microscopic analysis the sam-
ples were gold-coated using a sputter coater (JEOL®, 
JCM-1200 Fine Coater). The particle surface was then 
investigated via an electron microscope (JEOL®, JCM 
5000 NeoScope, 10  kV, high-vacuum mode, China), 
which was equipped with a secondary electron detec-
tor. The film surfaces were investigated by means of a 
microscope camera (DigiMicro, dnt, Germany).

Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra were recorded using a FTIR spectrome-
ter (Bruker®, Alpha Sample Compartment RT-DLaTGS, 
Austria) in attenuated total reflectance (ATR) mode, 
at a spectral resolution of 2 cm−1 (wavenumber range 
400–4000 cm−1). The shown FTIR spectra are an aver-
age of three independent measurements each, with vec-
tor normalization and baseline correction (rubberband 
method), computed via OPUS software, version 7.5.

Differential Scanning Calorimetry (DSC)

The evaluation of the thermal compound characteristics 
happened via differential scanning calorimetry, using 
a DSC 214 Polyma (Netzsch, Germany). Measure-
ments were conducted under a constant nitrogen flow 
of 50 ml/min. The temperature cycle involved a heating 
up to 160 °C, with a subsequent cooling to − 50 °C. The 
measurements were done in triplicate. The determina-
tion of relaxation processes in TPS associated with the 
glass transition were monitored via the glass transition 
temperature (Tg, point of inflection). For the determina-
tion of the required transition energy different heating 
rates (10, 20, 30 and 40 K/min) were applied. A linear 
relationship was constituted with ln β (heating rate) and 
the reciprocal glass transition temperature (1/Tg). The 
calculation of the activation energy Ea was conducted 
from the slope of the obtained ln β versus (1/Tg) graphs 
(Eq. 1, R represents the gas constant) [20–23]:

(1)ln � = −

Ea

R
⋅

1

Tg
+ constant

The change in heat capacity Δcp was taken as an 
indicator for the molecular arrangement present in TPS, 
which directly relates to the presence of disordered, 
amorphous structures [24, 25].

Size Exclusion Chromatography (SEC)

To identify possible influences due to molecular weight 
related changes, the weight average molecular weight 
(Mw) was determined with a Thermo Fisher Scientific 
chromatograph (Dionex Ultimate 3000, Austria). For the 
characterization of the polyester-phase the chromatograph 
was equipped with a styrene–divinylbenzene copolymer 
column system (1000–1,000,000 Å, chloroform, 0.6 ml/
min), and a refractive index detector (Refractomax 520), 
with poly(methyl methacrylate) standards used for calibra-
tion purposes. The determination of the TPS-phase was 
conducted with a polyhydroxymethacrylate copolymer 
column system (100–30,000 Å, sodium nitrate, 0.7 ml/
min). For sample detection a refractive index detector 
(RI-101) was used. Monodisperse pullulan standards were 
applied for calibration purposes. Measurements were con-
ducted in triplicate.

Mechanical Material Properties

The determination of the mechanical film properties was 
conducted on a Zwick Roell (Germany) universal test-
ing machine. Measurement and sample geometry fol-
lowed ÖNORM EN ISO 527-3 standard, with a clamp 
distance of 105 mm. A cross-head speed of 100 mm/min 
was applied for the measurement of stress and elongation 
(measured via mechanical extensometer). For each film 
sample at least five specimens were tested (in machine 
direction = longitudinal production direction).

Tear resistance was determined according to ÖNORM 
ISO 34-1:2005. Tests were carried out using an angle 
test sample (Graves) with notch (method B). For each 
experiment five samples were tested, using a test speed of 
100 mm/min. Preload was set to 0.2 N, and a 2 kN load 
cell was used. The clamp distance equaled 60 mm.

Water Vapor Barrier

The water vapor transmission rate (WVTR) was obtained 
using a water vapor transmission tester (W3/031, Lab-
think, China). The tests were performed at 38 °C and 90% 
RH following ASTM E96. The tested area was circular 
shaped with a diameter of 74 mm. Prior to the test, a 1 h 
preheating step was performed. 10 weighting cycles were 
performed per sample in 30 min intervals.
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Disintegration Testing

The flat films were weighed, cut to a size of 10 × 15 cm and 
placed on a mesh, which was then fixed within a wooden 
frame by using staples [26]. The samples were buried in 
a mixture consisting of soil and fresh compost (1:1). The 
temperature was kept constant at 25 °C (drying closet 
type Memmert, Germany). After 10, 20 and 30 days the 
samples were removed and evaluated with respect to their 
optical appearance (photo documentation). At the end of 
the test, the remaining particles with a particle size bigger 
than 2 mm were determined gravimetrically. Samples and 
the utilized soil/compost mixtures were sieved through a 
2 mm mesh. Remaining soil particles were removed and 
the film-fragments were conditioned in a drying chamber 
prior to weighing.

Statistical Evaluation

Analysis of variance (ANOVA) was conducted, followed 
by Tukey multiple comparison post-hoc test. Mean dif-
ferences were tested for statistical significance (p < 0.05, 
Minitab 17.0).

Results and Discussion

Compounding

Optimizing the Process (Without Compatibilizer)

The TPS incorporation within the polyester matrix, the 
morphological appearance, and particle sizes of the 

compounded granules were evaluated via extrusion trials 
at 100, 200, 300 and 400 rpm (Table 2).

It is visible that the incorporation of TPS inside of the 
polyester matrix has improved, at higher screw speeds. 
At 100 and 200 rpm the compound granules retained a 
light color and the iodine solution was dark blue colored. 
The dark blue color is evidence for a complete separation 
of starch from the polyester matrix (into the test solu-
tion), which indicates an insufficient TPS inclusion. At 
400 rpm the obtained particle sizes were small, with the 
compounds remaining stable when in contact with the test 
solution (Fig. 3).

Table 2   Process optimization for the sufficient incorporation of TPS within the polyester matrix

Screw 
speed 100 rpm 200 rpm 300 rpm 400 rpm

Iodine test

Microscopy

Average 
particle 

size (µm)
52.0 ± 5.7a 24.3 ± 2.8b 7.2 ± 1.1c 1.5 ± 0.3d

Numbers followed by the same letter are not significantly different (significant difference at p < 0.05)

Fig. 3   Average particle size of the dispersed TPS as a function of 
extrusion screw speed
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It was also observed that a more uniform particle 
size distribution was achieved at elevated screw speeds 
(Fig. 4).

Film materials produced with compounds prepared at 
low screw speed (100 and 200 rpm) exhibited instable 
processability, with process interruptions due to reduced 
melt strength, along with a noticeable film surface rough-
ness (Fig. 5). In case of the compound materials produced 
at 300 rpm as a well as 400 rpm the surface quality overall 
improved, with the quality being still better at 400 rpm 
than at 300 rpm. Consequently, 400 rpm was taken as the 
standard processing parameter for the preparation of the 
TPS/PBS compounds in the present study.
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Fig. 4   Particle size distribution of the dispersed TPS along with 
increasing extrusion screw speed (100 rpm → 400 rpm)

Fig. 5   Surface roughness of the film materials made from TPS/PBS compounds, which were produced at varying screw speeds

40080012001600200024002800320036004000

Starch-PBS without DCC

TPS-PBS without DCC

Starch-PBS with DCC

TPS-PBS with DCC

160017001800

A
bs

or
ba

nc
e

Wavenumber (cm-1)

Fig. 6   FTIR spectra of the produced compatibilizers with and without reagent (DCC) addition (on the basis of native starch and TPS); stability 
of the obtained compatibilizers in chloroform
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Incorporation of Compatibilizers During Compounding

Structural Compatibilizer Characterization  Figure  6 
shows FTIR spectra of the prepared native starch- and TPS-
based (i.e. starch-PBS, TPS-PBS) compatibilizer systems. 
Additionally, the preparation of the compatibilizers was 
conducted without the reagent DCC (starch without DCC: 
only adsorbed water visible at 1650 cm−1, TPS without 
DCC: adsorbed water + stearic acid visible at 1650 cm−1 
and 1720 cm−1, respectively). The recorded spectra dem-
onstrate that it′s not possible to achieve a chemical link 
between starch and PBS without DCC. Without DCC, the 
PBS is removed due to precipitation and the applied wash-
ing steps conducted during product purification. In case 
of the esterification with DCC a clearly defined carbonyl 
peak (1710 cm−1) is visible, which is representative for an 
interaction between starch/TPS and PBS [27, 28].

Further, the formation of hydrogen bonds (peak inten-
sity changes at 3300 cm−1) was reduced for the esterified 
systems starch-PBS and for TPS-PBS.

The solubility in chloroform was influenced due to 
the functionalization with DCC and PBS [5]. The con-
trol samples (without DCC) precipitated immediately, 
while the DCC modified samples enabled a formation of 
a suspension with variable stability (TPS-PBS → stable, 
Starch-PBS → incomplete precipitation). Overall, the for-
mation of compatibilizers with reduced hydrophilicity was 
verified (TPS-PBS completely, Starch-PBS partially). A 
method for the quantitative evaluation of the grafting effi-
ciency is currently under development.

Compound Morphology

Table  3 shows the fractured compound surfaces after 
removal of the TPS phase via hydrochloric acid. The 
microscopic images confirm the uniform and fine distri-
bution of TPS inside of the polyester matrix across all 
samples. Thus, side effects due to significant variations in 
particle size can be excluded.

Compound Characterization

Differential Scanning Calorimetry

Glass transition temperatures for the TPS phase within the 
compounded materials, and activation energies are shown 
in Table 4 (Figure S1).

Comparatively, a shift in Tg (endothermic hump around 
70 °C) with increasing heating rate towards higher temper-
atures can be deduced from a demobilization of molecules 
due to stress [29]. Figure 7 demonstrates the investigated 
activation energy plots.

Apparently, slope changes and thus changes in acti-
vation energy were achieved through the addition of the 
compatibilizer (activation energy increased for samples 
10St, 05TPS and 10TPS). This effect can be deduced 
from a reduced molecule mobility (starch immobilization 
because of increased interaction with the polyester matrix) 
which was caused due to an enhanced molecular entangle-
ment, and is accompanied by changes in free volume [30]. 
Furthermore, it is likely that glycerol-esters (as a compati-
bilizer side-product in the case of 05TPS and 10TPS) were 
able to form interactions between starch and the polyes-
ter, and thus acted like small anchor points, which further 
enhanced the interaction between the two phases [31].

Table 5 shows the heat capacity changes, which were 
observed for the investigated compound materials. Δcp 
was used as indicator for the structural arrangement within 
TPS. The heat capacity step can be directly correlated 
with the presence of disordered (amorphous) regions. The 
observed increase in Δcp (control → 10TPS) leads to the 
conclusion that the compatibilizer addition promoted the 
growth of amorphous TPS-structures. The effect was more 
pronounced (statistically significant) at low heating rates 
(10 and 20 K/min) [32–36].

Size Exclusion Chromatography

The average molecular weights for TPS and polyester 
phases are listed in Table 6 (Figure S2).

Since the polyester constitutes the continuous phase in 
the investigated TPS/PBS systems (verified via scanning 
electron microscopy), the polyester has to fulfil essential 
functions such as the transmittance and distribution of 
stress to the dispersed particles as well as the suppres-
sion of cracks formed as a response to mechanical stress. 
According to the obtained results the polyester phases 
weight average molecular weight did not change with 
added compatibilizers. Thus, effects that could potentially 
evolve due to a matrix weakening because of molecular 
weight changes can be excluded [37]. In contrast, the 
starch phases have shown molecular weight changes (sig-
nificant at the highest compatibilizer concentrations 10St 
as well as 10TPS). These findings correlate with torque 
data, as observed during the compounding experiments. 
According to literature there are two main mechanisms 
that could be responsible for the described observations: 
(1) the addition of the compatibilizer led to a reduced 
interaction between TPS and water (the used TPS con-
tains water that potentially acts as a plasticizer), which has 
further provoked a slight increase in viscosity; [38] (2) the 
formation of clusters, which exhibited a higher suscepti-
bility to shear-induced degradation [39, 40].
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Table 3   Morphology of the fractured and etched compounds to demonstrate the distribution of TPS inside of the polyester matrix

Numbers followed by the same letter are not significantly different (significant difference at p < 0.05); See Table 1 for sample identification
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Film Characterization

Mechanical Film Characteristics

Results (Figs. 8 and S3) show a significant increase in tensile 
strength and tear resistance for the TPS-based compatibi-
lizer at both concentrations 0.5 and 1.0 wt%. In case of the 
starch-based compatibilizer a significant increase of tensile 
strength and tear resistance was only visible at 1.0 wt%. The 

TPS dispersion has proven to be comparable for the inves-
tigated formulations and thus, cannot be the reason for the 
observed changes in mechanical performance (on µm scale). 
The observed reduction in TPS-average molecular weight 
has probably led to changes in viscosity, which induced an 
enhanced miscibility of a defined particle fraction at sub-
micrometer scale (not visible on the obtained SEM micro-
graphs). This subject needs to be further addressed. Besides 
that, it has been observed before that the utilization of 
hydrophilic/hydrophobic compabilizers in 2-phase systems 
provokes an improvement in interfacial adhesion, which fur-
thermore leads to higher tensile strength. Here, literature is 
referring to two mechanisms: (1) changes in the maximum 
bearable load due to changes in adhesion between matrix 
and dispersed particle [41] and (2) a restriction in molecule 
mobility due to the formation of a structural network [42]. 
In this investigation, the PBS-side chains, which are present 
in the compatibilizer-systems, are expected to enhance the 
molecular entanglement within the compound system.

Water Vapor Barrier

Water vapor permeability (WVP) and water vapor transmis-
sion rates (WVTR) are listed in Table 7.

No significant changes were found for mass gain and 
WVTR. Apparently, the WVP only slightly increased in the 
case of 10TPS. In principle, the utilization of TPS in poly-
ester formulations is reported to increase the WVP char-
acteristics [43]. Within the compound-material even small 
alterations in film thickness could have led to the observed 
deviations in WVP. As reported in the literature, the 

Table 4   Glass transition temperatures at varying heating rates (10, 20, 30 and 40 K/min), calculated activation energies (Ea), R2 = coefficient of 
determination

Numbers followed by the same letter are not significantly different (significant difference at p < 0.05); See Table 1 for sample identification

Tg °C (10 K/min) Tg °C (20 K/min) Tg °C (30 K/min) Tg °C (40 K/min) Ea (kJ/mol) R2

Control 65.6 ± 0.6 68.2 ± 0.0 70.7 ± 0.8 72.9 ± 1.0 188.2 ± 22.9a 0.96
05St 66.0 ± 0.4 68.1 ± 0.8 70.7 ± 0.8 72.9 ± 0.4 188.1 ± 10.1a 0.93
10St 66.1 ± 0.4 68.7 ± 0.1 69.3 ± 1.4 70.3 ± 1.4 325.5 ± 32.0b 0.92
05TPS 66.7 ± 0.4 67.9 ± 0.6 69.1 ± 1.8 70.8 ± 0.0 303.0 ± 17.9b 0.96
10TPS 66.6 ± 0.1 67.9 ± 1.1 69.0 ± 0.0 69.2 ± 1.0 406.2 ± 29.2c 0.97

Fig. 7   Heating rate dependency of glass transition temperature for the 
starch phase within TPS/PBS compound materials

Table 5   Changes in heat 
capacity for the investigated 
compound materials under 
varying heating rates (10, 20, 30 
and 40 K/min)

Numbers followed by the same letter are not significantly different (significant difference at p < 0.05); See 
Table 1 for sample identification

Δcp10 (J/g K) Δcp20 (J/g K) Δcp30 (J/g K) Δcp40 (J/g K)

Control 0.172 ± 0.001a 0.151 ± 0.002a 0.143 ± 0.037a 0.125 ± 0.006a

05St 0.205 ± 0.013a,b 0.173 ± 0.005a,b 0.136 ± 0.025a 0.118 ± 0.008a

10St 0.209 ± 0.003a,b 0.171 ± 0.017a,b 0.146 ± 0.015a 0.140 ± 0.022a

05TPS 0.211 ± 0.001a,b 0.186 ± 0.001b 0.136 ± 0.015a 0.111 ± 0.011a

10TPS 0.228 ± 0.004b 0.187 ± 0.007b 0.148 ± 0.013a 0.153 ± 0.043a
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thickness influences the structural arrangement, which could 
furthermore affect the mass transfer across the film [44]. 
Another explanation could be the improved incorporation 
of TPS within the polyester matrix, due to which the hydro-
philic characteristics of the starch component became more 
dominant. Furthermore, it is likely that the compatibilization 

and the related interaction with the polyester has affected the 
formation of a close intermolecular arrangement in TPS, 
which additionally facilitated the WVP. Literature confirms 
that the introduction of hydrophobic components in com-
pound formulations does not necessarily result in a reduced 
WVP. The WVP depends on versatile factors such as the 
formation of pores and channels, which furthermore affect 
the flow profile within the materials structure and thus, the 
permeability characteristics [45].

Disintegration

Table 8 shows the optical appearance of the various film 
types as a function of the disintegration-time.

The images demonstrate the disintegration of the film 
materials under home composting conditions. After 10 days 
visible cracks appeared on the surfaces of all samples, which 
subsequently continued with a transformation into holes 
(after 20 days of composting). Figure 9 shows the quantita-
tive evaluation of the film material disintegration via (gravi-
metric) sieving.

Table 6   Weight average molecular weights for the two compound 
constituents: (1) thermoplastic starch, (2) polyester PBS and extru-
sion-torque (recorded in the course of the compounding process)

Numbers followed by the same letter are not significantly different 
(significant difference at p < 0.05); See Table 1 for sample identifica-
tion

TPS (kDa) PBS (kDa) Torque (%)
MW MW

Control 123.00 ± 2.12a 161.60 ± 22.00a 53.08 ± 0.07
05St 119.00 ± 0.71a 159.90 ± 13.85a 53.24 ± 0.70
10St 96.05 ± 1.20b 178.50 ± 24.04a 54.79 ± 0.57
05TPS 116.00 ± 0.71a 171.55 ± 23.12a 53.23 ± 0.33
10TPS 69.60 ± 0.42c 177.40 ± 12.86a 56.85 ± 0.24

Fig. 8   Tensile properties of the investigated film materials, for the native starch-based compatibilizer (left), and the TPS-based compatibilizer 
(right)

Table 7   Effect of 
compatibilizers on water vapor 
transmission rate (WVTR) 
and water vapor permeability 
(WVP) of TPS/PBS films

Numbers followed by the same letter are not significantly different (significant difference at p < 0.05); See 
Table 1 for sample identification

Sample WVTR
(g/m2 24 h)

WVP
[g cm/(cm2 s Pa)]

Film thickness 
(µm)

Mass gain just 
after test (wt%)

Control 451.9 ± 8.6a 6.6E−13 ± 2.7E−14a 50 6.0 ± 0.7a

05St 443.5 ± 8.2a 6.8E−13 ± 2.0E−14a,b 50 5.9 ± 1.5a

10St 445.3 ± 5.0a 6.9E−13 ± 3.7E−14a,b 45 3.9 ± 1.3a

05TPS 456.7 ± 7.3a 7.0E−13 ± 3.2E−14a,b 45 5.3 ± 0.2a

10TPS 463.7 ± 10.8a 7.5E−13 ± 5.6E−14b 40 5.5 ± 0.5a
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Due to the beginning destruction and the associated 
increase in attack surface the microbial activity and hence, 
the disintegration started to accelerate after 20 days com-
posting time. Figure 10 shows the formation of cracks and 
microbial attack, as processes appearing during composting.

The disintegration of the control sample proceeded 
slightly faster. To verify the significance of this observation 
further investigations are required.

Table 8   Disintegration of the investigated film materials after composting for 10, 20 and 30 days

Initial 10 days 20 days 30 days Fraction < 2 mm (%)

Control 79.2

05St 77.6

10St 65.5

05TPS 69.2

10TPS 77.7
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Conclusions

The production of thin film materials based on bioplastics 
requires a defined polymer compound quality. Huge starch 
particles affect the melt strength and thus, the continu-
ous film production as well as the film materials surface 
quality. Depending on the size of the dispersed particles 
the produced films exhibit a noticeable roughness. The 
present work demonstrates that the preparation of TPS/
PBS compounds with a fine dispersion of starch inside 

of the polyester matrix is only possible under acceler-
ated shearing conditions, which can be achieved at an 
increased extrusion screw speed. The synthesis of com-
patibilizers was conducted on the basis of TPS and native 
starch. Solubility tests demonstrated that the TPS-based 
compatibilizer formed a stable suspension in contact with 
chloroform. In case of the native starch-based compati-
bilizer only a limited stability was given. Destructurized 
starch in the form of TPS provided a larger interaction 
surface (amylose/amylopectin—PBS, and probably also 
glycerol—PBS) and enabled a better homogenization dur-
ing the course of compounding. This is why the TPS-based 
compatibilizer facilitated a significant increase in tensile 
strength and tear resistance, while the utilization of the 
starch-based variant only resulted in minor effects. The 
investigation resulted in a film material with improved 
mechanical strength, which exhibits a significant poten-
tial for single-use, light-weight packaging applications. 
The applicability of a controlled, separate waste collection 
for this purpose is doubtful and hence, the compostabil-
ity under ambient conditions is seen as a benefit. Future 
investigations will focus on a detailed evaluation and opti-
mization of barrier properties of TPS-based film materials, 
along with an evaluation of mechanisms that are involved 
during biodegradation. As the utilization of starch in pack-
aging always induces unwanted opacity instead of full 
transparency, a potential increase in transparency might be 
achievable with raw material functionalization, a subject 
important in follow-up research activities. Furthermore, 
the effects of varying starch contents and elevated com-
patibilizer concentrations are subject of ongoing research.

Fig. 9   Quantitative evaluation of the film-disintegration

Fig. 10   Bioplastic-disintegration; formation of cracks (left) and attack by microorganisms (middle, right)
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