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Purpose: Poly(3-hydroxybutyrate) (P3HB) is a biopolymer, but storing products from P3HB causes the deterioration of their proper-
ties leading to their brittleness. P3HB has also low thermal stability. Its melting point almost equals its degradation temperature. To
obtain biodegradable and biocompatible materials characterized by higher thermal stability and better strength parameters than the un-
filled P3HB, composites with the addition of polyurethanes were produced. Methods: The morphology, thermal, and mechanical property
parameters of the biocomposites were examined using scanning electron microscopy, thermogravimetric analysis, standard differential
scanning calorimetry, and typical strength machines. Results: Aliphatic polyurethanes, obtained by the reaction of 1,6-hexamethylene
diisocyanate and polyethylene glycols, were used as modifiers. To check the influence of the glycol molar mass on the properties of the
biocomposites, glycols with a molecular weight of 400 and 1000 g/mol were used. New biocomposites based on P3HB were produced
with 5, 10, 15, and 20 wt. % content of polyurethane by direct mixing using a twin-screw extruder. The following property parameters of
the prepared biocomposites were tested: degradation temperature, glass transition temperature, tensile strength, impact strength, and
Brinell hardness. Conclusions: Improvement of the processing property parameters of P3HB-biocomposites with the addition of aliphatic
polyurethanes was achieved by increasing the degradation temperature in relation to the degradation temperature of the unfilled P3HB by
over 30 °C. The performance property parameters have also been improved by reducing the brittleness compared to the P3HB, as evi-
denced by the increase in impact strength and the decrease in hardness with an increase in the amount of polyurethane obtained by the
reaction of 1,6-hexamethylene diisocyanate and polyethylene glycol with a molecular weight of 400 g/mol (PU400) as modifier.
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1. Introduction

Poly(3-hydroxybutyrate) (P3HB) is a biosynthesized,
biodegradable and biocompatible polyhydroxyalkanoate
used in combination or alone for biomedical applica-

tions, such as: sutures, repair devices and patches, car-
diovascular patches, orthopedic pins, adhesion barriers,
stents, guided tissue repair/regeneration devices, articu-
lar cartilage repair devices, nerve guides, tendon repair
devices, bone marrow scaffolds, and wound dressings
[1], [8], [17], [18]. Unfortunately, P3HB products are
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brittle and stiff and characterized by low thermosta-
bility. Its decomposition temperature is slightly higher
than its melting point, therefore its use in the produc-
tion of biodegradable products is limited [15], [16].

To improve the property parameters s of P3HB, its
copolymers are synthesized with other aliphatic hydroxy
acids, e.g., 4-hydroxybutyric acid, 3-hydroxyvaleric acid
or 3-hydroxyhexanoic acid. P3HB terpolymers with
the use of 3-hydroxypropionic acid, and lactic acid or
involving 4-hydroxybutyric acid and lactic acid or P3HB
quaterpolymers with the use of 4-hydroxybutyric acid,
3-hydroxypropionic acid and lactic acid are also pro-
duced [2], [6], [19], [20], [24].

The thermal stability of P3HB can also be im-
proved by grafting maleic anhydride onto it. The pu-
rified grafted P3HB has a higher degradation tempera-
ture, increased by at least 50 °C and better thermal
stability than the unmodified P3HB. Moreover, it does
not tend to decrease in a molecular weight during a heat
treatment. At the same time, the crystallization rate,
melting point, and crystallinity of P3HB are in-
creased [10].

There is also a known method of improving the
property parameters of P3HB by preparing its blend
with other polymers having the desired property pa-
rameters or by adding an appropriate plasticizer [3].

The polymer blends of P3HB and polylactic acid
are characterized by better mechanical property pa-
rameters than the unmodified P3HB in retaining its
biodegradability [9]. Similarly, the blend of poly(3-
-hydroxybutyrate-co-3-hydroxyvalerate) copolymer with
poly(butylene adipate)terephthalate and epoxy-terminat-
ed hyperbranched polyester has also enhanced me-
chanical property parameters [23].

There are also known methods of improving the
thermal and mechanical property parameters of P3HB
by producing its polymer composites or using its
polymer blends or its copolymer as a matrix. Materi-
als with better property parameters, usually impossi-
ble to obtain in any other way, are obtained by com-
bining the polymer matrix with the filler.

The P3HB-based composites with glass fiber and
talc show excellent thermal stability, resistance to hy-
drolysis, good mechanical strength, and easy formability
[22]. P3HB composites with the addition of carbodi-
imide compounds and talc show reduced flammability,
good thermal stability, resistance to moisture, and
good mechanical strength [14]. Composites made on the
basis of P3HB polymer blend and acrylate-methacrylate
block copolymer containing talc as a filler show im-
proved mechanical and thermal property parameters
compared to the unmodified P3HB [12]. The compos-
ites based on the polymer blend of P3HB and aro-

matic polycarbonate with talc and glass fiber as fillers
characterized by the excellent thermal stability and
impact strength [13].

The aim of the present work was to produce new
poly(3-hydroxybutyrate) biocomposites with a polyu-
rethane modifier (5–20 wt. %), which are character-
ized by better thermal property parameters, processing
parameters, and better mechanical property parameters
than the unmodified P3HB. Aliphatic linear polyure-
thane was obtained by reacting of 1,6-hexamethylene
diisocyanate and polyethylene glycol with a molecular
weight of 400 g ∙ mole–1 or 1000 g ∙ mole–1.

Considering the biocompatibility of polyurethanes
and P3HB [7], [11], the produced biocomposites are
promising candidates for the production of medical
materials.

2. Materials and methods

2.1. Materials

P3HB was supplied by Biomer (Krailling, Ger-
many). Weight average molecular mass of P3HB is Mw
= 443,900 g ∙ mol–1 and its dispersity Mw ∙ Mn

–1 = 5.72 [–]
measured by the size exclusion chromatography in chlo-
roform. P3HB melt flow index is 0.11 g ∙ (10 min)–1

(180 C at 2.16 kg). Hexamethylene 1,6-diisocyanate
(HDI) and dibutyltin(IV) dilaurate (DBTL) were sup-
plied by Sigma-Aldrich (Saint Louis, Missouri, US)
and polyethylene glycols by Merck (Darmstadt, Ger-
many). Acetone (high purity) was supplied by Chem-
solute (Munich, Germany).

2.2. Polyurethane preparation

First, polyols were purified by means of azeo-
tropic distillation with toluene to eliminate water.
Next, 0.25 mole of polyethylene glycol with a molar
mass of 400 g∙ mole–1 (PEG400), 50 cm3 of dried
acetone, and 0.2 cm3 of DBTL were placed in
a flask. The HDI was added dropwise to the solution
in such amount that the molar ratio of isocyanate to
hydroxyl groups of the glycol was 1:1.08. The drop-
ping rate was controlled to keep the temperature of
the reaction mixture below 20 °C. The reaction was
carried out under a nitrogen atmosphere. Reaction
was completed when the exotherm effect disap-
peared, on the basis of the increase in the viscosity of
the reaction mixture and determination of the isocya-
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nate number according to PN-EN 1242.2006. To-
tally, it lasted up to 6 hours. The polyurethane solu-
tion was poured into a large surface vessel and acetone
was removed. To give a constant weight of the final
product, polyurethane (PU400) was placed in a vac-
uum oven at 40–100 °C. In a similar way, polyure-
thane (PU1000) based on polyethylene glycol with
a molar mass of 1000 g ∙ mole–1 (PEG1000) was pre-
pared. The only difference was the use of double
amount of catalyst for synthesis.

2.3. Biocomposites preparation

Biocomposites were obtained by mixing the melt
P3HB with 5, 10, 15, and 20 wt. % of polyurethane,
PU400, and PU1000 (sample designation is shown in
Table 1) in a co-rotating twin screw extruder ZE-25-33D
by Berstorff. Previously, P3HB was dried at 40 °C
under reduced pressure for 30 min. To obtain a ho-
mogeneous mixture of components, P3HB was in-
troduced into a Stephan mixer and the appropriate
amount of additive (PU400 or PU1000) was dosed
with constant stirring. Earlier PU400 was dissolved
in acetone at room temperature and the solution was
dosed to P3HB (placed earlier) in mixer. Polyure-
thane PU1000 was mixed with P3HB in the powder
form.

The ingredients were mixed for approx. 20 min-
utes at room temperature. The homogeneous two-
component mixture was put on the extruder. The un-
filled P3HB was also extruded as the reference mate-
rial. The twin screw-extruder was equipped with ten
temperature-controlled zones, which were programmed
in the range of 20–170 °C. The screw diameter (D) of
the extruder was 25 mm and the L ∙ D–1 ratio was 33.
The screw speed during extrusion was in the range of
300–320 rpm. Extrusion conditions were determined
experimentally.

Table 1. Designation of prepared biocomposites

Glycol type
in PU

Concentration of PU
in biocomposite (wt. %)

Biocomposite
designation

PEG400 5 PEG-400/5
PEG400 10 PEG-400/10
PEG400 15 PEG-400/15
PEG400 20 PEG-400/20
PEG1000 5 PEG-1000/5
PEG1000 10 PEG-1000/10
PEG1000 15 PEG-1000/15
PEG1000 20 PEG-1000/20

2.4. Analytical methods

2.4.1. Size exclusion chromatography

Size Exclusion Chromatogrphy (SEC) measure-
ments of the polyurethanes were performed using the
following apparatus and measurement conditions: Vis-
cotek degasser, columns (PSS SDV Guard and PSS
SDV 100 Å, 1000 Å, grain diameter 5 µm), Shimadzu
LC-20AD isocratic pump, Shodex RI-71 differential
refractometer, solvent: tetrahydrofuran (THF), sample
concentration: 3 mg∙ ml–1, THF flow rate: 1 ml ∙ min–1,
temperature: 22 C, loop volume: 100 μl, OmniSEC
software version 4.2. Number-average )( nM  and weight-
-average )( wM  molar masses and dispersity index
(DI = MwMn

–1) of PU400 and PU1000 were deter-
mined and given in Table 2.

Table 2. Molar mass and molar mass distributions
of linear PU400 and PU1000

PU Mn  [g∙mole–1] Mw  [g∙mole–1] DI  = Mw∙Mn
–1 [–]

PU400 5.962 13.433 2.090
PU1000 11.882 16.581 1.395

2.4.2. FTIR spectroscopy

IR spectra of polyurethanes, the extruded P3HB,
and the resulting composites were performed using
a PARAGON 1000 FTIR apparatus and recorded
from 400 cm–1 to 4000 cm–1. Spectra were made
with the resolution of the order of 0.01 cm–1. Sam-
ples were measured by ATR technique. It was taken
128 scans.

2.4.3. Scanning electron microscopy

The morphology tests of the obtained biocompo-
sites were carried out using a JEOL scanning electron
microscope, JSM-6490 LV with an X-ray energy dis-
persion analyzer for chemical analysis in the mi-
croarea. The fracture surfaces of the biocomposites
samples were tested. For this purpose, the samples
were frozen in liquid nitrogen and then they were
broken with a hammer. The samples obtained after
breaking were covered with a gold layer with a thick-
ness of about 10 nm using a JEOL JFC-1300 gold
sputtering machine.
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2.4.4. TGA analysis

Thermogravimetric analysis (TGA) was performed
using a Metler Toledo TGA/SDTA 851e thermogra-
vimetric analyzer. The samples were heated at a heating
rate of 10 C∙ min–1 or 5 C∙ min–1 in the temperature
range of 25–600 C in an inert gas (nitrogen) atmos-
phere. The temperature of decomposition onset (Ton), the
temperature of 50% mass loss (T50%), the temperature of
the maximum decomposition rate (Tmax), and the total
mass loss of the sample at 600 C were determined.

2.4.5. DSC analysis

Dependences of heat flow rate on temperature
were obtained using the differential scanning calo-
rimeter (DSC), Q1000 from TA Instruments. All analy-
ses were carried out in a nitrogen atmosphere with
a constant flow rate of around 50 ml∙min–1. To obtain
very accurate measurements, the temperature calibra-
tion and the heat flow rate calibration were performed
in reference to the melting parameters of indium, i.e.,
the onset temperature equals 429.6 K and the heat of
fusion, ΔHf = 28.45 J/g (3.28 kJ/mol) [5], [21]. The
calibration of heat capacity was also carried out to im-
prove the quality of the obtained results. Three meas-
urements, i.e., a calibration on sapphire, blank (refer-
ence), and actual sample composites were performed
for each one of the measured samples. The experiments
were performed in the temperature range of –40 °C
to 195 °C for heating and next in the temperature range
from 195 °C to –40 °C. The data were collected from
second heating scan. The measurements were carried
out using a different cooling rate in the range of
1 °C∙min–1 to 40 °C∙min–1 and the same heating rate
of 10 °C∙min–1.

2.4.6. Mechanical tests

Samples for mechanical tests were obtained by the
injection method using an Arburg 420 M Allrounder
1000-250 injection molding machine equipped with
a Priamus production supervision and monitoring
system. The samples were made in accordance with
the standard PN EN ISO 527 (1998). The process was
carried out at the temperature range of 140–168 °C,
the temperature of the injection mold was 25 °C for
P3HB and 30 °C for the composition. The following
mechanical tests were made: tensile strength, impact
strength, and Brinell hardness.

Tensile strength

The tensile mechanical property parameters were
determined in accordance with PN-EN ISO 527–2:2012
using the Instron 4505 testing machine. Tensile
strength and strain at break measurements were
carried out under the condition of a deformation
rate of 5 mm ∙ min–1.

Impact strength

Charpy notch impact tests were carried out in ac-
cordance with PN-EN ISO 179-1:2010 using the
Zwick 5102 hammer on sample and a notch length of
1 mm.

Brinell hardness

Hardness was determined by the Brinell method in
accordance with the PN-EN ISO 6506-1:2014 stan-
dard using the Zwick apparatus.

3. Results

To improve the property parameters of P3HB,
composites were produced based on P3HB matrix with
aliphatic polyurethanes, based on HDI and polyethyl-
ene glycols PEG400 and PEG1000 as a modifier. The
unfilled P3HB was also extruded under the same con-
ditions.

The degree of polymerization of polyurethanes
was evaluated and the results of SEC measurements
were given in Table 2. PU400 had smaller molar
masses (Mw = 13,433 g∙mole–1) and higher molar mass
dispersity of about 2.090 [–] than PU1000 (Mw =
16,581 g∙mole–1 and (Mw∙Mn

–1 = 1.395 [–]).

3.1. Morphology analysis

SEM was used to explain the possible modifica-
tions that may occur in the structure of polymeric
systems and consequently explain the changes in their
physical property parameters. The surface of unmodi-
fied P3HB has a slightly wave-like morphology with
few edge lines, as we can see in Fig. 1.

In Figure 2, the SEM micrographs of fracture sur-
faces of P3HB-based composite samples containing
different amounts (5, 10, 15, and 20 wt. %) of PU400
are shwo. The samples contain the polyurethane modi-
fier characterized by the presence of elongated wave-
like and rough structures. The higher the amount of
polyurethane modifier, the wavier and more irregular
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the fracture surface. The composite contains 5 wt. % of
PU400 (PEG-400/5) showed unevenly distributed rough
areas with various stress whitening lines, while the
composites 10 and 15 wt. % PU400 (PEG-400/10 and
PEG-400/15) exhibited larger and uniformly distrib-
uted elongated domains in the composites with no
phase separation. However, the SEM micrograph of
the samples contained the highest amount of PU400
(i.e., 20 wt. %) displayed a relatively rough surface
with flatter and smaller elongated domains with shear
deformation and tortuous cracks. It can be confirmed

that the addition of 10 and 15 wt. % of PU based on
PEG400 in the P3HB matrix led to its reinforcement
due to good interfacial compatibility between the
components of the tested biocomposites.

The micrographs of P3HB matrix contained differ-
ent amounts (5, 10, 15, and 20 wt. %) of PU1000 with
longer chains of polyol (PEG1000) are presented in
Fig. 3. The fracture surfaces appear similar to those
previously described. Biocomposite samples containing
5 wt. % PU1000 (PEG-1000/5) exhibited rougher het-
erogeneously distributed zones, similar to biocompo-

Fig. 1. SEM micrographs of unmodified P3HB with different magnifications

Fig. 2. SEM micrograph of P3HB-based biocomposites containing: 5, 10, 15, and 20 wt. % of PU400
(PEG-400/5, PEG-400/10, PEG-400/15, PEG-400/20, respectively)
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sites PEG-400/5 (Fig. 2). However, the surfaces of bio-
composites 10, 15, and 20 wt. % PU1000 showed rather
wave-like and more elongated morphologies which were
uniformly distributed. Compared with the unfilled P3HB,
the surface of the composites based on PEG1000 is no
longer smooth, but exhibits elongated and rough areas.

3.2. Thermal property parameters
of the P3HB-based biocomposites

To examine the thermal stability, the resulted bio-
composites based on P3HB with 5, 10, 15, and 20 wt. %
of PU400 and PU1000 thermogravimetric analysis
was carried out. The TGA results are given in Tables 3
and 4.

It was found that the thermal property parameters of
the tested biocomposites depend both on the content
and the type of polyurethane used. There was a small
increase in Ton, T50% and Tmax by 3–9, 5–7 and 2–3 °C,
respectively (Table 3), and even a decrease in those
temperatures by 3–24, 3–24, 27–29 °C. Tempera-
ture decrease refers to composites PEG-400/20 and
PEG-1000/5. In the case of PEG-400/20, it could be
caused by the highest plasticizing effect and the high-
est lowering of crystallinity degree (Table 5). In turn,
the composite PEG-1000/5 was not completely homo-
geneous. Heterogeneity was confirmed by SEM (Fig. 3).

All composites with PU400 have one temperature
of  maximum decomposition. Addition of 20 wt. %.
Of PU400 (PEG-400/20) causes the appearance of the
second temperature of the maximum decomposition

Fig. 3. SEM micrographs of P3HB-based composites containing: 5, 10, 15, and 20 wt. % of PU1000
(PEG-1000/5, PEG-1000/10, PEG-1000/15, PEG-1000/20, respectively)

Table 3. Interpretation of the TG and DTG curves of P3HB and composites
based on P3HB and PU400 and PU1000 recorded at a heating rate of 10 °C∙min–1 in nitrogen

Composite Ton [°C] T50% [°C] Tmax1 [°C] Tmax2 [°C] Δm [%] Residue at 600°C [%]
P3HB 271 283 287 – 99.38 0.62
PEG-400/5 274 288 290 – 99.30 0.70
PEG-400/10 280 289 290 – 99.38 0.62
PEG-400/15 278 290 289 – 99.51 0.49
PEG-400/20 247 263 258 310 97.98 2.02
PEG-1000/5 248 259 260 377 98.26 1.74
PEG-1000/10 277 288 289 393 99.31 0.69
PEG-1000/15 277 290 289 393 99.29 0.71
PEG-1000/20 268 280 280 395 99.20 0.80
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rate (Tmax2), which may indicate the heterogeneity of the
system and the exudation of the plasticizer. Tmax2 occurs
also in the case of all biocomposites with PU1000.

Biocomposites containing 10 and 15 wt. % of poly-
urethanes are characterized by the highest thermal
stability and for these composites the measurements
were repeated at the heating rate of 5 °C min–1. In
this case, a significant increase in Ton, T50%, and Tmax was
observed 9–33, 19–38, and 18–37 °C, respectively
(Table 4). Thermal stability of the PEG-1000/10,
PEG-400/10, and PEG-400/15 is comparable and higher
than for PEG-1000/15.

The decomposition of all biocomposites materials
and the unfilled P3HB occurs in one or two stages in
the temperature range of 236–450 °C. The mass loss is
usually higher than 99% except for PEG-400/20 and
PEG-1000/5 where it is 97.98 and 98.26 wt. %, re-
spectively. Thus, the mass of residues at 600 °C is low
and it does not exceed 1 wt. % and in these excep-
tional cases 2 wt. %.

3.3. DSC analysis of biocomposites

In Figure 4, the dependence of the experimental heat
flow rate of P3HB and PU400 composites (5–20 wt. %)
on the temperature obtained based on the heating rate

Fig. 4. Comparison of heat flux of P3HB and its biocomposites
with PU400 versus temperature

of 10 °C∙min–1 from the temperature range –40 °C to
195 °C after the previous cooling in the same rate
from the temperature range 195 °C to –40 °C.

The qualitative thermal analysis was carried out
based on the heat flow rate of the semicrystalline
P3HB and its biocomposites. The glass transition and
melting were observed during the heating scan for all
materials. The cold crystallisation was only recorded
for biocomposites between the glass transition and
melting region (Fig. 4). All thermal parameters of
phase transitions were estimated and listed in Table 5.
The change of heat capacity, ΔCp, and the temperature
of glass transition, Tg, were established based on the
study of the glass transition region under heating, and
the heat of fusion, ΔHf, and the melting temperature,
Tm(peak), were also estimated based on the analysis of
the melting region. The double peaks were observed
for all biocomposites, for example, the smaller endo-
thermic peak of PEG-400/5 occurs at 156.8 °C
(Tm1(peak)) and is due to the melting of low stability
crystals, while the ultimate peak at Tm2(peak) = 169.0 °C
corresponds to the melting of the large and more per-
fect ones. The heat of crystallization, ΔHc, and the
crystallisation temperature, Tc, were analysed under
cooling. It can be observed that the modifier (PU400)
promotes the crystallisation of composites. The addi-
tion of PU400 from 5 to 20 wt. % causes decrease in
the temperature of crystallisation, which depends on
the amount of additive (Table 5).

The data collected in Fig. 4 relate to the constant
value of heating and cooling rate of 10 °C/min. The
study with different heating/cooling rates allowed for
a different thermal history of biocomposites were also
investigated. The results of the changes of heat capac-
ity at Tg versus the heat of fusion obtained based on
the different cooling rates were shown graphically in
Figs. 5a–d. The P3HB matrix was investigated in the
previous paper [21]. Hereby, it should be noted that
the changes of heat capacity and other transition pa-
rameters were established using the qualitative ther-
mal analysis compared to quantitative thermal analy-
sis described widely in the literature [5], [21]. Most
semicrystalline polymeric materials have three phases
in the solid state: the crystalline phase (c), the mobile

Table 4. Interpretation of the TG and DTG curves of P3HB and composites
based on P3HB and PU400 and PU1000 recorded at a heating rate of 5 °C∙min–1 in nitrogen

Composite Ton [°C] T50% [°C] Tmax1 [°C] Tmax2 [°C] Δm [%] Residue at 600°C [%]
P3HB 236 241 243 – 98.90 1.10
PEG-400/10 266 277 278 – 99.43 0.57
PEG-400/15 268 279 279 – 99.54 0.46
PEG-1000/10 269 279 280 387 99.32 0.68
PEG-1000/15 245 260 261 380 99.06 0.94
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amorphous fraction (a), and the rigid amorphous frac-
tion (RAF) [21]. For semicrystalline material which
has only two phases (the mobile amorphous phase
and the crystalline phase), the plot of the change of
heat capacity at Tg versus the heat of fusion gives the
linear behavior. The solid straight line was approxi-
mated in order to estimate the heat capacity for the
fully amorphous sample, ΔCp (100%), and heat of fu-
sion fully crystalline nanobiocomposites, ΔHf (100%)

by the fitting to experimental data. The ΔCp (100%)
and ΔHf (100%) of P3HB were obtained from the
intersection straight line with the Y and X axes, re-
spectively. The straight line was obtained based on
mathematical approximated to the linear equation
agree with y = (–0,0043x + 0,404); R2 = 0.9903.
ΔCp (100%) and ΔHf (100%) were marked by the
yellow squares. The change of heat capacity at Tg
for fully amorphous PEG-400/5 was estimated as

Table 5. Comparison of the thermal parameters of the P3HB composites with PU400 of representative samples
obtained while heating at a rate of 10 °C∙min–1 after cooling at the same rate

Sample
Tg

[°C]
ΔCp

[J·g–1·°C–1]
Tm(onset)

[°C]
Tm1(peak)

[°C]
Tm2(peak)

[°C]
ΔHf

[J·g–1]
Tc

[°C]
ΔHc

[J·g–1]
P3HB 7.7 0.1480 159.7 172.2 – 91.9 104.8 88.8
PEG-400/5 0.8 0.090 162.0 156.8 169.0 55.0 41.1 85.2
PEG-400/10 0.7 0.110 161.8 156.6 169.2 48.9 73.3 32.0
PEG-400/15 1.6 0.230 161.0 156.8 169.6 38.0 77.2 26.5
PEG-400/20 –0.6 0.160 160.2 154.3 167.5 32.9 66.6 21.6

Fig. 5a. The dependence of the heat capacity change
at the glass transition temperature on the heat of fusion

of the PEG-400/5 composite

Fig. 5b. The dependence of the heat capacity change
at the glass transition temperature on the heat of fusion

of the PEG-400/10 composite

Fig. 5c. The dependence of the heat capacity change
at the glass transition temperature on the heat of fusion

of the PEG-400/15 composite

Fig. 5d. The dependence of the heat capacity change
at the glass transition temperature on the heat of fusion

of the PEG-400/20 composite



Thermally stable biopolymer composites based on poly(3-hydroxybutyrate) modified with linear aliphatic polyurethanes... 99

0.404 J·g–1·°C–1 (68.68 J·mol–1·°C–1) and the heat of
fusion for fully crystalline of PEG-400/5 as 93.9 J/g
(15.963 kJ/mol). The experimental points which cre-
ated the solid straight line are characteristic for two
phase-model. The points (red star and black circles)
outside of the solid line indicate the three-phase model.
The red star (Fig. 5a) shows the result of qualitative
thermal analysis for PEG-400/5 from the DSC data in
Fig. 4. In Figures 6a–d, the dependences of the degree
of amorphous phase, Wa, on the degree of crystallin-

ity, Wc, of the P3HB biocomposites with PU400
were shown, respectively. The data from Figures 5a–d
were recalculated to Wa and Wc according to Wa =
ΔCp/ΔCp

100% and Wc = ΔHf/ΔHf
100%. The rigid amor-

phous fraction was estimated as WRAF = 1 – Wa – Wc
according to the reference [21]. In Table 6, all esti-
mated equilibrium parameters of P3HB and its bio-
composites were listed. Moreover, the analysis of
phase content was also added in Table 6. The results
refer to the data from qualitative thermal analysis of

Fig. 6a. The dependence of the amorphous fraction as a function
of the degree of crystallinity of the semicrystalline PEG-400/5

Fig. 6b. The dependence of the amorphous fraction as a function
of the degree of crystallinity of the semicrystalline PEG-400/10

Fig. 6c. The dependence of the amorphous fraction as a function
of the degree of crystallinity of the semicrystalline PEG-400/15

Fig. 6d. The dependence of the amorphous fraction as a function
of the degree of crystallinity of the semicrystalline PEG-400/20

Table 6. Comparison of the phase content of P3HB, PEG-400/5, PEG-400/10, PEG-400/15, and PEG-400/20 representative samples
obtained by heating at a rate of 10°C∙min-1 after cooling at the same rate

Sample Wa [%] ΔCp (100%) [J·g–1·°C–1] Wc [%] ΔHf (100%) [J·g–1] WRAF [%]
P3HB 37.0 0.480 63.0 142.0 0
PEG-400/5 22.8 0.404 58.5 93.9 18.7
PEG-400/10 30.4 0.377 59.7 81.9 9.9
PEG-400/15 50.7 0.448 39.2 91.5 10.1
PEG-400/20 26.1 0.624 42.6 77.0 31.3
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P3HB and biocomposites obtained based on the heating
rate of 10 °C∙min–1 from –40 °C to 195 °C and after
prior cooling in the same rate from 195 °C to –40 °C
(Figs. 6a–d).

In Figure 7, the heat flux rate versus temperature for
the P3HB matrix and its biocomposites with PU1000
is shown. The cold crystallization was also observed
for all biocomposites in the region between the glass
transition and melting.

Fig. 7. Comparison of heat flux of composites
with PU1000 versus P3HB

The qualitative thermal analysis was performed in
a similar manner to the previous one. The results were
listed in Table 7. The greatest decrease in the melting
temperature (Tm(onset)) was observed for PEG-1000/20. In
the remaining biocomposites, matrix-like values were

observed. The formation of a double melting peak was
only observed for PEG-1000/5 and the crystallization
temperature also decreased for all biocomposites.

In Table 8, all equilibrium parameters of P3HB
biocomposites and compared to the P3HB matrix
estimated and listed (according to [21]). The analysis
of phase content was also carried out and its results
were added in Table 8. All analyses were carried out
in a similar way as previously for PU400 (Figs. 6a–d).

3.4. Mechanical property parameters

In Figure 8, the tensile strength (TS) and strain at
break of P3HB as a function of the amounts of PU400
and PU1000 are shown. TS of all tested compositions
decreased with increasing PU content in relation to
P3HB. A decrease of approximately 50% and 30%
was observed with PU400 and PU1000, respectively.
However, it was shown that the strain at break values
increased and then decreased with increasing amount
of PU400 and PU1000. Maximum improvement of the
strain of approximately120% and 15% was exhibited
by the compositions based on 5 wt. % PU1000 and 15
wt. % of PU400. The maximum improvement of the
strain at break due to the addition of PU1000 and
PU400 can be explained by the better ductility and
flexibility of polyurethane chains as reported else-
where [4].

The effect of PU (PU400 and PU1000) content on
the impact strength (a) and hardness (b) of P3HB is
shown in Fig. 9. Maximum improvement in impact
strength (IS) of about 61% over virgin P3HB was exhib-

Table 7. Comparison of the thermal parameters of the P3HB composites with PU1000 of representative samples
obtained while heating at a rate of 10 °C∙min–1 after cooling at the same rate

Sample Tg
[°C]

ΔCp
[J·g–1·°C–1]

Tm(onset)
[°C]

Tm1(peak)
[°C]

Tm2(peak)
[°C]

ΔHf
[J·g–1]

Tc
[°C]

ΔHc
[J·g–1]

P3HB 7.7 0.1480 159.7 172.2 – 91.9 104.8 88.8
PEG-1000/5 –1.9 0.277 161.1 156.6 169.1 33.7 77.5 20.7
PEG-1000/10 –3.4 0.063 162.0 – 171.8 39.4 61.4 33.2
PEG-1000/15 –2.9 0.039 160.9 – 168.7 38.9 66.3 59.5
PEG-1000/20 –18.3 0.069 147.6 161.7 139.7 48.7 58.9 33.4

Table 8. Comparison of the phase content of P3HB, PEG-1000/5, PEG-1000/10, PEG-1000/15,
and PEG-1000/20 representative samples obtained by heating at a rate of 10 °C∙min–1 after cooling at the same rate

Sample Wa [%] ΔCp(100%) [J·g–1·°C–1] Wc [%] ΔHf(100%)[J·g–1] WRAF[%]
P3HB 37.0 0.480 63.0 142.0 0
PEG-1000/5 45.9 0.604 52.5 64.3 1.6
PEG-1000/10 8.3 0.762 52.3 75.4 39.4
PEG-1000/15 4.3 0.788 61.1 63.6 0
PEG-1000/20 14.7 0.463 62.1 78.4 23.2
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ited by the composition containing 20 wt. % PU400.
However, the addition of PU1000 with longer chains
did not affect the IS of the tested P3HB compositions.

3.4.1. Statistical analysis

The mechanical property parameters of the obtained
biocomposite samples, for which a series of measure-
ments were performed, i.e., tensile strength, strain at
break, and impact strength, were subjected to statistical
analysis. Its aim was to answer the question of whether
the values of the analysed mechanical property pa-
rameters of individual composite samples differ from
the unfilled P3HB and from one another. Statistical
calculations were performed with the Statistica soft-
ware (version 13). A separate datasheet has been cre-
ated for each mechanical property parameter. Statisti-
cal tests were performed for each of the mechanical
property parameters of the obtained samples. Data was
verified prior to testing. For this purpose, a normality
plot was created for each variable to check for outliers
in the data. Such values were removed from the data
sheet. Moreover, it was checked whether the variables

were normally distributed. Normality was checked
using the Shapiro–Wilk test. The significance level
 = 0.05 was adopted in the tests. The tests of normal-
ity showed that the values of tensile strength, strain at
break, and impact strength of individual composites
have normal distributions. Then the t-test (Student’s
test) was performed. From the calculated values of the
t-test and the p-value it follows that:
a) the tensile strength values are not statistically sig-

nificant only for PEG-400/5 and PEG-1000/5, i.e.,
they do not differ from P3HB, while for other
composites and P3HB differ significantly;

b) the strain at break value is statistically significant
only for PEG-1000/5, i.e., it differs from the un-
filled P3HB, while for other composites and P3HB
is similar;

c) the impact strength values are statistically significant
only for the PEG-400/10, PEG-1000/15, and PEG-
400/20 composites, i.e., they differ from P3HB,
while for other composites and P3HB are similar.
Then, a one-way analysis of variance (ANOVA)

was performed for the examined mechanical property
parameters. After checking the differences between

Fig. 8. Effect of PU content on the tensile strength (a) and strain at break (b) of P3HB

Fig. 9. Effect of PU content on the impact strength (a) and hardness (b) of P3HB
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the means of individual variables, post hoc tests were
performed: Scheffe and Duncan, which allowed: (a) to
trace significant differences between the variables and
(b) to observe which of the variables form homogeneous
groups. The calculated value of the F-test (analysis of
variance) and the p-value show that at least two com-
posites differ in their mechanical property parameters.

The Scheffe test shows that:
a) significant differences in tensile strength exist be-

tween the composites PEG-400/15, PEG-400/20,
PEG-1000/10, PEG-1000/15, and PEG-1000/20
and other composites and P3HB, moreover P3HB,
PEG-400/5, PEG-400/10 and PEG-1000/5 form
group I, PEG-400/10, PEG-1000/5, PEG-1000/10
and PEG-1000/15 form group II (overlapping par-
tially with I group), PEG-1000/15, PEG-400/15
and PEG-1000/20 form group III (partially over-
lapping group II) and PEG-400/20 does not belong
to any group;

b) significant differences in strain at break are between
PEG-1000/5 and PEG-1000/20, moreover, P3HB,
PEG-400/5, PEG-400/10, PEG-400/15, PEG-400/20,
PEG-1000/10, PEG-1000/15 and PEG-1000/20 form
the first group, P3HB, PEG-400/5, PEG-400/10, PEG-
400/15, PEG-400/20, PEG-1000/5, PEG-1000/10 and
PEG-1000/15 form group II (overlapping partially
with group I);

c) significant differences in impact strength exist be-
tween PEG-1000/15 and PEG-400/20 and other com-
posites and P3HB, moreover P3HB, PEG-400/5,
PEG-400/10, PEG-1000/5, PEG-1000/10, PEG-
1000/15 and PEG-1000/20 form a homogeneous
group, and the PEG-400/15 and PEG-400/20 do
not belong to any group.
Duncan’s test shows that:

a) significant differences in tensile strength do not
occur only between P3HB and PEG-400/5, the dif-
ferences are statistically significant between the
other composites and P3HB, moreover P3HB and
PEG-400/5 form group I, PEG-400/10, PEG-
1000/5 and PEG-1000/10 form group II, PEG-
400/15, PEG-1000/15 form group III, PEG-
400/15, PEG-1000/20 form group IV (overlapping
partially with group III), and PEG-400/20 does not
belong to any group;

b) significant differences in strain at break occur be-
tween most composites and P3HB, moreover, P3HB,
PEG-400/20, PEG-1000/10, PEG-1000/15, and
PEG-1000/20 form group I, P3HB, PEG-400/5,
PEG-1000/10 and PEG-1000/15 form group II (over-
lapping group I), and PEG-400/5, PEG-400/10,
PEG-400/15 and PEG-1000/5 form group II (par-
tially overlapping group II);

c) significant differences in impact strength occur
between PEG-400/5 and PEG-400/10 and between
PEG-1000/15 and PEG-400/20 and other compos-
ites and P3HB, moreover P3HB, PEG-400/5, 1000/5,
PEG-1000/10, PEG-1000/15 and PEG-1000/20 form
group I, P3HB, PEG-400/10, PEG-1000/5, PEG-
-1000/10, PEG-1000/15 and PEG-1000/20 form
group II (overlapping group I), and PEG-400/15 and
PEG-400/20 do not belong to any group.
Ultimately, statistical tests show that there are sta-

tistically significant differences between the bio-
composites and P3HB for the three mechanical prop-
erty parameters tested. Thus, the biocomposites have
different mechanical property parameters relative to
the unfilled P3HB and among themselves.

3.5. IR spectra analysis

The FTIR spectra of P3HB, PU400, and their
composites are presented in Fig. 10. The P3HB spec-
trum (Fig. 10a) shows a characteristic vibration band
of the ester carbonyl groups at 1718 cm–1. Moreover,
there are bands of asymmetric and symmetric C–O
bonds of the ester, a single one at 1271 and double at
1129 and 1097 cm–1. Two bands of asymmetric and
symmetrical vibrations of C–H bonds of methyl and
methylene groups are observed at 2990 and 2940 cm–1.
Bands above 3000 cm–1 are not observed.

In the FTIR spectrum of PU400 (Fig. 10b), a band
of valence vibrations of the N–H bond of urethane
group is observed in the range of 3600–3100 cm–1.
One broad band of valence vibrations of asymmetric
and symmetric methylene groups of PU400 is ob-
served in the range of 2800–3000 cm–1. The valence
vibration band of the urethane carbonyl groups ap-
pears at 1702 cm–1. The bands of asymmetric and
symmetric C–O bonds of the urethane groups are visi-
ble at 1246 and 1095 cm–1. The last band overlaps the
C–O–C valence vibration band in the structural frag-
ment derived from glycol. Bands with a similar posi-
tion are observed in the IR spectrum of PU1000.

In the FTIR spectrum of P3HB biocomposites with
PU400 modifier, the shape of the band above 3000 cm–1

was changed. The band intensity above 3000 cm–1 was
reduced and extended to the range of 3700–3000 cm–1.
It was proved that the formation of hydrogen bonds
between the urethane groups of the modifier and the
ester groups of the polyester. The intensity of this
band increased with the increase in the modifier con-
tent (Figs. 10c, d). In the 2800–3000 cm–1 range, there
were 3 bands of asymmetric and symmetric C–H bonds
of methyl and methylene groups at 2877, 2933, and
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2977 cm–1. One combined band of valence vibrations
of the C=O groups of ester and urethane was observed
at 1719 cm–1. The common band for esters and ure-
thanes for the vibrations of asymmetric C–O bonds
appeared at wave numbers lower than 1270 cm–1. The
locations of the bands of symmetric vibrations of C–O
bonds were unchanged (1129 and 1097 cm–1). The IR
spectra of P3HB composites obtained with PU1000
modifier showed similar changes.

4. Discussion

Linear aliphatic polyurethanes based on HDI and
polyethylene glycols with a molar mass of 400
g∙mole–1 (PEG400) and 1000 g∙mole–1 (PEG1000) –
PU400 and PU1000 were used for modification of the
P3HB property parameters. The applied polyurethanes
were in polymeric form and they were used in the
amount of 5, 10, 15, and 20 wt. %.

Reinforcement resulting from good interfacial
compatibility between the components of the tested
biocomposites is possible due to interactions between
the chains of P3HB and PU chains, which was con-
firmed by FT IR technique. IR spectra of the new
biocomposites indicated the formation of hydrogen
bonds between the urethane groups of the modifier
and the ester groups of the polyester.

The morphology of the resulting biocomposites
confirmed that the addition of 5 wt. % and 20 wt. % of
PU400 based on PEG400 and 5 wt. % of PU1000

based on PEG1000 (PEG-400/5 and PEG-400/20 and
PEG-1000/5) in the P3HB matrix does not lead to ho-
mogeneity of components. In general, deformed and
rough morphologies are used to explain the increase in
fracture toughness of polymers, while a flat and glassy
surface is typical of brittle materials with low impact
strength and small strain at break. Elongated domains
with roughly wavy areas uniformly distributed over the
entire surface of the sample explain the improvement of
the tensile and impact strengths of polyester composites
containing 10 wt. % and 15 wt. % of PU400 and
PU1000. Moreover, the presence of plastic yielding
may also contribute to an increase in the mechanical
property parameters of P3HB composites. Furthermore,
the addition, increasing the length of the polyethylene
glycol chain resulted in greater flexibility of the poly-
ester with PU1000 than PU400.

The TG analysis of the tested biocomposites indi-
cated that thermal property parameters depend both on
the content and the type of  polyurethane used. Bio-
composites containing 10 and 15 wt. % of polyure-
thanes were characterized by the highest thermal sta-
bility. The increase in initial degradation temperature
by 9 °C (to 33 °C) was observed. The highest increase
occured in the case of PEG-1000/10, PEG-400/10, and
PEG-400/15. Composites with 15 wt % of PU1000
(PEG-1000/15) showed the lower thermal stability.

The qualitative thermal analysis of P3HB and its bio-
composites showed the glass transition and melting for
all materials and the cold crystallisation only for bio-
composites due to a greater disorder of material structure
by the introduction of PU400 and PU1000 in the P3HB.

Fig. 10. FT IR spectra of P3HB (a), PU400 (b), PEG-400/5 (c), and PEG-400/20 (d)
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The presence of many peaks during the melting of
the polymers is an indication for the existence of differ-
ent crystalline forms [21] linked tothe introduction of the
amount of PU400 and PU1000. It can be seen that the
Tm(onset) of all biocomposites were similar to that of the
P3HB matrix. Furthermore, the plasticization effects of
the composites by decreasing the glass transition tem-
perature of the new materials were also observed.

The used modifier PEG-400 decreases the crystal-
linity content of biocomposites. Introduction of PEG-
1000 to the P3HB matrix causes the decrease of the
degree of crystallisation for PEG-1000/5 and PEG-
1000/10 about 10%. Application of 15% and  20% of
PU in the P3HB matrix caused obtaining the degree of
crystallinity in the same level as the unfilled P3HB.
The increase of degree of crystallinity was observed
for PEG-1000/15 about 32% compared to P3HB. The
addition of PU from 5 to 20 wt. % causes decrease in
the temperature of crystallisation, which depends on
the amount of additive (Tables 5, 7).

It can be concluded that the greatest reduction in
the degree of crystallinity was observed for compos-
ites PEG-400/15 and PEG-400/20. This is due to the
plasticization of P3HB by  PU400. The PEG-400/15
and PEG-400/20 biocomposites seem to be the most
promising in terms of the thermal property parame-
ters, as well as in terms of predicted mechanical prop-
erty parameters.

The measured mechanical property parameters of
the tested biocomposites depended on the type and
content of PU used. TS of all tested compositions
decreased with increasing PU content compared to the
unfilled P3HB. The highest improvement of the strain
at break was exhibited by the composites with 5 wt. %
(PEG1000/5) and 15 wt. % of PU400 (PEG-400/15).
The improvement of the strain at break due to incor-
porated PU can be attributed to the presence of elastic
and flexible chains of polyethylene glycol contained
in polyurethane [4]. The impact strength of biocompo-
sites with PU400 increased with increasing PU400 con-
tent. In turn, the addition of longer chains of PU1000 did
not affect the impact strength of the tested P3HB bio-
composites. The significant decrease of hardness might
be attributed to the softening and increase of free
volume of the composites due to the introduction of
flexible chain polyethylene glycol.

5. Conclusions

New biocomposites were produced using P3HB as
a matrix and aliphatic linear polyurethanes as modifier

in an amount of 5, 10, 15, and 20 wt. %. Aliphatic
polyurethanes were obtained based on 1,6-diisocyanate
hexamethylene and polyethylene glycols with molecu-
lar masses of 400 and 1000 g∙mol–1.

The thermal stability of the biocomposites of P3HB-
-based is higher than the P3HB matrix. The biocom-
posites PEG-400/15; PEG-400/10 and PEG-1000/10
have the highest growth in the temperature of degra-
dation compared to the unfilled P3HB. The difference
was 31–33 °C. The difference between melting tem-
perature and degradation temperature is about 100 °C
for most obtained composites.

The DSC analysis revealed the decrease of the glass
transition temperature and the degree of crystallinity of
the biocomposites. Especially, PEG-400/15 and PEG-
400/10 biocomposites seem to be promised, because the
greatest reduction in the degree of crystallinity is ob-
served, which was the main goal of our study.

The tested mechanical property parameters of the
new biocomposites indicated the increase of strain at
break and impact strength and the decrease of tensile
strength and hardness of PU400 modified biocomposites
with the growth of PU400 content. The mechanical
property parameters of the PU1000 modified biocom-
posites usually decreased or stayed unaffected related
to the unfilled P3HB. The best mechanical property
parameters had PEG-400/10 and PEG-400/15.
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