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Abstract: Thermal and physico-mechanical properties of polyhydroxyalkanoates of Rhodococcus eryth-
ropolis Au-1, Pseudomonas sp. PS-17, Azotobacter vinelandii N-15 and polyhydroxybutyrate/polylactide
(PHB/PLA) blends were investigated. The addition 5 wt% PLA improved PHB properties, such as ther-
mal resistance and stiffness. However, higher PLA content led to a decrease in thermal stability, while
increasing elongation. PHB/PLA blends are recommended as packaging materials for food, agricultural
and pharmaceutical products.

Keywords: polyhydroxyalkanoate, polyhydroxybutyrate, polylactide, blends, thermal properties, physi-
cal and mechanical properties.

Wilasciwosci termiczne i fizykomechaniczne materialéw biodegradowalnych
na bazie polihydroksyalkanianow

Streszczenie: Zbadano wlasciwosci termiczne i fizykomechaniczne polihydroksyalkanianéw Rhodococ-
cus erythropolis Au-1, Pseudomonas sp. PS-17, Azotobacter vinelandii N-15 oraz mieszaniny PHB/PLA. Do-
datek 5% mas. PLA poprawil wtasciwosci PHB, takie jak odpornos¢ termiczna i sztywno$¢. Jednak przy
wiekszej zawartosci PLA nastapilo zmniejszenie stabilno$ci termicznej, przy jednoczesnym zwieksze-
niu wydtuzenia. Mieszaniny PHB/PLA sa zalecane jako materialy opakowaniowe produktéw spozyw-
czych, rolniczych i farmaceutycznych.

Stowa kluczowe: polihydroksyalkanian, polihydroksymaslan, polilaktyd, mieszaniny, wtasciwosci ter-

miczne, fizyczne i mechaniczne.

Polymers and polymer-based plastics are an integral
part of modern life and are used as packaging, structural,
electrical insulation, and other materials [1]. The amount
of non-degradable plastic waste is increasing every year,
which poses a threat to the environment. One of the prom-
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ising areas of modern bioengineering and polymer syn-
thesis technology is the production of polymers which
are biodegradable and suitable for use in various fields of
human life, in particular, in biomedicine, pharmacy, and
the packaging industry [2, 3]. The terms “biobased poly-
mers” and “biodegradable polymers” are widely used in
the literature, but there is a significant difference between
them. Biodegradable polymers are completely destroyed
under the influence of microorganisms, carbon dioxide,
methane, and water. Biobased polymers can be biodegrad-
able (e.g., lactic acid polymers) or non-degradable (e.g.,
biopolyethylene). The limitation of oil resources and the
growth of environmental problems cause interest in bio-
degradable polymers for various industries. Biopolymers
are able not only to replace synthetic polymers but allow
to obtain new combinations of properties for new appli-
cations [4, 5].

In recent decades, much attention has been focused on
the production of polyesters — products of bacterial biosyn-
thesis. There is a growing number of developments aimed
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at improving existing biodegradable materials, such as
polyhydroxyalkanoates (PHA) and polylactides (PLA) [6, 7].
Among the known commercial biopolymers, polyhydroxy-
alkanoates are known as a sustainable alternative to syn-
thetic polymers due to their complete degradability [8, 9].

The advantages of PHA over polymers produced from
petroleum raw materials are the possibility of synthesis
from renewable carbon sources, biodegradability, and
biocompatibility [10]. The most common representative of
PHA is polyhydroxybutyrate (PHB), discovered in 1923
by Lemoyne. PHB is a thermoplastic polymer with physi-
cal properties similar to polypropylene. PHB processing
does not require large amounts of additional materials, it
is easily formed from solutions and melts, and can be used
to obtain films of various thicknesses, sheets, threads,
hollow products, and packaging containers.

PHB, which is synthesized by bacteria from renewable
raw materials, is an environmentally friendly, fully bio-
degradable, highly hydrophobic, and partially crystalline
thermoplastic polyester material [11, 12]. This isotactic
polymer without chain branching does not contain cata-
lyst residues like other synthetic polymers. PHB does not
dissolve in water but it is completely biodegradable. Due to
its high crystallinity, PHB has relatively high glass transi-
tion and melting temperatures, but its rigidity, brittleness
and low impact resistance limit PHB use [13-16].

For improving of the PHB technological properties, it
is mixed with other polymers, which may be not biode-
gradable. It is known that various monomers and poly-
mers are used to develop biodegradable compositions
with different properties. Among them are mixtures of
PHB with copolymers of ethylene propylene and ethyl-
ene vinyl acetate, polyvinyl acetate, polyethylene oxide,
polypropylene [17]. To improve the mechanical proper-
ties of biopolymers, they are also modified with natural
fibers, nanomaterials [18] or compatible biodegradable
polymers with plasticizing properties [19, 20]. Modified
biopolymers are promising for various industries.

The aim of the work was to investigate thermal and
mechanical properties of polyhydroxyalkanoates synthe-
sized by Rhodococcus erythropolis Au-1 and Pseudomonas
sp. PS-17 strains, and polyhydroxybutyrate (PHB) synthe-
sized by Azotobacter vinelandii N-15 strain as well as the
properties of PHB/PLA blends.

EXPERIMENTAL PART
Materials

Polyhydroxyalkanoate (PHA)) synthesized by
Rhodococcus erythropolis Au-1 strain, polyhydroxyalkano-
ate (PHA,)) of Pseudomonas sp. PS-17 strain, and poly-
hydroxybutyrate (PHB) of Azotobacter vinelandii N-15
strain were used for this study. Polymers were obtained
according to the procedures described in [21-23].
Polylactide (PLA) Ingeo Biopolymer was purchased from
NatureWorks (USA).

Research objects: 1 -PHA ;2-PHA ; 3-PHB; 4 -PLA;
5 — PHB/PLA (95/5 wt%/wt%); 6 — PHB/PLA (50/50 wt%/
wt%); 7 — PHB/PLA (5/95 wt%/wt%).

Methods

Complex thermal analysis of polymeric materials was
carried out using a Q-1500D derivatograph at the tem-
perature range of 20-700°C with free air access to the
furnace. The mass loss of samples during heating (TG),
the rate of mass loss (DTG), and thermal effects (DTA)
were determined. The experiments were conducted in
a dynamic mode with a heating rate of 7°C/min in an air
atmosphere. The weight of the samples was 200 mg on
average. The standard was aluminum oxide.

The melt flow index of the obtained materials was mea-
sured according to ASTM D1238 using an IIRT-A plas-
tometer at 190°C (PHB) and 210°C (PLA and PHB/PLA
mixture) under a load of 2.16 kg. The density of the mate-
rials was measured according to ASTM D 792. Shore D
hardness was measured according to ASTM D 2240 using
a Shore D Durometer digital hardness tester under a load
of 5 kg.

The mechanical properties of the films during the ten-
sile test were determined according to ASTM D 638 on
a RT-601U universal testing machine (Kimura Machinery)
with a rate of 50 mm/min.

Films and samples preparation

Individual polymers PHB, PLA as well as PHB/PLA
blends were dissolved in chloroform (polymer con-
tent 3%) at 70°C under stirring for 1 h. Then they were
applied with a universal applicator AU1-65 over silicate
glass plates mounted on a horizontal surface. The solvent
evaporated at room temperature within 48 hours. The
resulting films with a thickness of 50 + 5 um were dried
in a VSH-0.035 vacuum oven at 60°C for 2 hours.

Samples in the form of cylinders with a diameter of
940 + 0.05 mm and a height of 7.0 + 0.1 mm were made
using a MLV-32 vertical casting machine at 175°C.

RESULTS AND DISCUSSION

Thermograms of individual biopolymers are rep-
resented in Figs. 1-4; the results of biopolymer ther-
mal analysis are shown in Table 1. On the DTA curves
of polyhydroxyalkanoates of Rhodococcus erythropo-
lis Au-1 and Pseudomonas sp. PS-17 endothermic effects
at 28-70°C (Fig. 1, Table 1) and 36-53°C (Fig. 2, Table 1)
can be observed, which are not accompanied by a loss
of mass and correspond to the samples melting. The
maximum melting endo effect of sample 2 (46°C), com-
pared to sample 1 (42°C), is shifted to the region of higher
temperatures, which may indicate a higher crystallinity
degree of sample 2. The samples 1 and 2 mass loss in
the temperature range of 164-264°C and 180-240°C cor-
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Table 1. Thermal analysis of individual biopolymers

Sample Tempera:ure Mass loss, %
range, °C
28-70 -
Polyhydroxyalkanoate 70-164 0.5
of Rhodococcus erythropolis 164-264 44
Au-1 (sample 1) 264-449 871
449-585 6.8
36-53 -
Polyhydroxyalkanoate 53-180 L5
of Pseudomonas sp. PS-17 180240 3.0
strain (sample 2) 240-437 83.0
437-600 114
150-211 -
Polyhydroxyalkanoate 211-259 0.7
of Azotobacter vinelandii
N-15 strain (sample 3) 259-335 96.3
335-700 2.3
152-192 -
Polyactide (PLA) 192-277 1.0
(sample 4) 277-380 95.0
380-500 4.0

Temperature, °C
Fig. 2. TGA thermogram of PHA  Pseudomonas sp. PS-17 strain
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responds to the initial thermal oxidation processes with
slight extrema on the DTG curves and the appearance of
exothermic effects on the DTA curves.

At the temperatures of 264°C and 240°C, the destructive
and thermooxidative processes with intensive mass loss
are observed for samples 1 and 2, as well as the appear-
ance of sharp extrema on the DTG curves. The endo
effects, which are observed on the DTA curves of biopoly-
mers, turn into strongly exothermic effects with increas-
ing temperature. At temperatures higher than 449°C and
437°C, pyrolytic residue combustion in samples 1 and 2
takes place. With regard to PHB of Azotobacter vinelandii
N-15 strain, it is characterized by higher heat resistance
and thermal stability. The melting thermal effect of this
sample is deeper and is manifested on the DTA curve at
150-211°C with a maximum temperature of 181°C.

For sample 3 the initial thermal oxidation processes are
shifted to the region of higher temperatures (211-259°C).
They are accompanied by a slight loss of sample mass
(0.7%) and DTA deviation toward the region of exothermic
effects. Intensive destructive processes in sample 3 begin
to develop at temperatures higher than 259°C. They are
accompanied by a sharp extremum on the DTG curve and
a deep endothermic effect on the DTA curve. At tempera-
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Table 2. Thermal analysis of PHB/PLA blends
Sample Tempera:ure range Mas; loss
o
100+ 150-205 -
901 PHB/PLA 205-263 0.6
804 (95:5, w/w)
o] (sample 5) 263-327 84.8
60 327-600 139
z\; 50.] 160-192 -
£ 404 PHB/PLA 192-267 1.6
30 (50:50, w/w)
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tures higher than 335°C, the pyrolytic residue combus-
tion of sample 3 occurs. Taking into account the sample 3
higher values of heat resistance and temperature stability
compared to samples 1 and 2, it was sample 3 that was
used for the development and research of polymer com-
positions. The high melting point of Azotobacter vinelan-

dii N-15 PHB may indicate its crystallinity high degree,
which causes the low resistance of the biopolymer to
impacts, rigidity and brittleness. To improve the mechani-
cal properties, PHB was modified with polylactide —a bio-
degradable biopolymer with plasticizing properties.

The endothermic effect on the DTA curve of PLA ther-
mogram (Fig. 4) in the range of 152-192°C with a maxi-
mum of 172°C corresponds to the sample melting. A slight
loss of mass (1%) in the range of 192-277°C (Table 1) with
a DTA deviation toward the exothermic effects region
corresponds to initial thermooxidative processes. Intense
mass loss (95%) of the PLA sample at the temperatures
of 277-380°C with a sharp exothermic effect on the DTA
curve corresponds to deep thermooxidative and destruc-
tive processes.

Figures 5-7 represent thermograms of PHB/PLA
blends with different content of the components; the sam-
ples’ thermal analysis results are shown in Table 2. DTA
results show that the increase of the PLA content in the
samples promotes the decrease of the melting thermal
effect and a shift of the maximum endo effects toward
the lower temperatures region. Thus, the temperature
181°C corresponds to the maximum of the melting endo-
thermic effect of PHB. The temperatures 180°C, 176°C and
173°C correspond to the maximum melting endo effects
of samples 5, 6 and 7. Such changes in the melting ther-
mal effects of compositions with increasing PLA content
indicate a decrease in crystallinity. This is in accordance
with the physical and mechanical properties of the PHB
biopolymer and blends with PLA (Table 3).

The intense mass loss of the investigated mixtures
in the range of 263-327°C is caused mainly by the PHB
destructive processes. In the same temperature range,
thermal oxidation processes begin in PLA macromole-
cules. There is an endothermic effect on the DTA curves
of samples 5-7, the depth of which decreases with increas-
ing PLA content.

An increase in the PLA content in the blends affects
their thermal stability. The confirmation is the observed
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Table 3. Properties of biodegradable polymeric materials
Polymer PHB/PLA PHB/PLA PHB/PLA

Property PHB PLA (95/5) (50/50) (5/95)
Density, kg/m? 1220 £ 0.5 1240+ 0.5 1222 £0.5 1230+ 0.5 1239 +0.5
Melt flow index, g/10 min 14.0+0.5 8.0+0.5 12.5+0.5 11.0£0.5 9.5+0.5
Shore hardness, °ShD 82+2 66 +2 80+2 75+2 68+2
Tensile strength, MPa 33.0+£2 25.0+2 31.5+2 30.0+2 270+2
Elongation at break, % 3.3+0.2 11.0+0.2 45+0.2 70+0.2 9.5+0.5

shift of the destruction beginning toward the region of
higher temperatures. Destructive processes for the PHB
sample begin at 259°C, for blend 5 —at 267°C, and for blend
6 —at 270°C. Such regularities regarding the dependence of
the blends thermal stability on the heat-resistant PLA con-
tent can be explained by the formation of bonds between
components due to the van der Waals force action, hydro-
gen bonds, etc. The mass loss of PHB/PLA blends in the
range of 320—-600°C is probably caused by active thermo-
oxidative processes of PLA and combustion of the sam-
ples pyrolytic residue. This process is accompanied by the
appearance of exothermic effects on the DTA curves, the
value of which increases with an increase in the PLA con-
tent in the mixture composition.

The results of the technological, physical and mechani-
cal properties studies of the developed polymer materials
(Table 3) show that with increased PLA content in the
blend the tensile strength slightly decreases but the mate-
rials elasticity increases. At the same time, the melt flow
index remains at a high level and is only slightly lower
compared to PHB. The values of PHB/PLA hardness are
lower than those of pure PHB, which is obviously due
to the reduction of the crystalline region in the obtained
polymer mixtures.

CONCLUSIONS

It was established that the obtained biopolymers of R.
erythropolis Au-1 and Pseudomonas sp. PS-17 strains were
characterized by low heat resistance. The melting point
of biopolymers PHA, and PHA, is 42°C and 46°C, respec-
tively. Polyhydroxybutyrate of Azotobacter vinelandii N-15
strain has higher heat resistance, its melting point is
181°C. This is due to the presence of an aliphatic fragment
in the macromolecule with a molecular weight smaller
compared to biopolymers PHA1 and PHA2. Modification
of PHB with PLA promotes to reduce the heat resistance
of the blends and their crystallinity degree. The melt-
ing of the PHB/PLA (5/95) occurs at 180°C, the PHB/PLA
(50/50) and PHB/PLA (95/5) — at 176°C and 173°C, respec-
tively. PHB/PLA blends are characterized by better ther-
mal stability compared to PHB - the beginning of their
thermal destruction shifts to the region of higher tem-
peratures. Intensive thermo-oxidative and destructive
processes are observed at temperatures above 259°C for
PHB, and 263-270°C for PHB/PLA blends. The results of
thermal analysis are confirmed by the properties of mate-

rials obtained from PHB/PLA blends, which are charac-
terized by bigger elasticity compared to PHB. Their ten-
sile strength and hardness remain at a high level. Such
properties of the obtained PHB/PLA blends confirm the
compatibility of their components. Thus, by changing the
composition of PHB/PLA blends, it is possible to obtain
thermoplastic biodegradable materials with a wide range
of thermo-physical, technological and physico-mechan-
ical properties, which will be suitable for various pur-
poses, in particular for packaging.
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Fundacja na rzecz promocji nauki i rozwoju TYGIEL

zaprasza do udziatu w

VII Ogolnopolskiej Konferencji Naukowej

,Biopolimery — Zrodlo nowych materialow”
online, 18 maja 2023 r.

Biopolimery, ze wzgledu na swoje atrakcyjne wiasciwosci, ciesza sie coraz wigkszym
zainteresowaniem. Wykorzystywane sa w przemysle, medycynie, kosmetologii czy
farmakologii.
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Do udziatu w Konferencji zapraszamy pracownikow naukowych z krajowych osrodkéw
naukowo-badawczych, specjalistéw z zakresu ochrony srodowiska, inzynierii materiatowej
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Tematyka Konferencji:
¢ Nowoczesne biopolimery
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* Nanotechnologia polimerow
¢ Polimery biodegradowalne
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